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Abstract

With an average beam power two orders of magnitude
higher than operating heavy-ion facilities, the Facility for
Rare Isotope Beams (FRIB) stands at the power frontier of
the accelerator family. This report summarizes the current
design and construction status as well as plans for
commissioning, operations, and upgrades.

INTRODUCTION

During the past decades, accelerator-based neutron-
generating facilities, such as SNS [1], J-PARC [2], PSI [3],
and LANSCE [4], advanced the frontier of proton beam
power to the 1 MW level, as shown in Fig. 1; the beam-on-
target power is the product of the average beam current and
the beam kinetic energy [5]. FRIB is designed to advance
the power frontier for heavy ions by more than two orders
of magnitude, to 400 kW.

100 E
- UP‘A‘ S A Design
- Materials, Life Achieved
W
,_,105 = LEDA Science, ADS chieve
S =
3 104 = A caps
= = SPIRAL24
<] = A MYRRHA
g E Pib A Psigess Beam Power
= SARAF SNS
g 107 E LANSCE
o = 10 MW
5 — 1s1s
"E, 102 = J-RARC/RCS, High Energy,
] E KOMAS psp TSNS, Nuclear Physics
2]
TOD kW  pip
g10 E RIKEN @\ JpARC/MR .
4 — FAlR A
o — AGS uMli
2
<1 CNGS
E 1 kW
[ Rare Isotope Beams
10,] Ll L Ll iy Ll Ll Ll L IIII"I! Ll Ll

107 1072 107 10° 10 102 10°
Beam Kinetic Energy (E/ A) [GeV/u]

Figure 1: Hadron accelerator power frontier, showing the
beam energy, current and average power on target.
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In August 2014, the US Department of Energy’s Office
of Science (DOE-SC) approved Critical Decision-3b
(Approve Start of Technical Construction) for the FRIB
project (Fig. 2). The total project cost for FRIB is $730M,
of which $635.5M is provided by DOE and $94.5M is
provided by Michigan State University (MSU). The project
will be completed by 2022. “When completed, FRIB will
provide access to completely uncharted territory at the
limits of nuclear stability, revolutionizing our
understanding of the structure of nuclei as well as the
origin of the elements and related astrophysical processes”
[6].

In creating this new one-of-a-kind facility, FRIB builds
upon the achievements of the National Superconducting
Cyclotron Laboratory (NSCL), a National Science
Foundation (NSF) user facility at MSU. Starting in 2014,
the re-accelerator (ReA3), consisting of a radio-frequency
quadrupole (RFQ) and a superconducting radio-frequency
(SRF) linac, was constructed and commissioned to
accelerate beams of rare isotopes. The FRIB project scope
includes a high-power driver accelerator, a high-power
target, and fragment separators.

The FRIB driver accelerator is designed to accelerate all
stable ions to energies >200 MeV/u with a beam power on
the target of up to 400 kW. The driver accelerator consists
of a 47 m long Front End containing electron-cyclotron-
resonance (ECR) ion sources and a room temperature RFQ
followed by a 472 m long SRF linac with quarter-wave-
resonators (QWR) of f=0.041 and 0.085 and half-wave-
resonators (HWR) of p=0.29 and 0.53 in a folded layout
to facilitate charge stripping and beam collimation and to
accommodate the limited real estate footprint in the center
of the MSU campus [7].

FRIB accelerator systems design and construction have
been facilitated under work-for-others agreements with
many DOE-SC national laboratories including ANL, BNL,
FNAL, JLab, LANL, LBNL, ORNL, and SLAC, and in
collaboration with institutes worldwide including BINP,
KEK, IHEP, IMP, INFN, INR, RIKEN, TRIUMF, and
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STATUS OF THE EUROPEAN XFEL*
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on behalf of the European XFEL Accelerator Consortium

Abstract

The European XFEL under construction in Hamburg,
Northern Germany, aims at producing X-rays in the range
from 260 eV up to 24 keV out of three undulators that can
be operated simultaneously with up to 27,000 pulses per
second. The FEL is driven by a 17.5 GeV superconduct-
ing linac. Installation of this linac is now finished and
commissioning is next. First lasing is expected for spring
2017. The paper summarizes the status of the project.
First results of the injector commissioning are given.

INTRODUCTION

The accelerator complex of the European XFEL [1] is
being constructed by an international consortium under
the leadership of DESY. Seventeen European research
institutes contribute to the accelerator complex and to the
comprehensive infrastructure. DESY coordinates the
European XFEL Accelerator Consortium but also contrib-
utes with many accelerator components, and the technical
equipment of buildings, with its associated general infra-
structure. With the finishing of the accelerator installation,
the commissioning phase is now starting, with cool down
of the main linac scheduled for October 2016.

LAYOUT OF THE EUROPEAN XFEL

In the following the overall layout of the European
XFEL is given with emphasis on the different sections of
the accelerator complex.

Introduction to the Accelerator

The European XFEL with its total facility length of 3.4
km follows the established layout of high performance
single pass Self-Amplified Spontaneous Emission (SASE)
FELs. A high bunch charge, low emittance electron gun is
followed by some first acceleration to typically 100 MeV.
In the following, magnetic chicanes help to compress the
bunch and therefore increase the peak current. This hap-
pens at different energies to take care of beam dynamic
effects which would deteriorate the bunch emittance in
case of too early compression at too low energies. Thus
the linac is separated by several of such chicanes. The
European XFEL main linac accelerates the beam in three
sections, following the first acceleration in the injector.

Injector

The injector design of the European XFEL is visibly af-
fected by the need of long bunch trains which are required
for the efficient use of superconducting linac technology.
Like many other FELs it starts with a normal-conducting

* Work supported by the respective funding agencies of the contributing
institutes; for details please see http:www.xfel.eu
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1.6 cell radio frequency (RF) electron gun but here the
source has to deliver 600 ps long trains i.e. the rf-on time
is equivalently long, and not just some few ps. The pro-
duced 6 MeV electron beam is almost immediately inject-
ed into the first superconducting accelerator section which
allows efficient acceleration of bunch trains. This first
linac section consists of a standard eight cavity XFEL
module, followed by a harmonic 3.9 GHz module. The
latter is needed to manipulate the longitudinal beam pro-
file together with the later bunch compression in magnetic
chicanes. Beam diagnostics is used to verify the electron
beam quality at energy of about 130 MeV. The in total 50
m long injector installation ends with a beam dump being
able to take the full beam power.

The injector of the European XFEL was commissioned
and operated during the installation period of the main
linac sections. First beam was accelerated in 12/2015. At
the end of the injector, 600 us long electron bunch trains
of typ. 500 pC bunches are available with measured pro-
jected emittances of 1 to 1.5 mm mrad. Most relevant for
the FEL process is the slice emittance which was found to
be of the order of 0.5 mm mrad for 500 pC.

The next section downstream of the injector is a warm
beam line including a so-called dogleg and the first bunch
compressor, for historical reasons named BCO. The dog-
leg takes care of the vertical offset between the injector
tunnel and the main linac tunnel.

Compression in all bunch compressors is reached by
creating different path lengths in a four dipole magnet
chicane. Electrons with slightly lower beam energy are
deflected stronger and thus pass the chicane on an ‘out-
ward curve’. The acceleration in the injector section is
done slightly off-crest, i.e. the energy of the leading elec-
trons in the bunch is intentionally lower. The above men-
tioned 3.9 GHz harmonic system helps to get the proper
energy modulation along the bunch. Since all electrons
have essentially the same speed, the leading ones travel
slightly longer, and the bunch is compressed.

The XFEL bunch compressor BCO does a first slight
compression by roughly a factor 2. The bunches ready for
further acceleration reach 1 mm length, approx. 100 A
peak current, with an energy spread of 1.5% at 130 MeV
beam energy.

At present the European XFEL uses the lower of two
injector tunnels. The second one was originally built to
install a copy of the first injector — availability depending
on reliable injector operation was the issue. Meanwhile it
seems to be more adequate to aim for a different injector
favoring longer pulse or even continuous wave (CW)
operation.
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COMMISSIONING AND EARLY OPERATION OF THE ARIEL E-LINAC*
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B. Humphries, D. Kaltchev, S.R. Koscielniak, R.E. Laxdal, Y. Ma,
E. Thoeng, S. Saminathan, TRIUMF, Vancouver, Canada
P.M. Jung, University of Waterloo, Canada

Abstract

The ARIEL electron linac has been added to the TRIUMF
facility as a new driver for the production of radioactive
isotopes through photo-fission to complement the existing
500 MeV, H™ TRIUMEF cyclotron. The electron beam driver
is specified as a 50 MeV, 10 mA cw superconducting elec-
tron linac at 1.3 GHz. The first 30 MeV stage of the e-linac
consisting of two cryomodules is completed. The paper
will describe the recent commissioning and early operation
results.

INTRODUCTION

The ARIEL facility [1,2] is expected to triple the avail-
ability of radioactive beams at TRIUMF. This facility com-
plements the existing ISAC facility, adding to it two driver
beams: an additional proton beam from the existing 500 MeV
H™ TRIUMF cyclotron, and an electron beam from our new
electron linac. The electron linac (e-linac) is designed to
produce a 50 MeV, 10 mA cw beam using five 1.3 GHz nine-
cell superconducting rf cavities distributed in three different
cryomodules. In the present stage, only two cryomodules
have been installed, limiting the achievable energy to around
30 MeV.

In this paper we report the progress made with machine
commissioning since September 2014, when the first high-
energy (22.9 MeV) low-power electron beam was demon-
strated [2]. We have since put our beam dynamics models to
the test; we now have available an accurate lightweight op-
tics model of our entire linac (which includes 3-dimensional
space-charge). We have encountered a variety of issues,
ranging from beam optics to machine and personnel safety,
that have been studied and addressed. Peak and average
beam power are gradually being brought up; 1 kW of aver-
age beam power has recently been delivered to our very first
users: our own target and ion-source development group.

TESTING OUR MODELS

Optics model

Different codes are used at TRIUMF to study differ-
ent aspects of the electron beam dynamics: GPT for gun
simulations, ASTRA from non-linear dynamics with space-
charge, G4beamline for collimation studies, COSY-co for

* ARIEL is funded by the Canada Foundation for Innovation, the Provinces
AB, BC, MA, ON, QC, and TRIUMF. TRIUMF receives funding via a
contribution agreement with the National Research Council of Canada.
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non-linear optics, etc. But our main workhorse is the en-
velope code TRANSOPTR [3]. Rather than tracking a large
number of macro-particles, this code keeps track of statisti-
cal quantities of the beam distribution: its 21 independent
second moments. This is achieved by numerically integrat-
ing the envelope equation (in contrast with matrix codes like
TRANSPORT); it includes 3-dimensional linear space-charge.

The gain in computation time compared to multi-particle
space-charge codes is such that multi-parameter optimiza-
tions through our entire linac converge within seconds [4].

The code also estimates 2" and 3" order aberrations from
dipoles, quadrupoles and solenoids. This allows the user
to make sure that the simulation stays within the bounds of
the model, i.e. linear optics. It can also be used to constrain
the optimizer to converge to tunes with minimal non-linear
aberration.

A comparison between the calculated envelope and mea-
sured beam size for a 9 MeV tune through the first accelerat-
ing cryomodule is shown in Fig. 1.
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Figure 1: Solid lines present results of a TRANSOPTR sim-
ulation, which starts near rest on the e-gun grid, and goes
through the injector cryomodule; Crosses present actual
2*rms beam size measured on view screens. The beam-
energy curve (yellow) rises from 300keV to 9 MeV; the
9-cell structure of the superconducting rf cavity is reflected
in this curve.

A web-based graphical user interface (GUI) has been
developed for this code (see Fig. 2). The choice of a
browser based interface makes this tool reliable and platform-
independent [5]. This GUI greatly facilitated commission-
ing, and is now used daily by operators.

1 Electron Accelerators and Applications
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Abstract

A 50MeV electron linac have been developed in Tsinghua
University, which consists of a 1.6 cell photocathode rf gun,
a 3-meter s-band SLAC type traveling wave (TW) acceler-
ating structure an a s-band TW buncher. The photocath-
ode rf gun is working at ~110 MV/m with very small dark
current. The emittance of the electron beam is less than
Imm-mrad at 500 pC, and 0.5 mm.mrad at 200 pC. The linac
is designed for Tsinghua Thomson scattering X-ray source
(TTX). The total photon yield has been increased to ~2x10’
photon/bunch at 50keV after upgrade of the facility and the
spectra have been reconstructed by two kinds of methods.
Recent experiments have demonstrate that TTX can be ap-
plied in phase contrast imaging, computed tomography and
X-ray polarization control. Electron bunch train has been
produced to generate narrow-band THz radiation.

INTRODUCTION

Low emittance and high brightness electron beam has
driven various applications, from radiation generation of
different wavelength to direct probes of ultrafast process. As
the development of state-of-the-art laser and RF technology,
the laser-driven electron gun and linac made many electron-
based facilities possible during the last decades, such as
X-ray free-electron lasers, Thomson scattering sources and
ultrafast electron diffraction and microscopy.

Tsinghua University (THU) has been devoted to producing
high quality electron beam and promoting advanced appli-
cations. A 50MeV electron linac has been developed for
the Tsinghua Thomson scattering X-ray source (TTX) [1],
which consists of a 1.6 cell photocathode RF gun, a 3-meter
S-band traveling wave (TW) accelerating structure, a S-band
TW buncher and a magnetic chicane. The facility was first
proposed and operated as the first dedicated Thomson scatter-
ing source of China and have performed many photocathode
studies and electron beam based experiments.

The RF gun was first developed based on the
BNL/SLAC/UCLA gun at 2001. And since then three kinds
of gun design have been fabricated, tested and operated in
the beam line. The first two kinds of guns suffer from high
dark current, RF breakdown and low acceleration gradient,
which make obtaining small emittance challenging [2, 3].
The 3rd-type guns were developed at 2011 to address the
problems above. Many improvements have been proposed
and applied to the new gun based on the previous operation
experiences.

* tang.xuh@tsinghua.edu.cn
1 Electron Accelerators and Applications
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Recently, a S-band TW buncher cavity and a magnetic chi-
cane have been installed into the beam line with the purpose
of beam compression. The buncher locates between the gun
and the acceleration structure and the chicane is at the down-
stream of the acceleration structure. The combination of the
ballistic bunching from the buncher and the magnetic com-
pression enable us to generate < 100 fs kA-level electron
beam, which can be used in the THz radiation generation and
beam-driven plasma acceleration experiments. The detailed
descriptions of the compression scheme will be discussed
in the following sections.

PHOTOCATHODE RF GUN
DEVELOPMENT AT THU

Improvements of the THU Gun

With the experiences of the first two types of gun design,
we perform many improvements in the new gun design to
addressing the problems of RF breakdown and low accelera-
tion gradient. We adopted some beneficial modifications of
other guns in the world, including LCLS [4], Eindhoven [5],
KEK [6] and PAL [7] guns. The gun geometry was mod-
ified with disk iris changing from circular to elliptical to
reduce surface electric field. Furthermore, the coupling be-
tween the full and half cells was enhanced by increasing the
coupling iris radius and decreasing its thickness, and the
mode separation was modified to about 15.3 MHz with the
0-mode excitation reduced by 80 %. The gun corner was
curved to increase the quality factor of the gun cavity.

Another factor that we are paying attention to are the mul-
tipole field components in the RF gun. The dipole field kicks
contribute greatly to the RF emittance increase. Our gun
adopted the nonsymmmetric vacuum port design to elimi-
nate the dipole field, and 4-port scheme was used to reduce
the quadrupole components. In addition, the manufacturing
process was improved and copper cathode plate was pol-
ished by polycrystalline, which is expected to reduce the
breakdown rate, dark current and thermal emittance. To
date seven new guns have been fabricated and cold tests
have been completed. One of them has been installed on
TTX and operated successfully for four years, showing a
good performance at high gradient, low dark current, sta-
ble quantum efficiency and small emittance [8]. A simple
summary of the cold testings for all guns developed at THU
is presented in Fig. 1 with unloaded quality factor Qg and
mode separations.
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STATUS OF SwissFEL

F. Loehl for the SwissFEL team
Paul Scherrer Institut, Villigen PSI, Switzerland

Abstract

SwissFEL is a hard x-ray free-electron laser facility that is
currently constructed at PSI. This paper gives an overview of
the facility, describes the main sub-systems of the accelerator,
and summarizes the installation and commissioning status.

INTRODUCTION

A schematic drawing of SwissFEL [1] is shown in Fig. 1.
The accelerator is divided into an S-band injector, a C-band
main linac (Linacs 1-3), and two undulator lines, Aramis and
Athos. The Aramis line will provide hard x-ray radiation in
the wavelength range from 0.1 — 0.7 nm and is part of the cur-
rently active first construction phase of SwissFEL. The soft
x-ray undulator line Athos will cover the wavelength range
from 0.6 — 4.9 nm and will be realized in a second phase
from 2017 — 2020. The facility will operate at a repetition
rate of 100 Hz.

The construction of the SwissFEL building started in
spring 2013, and in summer 2015 the installation of first
accelerator components begun. Today, October 2016, the
vacuum line of the entire around 620 m long accelerator
is close to being completed, and a first electron beam was
generated and accelerated in the first 120 m of the facility.

INJECTOR

The electron source of the injector is an S-band gun [2]
which was developed at PSI and first commissioned in the
SwissFEL injector test facility [3]. This gun (for a picture
see Fig. 2) combines design features of the LCLS gun and
the CTF/PHIN gun. It has quadrupole-compensated sym-
metric couplers and is equipped with a load-lock system to
allow for the exchange of cathodes. The gun is not equipped
with tuning plungers and no tuning steps were applied during
the manufacturing process. Instead, the gun is machined on
frequency by using ultra-precision machining. While all the
RF and mechanical design, as well as the brazing and most
of the machining was performed at PSI, the ultra-precision
machining took place at VDL-ETG. The nominal accelerat-
ing field at the cathode is 100 MV/m and the nominal energy
gain is 7.1 MeV. As the cathode material, two options are
available: copper or Csp;Te. The baseline is Cs;Te due to
its higher quantum efficiency and its slower response time.
The gun produced a first electron beam on August 24 of this
year.

The electron beam from the gun is further accelerated in
a total of six 4 m long S-band structures. The RF design of
these structures was performed at PSI [4] and it includes dual-
feed racetrack couplers and combines a constant gradient
along the structure with a constant power loss. The structures
were manufactured by Research Instruments. The first two
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structures are driven by an independent klystron, and the
remaining four structures are grouped into two structures
per klystron. After the first two structures, a laser heater is
installed to circumvent the micro-bunch instability.

Two X-band structures follow the S-band section and are
used to linearize the energy slope that the electron bunches
obtain by being accelerated off-crest in the last four S-band
structures. The X-band structures were designed and built
in a collaboration between CERN, PSI, and Sincrotrone Tri-
este [5], and are followed by the first bunch compressor BC1
at a beam energy of 320 MeV. The injector ends with a diag-
nostics section that involves an S-band transverse deflecting
structure that is used to setup the bunch compression.

C-BAND LINAC

The C-band Linac is divided into three segments: Linac
1, Linac 2, and Linac 3. After Linac 1, the electron bunches
are further compressed in a second bunch compressor BC2
at an energy of 2.1 GeV. At the end of Linac 2, at 3.0 GeV
of energy, a switch-yard [6] is installed with which electron
bunches can be sent either straight into Linac 3 and conse-
quently the hard x-ray Aramis line, or into the future soft
x-ray line Athos. At the end of Linac 3, C-band transversely
deflecting structures will be located that will allow for mea-
surements of the longitudinal charge profile with a resolution
of a few femtoseconds. These structures will arrive at PSI in
February 2017 and are currently replaced by a vacuum pipe.

A total of 26 C-band modules are installed in the C-band
Linac, and each module consists out of four C-band struc-
tures that are mounted onto two granite girders (see [7] for
a schematic and [8] for further information). The C-band
structures [9] are stacked and brazed at PSI [10] out of cop-
per cells that were produced at VDL ETG (J-couplers) and
VDL ETG Switzerland (regular cells) with micrometer pre-
cision using ultra-precision diamond milling and turning.
This production process allows for avoiding any tuning steps
while still achieving excellent field flatness and phase ad-
vance errors (for an example, see [7]). Furthermore, the
achieved straightness of the structures is excellent: an exam-
ple for a straightness measurement of a structure is shown in
Fig. 3. The maximum measured deviations from a straight
line are typically below 20 um. In addition to the four struc-
tures, each Linac module also comprises a barrel open cavity
(BOC) pulse compressor [11], and these were machined and
brazed at PSI [12].

After the brazing, a vacuum leak test was performed for
both the C-band structures and the BOC pulse compressors,
and the RF properties were measured. Based on these RF
measurements, a sorting of structures based on their reso-
nance frequencies was performed with the goal of grouping
four similar structures. This was necessary because all struc-

1 Electron Accelerators and Applications

1A Electron Linac Projects



Proceedings of LINAC2016, East Lansing, MI, USA

MO3A02

ACHIEVEMENT OF SMALL BEAM SIZE AT ATF2 BEAMLINE

T. Okugi’, KEK/SOKENDALI, Tsukuba, Ibaraki, Japan
ATF International Collaboration

Abstract

The purpose of ATF2 project is to develop and establish
a new final focus method, called "Local Chromaticity Cor-
rection (LCC)", which will be used at International Linear
Collider (ILC). ATF2 project has been performed by uti-
lizing a small emittance beam of KEK Accelerator Test Fa-
cility (KEK-ATF). The beam optics of ATF2 is designed
to be based on the same method as ILC, with the equivalent
beam energy spread and natural chromaticity, the toler-
ances of magnetic field errors are also equivalent to the
ILC final focus system. The vertical beam size was focused
to less than 41 nm at the bunch population of 0.7 x 10° at
ATF?2 virtual IP. The achieved beam size is close to the
ATF?2 target value of 37 nm. The bunch population at the
recent ATF2 beam operation is much smaller than ILC.
The reason why the bunch population of ATF2 is smaller
than ILC is strong intensity dependence of vertical beam
size at the virtual IP. The candidate of the intensity depend-
ence source is IP angle jitter via wakefield.

INTRODUCTION

The KEK-ATF [1, 2, 3, 4] has been built for accelerator
R&D, especially for ILC [5]. Figure 1 shows a schematic
view of the KEK-ATF accelerator complex. KEK-ATF
consists of an injector linac, a damping ring, a beam ex-

ATF2 Beamline

~r

|Beam Extraction Line

e g

l—a. 2

Electron Linac

Figure 1: Accelerator complex of KEK-ATF, consist-
ing of an electron linac, a damping ring, a beam extrac-
tion line and the ATF2 beamline.

Table 1: Beam and Optics Parameters for the ILC and
ATEF2 Final Focus Beamlines ( 10 X 1 Optics)

ILC ATF2
E [GeV] 250 1.28
L' [m] 4.1 1.0
& [nm] / &, [pm] 0.02/0.07 2/12
v&, [um] / ye, [um] 10/0.035 5/0.030
B [mm] /B; [mm] 11/0.48 40/0.10
o5 [um] /o [nm] 0.47/5.9 8.9/37
0, [mm] 0.3 7.0
0,/P 0.12 % 0.07%

T toshiyuki.okugi@kek.jp
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Figure 2: Beam optics of the ILC final focus beamline
(a) and the ATF2 beamline (b). Both the 1x1 optics and
the 10x1optics are shown.

traction line and ATF2 beamline. The purpose of the
damping ring is to supply a low emittance beam to the
extraction line and ATF2 beamline for accelerator R&D.
The vertical beam emittance produced by damping ring is
less than 10 pm [6, 7] (smaller than 12 pm of the ATF2
requirement). The corresponding 30 nm normalized
emittance is comparable with the requirement of the ILC
beam delivery system. The ATF2 beamline was constructed
to study the ILC final focus system, utilizing the small
emittance beam generated by the damping ring.

ATF2 BEAMLINE

Beam Optics of ATF2 Beamline

The ILC final focus system is designed based on the
LCC technique [8]. The main purpose of the ATF2 beam-
line is to demonstrate beam focusing with the LCC method,
and to establish a beam tuning method for ILC final focus
systems. Therefore, the ATF2 beam optics was designed
based on the LCC scheme. The IP horizontal and vertical
beta-functions (S, By) of ATF2 were originally designed
to generate the same horizontal and vertical chromaticities
as ILC (1 x 1 optics). However, since the ATF2 beam en-
ergy is much smaller than ILC, the geometrical aberrations
of ATF2 are much larger than ILC, and the effect of the
multipole errors are larger than ILC. Therefore, in recent
ATF2 beam operation, the ATF2 beamline was operated
with a 10 times larger horizontal IP beta-function than that
of original optics in order to reduce sensitivity to the mul-
tipole errors. We call the beam optics as “10 x 1 optics”.
The beam optics for ILC and ATF2 beamlines are shown
in Fig. 2, and the main parameters are listed in Table 1. The
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SPACEBORNE ELECTRON ACCELERATORS*

J.W. Lewellen’, C. Buechler, G. Dale, N.A. Moody, D.C. Nguyen
Los Alamos National Laboratory, Los Alamos, United States

Abstract

High-power electron beam generators in space will ena-
ble the studies of solar and space physics, specifically the
interrogation of the magnetic connection between the mag-
netosphere and ionosphere. The CONNEX collaboration
plans to map the magnetic connection between the magne-
tosphere and ionosphere, using a satellite equipped with an
electron beam accelerator that can create a spot in the ion-
osphere — an artificial aurora — observable by optical and
radar detectors on the ground.

To date, a number of spacecraft carrying low-power,
<50 keV DC electron beam sources have been launched to
study the upper ionosphere, however, reaching the average
beam power required for future missions requires a switch
to RF technology. We present the concept for a quasi-CW,
C-band electron accelerator with 1-MeV beam energy, 10-
mA beam current, and requiring 40 kW of prime power
during operation. Our novel accelerator concept includes
the following features: individually powered cavities
driven by 5 GHz high-electron mobility transistors
(HEMT), passively cooled accelerator structures, and ac-
tive frequency control for operating over a range of tem-
peratures.

INTRODUCTION

The earth’s magnetosphere is the region surrounding the
earth in which its magnetic field is the dominant influence
on charged-particle dynamics. Near the surface, it can be
approximated by a dipole field, but further out it becomes
an increasingly structurally complex and time-varying phe-
nomenon, as it is influenced by the solar wind as well as
geodynamics. Existing models of the magnetosphere are
mostly empirical, and measurements are obtained primar-
ily by magnetometer data from spacecraft [1,2]. These pro-
vide the magnetic field at a particular location but little di-
rect data elsewhere.

The CONNEX collaboration proposes using an electron
beam to probe the coupling between the magnetosphere
and ionosphere. The intent is to direct an electron beam
into the “loss cone” [3], approximately parallel to the
earth’s field at the satellite’s location, which will result in
the beam being lost in the ionosphere. As the beam enters
the atmosphere it generates ionization and auroral glow,
which can be observed via ground-based camera and radar
observation. Thus, knowing the location of the satellite and
the beam’s re-entry point, we obtain information about the

* Work supported by Los Alamos National Laboratory Pathfinder and
Program Development. Approved for public release; distribution is un-
limited: LA-UR-16-27164.

1 jwlewellen@lanl.gov
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magnetic connection between the satellite’s location and
the ionosphere.

The intensity of the optical signature depends more
strongly on the total beam power and net energy deposited
than on the beam voltage. Approximately 10 kJ — 1 kW av-
erage power over 10 s — is required to obtain sufficient sig-
nal-to-noise.

BASIC OPERATIONAL CONSTRAINTS

Beam Current

A satellite that can be approximated by a 2-m radius
sphere has a capacitance Cs, of ~ 0.2 nF. Neglecting charge
neutralization processes, the satellite can emit approxi-
mately 10 pC from a 50-kV beam source before the beam
is emitted at zero voltage relative to infinity, or for approx-
imately 50 ps if a 200-mA beam (10 kW at 50 kV) is being
generated. In contrast, given a beam voltage of 1 MV, the
satellite can emit approximately 200 LC, or a beam current
of 10 mA for 20 ms.

Satellites are not isolated conductors; the orbital envi-
ronment of most satellites is a neutral plasma, and charge
neutralization will occur at some rate. That said, even with-
out beam emission, spacecraft charging can be problematic
from an operational standpoint [4,5]. There are several
techniques for satellite charge neutralization, such as
plasma contactors [6]; but in any case the satellite must
eventually expel an equal but opposite charge as delivered
by the electron beam. Thus, all else equal, for the same
beam power a higher voltage beam provides an easier task
for the neutralization system. This leads naturally to the se-
lection of an RF-based accelerator.

High Voltage

The orbital environment of most satellites can be consid-
ered a neutral plasma. DC potentials will drive plasma cur-
rents and corresponding currents within the satellite [7,8];
high-voltage systems on satellites operating above approx-
imately 30 kV have generally proven problematic and
should be avoided if possible for the CONNEX mission
[9]. This precludes very high-voltage DC guns, and also
suggests that other systems requiring high voltages (such
as most tube-based RF sources) are preferably avoided.
HEMT RF amplifiers are typically driven with ~50 V
power supplies, addressing this concern.

Size, Weight and Power

Terrestrial accelerators are typically optimized based
around the total cost of the installation, which for machines
such as X-FELs tends to scale with the overall size of the
facility. The typical approach is to increase the real-estate

1 Electron Accelerators and Applications
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THE SARAF-LINAC PROJECT STATUS

N. Pichoff, N. Bazin, L. Boudjaoui, P. Bredy, D. Chirpaz-Cerbat, R. Cubizolle, B. Dalena,
G. Ferrand, B. Gastineau, P. Gastinel, P. Girardot, F. Gougnaud, P. Hardy, M. Jacquemet,
F. Leseigneur, C. Madec, N. Misiara, P. Nghiem, F. Rossi, D. Uriot
CEA/IRFU, Gif-sur-Yvette, France
P. Bertrand, M. Di Giacomo, J-M. Lagniel, J-F Leyge, M. Michel, P. Toussaint
CEA/GANIL, Caen, France

Abstract

SNRC and CEA collaborate to the upgrade of the
SARAF accelerator to 5 mA CW 40 MeV deuteron and
proton beams (Phase 2). CEA is in charge of the design,
construction and commissioning of the superconducting
linac (SARAF-LINAC Project). This paper presents to the
accelerator community the status at August 2016 of the
SARAF-LINAC Project.

INTRODUCTION

The SARAF-LINAC project, managed by CEA
(France), is integrated to the SARAF-Phase 2 project
managed by SNRC (Israel) and has been already
introduced in [1].

In 2014, a first System Design Report (on the base of
which [1] was written) was presented and provided a basis
for an agreement between CEA and SNRC.

The project can be simplified in 3 overlapping phases
(Fig. 1) lasting less than 8 years:

e ~3 years of detailed design, including prototyping,

e ~4 years of construction, assembly and test at Saclay,

e ~2 years of installation and commissioning at Soreq.

= -
MEBT -
oM~
Linac

Detailed sfudies

! Prototypes

Figure | SARAF-LINAC major schedule.

During the first phase, two Preliminary Design Reviews
and one Critical Design Review took place at Saclay:

e October 2015: major components PDR.

e January 2016: system PDR.

e June 2016: major components CDR.

In this paper, the status of these developments after the
first year of detailed design phase is presented.

SYSTEM

The SARAF-LINAC System Preliminary Design

Review (PDR) took place at Saclay on January 2016.
Status on beam dynamics, vacuum design, beam
diagnostics, local control systems was presented. The linac
layout is given on Fig. 2.
Since then [2], the project decided to use a modified
version (exiting with 1.3 MeV/u) of SNRC 4-rod RFQ (the
4-vane RFQ being optional). A first pole geometry (v1) has
been established and implemented in the TraceWIN
package code [3]. The calculated beam losses with errors
are higher than those observed with the 4-vane RFQ,
reaching those specified by the Top-Level Requirements
by activation considerations (below 1 nA/m above 20
MeV) (TLR level = 1 on vertical on Fig. 3). A new pole
design is in progress to reduce the losses in the linac
(mainly due to particle exiting the RFQ in the longitudinal
tails).

Relative activation

Figure 3:Beam losses in the three last cryomodules
(CM). Purple: with 4-vane RFQ; Red: with 4-rod vl RFQ.

Figure 2: SARAF-LINAC layout.
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CURRENT STATUS ON SUPERCONDUCTING LINAC FOR THE
RARE ISOTOPE SCIENCE PROJECT

H.J. Kim*, W. K. Kim, Y. K. Kim, I. K. Shin, H. C. Jung, I. S. Hong, Y. H. Kim, B. S. Park
IBS, Daejeon, Korea

Abstract

The Rare Isotope Science Project(RISP) has been pro-
posed as a multi-purpose accelerator facility for providing
beams of exotic rare isotopes of various energies. It can de-
liver ions from hydrogen (proton) to uranium. Protons and
uranium ions are accelerated up to 600 MeV and 200 MeV/u
respectively. The facility consists of three superconducting
linacs whose superconducting cavities are independently
phased. The requirement for the linac design is especially
high for the acceleration of multiple charge beams. In this
paper, we present the design for the linac at the RISP and
discuss the development of the electron cyclotron resonator,
the radio-frequency quadrupole the superconducting cavity,
and the cryomodule.

INTRODUCTION

The RISP accelerator has been planned to study a wide
range of cutting edge science programs in atomic physics,
material science, bio and medical science, nuclear astro-
physics, nuclear science, and interdisciplinary science pro-
grams at the Institute for Basic Science (IBS). In order to
meet the diverse demands, it can deliver various high in-
tensity stable ions from protons to uranium atoms with a
final beam energy, for example, 200 MeV/u for uranium and
600 MeV for protons, and with a beam current range from
8.3 puA (uranium) to 660 ppA (protons) [1-3]. It can provide
various rare isotope beams which are produced by isotope
separator on-line (ISOL) system. The facility consists of
three superconducting linacs of which superconducting cavi-
ties are independently phased and operating at three different
frequencies, namely, 81.25, 162.5 and 325 MHz.

SUPERCONDUCTING LINAC
Lattice Design

The configuration of the accelerator facility within the
RISP is shown in Fig. 1. An injector system accelerates
a heavy ion beam to 500 keV/u and creates the desired
bunch structure for injection into the superconducting linac.
The injector system comprises an electron cyclotron res-
onance ion source, a low-energy beam transport, a radio-
frequency quadrupole, and a medium-energy beam transport.
The superconducting driver linac accelerates the beam to
200 MeV/u. The driver linac is divided into three different
sections, as shown in Fig. 2: a low-energy superconducting
linac (SCL1), a charge stripper section (CSS) and a high-
energy superconducting linac (SCL2). The SCL1 acceler-
ates the beam to 18.5 MeV/u. The SCL1 uses two different

* hjkim@ibs.re.kr
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Figure 1: Layout of the RISP accelerator.
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Figure 2: The RAON linear accelerator.

families of superconducting resonators, i.e., a quarter wave
resonator (QWR) and a half wave resonator (HWR). The
CSS accepts beams at 18.5 MeV/u. The charge stripper
strips electrons from the heavy-ion beams to enhance the
acceleration efficiency in the high-energy linac section. The
SCL2 accepts a beam at 18.5 MeV/u and accelerates it to
200 MeV/u. The SCL2 uses two types of single spoke res-
onators, i.e., SSR1 and SSR2. The SCL2 provides a beam
into the in-flight fragmentation (IF) system via a high-energy
beam transport (HEBT).

The post accelerator (SCL3) is designed to accelerate
the rare isotopes produced in the ISOL (Isotope Separation
On-Line) system. The SCL3 is, in principle, a duplicate
of the driver linac up to low energy linear accelerator. The
accelerated rare isotope beams are reaccelerated in the SCL2.
Hence, the RISP accelerator provides a large number of rare
isotopes with high intensity and with various beam energies.

Injector System

The driver linac injector consists of a 28 GHz supercon-
ducting ECR ion source, the LEBT, the 500 keV/u RFQ
and the MEBT. For the ECR ion source, superconducting
magnets and dual high power RF sources of 28 GHz and
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HIGH GRADIENT ACCELERATING STRUCTURES FOR CARBON
THERAPY LINAC#*
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'RadiaBeam Systems, LLC, Santa Monica, CA, 90404, USA
2Argonne National Laboratory, Lemont, IL, 60439, USA
3 National Research Nuclear University «MEPhI», Moscow, Russia

Abstract

Carbon therapy is the most promising among
techniques for cancer treatment, as it has demonstrated
significant improvements in clinical efficiency and
reduced toxicity profiles in multiple types of cancer
through much better localization of dose to the tumor
volume. RadiaBeam Systems, in collaboration with
Argonne National Laboratory, are developing a high-
gradient linear accelerator, Advanced Compact Carbon
Ton Linac (ACCIL), for the delivery of ion beams with
end-energies up to 450 MeV/u for '2C%* ions and 250
MeV for protons. In this paper, we present a thorough
comparison of standing and traveling wave designs for
high gradient S-Band accelerating structures operating
with ions at various velocities, relative to the speed of
light, in the range 0.3-0.7. In this paper, we will compare
these types of accelerating structures regarding RF, beam
dynamics, and thermo-mechanical performance.

INTRODUCTION

ACCIL is designed for the full energy range from the
ion source to 450 MeV/u for 2C® and includes the
following main sections: a radio-frequency quadrupole
(RFQ) accelerator, a drift-tube linac (DTL), and a
coupled-DTL sections operating at a sub-harmonic of the
S-band frequency to accelerate carbon ions up to 45
MeV/m. For effective acceleration to higher energies, a
high gradient S-band structure will be used. An overview
of the linac is given in [1].

The compact footprint of ACCIL (8x45m) can be
achieved if the accelerating structure capable of providing
50 MV/m for the particles with beta from 0.3 to 0.7 is
developed. Such high accelerating gradients of the
ACCIL linac will be feasible due to the operation at high
frequency, 2856 MHz, at very low duty cycle <0.06% and
very short <0.5 ps beam pulses. The known RF
breakdown limit is much higher for high-frequency
structures than for traditional low-p structures operating at
lower frequencies.

There are several known criteria for RF breakdown
limit that we have used for the EM design:

e Peak surface fields of 250 MV/m at 11-12 GHz,
and ~160 MV/m for S-band have been
demonstrated in RF guns and side-coupled linacs
[2,3.4];

* This work was supported by the U.S. Department of Energy, Office of
High Energy Physics, under Accelerator Stewardship Grant, Proposal
No. 0000219678 and STTR grant DE-SC0015717
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e Peak surface magnetic field that causes pulse
heating, which can damage the structure if the
peak temperature rise is higher than 50 °C [5];

e  There are also new theories of a unified criterion,
such as a modified Poynting vector (<S>) [6]
that may impact the gradients. However, there is
not many experimental data for S-band
structures;

In our design, we considered keeping all three
parameters below known limits.

HIGH BETA STRUCTURE

Recently, A compact ultra-high gradient S-Band p=1
accelerating structure, operating in the m-mode at 2856
MHz, has been developed at RadiaBeam [7] (see Fig.1).
The electromagnetic design and optimization of the cell
shape to maximize RF efficiency and minimize surface
fields at very high accelerating gradients included
elliptical iris geometry to decrease surface electric field
and “fat-lip” coupler to reduce surface RF pulsed heating.
A 5-cell prototype HGS structure was fabricated with 4-6
pm surface finish, followed by SLAC prescription for
cleaning and surface processing, and initially tested in
2013 at LLNL at 10Hz rep rate and max accelerating
gradient of 5S0MV/m at 1.3 ps pulse duration [8].

s

o
Figure 1: S-band 50 MV/m high-gradient structure (HGS)
developed at RadiaBeam.

In February 2015, the structure was delivered to
Argonne to perform high power tests and to check if the
structure parameters deteriorated during the extended
storage. Cavity conditioning was conducted with a 30 Hz
pulse rep rate and varying pulse widths. With no bake, a
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TRAVELING WAVE LINEAR ACCELERATOR WITH RF POWER FLOW
OUTSIDE OF ACCELERATING CAVITIES*

Valery A. DolgasheVT, SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract

An accelerating structure is a critical component of parti-
cle accelerators for medical, security, industrial and scientific
applications. Standing-wave side-coupled accelerating struc-
tures are used when available rf power is at a premium and
average current and average power lost in the structure are
large. These structures are expensive to manufacture and
typically require a circulator; a device that diverts structure-
reflected power away from rf source, klystron or magnetron.
In this report a traveling wave accelerating structure is pre-
sented, which combines the high shunt impedance of the
side-coupled standing wave structures with the advantages
of traveling wave structures, such as simpler tuning and
manufacturing. In addition, the traveling wave structure is
matched to the rf source so no circulator is needed. This
paper presents the motivation for this structure and shows a
practical example.

INTRODUCTION AND MOTIVATION

Physics and technology of rf accelerating structures is a
mature field with variety of existing geometries and meth-
ods. To distinguish a new approach from existing ones, first
we will discuss accelerating structures used for the same
applications. In this discussion we will emphasize the dis-
advantages to be improved upon using this new accelerating
structure.

Side Coupled Standing Wave Accelerating Struc-
ture

In Fig. 1 a cell of a typical side-coupled standing wave
(SW) accelerating structure is shown. This type of accel-
erator is widely used in medical, industrial and security
applications because it offers very high shunt impedance
and operational stability [1,2]. For example, this high shunt
impedance permits positioning of the complete accelerator
on the arm of a robot for radio-surgery [3].

This accelerating structure is a bi-periodic system that
works at the /2 resonant mode. the structure made up of
of accelerating and coupling cavities. In the working mode,
most of the electro-magnetic fields are in the accelerating
cells as seen in Fig. 1. The cavities are coupled magnetically
with the coupling slots located near the outer diameter of
the accelerating cavity.

Electron beam deflection The coupling slots in the
side-coupled SW structure are located asymmetrically with
respect to the axis where electrons or other charged parti-
cles are accelerated. This asymmetry, as well as power flow

* Work supported by the US DOE under contract DEAC02-76SF00515
T dolgash@slac.stanford.edu
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coupling cells

acc. cell

Figure 1: Finite element model of a half-cell of a side-
coupled standing wave accelerating structure. Surface fields
are normalized to 100 MV/m accelerating gradient: a) mag-
netic fields with peak magnitude of ~1.5 MA/m; b) elec-
tric fields with peak magnitude ~550 MV/m. This electro-
magnetic simulations were performed using a commercial
finite-element code HFSS [4].

through the accelerating cell, creates electric and magnetic
fields deflecting the beam off its axis. This deflection distorts
the beam, especially during initial stages of acceleration, in-
creasing beam losses and creating an uneven pattern on the
x-ray target thus reducing the performance of the system.

Complexity of tuning and manufacturing The side-
coupled SW structures are typically brazed in pieces, where
each piece includes one half of accelerating cell and one half
of coupling cell. When joined, two such pieces create the
cavity shown in Fig. 1. The complexity of the joint’s surface
complicates the brazing so each cell has to be significantly
tuned. The tuning is done to insure the desired field profile
and make the frequencies of coupling and accelerating cells
the same. The tuning is made difficult by the small fields
in the coupling cell. This low field prevents tuning of this
cell while in working configuration, so the cell typically has
a hole to insert a measurement probe or perturb the cavity
volume. This complexity both increases manufacturing and
tuning cost and makes it difficult to evaluate the quality of
the tuned structure.

Protection of RF source from reflected power By its
nature of being a resonant cavity, a standing-wave structure
absorbs rf signals in a narrow frequency band. For higher
efficiency, the rf loss in the structure has to be as small as
practical. The lower the rf losses, the narrower the frequency
response of the structure. During initial transient, when such
a narrow-band structure is filled with rf power, most of the
power is reflected. If this reflected power does propagate
back to the rf source, it will degrade its performance or may
damage it. To protect the rf source, a waveguide isolator
(typically a circulator) is installed between the SW accelerat-
ing structure and rf source. The isolator attenuates precious

3 Technology
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DRY-ICE CLEANING OF RF-STRUCTURES AT DESY

A. Brinkmann', J.Ziegler, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

Abstract

Dry-Ice cleaning is today a well-established cleaning
method in matters of reducing harmful dark current and
field emission in copper RF-structures like RF-Guns such
as for the European XFEL, FLASH and REGAE. This led
to the idea to clean longer RF-structures, in particular
3GHz transverse deflecting structures for the European
XFEL. We developed a cleaning device with the capabil-
ity to clean up to 2 m long structures in horizontal posi-
tion with an inner diameter of not more than 40 mm.
Furthermore this device allows cleaning 9-cell TESLA-
type Nb-cavities as well. A report of the technical layout
and results of RF-tests will be given.

INTRODUCTION

For the past ten years cleaning of copper RF-structures
such as RF-photo Guns at FLASH and PITZ with carbon
dioxide dry-ice snow cleaning became a well-established
method to reduce harmful dark currents emitted from
particles raised from the inner surface of the copper struc-
ture [1]. It could be shown that dry ice cleaning reduces
dark currents by an order of magnitude. The present dark
current of the Gun 3.1 at FLASH is about SpuA while
running with operating parameters, whereat the limiting
value is 20uA. Former cleaning methods, like High Pres-
sure Water (HPWR) or alcohol rinsing led to dark currents
in a range of hundreds pA. The very good achievements
resulted in cleaning RF-Photo Guns for REGAE and the
EXFEL as well. Since the 3 GHz Copper REGAE-Gun
was never cleaned with liquids like water or alcohol, we
do not have a direct comparison here. But the subsequent
RF-conditioning was done very fast. It took no longer
than 2 weeks to reach a gradient of 100MV/m [2]. Meas-
urements at the EXFEL Gun, while running under operat-
ing parameters, led to dark currents in the range of
20pA.This altogether brought us to the idea, to clean
more challenging structures from a cleaning point of
view, such as Transverse Deflecting Structures (TDS) [3]
for the EXFEL.

Originally the dry ice snow cleaning project was started
to show if full equipped superconducting Niobium cavi-
ties could be cleaned in that way in addition and as a final
step after a HPWR. With the original cavity cleaning
device, it was only possible to clean 1-cell test cavities,
whereas the new setup allows us to clean 9-cell 1.3 GHz
Niobium cavities in horizontal position.

CARBON DIOXIDE DRY-ICE SNOW
CLEANING

The functional principle and a detailed description of
the cleaning mechanism are described in [4]. Liquid car-

1 arne.brinkmann@desy.de
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bon dioxide flows at high pressure (50 bar) through a
special formed nozzle, expands at the outlet and forms a
dry-ice/gas mixture with a ratio of 45 % snow. This mix-
ture is surrounded by a Nitrogen-gas stream, with 15 bar
pressure, to ensure a proper acceleration of the jet. The
cleaning takes place by thermal-mechanical and chemical
forces: Breaking up the contaminations by shock-
freezing, applying high shearing forces due to high mo-
mentum of the snow crystals and increasing of the volume
by a factor of 500 after sublimation of the snow and act-
ing as good chemical solvent for hydrocarbons and sili-
cones.

CLEANING OF RF-PHOTO GUNS

The vertical cleaning device used for RF-photo Guns
installed at FLASH, EXFEL and REGAE is shown in
Fig.1.

Figure 1: Set-up for RF-photo Guns.

Here the Gun moves up and down while it rotates. The
cleaning lance stays in a fixed position while the nozzle
can be moved continuously from horizontal to vertical
orientation to ensure that the overall inner surface of the
Gun will be cleaned. A more detailed set of cleaning pa-
rameters can be found in [5].

CLEANING OF TRANSVERSE
DEFLECTING STRUCTURES FOR
EXFEL

The requirements for operating RF — structures under
ultra-high vacuum conditions are i.a. particle free vacuum
and a short conditioning time. Cleaning such components
with fluids, implicates the difficulty to get rid of fluid
residues after the cleaning process. In certain cases com-
plex geometries inside the structures, like trapped vol-
umes, prevent the draining of fluids. Anyway the draining
can only be done in vertical orientation and moreover in a

3 Technology
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DEVELOPMENT OF ULTRACOLD NEUTRON ACCELERATOR FOR
TIME FOCUSING OF PULSED NEUTRONS

S. Imajo, Department of Physics, Kyoto University, Kyoto, 606-8502, Japan
Y. Iwashita, ICR, Kyoto University, Uji, Kyoto, 611-0011, Japan
M. Kitaguchi, H. M. Shimizu, Department of Physics, Nagoya University,
Chikusa, Nagoya, 464-8602, Japan
K. Mishima, T. Ino, KEK, Tsukuba, Ibaraki, 305-0801, Japan
S. Yamashita, ICEPP, University of Tokyo, Bunkyo, Tokyo, 113-0033, Japan

Abstract

Low energy neutron accelerator can be realized by the
combination of an adiabatic fast passage spin flipper and a
gradient magnetic field. Neutrons have magnetic moments,
so that the accumulated potential energies are not canceled
before and after passage of a magnetic field and their kinetic
energies change in case their spins are flipped in the field.
This accelerator handles lower kinetic energy neutrons than
approximately 300 neV. Currently we have developed the
advanced version which makes it possible to handle broader
kinetic energy range. The design and measured characteris-
tics are described.

INTRODUCTION

A non-zero neutron electric dipole moment (nEDM) im-
plies the breaking of time-reversal invariance and the larger
nEDM than the prediction of Standard model, which is 10730
to 10732 ¢ - cm, is the evidence of new physics. Therefore re-
search and developments are prompted to update the present
nEDM upper limit of 2.9 x 10726 e - cm [1]. In nEDM ex-
periment, polarized ultracold neutron (UCN), whose kinetic
energy is 100-200 neV, is stored in an experimental bottle,
and then the nEDM is evaluated with the rotation phase
shift of UCN spin precession induced in a superposition of a
strong electric and a faint magnetic field parallel each other
measured by the Ramsey resonance technique. The bottle
should be small enough to have less spurious nEDM signals
due to nonuniform electric and magnetic field [2]. Therefore
spatially high-dense UCN is required in order to decrease
the statistical errors. Such UCN is produced with the spalla-
tion neutron source and the superthermal converter, which
is sometimes a pulsed source and has a very high peak flux.

We also have proposed a nEDM search with a spallation
UCN source (J-PARC P33) [3]. In our plan, the repetition
frequency of UCN production is 2 Hz. Because even the
extremely dense UCN diffuses during transport according to
their own velocity distribution, we are developing a neutron
accelerator named AgUCN rebuncherAh in order to control
the velocity of UCN and to time-focus UCNs on the mouth
of the bottle.

UCN REBUNCHER

A neutron has the magnetic dipole moment g, and hence
in a magnetic flux density B it has a potential energy that
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is expressed by —u - B. The absolute value corresponds to
60 neV at a magnetic flux density of 1 T. The energy is
lost as the neutron escapes from the magnetic field because
such a potential energy is conservative. If the spin of the
neutron is flipped in the field, the cancellation is prevented
and therefore the kinetic energy of the neutron escaping from
the field increases or decreases according to its spin direction
[4]. If acceleration/deceleration of the pulsed neutron beam
with velocity range is modulated suitably and its velocity-
position phase space distribution is rotated, the beam is
time-focused at some point [5]. This is the mechanism of
the UCN rebuncher.

The spin-flip of a neutron and the kinetic energy control
can be realized with the combination of a gradient magnetic
field and an adiabatic fast passage (AFP) spin flipper [6].
If a neutron flies to x direction, a gradient magnetic field
is applied in the z direcition and an alternating magnetic
field of the frequency f is applied parallel to the neutron
path, the spin-flip occurs around the point of the resonant
magnetic field B, = hf/2|u|, where h is the Planck constant.
If f is modulated, the strength of B, for the resonance also
changes and hence the spin-flip point moves in the gradient
field. Thus each neutron gains a different kinetic energy.
Consequently, the phase space distribution of neutrons can
be controlled.

The spin-flip probability p depends on the adiabatic pa-
rameter k, which are given by [5]

— sin’ (g\/1+k2), (1)

K = _')’nB% _ _'YnBlz 2
dBy/dt VdB()/dx,

p = 1=

where vy, is the gyromagnetic ratio of neutrons, B is the ro-
tating magnetic field strength, dBy/dt is the temporal change
of the static magnetic field for a UCN, v is the neutron ve-
locity and dBy/dx is the spatial gradient of the static mag-
netic field. If k is more than 1.4, the spin-flip probability is
more than 0.9. An anisotropic-inter-pole magnet we have
developed produces the linearly gradient magnetic field of
3.2T/m[7,8]. A RF field works as the rotating field. There-
fore the strength of the RF magnetic field needs to be more
than 0.7 mT in order to achieve k > 1.4 with the UCN of
5m/s.

We developed the prototype of the rebuncher and carried
out the demonstration experiment of the rebuncher at ILL in
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LATEST NEWS ON HIGH AVERAGE RF POWER OPERATION AT PITZ
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Abstract

The Photo Injector Test Facility at DESY in Zeuthen
(PITZ) develops, tests and characterizes high brightness elec-
tron sources for FLASH and European XFEL. Since these
FELs work with superconducting accelerators in pulsed
mode, also the corresponding normal-conducting RF gun
has to operate with long RF pulses. Generating high beam
quality from the photocathode RF gun in addition requires
a high accelerating gradient at the cathode. Therefore, the
RF gun has to ensure stable and reliable operation at high
average RF power, e.g. 6.5 MW peak power in the gun for
650 us RF pulse length at 10 Hz repetition rate for the Eu-
ropean XFEL. Several RF gun setups have been operated
towards these goals over the last years. The latest gun setup
was brought into the PITZ tunnel on February 10th 2016 and
its RF operation started on March 7th. This setup includes
RF gun prototype 4.6 with a new cathode contact spring
design and an RF input distribution which consists of an
in-vacuum coaxial coupler, an in-vacuum T-combiner and 2
RF windows from DESY production. In this contribution
we will summarize the experience from the RF condition-
ing of this setup towards high average RF power and first
experience from the operation with photoelectrons.

RF FEED SYSTEM AND GUN 4.6

The RF waveguide distribution system used with gun 4.6
is the two vacuum windows configuration as shown in Fig. 1.
This two RF windows solution was installed in 2014 [1] after
several break-downs of RF windows in the previous configu-
ration where only one RF vacuum window was used. This
solution has the particularity to have the 10 MW directional
coupler and the T-combiner in vacuum. Along with the gun
installation, two recoated and pre-conditioned DESY RF
windows and a new T-combiner have been installed during
the winter 2016. A short section with air under 3 bar pres-
sure is realized between the SFg gas and the vacuum section,
to have an easy exchange between two different setups and
to be as close as possible to the XFEL and FLASH setups
where there is no SFg but air waveguides. This section is
also an additional safety, acting as a buffer in case of a leak
in the gas vacuum windows, preventing any SFg to reach the
vacuum system.

* yves.renier@desy.de
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Figure 1: PITZ RF feed system in a two vacuum windows
configuration.

The gun 4.6 is a new cavity and uses the new watchband-
reloaded cathode spring design [2] where the cathode region
has been optimized to avoid any sharp edges. In the origi-
nal design, sharp edges could be damaged during cathode
manipulations and high power operation. The cathode plug
is electro-polished to avoid damages to the contact spring
eg. caused by bad contact with the cathode or by discharges.
As usual, the gun is dry-ice cleaned to reduce the dark cur-
rent [3].

CONDITIONING

The standard procedure applied for conditioning of RF
guns is described in [4]. The control system used is based
on DOOCS [5]. Relevant properties are stored by the Data
AQuistion system (DAQ). This data is then analyzed to get
statistics on conditioning and operation.
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Abstract

Normal conducting RF systems are currently able to pro-
vide gradients of around 100 MV/m, limited by breakdown
on the metallic structures. The breakdown rate is known to
scale with pulse length and, in conventional RF systems,
this is limited by the filling time of the RF structure. Pro-
gressing to higher frequencies, from RF to THz and optical,
can utilise higher gradient structures due to the fast filling
times. Further increases in gradient may be possible by re-
placing metallic structures with dielectric structures. The
DATA programme at the Cockcroft Institute is investigat-
ing concepts for particle acceleration with laser driven THz
sources and dielectric structures, beam driven dielectric
and metallic structures, and optical and infrared laser ac-
celeration using grating and photonic structures. A corner-
stone of the programme is the VELA and CLARA electron
accelerator test facility at Daresbury Laboratory which will
be used for proof-of-principle experiments demonstrating
particle acceleration.

INTRODUCTION

In particle physics, future linear colliders such as CLIC
or ILC require ultra-short, sub-picosecond, bunches to ob-
tain the luminosity necessary for the particle physics sci-
ence exploration. In accelerator based x-ray sources, sub-
10 fs bunches open new capabilities in femtosecond time-
resolved material science. With existing linear accelerators
delivering beams on the femtosecond scale already on the
km scale, and tens of km scale machines proposed, higher
gradient structures are sought for the potential to shrink the
size and cost of linear accelerators. Current metallic micro-
wave structures are limited by electric breakdown to
around 100 MV/m, and superconducting structures are re-
stricted to even lower gradients. Particle acceleration
driven by laser and (laser generated) THz radiation has the
potential for GV/m acceleration gradients; The sub-ps to
few—fs oscillation periods of THz and laser electromag-
netic fields are also well suited for acceleration and control
of femtosecond duration electron bunches. While only a
very limited number of demonstrations of laser and THz

+ Email address: graeme.burt@cockcroft.ac.uk
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acceleration have been achieved, such approaches remain
promising for high gradient acceleration of high energy
beams in the long term. In the short-term future, laser and
THz acceleration has high potential for applications in gen-
eration of femtosecond few-MeV beams for electron dif-
fraction, and for compact soft and hard x-ray sources with
intrinsic femtosecond synchronization with lasers.

The Cockcroft Institute has initiated a multi-themed pro-
gramme, Dielectric and THz Acceleration (DATA), to in-
vestigate particle beam acceleration using sub-picosecond
electromagnetic fields. The programme is divided into
three themes of (i) Laser generated THz acceleration and
deflection; (ii) Beam driven (wakefield) THz acceleration
in dielectric and metallic structures; and (iii) Dielectric La-
ser Acceleration. THz electromagnetic fields, with electric
field oscillations in the range of 100 fs-1000 fs, will be ex-
amined for their potential for efficient and phase-controlled
capture and acceleration of electron beams. For the laser
generated THz acceleration, both free space and and die-
lectric waveguide mechanisms are being investigated for
acceleration or deflection for beam diagnostics. For beam
driven THz sources, the programme is investigating corru-
gated metallic structures and dielectric waveguides for
Wakefield acceleration. Laser-dielectric structures are be-
ing examined for their potential in very-high gradient ac-
celeration of high-energy femtosecond beams. In this latter
theme we are investigating inverse grating and photonic
band-gap structures excited by visible and near-IR lasers.
The programme will undertake a range of proof-of-concept
demonstrations of laser and THz radiation driven electron
acceleration with the VELA and CLARA electron acceler-
ator test facility at Daresbury Laboratory. These test facili-
ties include a 5SMeV RF photo-injector gun, a beamline
with a suite of diagnostics including a transverse deflecting
cavity, and 2 metre long experimental chamber followed
by an electron spectrometer. The facilities are currently be-
ing upgraded with a second injector and dog-leg transfer
line; this new injector will provide beams up to 5S0MeV.
The VELA and CLARA test facilities are described further
in reference [1] of this conference.
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Abstract

The Continuous Electron Beam Accelerator Facility
(CEBAF) 12 GeV upgrade reached its design energy in De-
cember of 2015. Since then CEBAF has been delivering 12
GeV beam to experimental Hall D and 11 GeV to experi-
mental halls A and B in support of Nuclear physics. To
meet this energy goal, ten new 100 MV cryomodules (80
cavities) and RF systems were installed in 2013. The su-
perconducting RF cavities are designed to operate CW at a
maximum accelerating gradient of 19.3 MV/m. To support
the higher gradients and higher QL (~ 3x107) operations,
the RF system uses 13 kW klystrons and digital LLRF to
power and control each cavity. This paper reports on the
C100 operation and optimization improvements of the RF
system and cryomodules.

INTRODUCTION

Since 2014 ten new eight cavity high gradient cryomod-
ules (designated as C100) have been in operation support-
ing nuclear physics experiments. The cryomodule design
is a culmination of the lessons learned from three prepro-
duction high gradient cryomodules and the original 42 CE-
BAF cryomodules [1]. To meet the 12 GeV energy goals
the cryomodules were designed to have an energy gain of
98 MeV, with an additional 10% overhead reaching 108
MV. Each cryomodule consists of eight 7-cell elliptical
cavities. The cavities are tuned to 1.497 GHz, and individ-
ually controlled by both a mechanical stepper motor and a
Piezo tuner (PZT).

The RF system powering and controlling these cryomod-
ules is also a new design [2]. Like most CW SRF acceler-
ators each cavity is powered and controlled by a single
klystron and LLRF system. The klystrons produce 12 kW
of linear power. The eight klystrons are self-protected with
their own interlocks as part of the high power amplifier
system. The LLRF controls down convert from the cavity
frequency to an intermediate frequency (70 MHz). The
cavity signal is then digitized and processed using an
FPGA. The RF controls are unique incorporating a digital
self-excited loop (SEL) to quickly recover cavities. Con-
trols and interfaces for both the HPA and the LLRF are
provided through EPICS.

Since 2014 the cryomodules have performed as needed
to provide the energy for the experimental program [3, 4].
Table 1 shows the C100 energy contributions from each
cryomodule during the spring 2016 operation period com-
paring them to their commissioned energies. The lower op-
erational energy is due to a number of challenges that have
presented themselves in the operation of the C100 cry-
omodules. The cryomodules have shown themselves to be
*Authored by JSA, LLC under U.S. DOE Contract DE-ACO0S5-
060R23177. The U.S. Govt. retains a non-exclusive, paid-up, irrevocable,

world-wide license to publish or reproduce this for U.S. Govt. purposes.
thovater@jlab.org
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sensitive to He pressure variations caused by a combina-
tion of RF/resistive heat and the heat capacity limitations
of the pipe between the individual cavity helium vessel and
the, shared two-phase pipe. When the capacity is exceeded
there is a pressure transient which leads result in frequency
detuning larger than the klystron power can accommodate.
Transient vibration induced microphonics from driven ex-
ternal sources (trucks, cooling towers etc.) with frequency
content that falls on the modal resonances of the structure
can be a source of unwanted trips. Lastly cavity field emis-
sion, becoming dark current, has posed both a radiation
damage issue with local cabling & magnets and a vacuum
issue in the immediate warm regions downstream from the
C100 cryomodules. While these issues have been a chal-
lenge they have not prevented CEBAF from delivering
electrons for Nuclear physics experiments. We report on
the problems and mitigations that are being put into place
to overcome them.

Table 1: Cryomodule Energy Gains

Cryomodule | Zone | Commissioned | Operational
Energy Energy
C100-1 SL24 104 MV 77.1
C100-2 SL25 122 89.6
C100-3 NL22 108 91.2
C100-4 SL22 93 91.5
C100-5 SL23 121 91.9
C100-6 NL23 111 99.4
C100-7 NL24 103 95.9
C100-8 SL26 110 90.7
C100-9 NL25 105 85.0
C100-10 NL26 106 83.5
CRYOGENIC DETUNING

The C100 cryomodule individual cavity helium vessel
piping is designed to accommodate up to 52-62 Watts of
RF or electric heat at 2.07 K and a total cryomodule heat
load of about 350 which is limited by the end can piping.
Above 2.0 K the heat capacity limitation is a strong func-
tion of the helium pressure. If the heat in an individual
vessel reaches the limit for the heat riser pipe, the helium
temperature inside the helium vessel exceeds 2.18 K and
there is a pressure transient which causes a microphonic
perturbation that is enough to detune the cavity beyond
what the klystron can accommodate. In addition the He
pressure increases slightly down the LINAC (the C100s are
at the end) so the cryomodules at the end of the linac can’t
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Abstract

We present design simulations and experimental setup
for the first ever experimental demonstration of a bi-reso-
nant klynac; klynac is a term coined for a compact linear
accelerator with integrated klystron source utilizing the
same electron beam. This device is bi-resonant, one reso-
nant circuit for the klyston input and gain cavities, and one
for the klystron output and linac cavities, the schematic is
presented in Fig. 1. The purpose of a klynac-type device is
to provide a compact and less expensive alternative for an
accelerator up to 6 MeV. A conventional accelerator re-
quires a separate RF source and linac and all the associated
hardware needed for that architecture. The klynac config-
uration eliminates many of the components to reduce the
weight of the entire system by 60%. We have built an 8-
cavity, 2.84 GHz RF structure for a 1 MeV klynac. A 50-
kV, 10-A pierce-type electron gun provides the single beam
needed. Numerical modelling was used to optimize the de-
sign. The separation between the klynac output cavity and
the first accelerator cavity was adjusted to optimize the
bunch capture and a pin-hole aperture between the two cav-
ities reduces the beam current in the linac section to about
0.1 A. Standard high-shunt impedance linac cavity designs
are used. We have fabricated the first test structure and
present very preliminary results.

DESIGN PROCESS AND SIMULATIONS
Design

K1 K2

Figure 1: Schematic of the Klynac design. K1, K2, and K3
form one resonant cavity and serve the purpose of gain cav-
ities. K4 is the gain output cavity and L1-L4 are the accel-
erating cavities, together they form the second resonant cir-
cuit. Unmarked cells are coupling cells and have 0 field in
the /2 mode.

K3 K4 L1 L2 L3 L4

The klystron input cavity is K1 which forms a resonant
circuit with the two RF gain cavities, K2, and K3. The RF
output cavity, K4, as well as the four linac cavities, L1, L2,
L3, and L4, form a second resonant structure. Additionally,
K4 acts as a conventional klystron output cavity, generat-
ing RF power that is then used to drive the linac cavities
and accelerate the electron beam. This structure resonates
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in the /2 standing-wave mode, therefore the fields in the
coupling cavities are negligible and they can be ignored in
the design analyses. Note that this mode ensures that suc-
cessive klystron cavities are 180° out of phase with the pre-
vious cavity, but cavity amplitudes can be designed to max-
imize the extraction power. The cavity locations in the gain
section are similarly chosen to maximize harmonic current.
An efficiency of 38% was achieved for the gain section, we
believe that could be improved upon. The separation be-
tween K4 and L1 is adjusted to optimize the bunch capture
in L1. An intercepting aperture between cavities K4 and L1
reduces the beam current in the linac section to about 1%
of that in the klystron section, this is the amount of beam
current that can be accelerated with the power delivered by
the gain section. The amount of beam current in the linac
section is adjustable by pinching the beam with an external
magnetic field. The coupling cell between K4 and L1 is
special because it is not open to the axis, it is a toroidal
cavity rather than a pillbox cavity [1]. Once the beam
reaches L2, it is relativistic. Thus the separation between
L2 and L3, and L3 and L4 are close to half the free-space
wavelength of the klynac’s operating frequency. Standard
high-shunt impedance linac cavity designs are used. Both
the gap in L1 and the center-to-center separation of L1 and
L2 are shortened to provide for better capture of the ini-
tially low energy electron beam injected into the linac sec-
tion.

Table 1: Nominal 1 MeV Klynac Parameters from
Simulations

Nominal Design Parameters Value
1 MeV Klynac

RF power generated 160 kW
Number of linac cavities 4
Linac cavity impedance 8.5 MW
Linac cavity transit time factor 0.80
Linac cavity gap voltage 440 kV
Linac electron beam current 0.09 A
RF power dissipated in linac 69 kW
section

RF power into beam power 91 kW
Final beam energy 1.00 MeV
RF power generated 160 kW

The cavity voltages in the accelerating cavities were de-
termined from the klynac power balance, which can be ap-
proximated as:

1 Electron Accelerators and Applications
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SUPERCONDUCTING LINAC *

Yan Zhang#, Zhengqi He
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Abstract

Beam based alignment (BBA) technique is an important
tool for precise beam orbit correction of a high power linac,
and it is supplement to a model based or an orbit response
matrix (ORM) based orbit correction method. BBA could
be applied to the beam orbit analysis and correction of the
FRIB linac arcs where a beam orbit offset within 0.1 mm
is required to tune the second order achromatic lattice. In
this paper, we will first introduce the study of model based
beam orbit correction of the linac arcs, and then a more
precise orbit correction with BBA. Realistic misalignments
of beam elements and beam position monitors (BPMs) are
included in the simulation studies.

INTRODUCTION

Beam orbit analysis and corrections are one of the most
essential processes applied for beam control in accelerators
and beam transport lines, to significantly reduce beam loss
and to preserve beam emittance, especially for high power
machines. Various beam orbit correction techniques have
been developed and demonstrated in particle accelerators
including ring and linac, as the requirements to beam orbits
for different machines can be substantially different.

We studied various beam manipulation methods in the
beam commissioning plan of the FRIB superconducting
linac and noted that orbit corrections are very important for
the operations with multi charge state beams [1]. Although
a beam orbit offset of 1 to 2 mm in the FRIB linac has no
issues in simulation studies and likely in operations too, to
precisely tune the second order achromat of all the folding
segments, an orbit within 0.1 mm is needed. Different orbit
correction methods are investigated in simulation studies
with realistic misalignments of beam elements and BPMs.

Open XAL online model [2] is applied in the beam orbit
analysis and correction. Both model based and beam based
orbit correction techniques have been demonstrated in the
SNS accelerator systems [3, 4], while different approaches
are also planned for the FRIB linac system [5].

MODEL BASED ORBIT CORRECTION

An online model is usually applied to precisely predict
beam orbit differences of the real machine, and a model
based orbit correction could be conducted using a global
optimization of the beam offsets of all the available BPMs,
provided that misalignments of all the beam elements and
BPMs are well within specifications. However, if errors,
misalignments of beam elements or BPMs are outstanding,

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661
# zhangy @frib.msu.edu
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uncertainties of beam orbit after a model based correction
could still be substantial, in which case, iterations of the
orbit correction may become necessary, and measurements
of the BPM misalignments will be important.

When needed, model based beam orbit correction can be
easily extended to measure BPM misalignments. As model
predicted beam orbit differences are mainly determined by
the injection beam and misalignments of beam elements,
series of measurements of beam orbit differences with the
linac BPMs can be conducted to reconstruct the model.

The method is simple: different correctors fired in the
linac and beam orbit differences measured with BPMs, the
same beam steering is applied in the model and compared
against model predicted orbit changes, the injection beam
and misalignments of the beam elements optimized in the
model to reproduce the BPM measurement results. Figure
1 shows an orbit difference exercise in simulation studies.
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Figure 1: A model based beam orbit differences exercise.
Upper: model with an inclined beam and misalignments of
quadrupole magnets; Lower: reconstruction using BPMs.

In the above exercises, reconstructed parameters of the
injection beam and misalignments of the beam elements
differ from those of the original model, mainly because of
errors and multiple solutions with limited BPMs. However,
misalignments of the BPMs can be identified and corrected
with the measurements of beam orbit differences, and after
the BPMs are marked a model based beam orbit correction
is conducted. The results are shown in Figure 2.
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Abstract

To achieve the design power for the heaviest ion species,
it is required to accelerate and transport multi charge state
beams simultaneously in the FRIB SC driver linac, which
imposes a great technical challenge especially to the folded
linac lattice design. An achromatic and isochronous beam
optics up to the second order must be established precisely
in the bending segments. Because system errors and beam
element imperfections always exist in the real machine,
beam tuning and optics corrections of the bending areas are
critical to high power operation. In this paper, beam tuning
algorithms of achromatic arcs of the FRIB driver linac are
introduced and the simulation studies discussed.

INTRODUCTION

The FRIB, Facility for Rare Isotope Beams, is currently
under construction on the campus of MSU, Michigan State
University. The project is funded by the US Department of
Energy Office of Science, MSU, and the State of Michigan.
The total budget of the project is about 730 million dollars,
and it will be completed in 2022 [1].
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Figure 1: Schematic layout of the FRIB driver linac.

The FRIB driver linac consists of a front end (FE), three
linac segments (LS), two 180° folding segments (FS), and
a beam delivery system (BDS) which transport beams onto
a fragmentation target for the production of rare isotopes.
Shown in Figure 1 is a schematic layout of the FRIB linac.
For the heaviest ion species, accelerate and transport multi
charge state beams simultaneously in the linac are required
to achieve the design power of 400 kW, thus the second
order achromat is needed to all the folding areas including
the BDS, and meanwhile isochronous beam optics should
be tuned accurately for the two 180° folding segments.

ACHROMATIC LATTICE

In the design of an achromatic bend, beam particle at the
final location shall be independent to the momentum, and
the bend will produce the same output beam regardless of
the momentum spread. In an isochronous bend, the arrival
time of beam particle is independent to the momentum and
the transverse location, essentially, injection particles with

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661
# zhangy @frib.msu.edu
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different momentum and transverse positions arrive at the
same time. Using the notations of TRANSPORT [2], first
order elements Rjs = 0 and Ras = 0 in an ideal achromatic
system. In an isochronous system, Rs; = 0, Rs, =0, and Rse
= 0. Itis noted that in an isochronous system, Rss = (1-B2)-L
is generally required for a low energy particle beam as the
velocity changes substantially with the momentum. In the
FRIB linac however, as the energy and velocity of various
charge state beams are similar, so that in the bend different
rigidities of those multi charge state beams are analogous
to momentum differences, thus Rss = 0 is required instead,
though which is generally for a high energy electron beam.

As charge states of uranium beams from +76 to +80 are
equivalent to about +3% momentum variations, the second
order achromat is needed, therefore sextupoles are installed
in all the bends. Figure 2 shows transfer matrix elements of
the LS1 arc in simulation with MAD-X [3], the symmetric
bend totally consists of four 45° dipoles, four quadrupoles,
and two sextupoles. In the lattice design, locations of the
quadrupoles are selected to have Ris = Rsz, and Ros = Rsy,
therefore once an achromat is established, the bend is also
isochronous. Because of compact lattice design, available
knobs and spaces are limited, it is not a perfect achromatic
system. Sextupole magnets are installed for manipulating
second order dispersions, both longitudinal and transverse.
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Figure 2: Beam transfer matrix elements Ris, R2s, Rs1, and

Rs; of the LS1 lattice in calculation with MAD-X.

BEAM TUNING BASED ON MODEL

Since in the real world beam element imperfections and
system errors cannot be completely avoidable, beam tuning
of the bending segments becomes important for high power
operation of the driver linac. Algorithms of beam tuning
and optics corrections have been introduced briefly in the
FRIB linac beam commissioning plan [4], while detailed
analysis is described in this paper. Figure 3 shows ideal
horizontal orbits of difference charge state beams in the
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BEAM TUNING AND ERROR ANALYSIS OF A
SUPERCONDUCTING LINAC *

Yan Zhang #
FRIB, Michigan State University, East Lansing, MI 48824, USA

Abstract

Beam tuning and error analysis of a superconducting
linac for heavy ion beams are introduced in this paper.
System errors of the beam tuning are analysed numerically,
which include random errors of cavities and magnets, and
measurement errors of the absolute beam phase, beam
bunch length, and transverse beam profiles. Statistical
formulas are developed from tedious and time-consuming
numerical simulations, and the studies provide advantage
tools not only to analyse the errors of linac beam tuning,
such as RF phase and amplitude tuning of superconducting
cavity, longitudinal and transverse beam matching, but will
also be helpful to the linac design with practical beam
diagnostics and authentic accelerator lattices.

INTRODUCTION

In the beam tuning of a superconducting linac or other
accelerators, imperfections and errors of the accelerator
components are unavoidable, thus it can be important to
understand the effects and to improve error tolerance in the
accelerator design as well as in the practical beam tuning
particularly for a high power machine. Usually, intensive
numerical computation and simulations with sophisticated
accelerator models are needed in the error analysis, which
is tedious and can be extremely time-consuming. A simple
statistical estimation, even a rough one, can be considered
in most cases.

E.g. the effects of random misalignments of a focusing
channel in a periodic lattice are analogous to the problem
of random walk, and a simple statistical estimation of the
amplitude of beam orbit distortions can be expressed as [1]:

VN
= cos(%) (1)
where, 0 is the rms amplitude of coherent orbit distortion,
o is the rms alignment errors of the focusing elements, u
is the phase advance and N number of focusing elements.

As particle acceleration and RF defocusing effects exist,
a linac lattice generally is not perfectly periodic, however,
Eq. (1) is still a suitable estimation of the linac beam orbit
distortion by misalignments of the focusing magnets, prior
to any beam orbit corrections.

CAVITY PHASE AND AMPLITUDE

Cavity RF phase and amplitude tuning with beam is one
of the primary tasks before operation of a linac. Phase scan
and signature matching techniques [2] are widely applied
in proton and heavy ion linac. Phase and amplitude tuning

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661
# zhangy @frib.msu.edu
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of the FRIB superconducting cavity [3] is used here merely
as an example, as the method is also valid to other linac.
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Figure 1: A cavity phase scan and the signature matching.

Figure 1 shows a cavity 2x phase scan and the time-of-
flight signature matching in simulations with online model,
for a beam energy approximately 17 MeV/u it is almost a
pure sinusoidal curve. Errors of the tuning are mainly come
from measurement errors of the absolute beam phase with
beam phase monitor (BPM) pairs.

To estimate the error of phase scan with random BPM
phase measurement errors, cavity RF phase and amplitude
are treated as a phasor, the rms error of this phasor is:

A
6= v 2)
where, A is random BPM phase errors assumed in uniform
distributions, A is the amplitude of BPM phase difference,
and N number of measurements in the phase scan (N > 3).

E.g. in Figure 1, an uniform distribution of random BPM
phase error of +2° is assumed, the amplitude of BPM phase
difference is about 28° in the cavity 2z phase scan, number
of the BPM phase measurements 18, and we have 6~1.7%.
It means that an rms amplitude error of this cavity is about
1.7%, and an rms phase error is nearly 1° in the tuning.

The amplitude of BPM phase difference in a cavity 2n
phase scan can be expressed as:

Qg wlL
A= mc? .cﬁ3y3 )
where, Q is charge state of the beam particle, mc? is the rest
energy, c is speed of light, £ and y relativistic parameters;
Va is acceleration voltage of the cavity, @ and L - angular
frequency and drift distance of the BPM pairs.

Other errors in a beam time-of-flight measurement with
BPM pairs, such as BPM alignment errors and calibration
errors, can be summarized as errors of velocity and energy:

dv _dL | dt

v Lt
T=yr+1D% @)

where, dL is BPM alignment error, and dt calibration error.
ISBN 978-3-95450-169-4
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STATUS OF AND PLANS FOR THE BEAM DYNAMICS PROGRAM
DYNAC*

E. Tanke, M. Eshraqi, Y. Levinsen, A. Ponton, ESS, Lund, Sweden
S. Valero, Consultant, retired from CEA-Saclay, Paris, France

Abstract

A short introduction to the beam dynamics code
DYNAC [1] will be given. Benchmarking of the Radio
Frequency Quadrupole (RFQ) model and the relativistic
case of a beam transport line with space charge will be
discussed.

Recently implemented features, such as a Graphical
User Interface (GUI), will be presented and additional
planned features to DYNAC and the GUI will be touched
upon.

INTRODUCTION

For beam dynamics, the multi-particle code DYNAC
contains a numerical method, capable of simulating single
and multi-charge state ion beams in accelerating elements
as well as an analytical method, capable of modelling
protons, single charge state heavy ions and non-
relativistic electrons. The code contains three space
charge routines, including a 3D version and has been
benchmarked against other codes as well as against meas-
urements [2-4]. It is well suited for online modelling and
as an aid in view of commissioning [5], [6] and will work
on linux, MAC and Windows.

RFQ

The capability in DYNAC for simulating the RFQ Ra-
dial Matching Section (RMS) and Fringe Field (FF) re-
gions based on electrical fields directly obtained in using
the electrode shape has been added (see Flg 1)
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Figure 1: Phase space plots after a fringe field with elec-
tric fields directly derived from the electrode profile (EP)
and the case where coefficients were used (NP).
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For the benchmark of the RFQ, DYNAC results were
compared to those obtained from Toutatis [7]. For this
purpose, the ~ 4.6 m long 70 mA European Spallation
Source (ESS) proton RFQ [8] was taken as test case. This
RFQ has a Radial Matching Section (RMS) at the input,
followed by a transition cell, 412 accelerating cells, an-
other transition cell and finally a fringe field. The inter-
vane voltage varies from 80 to 120 kV along the RFQ
length. The beam is accelerated from 0.075 to 3.62 MeV.

Benchmark Results

The phase space plots at the ESS RFQ output for both
DYNAC and Toutatis are shown in Fig. 2. The energy
gain differs by ~ 0.1%.
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Figure 2: Phase space plots of the proton beam at the
output of the ESS RFQ.

Based on a 100k macro particle distribution atthe input, a
transmission of 99.2% was obtained with Toutatis,
whereby only particles that hit the electrodes were elimi-
nated. Optionally one can use radial limits that are de-
fined by a square with an edge equal to two times the
minimum aperture. In this case, 98.3% transmission was
obtained, but in either case particles that were not or poor-
ly accelerated are still counted. By applying a filter to the
output beam such as to eliminate the errant beam, 97.6%
was obtained.

For the DYNAC case, the same input distribution was
used. Here particles are removed radially when they go
beyond an ellipse with the horizontal and vertical aper-
tures as major axis. In addition, particles that are not ac-
celerated are ultimately eliminated as the beam progresses
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DISPERSION FREE AND DISPERSION TARGET STEERING
EXPERIENCE AT CTF3
D. Gamba*!, R. Corsini, F. Tecker, P. Skowronski, T. Persson, CERN, Geneva, Switzerland

P.N.Burrows, JAI, University of Oxford, Oxford OX1 3RH, United Kingdom
lalso at JAI, University of Oxford, Oxford OX1 3RH, United Kingdom

Abstract

One of the goals of the CLIC Test Facility (CTF3) [1]
at CERN is to demonstrate the feasibility of the CLIC [2]
Drive Beam recombination, which takes place in the Drive
Beam Recombination Complex (DBRC). The tight geometry
of the DBRC together with its strong optics and the high
energy spread of the beam require a careful control of the
beam size along the different sections of the DBRC [3,4].
One of the main contribution to beam size is the dispersion.
If uncontrolled, dispersion leads to fast increase of the beam
size, hence it may affect the beam current stability of the
combined beam. A tool has been implemented at CTF3 to
measure and correct dispersion during and after the setup
of the machine. Dispersion Free Steering (DFS) has been
applied in the upstream Drive Beam LINAC, while Disper-
sion Target Steering (DTS) has been used in the rings of the
DBRC. In the LINAC the weak optics and the wide dynamic
aperture of the beamline allow a straightforward correction.
In the DBRC the aperture is tighter, and the strong optics
produce non-linear dispersion which one needs to take into
account. A general overview of current status and future
plans in controlling dispersion at CTF3 will be presented.

INTRODUCTION

The ability of controlling dispersion is part of a broader
topic, which is the necessity of preserving the beam quality
while transporting it over long distances [5]. One of the main
sources of beam quality degradation is connected to orbit
errors which normally translates in undesired dispersion and
emittance dilution.

Dispersion can be used as a convenient observable for
steering the beam by means of the DFS technique [6]. DFS
is currently one of the main tools for minimising the emit-
tance growth in the CLIC main beam [7]. Experimental ver-
ification of DFS were successfully performed at SLAC [8].

One of the main objective of the CLIC Test Facility
(CTF3) program [1] is to preserve the emittance of the beam
while being recombined in the DBRC. The ability of mea-
suring and controlling the dispersion turned out to be an
extremely powerful tool for the set-up and optimisation of
the different beam lines.

The layout of CTF3 is shown in Figure 1. Note that the
DBRC is composed of a Delay Loop (DL), a Combiner Ring
(CR) and connecting transfer lines where clearly dispersion
is non-zero by design. Dispersion Target Steering (DTS) is
then the natural evolution of DFS to be applied in the DBRC.

* davide.gamba@cern.ch
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Figure 1: Layout of CTF3 at CERN.

In the following we will give a brief overview of the dis-
persion measurement tool implemented at CTF3 and its use
for DFS, DTS and for machine set-up.

DISPERSION MEASUREMENT

The dispersion in a transfer line can be measured by chang-
ing the momentum of the beam with respect to the nominal
momentum (pg) the line is tuned for, and then measuring
the mean orbit deviation. The observed orbit displacement
(Ax) can be expressed as:

2 3
Ax:Dx%+DDx (%) +0((%) ) @)
Po Po

One can then fit the coefficients D,, which is the linear
dispersion, and if necessary also the higher order terms (e.g.
DD,). Practically the measurement of D, is often sufficient
to spot errors or mismatches in a beam line.

In transfer lines where dispersion is expected by design
another interesting observable is what we call the “nomi-
nal” linear dispersion, i.e. the orbit response while scaling
only the bending magnets. This quantity is not affected by
quadrupole misalignments and orbit errors, hence it is a di-
rect measurement, with opposite sign, of D, in Eq. (1) for
the ideally aligned linear machine [4]. Note that the mea-
sured quantity is not the actual dispersion experienced by
the beam, but it is the dispersion contribution of the bend-
ing magnets which, in an ideal-linear machine, are the only
sources of dispersion. This observable turns out to be useful
for optics verification and it can be used to define the target
dispersion for DTS.

At CTF3 a MATLAB application to perform online mea-
surements of linear and non-linear dispersion has been de-
veloped [4]. The relative energy of the beam with respect to
the beam lines can be varied mainly in three ways:

* By scaling all the magnetic elements in the line. Note
that this method would not reveal the incoming dis-
persion, but only the dispersion generated within the
section of beam line being scaled.
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SIMULATING APERTURES IN THE UNIFORM EQUIVALENT
EQUIVALENT BEAM MODEL
G. H. Gillespie
G. H. Gillespie Associates, Inc., P. O. Box 2961, Del Mar, CA 92014, USA

Abstract

The uniform equivalent beam model is useful for
simulating particle beam envelopes. Beam root-mean-
square (rms) sizes, divergences, and emittances of an
equivalent uniform beam approximate well the rms
properties of more realistic beam distributions, even in the
presence of space charge. Envelope simulation codes for
high current beams using the model, such as TRACE 3-D,
are central to particle optics design. However, the
modeling of apertures has required multi-particle
simulation codes. Multi-particle codes do not typically
have the fitting and optimization capabilities common to
envelope codes, so the evaluation of aperture effects is
often a secondary study that may result in further design
iteration. To incorporate aperture effects into the optics
design at the start, a method has been developed for
simulating apertures in the context of a uniform equivalent
beam. The method is described and its TRACE 3-D
implementation is outlined. Comparisons with multi-
particle simulations are used to validate the method and
examine regions of applicability.

INTRODUCTION

The uniform equivalent beam ("UEB") model [1]
provides a useful approximation for simulating particle
beam envelopes in transfer lines and accelerator
structures. Beam dynamics design often begins with the
use of an envelope simulation that utilizes the UEB such
as TRACE 3-D [2]. To help incorporate apertures into
the initial optics design, a method has been developed for
simulating apertures within the context of the UEB model.
This paper outlines the method and its implementation in
TRACE 3-D. Comparisons with multi-particle simulation
codes, with and without space charge, are used to validate
the method and examine potential regions of applicability.

It is convenient to examine three cases of a beam
passing through an aperture, as illustrated in Fig. 1.

(a) (b) (©

S gy
Figure 1: Three cases of beams intercepting an aperture.
The apertures are drawn red while the beams are in blue.

o
S
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Figure 1 shows an elliptical aperture (red) with a
vertical (y) to horizontal (x) aspect ratio of 2. Three beam
cases are illustrated by blue ellipses. Case (a)
corresponds to the situation where the beam cross section
(i.e. y-x plane) is entirely within the aperture. Case (c) is
the situation where the beam covers the aperture, so that
the beam cross section is effectively replaced by the
aperture cross section. Case (b) illustrates the situation
where a part of the beam passes through the aperture
ellipse, but a portion of the beam is intercepted and lost.

In the context of the equivalent uniform beam, the
spatial particle density is described by an uniformly filled
ellipsoid of three dimensions (3-D) for bunched beams, or
of two dimensions (2-D) for continuous beams. The
Kapchinsky-Vladimirsky [3], or KV, beam is a useful
model for continuous beams. The approach to modeling
apertures is to determine suitable equivalent uniform
beams that approximate the beams which survive after
encountering the aperture.

APERTURE METHOD
Transmission Factor Ty
The normalized two-dimensional distribution function,

f(x,y), for a beam uniformly distributed within an ellipse,
can be represented in terms of the Heaviside step function

O by:

fixy) = O[A - B (x/x)(y/yp) - (x/x0)" - (ylyp)’] , (1)
where A=(r1) , 2)
and B=2r, . 3)

The beam ellipse parameters x;, and y, are the maximum
extents of the ellipse in the horizontal and vertical
directions, respectively, and are given by the square roots
of the beam sigma matrix elements ©;; and O3;,
respectively. Note that these are not the semi-axes
parameters for the ellipse'. The parameter Iy is the x-y
correlation of the beam: 1y, = 113 = G13/(XpYp)-

The aperture transmission function, 7(x,y), can
similarly be represented by the Heaviside function as:
T(x.y) = O[1 - (x/x)’- (yly)’] . 4)

' If the semi-axes parameters of the beam ellipse are a and
b, then ry, is related to the rotation angle, 6, by:
rxy =- (X'xy / (l+ (X'xy2)1/2 ’
where 0,y = - (b™-a”) sin(20)/(2ab)
The beam ellipse parameters x;, and y, are given by:
xy = 2"%ab | [(b*+d®) + (b*-a®) cos(20)]'"* |
Vo = 2"2ab | [(b*+d®) - (b*-a®) cos(20)]'* .
ISBN 978-3-95450-169-4
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FRIB LATTICE-MODEL SERVICE FOR COMMISSIONING AND
OPERATION*

D. Maxwell’, Z. He, G. Shen, Facility for Rare Isotope Beams, East Lansing, USA

Abstract

Accelerator beam simulation is crucial for the
successful commissioning and operation of the FRIB
linear accelerator. A primary requirement of the FRIB
linear accelerator is to support a broad range of particle
species and change states. Beam simulations must be
performed for these various accelerator configurations
and it is important the results be managed to ensure
consistency and reproducibility. The FRIB Lattice-Model
Service has been developed to manage simulation data
using a convenient web-based interface, as well as, a
RESTful API to allow integration with other services.
This service provides a central location to store and
organize simulation data. Additional features include
search, comparison and visualization. The system
architecture, data model and key features are discussed.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) uses a
superconducting linear accelerator designed to accelerate
all stable ions to energies greater than 200 MeV/u with
beam power on target up to 400 kW [1]. This driver
accelerator must be highly configurable in order to
accommodate a broad range of ion species and charge
states. In order meet these requirements for energy and
power on target, accelerator beam simulation software
will be important to facilitate accelerator configuration
and optimization. Management of beam simulation data
will be critical for efficient commissioning and
reproducible operation of the FRIB driver accelerator.

The FRIB Lattice-Model Service (LMS) has been
designed to allow for easy organization and retrieval of
beam simulation data. The primary software used for the
FRIB driver accelerator design is IMPACT [2] and
therefore the LMS initially supports IMPACT simulation
data. However, its flexible data model allows it to be
easily extended to support additional types of simulation
data. Accelerator simulation data can be divided into two
parts: the Lattice and the Model.

Lattice

The Lattice consists of the position and orientation of
the accelerator elements along with any information
needed to fully define the particles trajectory through the
accelerator. This includes the element types and any type
specific configuration parameters. As well as, the initial
beam conditions including the particle species and initial
change state.

* This material is based upon work supported by the U.S. Department
of Energy Office of Science under Cooperative Agreement
DESCO0000661, the State of Michigan and Michigan State University.

" maxwelld@frib.msu.edu
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Model

The Model is the complete result of executing the beam
simulation software with a Lattice as input. The exact
content of the Model is specific to each type of beam
simulation software. In general the Model includes the
following beam parameters at multiple locations along the
accelerator: size, position, divergence and energy.

ARCHITECTURE

The LMS must provide users with convenient access to
beam simulation data, while being efficient and flexible to
meet the demands of commissioning and operation. The
overall architecture is adopted from a similar Lattice-
Model Service in use at NSCL II [3]. The most significant
change from original architecture is the switch from a
traditional relational database to a document-oriented
database.

The document-oriented database provides a flexible
system for storing information and is well suited for
storage of beam simulation data. The original relational
database scheme was designed to store objects with
related arbitrary properties. For example, the Lattice
contains a Quadruple element with its magnetic gradient
being a property. Likewise, an RF Cavity element with
properties amplitude and phase. Through the use of a
document-oriented database, more information is now
being stored, while the implementation has been greatly
simplified. Furthermore, this data model can be more
easily extended to support future requirements.

To facilitate convenient access to the simulation data a
web interface is provided to users for both submitting new
data and for retrieval of existing data. A RESTful API is
also provided for programmatic access to simulation data
and includes both data submission and retrieval.

IMPLEMENTATION

The LMS is implemented in Python [4] using the
Tornado [5] web framework. The use of Python allows for
the reuse of existing libraries for reading IMPACT input
and result data files. In addition, Python has excellent
support for numeric processing, text processing and web
applications. Tornado includes a high performance web
server which supports modern generator-based
asynchronous programming. However, the standard
Tornado text template engine was found to be insufficient
and instead the more powerful Jinja2 [6] text template
engine was used.

The MongoDB [7] document-oriented database is used
as it provides excellent performance and integration with
Tornado through the use of the Motor [8] client. Motor
provides a high performance asynchronous library for
interacting with MongoDB.
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TRACKING BASED COURANT-SNYDER PARAMETER MATCHING IN A
LINAC WITH A STRONG SPACE-CHARGE FORCE

R. Miyamoto*, ESS, Lund, Sweden

Abstract

During the design of a hadron linac, matching at the in-
terfaces of different structures or lattice periods is often
performed with the linear approximation of the space-charge
force. When space-charge is extremely strong, like in the
low energy part of the proton linac of the European Spal-
lation Source, such a matching method is not always good
enough and could lead to a residual mismatch at the design
level. To avoid this, a matching scheme based on iterations
of tracking, thus including the full effect of the space-charge
force, is developed. This paper presents the scheme itself as
well as its application to the ESS linac.

INTRODUCTION

The European Spallation Source, current under construc-
tion in Lund, Sweden, will be a neutron source driven by
a proton linac with an unprecedented 5 MW beam power.
For such a high power linac, one of the most significant
goals of the lattice design is to maintain high beam quality
throughout the linac as well as to minimize beam losses as
possible. One known cause of beam quality degradation
is the mismatch of the Courant-Snyder (CS) parameters at
interfaces of sections.

The normal conducting front-end of the ESS linac, which
precedes sections with superconducting cavities, consists of
an ion source, low energy beam transport, radio frequency
quadrupole (RFQ), medium energy beam transport (MEBT),
and drift tube linac (DTL) [1]. Housing a fast chopper,
collimators, and various diagnostics devices, the MEBT has
several functionalities [2] and one of them is to adjust the
CS parameters at the DTL entrance to the values matched
to the periodic structure of the DTL, the process referred to
as matching. The matching must be performed not only at
the design stage but also for the real machine, in which the
beam parameters are not necessarily identical to the design
values. Figure 1 shows a schematic layout of the MEBT. For
the current baseline lattice, the matching to the DTL was
done with the second and third buncher cavities and the last
five quadrupoles.

The main simulation tool of the ESS linac is the TraceWin
code [3]. The code performs the multiparticle tracking with
a 3D space-charge routine, referred to as PICNIC [4], and
also the fast envelope calculation, where only the beam cen-
troid and RMS sizes are propagated under the linearized
space-charge and cavity fields. During the design stage, the
matching at the interfaces of the sections in the ESS linac
had been performed based on the envelope calculation. This
is because the contributions to the CS parameters from the
nonlinearities are expected not to be significant but it was

* ryoichi.miyamoto@esss.se
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Figure 1: MEBT schematic with 30~ envelopes and apertures.

The blue boxes above (below) the line denote focusing (de-

focusing) quadrupoles, the green boxes do buncher cavities,

and the red lines and triangle do a fast chopper and its dump.

found that the MEBT was an exception to this condition.
Table 1 compares the CS parameters at the MEBT exit calcu-
lated from the envelope calculation and tracking. We can see
that all the plane has a discrepancy of 10% level in the mis-
match parameter [5] and it is not ideal the lattice by design
has such a level of residual mismatches. The causes of these
mismatches are the strong space-charge in the MEBT due
to the high current (62.5 mA) and low energy (3.62 MeV).
For the longitudinal plane, the nonlinearity of the field of
the buncher cavities has the same level of a contribution as
the space-charge since the bunch length is as long as 60-
70 degrees in 30 at the locations of the buncher cavities
(Fig. 1). Because of this situation, we developed a simple
scheme to perform the matching with tracking. This paper
discusses the scheme itself and sees the impact of the im-
proved matching on the behavior of the beam in the DTL.

Table 1: CS Parameters at the MEBT Exit from the Tracking
and Envelope Calculation (The errors for 8 and o are AS/ 8
and [Aa — a(AB/B)] for each, with the Tracking case as the
reference. M, y . is the mismatch parameter.)

Parameter Tracking Envelope Error
Bx [m] 0.222 0.258 0.166
x 1.425 1.734 0.072
My — — 0.087
By [m] 0.784 0.896 0.143
ay -4.219 -4.876  —0.055
M, — — 0.074
Bz [m] 0.413 0.389 -0.057
a; 0.125 -0.103 -0.221
M, — — 0124
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BEAM DYNAMICS SIMULATIONS OF A HIGH CHARGE S-BAND
PHOTOINJECTOR FOR ELECTRON BEAM IMAGING EXPERIMENTS

Yanru Wang, Zimin Zhang” Shuchun Cao, IMP, CAS, Lanzhou, China
Wei Gai, ANL, Argonne, IL, USA
Jiaqi Qiu, Euclid Techlabs, OH, USA

Abstract

A major challenge for high energy density physics is to
measure properties of matter under extreme states of
temperature and pressure that only occur in a time scale
of 10 ns to 1 us. Here we propose to use a single shot
electron beam from an S-band photocathode with enough
energy to penetrate the material as a diagnostic capable of
time resolution (< ns). In this paper, we report on the
beam dynamics simulation of an S-band photocathode
electron gun and accelerator (S-band photoinjector) capa-
ble of producing up to 10 nC charge with high enough
energy. Optimizations of the system parameters, includ-
ing gun, focusing solenoid and acceleration field are per-
formed using particle tracking code. The beamline is
designed to be installed in the Institute of Modern Physics
(IMP) electron accelerator centre for high precision elec-
tron imaging experimental studies.

INTRODUCTION

High energy density physics aims to study the proper-
ties of matter under extreme states of high temperature
and high pressure. A new scheme based on high-energy
electron beam as a probe was proposed for time-resolved
imaging measurement of high energy density materials,
especially for high energy density matter and inertial
confinement fusion (ICF) [1, 2]. A major challenge is to
measure properties of matter under extreme states of high
temperature and pressure that only occur in a time scale
of 10 ns to 1 ps. A diagnostics system with time-resolved
imaging is highly desirable, based on a single shot elec-
tron beam from an S-band photocathode with enough
energy to penetrate the material and capable of time reso-
lution (< ns).

Here we present the primary beam dynamics simulation
design for high charge S-band photoinjector aiming to
high quality single-shot electron imaging. A sketch of the
S-band photocathode electron gun and accelerator is
shown in Fig.1. It consists of a normal-conducting 1.6 cell
S-band photocathode radio frequency electron gun and an
S-band accelerating tube. The gun cavity is surrounded by
a solenoid, which serves for the focusing of the beam as
well as for the compensation of the emittance growth
caused by space charge effects [3].

Taking into account the requirement of high charge beam
with high energy, a parameter optimization has been per-
formed. Simulations showed an rms projected emittance
of 2.3 mm mrad/nC achieved at the accelerator exit.

# zzm@impcas.ac.cn
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Figure 1: The sketch of the S-band photoinjector.
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DESCRIPTION & DYNAMICS SIMU-
LATION OF S-BAND PHOTOINJEC-
TOR SETUP

The beam-line consists of the electron gun containing
the photocathode, and a second accelerating section called
booster cavity. In order to meet the requirement for high
charge in S-band photoinjector, a series of beam dynamics
simulations have been performed. As an important input
for dynamics simulation code, the following parameters
have been chosen: round uniform transverse profile are
increased gradually from 1.4 mm to 4.5 mm as the bunch
charge increases from 1nC to 10nC (thus keeping the
same bunch charge density on the photocathode), a
Gaussian longitudinal distribution of the cathode laser
with 2.9 ps RMS, and assumed kinetic energy of the elec-
trons at the photocathode (for thermal emittance calcula-
tion) of 1 eV. The longitudinal centre positions of the
main solenoid and the second accelerating section (boost-
er) was fixed in this simulation: 0.22 m and 3.03 m down-
stream of the photocathode, respectively.

The electron gun consists of a 1.6 cell cavity with a
resonance frequency of 2.856 GHz. The field in the gun
cavity is showed in Fig. 2. The simulation rf gradient of
40.98 MV/m at the gun cavity with the max gradient of
100 MV/m corresponds to a beam energy of 4.7 MeV at
the gun exit for a laser launch phase of 22 deg.

20 N C-Ez{MV/m)- - 4

Ez (MV/m)
|

l; 2 6 8 1‘0 1‘3 1‘4
Position (cm)
Figure 2: Field in gun cavity.

The gun cavity is surrounded by the main solenoid,
which is used to compensate space charge effects in the

gun, and the bucking solenoid, which is used to keep the
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DEVELOPMENT STATUS OF FRIB ON-LINE MODEL BASED BEAM
COMMISSIONING APPLICATION

Z. He*, K. Fukushima, D. Maxwell, M. Davidsaver, Y. Zhang, G. Shen, Q. Zhao
FRIB, Michigan State University, USA

Abstract

The new software FLAME has been developed to serve
as physics model used for on-line beam commissioning ap-
plications. FLAME is specially designed to cover FRIB
modeling challenges to balance between speed and preci-
sion. Several on-line beam commissioning applications have
been prototyped based on FLAME and tested on the physics
application prototyping environment. In this paper, compo-
nents of the physics application prototyping environment are
firstly described. Then, the design strategy and result of the
four major applications: baseline generator, cavity tuning,
orbit correction, transverse matching, are discussed.

INTRODUCTION

Facility for Rare Isotope Beams (FRIB) is a new national
user facility for nuclear science co-funded by DOE and MSU
[1,2]. In order to handle the special modeling challenges of
FRIB driver linac [3-5] while keeping fast speed for on-line
purpose, an envelope-tracking based code, the Fast Linear
Accelerator Modeling Engine (FLAME) [6] , is developed
to provide useful tools for the challenges of FRIB linac
modeling and tuning.

The physics application prototyping environment is built
for physicists to easily build and test various modeling and
tuning applications [7]. The detailed structure of this physics
application prototyping environment is discussed in first
section. After that, several major physics applications to
support FRIB beam commissioning, such as baseline gen-
erator, cavity tuning, orbit correction, transverse matching,
are developed and discussed in the following section.

PHYSICS APPLICATION PROTOTYPING
ENVIRONMENT

The infrastructure of the physics application prototyping
environment is described in Fig. 1. A distributed infrastruc-
ture is utilized with python to be the middle layer scripting
language. A virtual accelerator driven by IMPACT [8] or
FLAME is built mimicking the behavior of a real accelerator.
The virtual accelerator is wrapped by the same EPICS [9]
layer as real accelerator, so that the physics application de-
veloped for a virtual accelerator would be directly usable
for a real accelerator. The FLAME model service is built
onto the python middle layer via its native python interface.
Two major kinds of optimizers, Design Analysis Kit for Opti-
mization and Terascale Applications (Dakota) [10] optimizer
and Scipy [11] optimizer, are implemented as the optimizer

* hez@frib.msu.edu
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Figure 1: Infrastructure of the physics application prototyp-
ing environment.

service module. Dakota contains algorithms for optimiza-
tion with gradient-based local and non-gradient-based lo-
cal/global methods, written in C++ with a pyDakota [12]
python interface. It also has useful features such as hybrid
minimization method and native support for MPI paralleliza-
tion. Scipy also has optimization capability inside package
Scipy.optimize, they are easy to use and offers a different
set of optimization methods, and can be a good alternative
choice. The Dakota optimizer is chosen as the main opti-
mizer in our following discussion. The distributed infras-
tructure would also allow easy access to any other service
needed such as scan service and unit conversion.

MAJOR PHYSICS APPLICATIONS
PROTOTYPES

In this section, four major physics applications developed
with the physics application prototyping environment are
discussed, namely baseline generator, cavity tuning, orbit
correction and transverse matching.

Baseline Generator

Before beam tuning of FRIB driver linac, we always need
a baseline as our tuning goal. Even though a baseline lattice
already exists, this design may not be enough to guide FRIB
beam commissioning task due to unexpected element fault,
change of lattice design requirement, or numerous other
situations where the baseline lattice has to be redesigned
within a short period of time. Baseline generator is specially
designed to handle this problem.

Baseline generation can be reduced to an optimization
problem. With FLAME model service and optimizer service
in place, all we need is to specify the tuning nob, tuning
range, optimizing method and tuning goal. One specific use
case is discussed below.

Transverse recovery: in this case, we assume the third
superconducting solenoid of LS1 gets failed, causing trans-
verse beam envelopes to blow up as Fig. 2(a). Then, the

2 Proton and Ion Accelerators and Applications
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RF-TRACK: BEAM TRACKING IN FIELD MAPS INCLUDING

SPACE-CHARGE EFFECTS. FEATURES AND BENCHMARKS
A. Latina, CERN, Geneva, Switzerland

Abstract

RF-Track is a novel tracking code developed at CERN
for the optimization of low-energy ion linacs in presence of
space-charge effects. RF-Track features great flexibility and
rapid simulation speed. It can transport beams of particles
with arbitrary mass and charge even mixed together, solving
fully relativistic equations of motion. It implements direct
space-charge effects in a physically consistent manner, using
parallel algorithms. It can simulate bunched beams as well
as continuous ones, and transport through conventional ele-
ments as well as through maps of oscillating radio-frequency
fields. RF-Track is written in optimized and parallel C++,
and it uses the scripting languages Octave and Python as
user interfaces. RF-Track has been tested successfully in
several cases. The main features of the code and the results
of its benchmark studies are presented in this paper.

INTRODUCTION

RF-Track was developed to optimize the design and beam
transport of the TULIP backward traveling-wave linac [1,2].
The main requirements were three: (1) being able to track
particles in backward-traveling radio-frequency (rf) field
maps; (2) being able to transport protons as well as light
ions in a fully relativistic regime (S-relativistic, in TULIP,
is = 0.38); and (3) being able to dynamically tune the rf
parameters, like e.g. the rf input power, in order to perform
non-trivial optimizations of the linac’s transport efficiency.

Given the limited number of codes capable of tracking in
oscillating electric and magnetic field maps, the uncertainty
on how these codes would handle field maps of backward-
traveling structures, and the requirement of a dynamically
tunable rf input power, it was decided to develop a new ad
hoc tool, optimized and tailored for the TULIP project.

RF-Track fulfilled the requirements, and eventually grew
to become a general-purpose tracking code that excels for
its flexibility, accuracy, and simulation capabilities. Its main
features are:

* it is fully relativistic: doesn’t make any approximation
suchas S < lory > 1;

* it can track particles of arbitrary mass and charge, even
in mixed-species beams;

* it implements direct space-charge interaction, comput-
ing both the electric and the magnetic fields acting
within the particles;

* it implements several integration algorithms: fast algo-
rithms for complex nonlinear optimizations, accurate-
but-slow ones for precise tracking;

* it is fast, fully benefiting from modern multi-core
CPUs;
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* it is programmable, relying on powerful and expressive
scripting languages like Octave and Python for its user
interface.

The following sections will elucidate each of these points.

RF-TRACK INTERNALS

RF-Track has been developed in C++11, fully exploiting
the multi-thread capabilities offered by this language. Every
single algorithm in RF-Track has been designed to take full
advantage of modern multi-core CPUs.

In an effort aimed at making RF-Track a minimalistic code,
yet uncompromised in its scientific throughput, the devel-
opment has been focused on all physics-related algorithms,
relying on powerful and well-established numerical libraries
for all the rest. Two libraries were chosen to provide numer-
ical algorithms: GSL, the “Gnu Scientific Library”, which
offers a wide range of mathematical routines such as random
number generators, ODE integrators, linear algebra, and
more [3]; and FFTW, the “Fastest Fourier Transform in the
West”, probably the fastest opensource library to compute
discrete Fourier transforms ever written [4].

The hundreds of functions and routines that constitute
RF-Track are compiled into a single binary file dynamically
loadable from the two scripting languages: Octave [5] and
Python [6]. These powerful high-level languages are ideal
for numerical and scientific experimentations. They offer
a large number of off-the-shelf toolboxes to perform com-
plex numerical tasks: e.g., multidimensional optimizations,
nonlinear fits, complex data processing, etc. The acceler-
ator physics capabilities embedded in RF-Track, together
with these expressive and rich scientific languages, make
the simulation possibilities offered by RF-Track virtually
uncountable.

The interface between the internal C++ code and the
aforementioned scripting languages has been obtained using
SWIG [7]. A typical RF-Track script, in its Octave version,
looks like this:

% load the RF-Track library
RF_Track;

% setup the simulation, e.g. a transfer line TL and a beam BO
TL = setup_a_transferline();
BO = setup_a_beam();

% track BO through TL, and store the result as Bl
Bl = TL.track(BO);

/% inquire the final phase space
T1 = Bl.get_phase_space("%x %xp %y %yp");

% use Octave’s plotting routines to display the results
plot(T1(:,1), T1(:,2), "*");

xlabel("x [mm]");

ylabel("x’ [mrad]");

As shown, RF-Track’s commands can be interleaved with
Octave keywords.
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CIADS HEBT LATTICE DESIGN-*

Y. S. Qinf, W. L. Chen, Y. He, H. Jia, S. H. Liu, Z. J. Wang
Institute of Modern Physics (IMP), Chinese Academy of Sciences, Lanzhou, China

Abstract

CIADS (China Initiative Accelerator Driven System)
600MeV HEBT (High-Energy Beam Transport) will de-
liver 6 MW beam to the target, with CW (continuous wave)
10 mA beam. The most serious challenges are vacuum dif-
ferential section and beam uniformization on the target. A
novel collimation plus vacuum differential section is pro-
posed in the lattice design. A scanning method is designed
for the round beam uniformization on the target.

INTRODUCTION

As a SC LINAC, CIADS will be operated in supercon-
ducting temperature (2 K) as shown in Figure 1 [1]. HEBT
will transport beam to the target stably and realize the
beam-target coupling.

s
. -
~
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. ’1».,) e
@i‘
o
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ST At '.";\’/
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Figure 1: Layout of CIADS.

Because of the high power, we use collimation system to
minimize the uncontrolled beam loss along the beam line,
especially at the holes of the vacuum differential section.
To decrease the risk of target melting, peak power density
(PPD) needs to be minimized. The target is granular flow
target [2]. The parameters of the HEBT is shown in table 1
as below.

Table 1: HEBT Parameters

Parameter Value Unit
Particle proton —
Energy 600 MeV
Current 10 mA

Duty factor 100 %

;igilc‘:"‘(i /ryn/“zs) 0.28/0.28/0.33 @ mm.mrad
Input ax/ay/oz 1/1/-1 —
Input Bx/By/Pz 20/20/20 mm/r.mrad

Target shape round —
FWHM of beam 160 mm

on the target

* Supported by National Natural Science Foundation of China (11525523)
T E-mail: marshal@impcas.ac.cn
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CONSIDERATION

To decrease beam power loss along the beam line, colli-
mation system is considered. Cross-over lattice is designed
to form a small beam waist before the target, where to set
the first differential hole and act as the shielding of neutron
reflection from the target to protect the accelerator.

The property of the granular flow target leads to three
considerations:

1. Vacuum transition

Helium is designed to be heat exchanger and lubrication
gas between metallic balls of the granular target [2]. The
vacuum degree needs to be kept at 0.5 atm level, while it is
10”7 Pa in the SC cavity. This means HEBT should realize
vacuum transition about 11 orders of magnitude. Vacuum
differential system is adopted in the design.

2. Power density uniformity on the target

To decrease the risk of target melting, the maxi-
mum temperature rise of balls should be considered,
the same goes for PPD accordingly. The minimum falling
speed of the metallic balls and the size of the target depends
on PPD, which is the motivation of power density uni-
formity on the target.

We choose scanning method to decrease PPD on the tar-
get. Unlike high-order magnets, scanning method doesn’t
rely on the beam position or distribution that much, espe-
cially when considering beam halo.

3. Beam shape on the target after scanning

To increase effective area, the target surface is designed
to be round rather than rectangle or square, which requires
uniform distribution in a circular area with diameter 160
mm after scanning.

Simulation shows that when falling down, balls near the
center are pressed because of the radial velocity of other
balls, which may lead to lower falling speed. A scanning
method need to be introduced to balance the situation men-
tioned above. The distribution should be “hollow” after
scanning.

LATTICE DETAILED DESIGN

Considering the function of HEBT, detailed design con-
sists of 4 section: Bending section, Beam collimation sec-
tion, Vacuum differential section and A2T (Accelerator to
Target). Figure 2 shows 10 RMS envelope of the whole
HEBT line. There’re matching sections between the 4 sec-
tions, such that transversal Twiss parameters would match.
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IMPROVED BEAM DYNAMICS AND CAVITY RF DESIGN FOR THE
FAIR PROTON INJECTOR*

R. Tiede, A. Almomani, M. Busch, F. Dziuba, U. Ratzinger,
IAP, Goethe-University Frankfurt, Germany

Abstract

The FAIR facility at GSI requires a dedicated 70 MeV,
70 mA proton injector for the research program with in-
tense antiproton beams. The main accelerator part consists
of six 'Crossbar H-type' (CH) cavities operated at 325
MHz. Recently the beam dynamics has been revised with
the goal of fixing all parameters and thus starting the con-
struction of the main linac components. The MEBT behind
the RFQ was slightly extended, the gap numbers per CH
cavity and the voltage distributions were optimized and the
intermediate diagnostics section including a rebuncher
cavity at 33 MeV was redesigned. Finally, detailed ma-
chine error studies were performed for checking the error
sensitivity of the new design and the steering concept. The
final parameters obtained from the beam dynamics update
are now used for finalizing the CH-DTL cavity design by
CST-MWS calculations.

REVISED FAIR PROTON LINAC DTL
BEAM DYNAMICS DESIGN

Our group at IAP/Frankfurt University is designing and
developing the FAIR Proton Linac in close collaboration
with the GSI/FAIR staff, both as a whole [1] [2] [3] and in
its main components, like for example the recently power
tested coupled CH-DTL prototype cavity [4] [5]. However,
when starting the rf design for all six CH cavities, some
weak points in the beam dynamics and overall linac layout
valid at that time were detected, which lead to the revised
beam dynamics design as presented in this paper. The main
changes were as follows:

The MEBT section behind the RFQ was slightly ex-
tended in length and quadrupole number, including the nec-
essary elements for steering, diagnostics and vacuum. Two
identical quadrupole triplet lenses now allow a flexible
beam matching into the CH-linac.

The rather long diagnostics and beam cleaning section at
35 MeV has been reduced in length from 3.0 to 1.8 meter,
still containing the necessary beam diagnostic, steering and
vacuum handling components, as well as a 4 gap, 1.6 MV
rebuncher cavity. This section is now positioned at a beam
energy of 33 MeV (see next paragraph).

The gap voltage distribution along the whole linac has
been moderately changed: The total number of gaps per
cavity and the voltage distribution inside each cavity have
been optimised with the aim to get more homogeneous on
axis gap field distributions and particularly to reduce the
maximum field values in the first coupled CH-DTL for
safety reasons (from 16.6 to 14.7 MV/m, see Table 1).
Moreover, the matching of power requirements of each
cavity for using identical amplifiers was improved.

* Work supported by BMBF (contract no. 0SP1SRFRBA)
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Table 1: Main Parameters of the FAIR Proton Linac DTL

CH-DTL
f[MHz] 325.224
energy range [MeV] 3-70

main components 3 coupled CH (CCH),
3 single CH-DTL (CH)

number of gaps 21 -30 (CCH); 20 (CH)

tube inner diam. [mm] 20-23
eff. gap volt. [kV] 270 (CCHI) to 670 (CH)
max. on axis field [MV/m] 14.7 (CCH1)

down to 5.5 (CH6)

1.4 to 3.6 (CCH);
2.5 t0 3.2 (CH)

cavity effective length [m]

Magnetic quadrupole triplets

effective length [mm] 375
eff. gradients [T/m] 45-62
aperture diam. [mm] 30
Beam parameter
design current [mA] 75

input output
€n.95% transv. | MM-mrad] 1.35 2.6
€rms transv, [MM-mrad] 0.266 0.455
€n,95% long. [keV'ns] 12.0 15.6
€rms long. [ K€V 1s] 2.4 2.9

The above-mentioned measures lead to the final linac pa-
rameters as shown in Table 1 and to the beam dynamics
results illustrated by Figure 1 and expressed by the emit-
tance numbers shown in Table 1. All simulations were done
with the in-house developed code LORASR [6], which is
well accepted within the Linac community and has been
often benchmarked with other codes.

Figure 1, upper plot shows a transversally well matched
beam with small envelope oscillations, except for the typi-
cal quadrupole triplet channel pattern. There is also enough
safety margin between beam and aperture (in blue), which
could be confirmed by error study results (see next chap-
ter). The triplet lenses are either integrated into the CH-
cavities (CCH1 to CCH3) or placed externally.

For the particle motion in the longitudinal space the
‘combined zero degree’ concept was applied [7] [8]. The
longitudinal beam envelopes (Figure 2, lower plots) also
show stable behaviour with small oscillations particularly
at higher energies and small output energy and phase
spreads. The emittance growth (see Table 1) is well below
or comparable to what was achieved by previous designs.
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BEAM DYNAMIC OF TRANSPORT LINE 1+ WITH NEW HRMS FOR THE
SPES PROJECT

E. Khabibullina', National Research Nuclear University MEPhI, Moscow, Russia
A. Pisent, L. Bellan, M. Comunian, INFN-LNL, Legnaro, Italy
A. D. Russo, INFN-LNS, Catania, Italy
'ITEP, Moscow, Russia

Abstract

SPES (Selective Production of Exotic Species) [1] is
integrated Italian facility in LNL (Laboratori Nazionali di
Legnaro, Legnaro, Italy) for production of high-intensity
and highly charged beams of neutron-rich nuclei for Ad-
vanced Studies. The facility is based on 35-70MeV proton
cyclotron, an ISOL fission target station and the existing
ALPI superconducting accelerator as the post accelerator.
In this paper the results of beam dynamic simulation of
1328n ion beam transport line from Beam Cooler to the
Charge Breeder, including HRMS (High Resolution Mass
Separator) with mass resolution 1/20000 and electrostatic
dipoles are presented.

INTRODUCTION

SPES (Selective Production of Exotic Species) is a CW
ion beam facility for neutron-rich radioactive ions produc-
tion and acceleration to contribute to the study of the nu-
clear physics processes. The optimization of transport line
1+ from HRMS to Charge Breeder to improve the trans-
portation of these type particles. The considered line 1+ in-
cludes:
e HRMS is used to select RNB (Radioactive Nucleolus
Beam).

¢ Dipoles to obtain beam bending which is fixed at the
entrance and at the exit of straight periodic transfer
line to CB.

e Entrance to Charge Breeder.

The complete layout of the transport line 1+ from High
Resolution Mass Spectrometer (HRMS) to Charge Breeder
is shown in Fig. 1. The chief purpose of the discussion was
to design the matching with new HRMS and with Charge

Periodic trafl;fer line

Breeder beam transport line 1+ in carefully way to avoid
beam losses.

TRANSPORT LINE 1+ WITH NEW HRMS

HRMS

For the SPES project, the High Resolution Mass Spec-
trometer has to provide the '3?Sn ion beam purifying and
>97% transmission. New HRMS [1] has a 1/20000 resolu-
tion in mass with + 1 eV energy spread. It will be installed
on the High Voltage platform with operating voltage of 260
kV. Developed HRMS is consisting of: two magnet dipoles
of R=1.5 m with deflector angle 90°, four electrostatic mul-
tipoles, two electrostatic quadrupoles.

The Periodic Transfer Line to Charge Breeder

After HRMS system, there is beam transfer line 1+ [1] to
connect HRMS with entrance of Charge Breeder. This
transport channel with length of about 45 m has to provide
a beam transport without beam losses and with minimum
of dispersion (within limits of -80; 80 m). As a bending
element the electrostatic dipole was selected. Two triplets
after the separator image point and also the electrostatic di-
pole in transport line help to control the dispersion growth
after the HRMS structure. The virtues of this type of dipole,
as compared with magnetic dipole, are smaller energy con-
sumption and independence from the ion mass. According
to preliminary design of an electrostatic dipole to deflect
the beam 90° [2], the main parameters of dipole were cho-
sen. These parameters are shown in Table 1.
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PRIMARY BEAM DYNAMIC SIMULATION OF DOUBLE DRIFT DOUBLE
BUNCHER SYSTEM FOR SPES PROJECT

A.V. Ziiatdinova®™ !, National Research Nuclear University MEPhI, Moscow, Russia

M. Comunian, A. Pisent, L. Bel

lan, INFN/LNL, Legnaro, Italy

also at ITEP, Moscow, Russia

Abstract

SPES (Selective Production of Exotic Species) is a fa-
cility intended for production of neutron-rich Radioactive
Ion Beams (RIBs) at the National Institute of Nuclear
Physics (INFN-LNL, Legnaro, Italy). Exotic nuclei pro-
duction based on the ISOL (Isotope Separation On-Line)
technology using UCx target. Neutron-rich nuclei will be
generated by uranium fission under the influence of pro-
ton beam from cyclotron. After that, RIBs will be reaccel-
erated by the ALPI (Acceleratore Lineare Per Ioni). RFQ
(Radio Frequency Quadrupole) will be used as a front-end
part of the ALPI. Double Drift Double Buncher system is
planned to be install before RFQ for transmission increas-
ing. This article is dedicated to beam dynamic simulation
and laying-out of transport line at section before ALPI.

INTRODUCTION

SPES project is in progress at the Legnaro National La-
boratory of the National Institute of Nuclear Physics
(INFN-LNL, Italy). Facility layout is shown in Fig.1.

Therefore, there is complex system for preparing of ion
beam before ALPI. This system includes ion beam
transport lines, Beam Cooler, Charge Breeder, HRMS and
MRMS (high and medium resolution mass separators)
and superconductive RFQ [1]. 5 MHz Low Energy

Buncher has to be installed upstream RFQ for experi-
ments, which require order of 100 ns beam length. So-
called Double Drift Double Buncher system was chosen
[2]. It includes two double gap structures (first and second
harmonics — 5MHz and 10MHz correspondingly) in-
stalled at some distance from each other. The aim of this
work was the optimization of beam transport line between
MRMS and RFQ. Beam lines from buncher to RFQ be-
fore and after optimization are shown on Fig.2.

Optimization tasks:

* beam matching with RFQ

* increasing transmission

+ reduce to zero dispersion at the input to RFQ

* particle losses minimization

Beam line includes buncher, magnetic quadruple tri-
plets, solenoid and diagnostic chambers. Matching was
carried out by varying the disposition of transport line
elements and magnetic forces of focusing elements. The
task is complicated by the fact, that disposition varying
along beam line is limited because of transport line passes
through two walls.

The beam line included SMHz buncher, two quadruple
magnet triplets and solenoid [3]. This work was involved
determination of 10MHz buncher and focusing elements
location in order to meet the aim.
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Figure 1: SPES
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SEMI-3D BEAM-TRACKING CODE FOR ELECTRON INJECTORS
USING BULK-TO-POINT CALCULATION TECHNIQUE FOR SPACE
CHARGE FIELDS

A. Mizuno*, H. Hanaki, JASRI/SPring-8, Sayo, Hyogo, Japan

Abstract

A new semi-three-dimensional beam-tracking simulation
code for electron injectors using bulk-to-point calculation
technique for space charge fields is developed. The calcu-
lated space charge fields are not produced by a point charge
but a doughnut which has the volume and whose cross-
section is ellipsoid. Since the calculation noise which is
usually caused by distributions of positions of point charge
can be minimized, high accuracy calculation on emittance is
realized with small number of electrons. Simultaneously, the
calculation time becomes markedly shortened. In this paper,
calculation examples for asymmetrical beams are demon-
strated by the new code. The accuracy of emittance is also
discussed.

INTRODUCTION

The emittance calculation technique is important in the
design of electron injectors, particularly very low emittance
electron sources such as X-ray free-electron lasers. There
have been many analytical solutions [1-4] for beam dynam-
ics, although it is difficult to accurately calculate practical
bunch shapes and detailed emittance behavior. On the other
hand, particle-tracking simulation codes [5-9] are useful
for calculating the dynamics of complex bunch shapes of
practical beams. However, the calculated emittances often
depend on the number of particles.

These dependences are often caused by the calculation
scheme of the space charge field which is produced by a
point charge. This scheme makes calculation noise larger.
Therefore, the author has developed the two-dimensional
beam-tracking simulation code [10] using the calculation
technique for space charge fields produced not by a point
charge but by a bulk charge.

In this method, a short bunched electron beam is assumed
to be an ensemble of several segmentation pieces in both
the transverse and longitudinal directions. The trajectory of
each electron, which is a point charge and located at each
segmentation corner, is solved by the fourth-order Runge-
Kutta method. When calculating space charge fields, they
are assumed not to be produced by a point charge but by a
doughnut that is separated by segmentation meshes. The
shape of the entire bunch can be consequently calculated;
thus, the emittances can be precisely calculated. These cal-
culation techniques for space charge fields are similar to
those used in Ref. [11] but nonlinearity of transverse fields
can be calculated in this method. Therefore, highly accurate
emittance calculations can be performed.

* mizuno @spring8.or.jp
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Asymmetrical beams cannot be calculated by this two-
dimensional code, however, calculations for these beams are
often required in practical injectors. Therefore, the author up-
grades this code to a semi-three-dimensional beam-tracking
simulation code which is described in this paper.

OUTLINE OF 2D BEAM-TRACKING
CODE

Figure 1: Bunch segmentation model used for the 2D code.
This shows initial bunch configuration.

The Initial bunch segmentation model used for the 2D
code is shown in Fig. 1. The bunch is divide into m slices
in the longitudinal direction and »n parts in the transverse
direction. Each electron is located at each segmentation cor-
ner and tracked by the fourth-order Runge-Kutta method
with sum of space charge fields produced by each seg-
mentation doughnut. Charge density of each doughnut
is uniform and charge of that is constant throughout cal-
culations. <r2>, (r’2> and (rr’) can be calculated from
weighted mean values of the solutions for the each tracked
electron; thus the normalized rms emittance that is defined

by €, = (y)(B) \/(rz) (r"?y — (rr’y* can be calculated. In
the rest of the paper, m and n are referred to as “segmentation
numbers.”

The space charge fields produced by the doughnuts can
be calculated by subtracting the fields by an inner slice from
the fields by an outer slice. These fields from the slice are
functions of three variables, ro/R;, 2ro/yL and zo/L [10],
where rg is a position of the electron, y, Ry and L are a
relativistic factor, a radius and a longitudinal width of the
slice respectively. By numerically calculating these fields
and preparing as a three-dimensional mapping data file in
advance, the fields can be referred in the tracking code by
loading the file. Details of the 2D code are described in
Ref. [10].
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FINAL DESIGN OF THE FULLY EQUIPPED HWR CAVITIES FOR SARAF

G. Ferrand', L. Boudjaoui, P. Hardy, F. Leseigneur, C. Madec, N. Misiara, N. Pichoff CEA-Saclay,
DRF/IRFU/SACM-SIS, Gif-sur-Yvette, France

Abstract

SNRC and CEA collaborate to the upgrade of the
SARAF accelerator to 5 mA CW 40 MeV deuteron and
proton beams (Phase 2). CEA is in charge of the design,
construction and commissioning of the superconducting
linac (SARAF-LINAC Project). The SCL is made up of 4
cryomodules: the first two will host each 6 half-wave res-
onator (HWR) low beta cavities (f = 0.09) at 176 MHz;
the last two will host each 7 HWR high-beta cavities (5 =
0.18) at 176 MHz. The fully equipped cavity includes the
niobium cavity with a helium tank, an input power couplers
and a frequency tuning system. The final RF design of the
low and high beta cavities will be presented in this poster,
as well as the RF design of the couplers, the expected tun-
ing range of the cavities and the multipactor analysis.

INTRODUCTION

The SARAF-LINAC project, managed by CEA
(France), is integrated to the SARAF-Phase 2 project man-
aged by SNRC (Israel) and is described in [1].

The beam dynamics studies allowed to define the accel-
erating voltage, 1.0 and 2.3 MV, the f,,;, 0.09 and 0.18,
and the flange-to-flange length for RF cavities, 280 mm
and 410 mm respectively.

Figure 1 shows the cavity with its helium tank, power
coupler and the frequency tuning system.

RF DESIGN

The frequency was defined to be 176.000 MHz in nom-
inal operations. The optimal f, B,p:, of the cavities is de-
fined by the S that maximizes the R/Q ratio at 176.000
MHz. The target values are 0.091 and 0.181 + 0.001. The
accelerating fields are defined at f8,,,. The RF design was
first presented in [2]. Optimized simulation results for the
low and high beta cavities are detailed in Table 1. RF
power loss was computed for a niobium surface resistivity
of 40 nQ) at 4.45 K.

Table 1: Parameters of the Low and High Beta Cavities

Low B cav. High B cav.

Bopt 0.091 0.181
Required E,.. (MV/m) 6.5 7.5

Epkpay (MV/m) 32.1 332
Bpk q, (mT) 60.9 60.5
Diss. Power@40nQ (W) 6.16 14.4
R/Q @ Bopt () 189 280
Stored Energy (J) 4.9 14.4

3 Technology
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Equipped cavity

Frequenc
. " With helium tank.

Tuning System

Figure 1: On the top, fully equipped low-beta cavity with
power coupler and tuning system. . On the bottom, fully
equipped high-beta cavity.

The field maps for the low beta cavity is presented in
Figure 2. The peak electric field appears on the beam ports
and drift tube. The peak magnetic field appears on the inner
conductor, close to the tori.

€ Export [v/n] I I I Export (/]
= e

T
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Figure 2: Electric field (left) and magnetic field (right) in
the low-beta cavity.

RF - MECHANICAL COUPLING

The cavities will be placed vertically in the cryomodules
in accordance with Figure 1. The first presentation of the
mechanical design can be found in [2]. Since then, new me-
chanical simulations were carried out in order to verify the
requirements for the frequency tuner system, the sensitivity
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MECHANICAL DESIGN OF THE HWR CAVITIES FOR
THE SARAF SRF LINAC

N. Misiara, L. Boudjaoui, G. Ferrand, P. Hardy, F. Leseigneur, C. Madec, N. Pichoff
CEA/DRF/IRFU/SACM-SIS, Gif-sur-Yvette, France

Abstract

SNRC and CEA collaborate to the upgrade of the
SARAF accelerator to 5 mA CW 40 MeV deuteron and
proton beams (Phase 2). CEA is in charge of the design,
construction and commissioning of the superconducting
linac (SARAF-LINAC Project). The SCL consists in 4
cryomodules. The first two identical cryomodules host 6
half-wave resonator (HWR) low beta cavities (f = 0.09) at
176 MHz. The last two identical cryomodules will host 7
HWR high-beta cavities (§ = 0.18) at 176 MHz. The fully
equipped cavity includes the niobium cavity with its
helium tank, the couplers and the frequency tuning system.
In this paper, the mechanical design and the foreseen
qualification procedures for both cavities and tuning
systems are presented with compliance, to the best extent,
to the rules of Unfired Pressure Vessels NF-EN 13445
(1-5) standards.

INTRODUCTION

The SARAF-LINAC project, managed by CEA
(France), integrated to the SARAF-Phase 2 project
managed by SNRC (Israel) has been introduced in [1].

This paper focuses on the mechanical design, complying
with the European Pressure Equipment Directive (PED),
and more specifically to EN-13445. The mechanical design
of the Frequency Tuning System (FTS) is also detailed.

Figure 1 shows the cavity with its helium tank, power
coupler and frequency tuning system.

PRESSURIZED EQUIPMENT
EN-13445 and Design Cases

The vessel made of niobium constituting the cavity and
the He-tank made of titanium are considered as pressure
vessels. Materials (Nb, Nb-Ti alloy and Ti), nominal
operating conditions (4.45 K) and shapes of the cavities are
not covered by the European Standard EN-13445-3,
however, this standard was used as guidelines for the
mechanical design.

Multiple cases were considered, however, only the most
critical cases were computed, called design -cases,
according to the guidelines of the EN-13445-3. The
definition of the design cases is detailed in Table 1. The
nominal helium pressure is 1.2 bar and the burst disc
opening pressure is 2 bar.

ISBN 978-3-95450-169-4
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Equipped cavity with helium
tank

Frequency tuning system

Power coupler

Figure 1: On the top, fully equipped low-beta (LB) cavity
with power coupler and tuning system. . On the bottom,
fully equipped high-beta (HB) cavity.

Design case 1 corresponds to the pressure test performed
on the cavity (Nb-vessel and helium tank assembled) at
2.86 bar at room temperature. The standard defines the test
pressure as being 1.43 times the maximum pressure.

Design case 2 corresponds to the test of the FTS on the
cavities at 4.45 K. The pressure considered is the opening
pressure of the burst disc, i.e. 2 bar.

Table 1: Detail on the Design Cases

Design case 1 Design case 2

Full-equipped LB and

Geometry LB and HB cavities HB cavities
Type Test case Normal case
Temperature 300K 445K

. Test pressure: Helium pressure: 2 bar
Loading 2.86 bar FTS effort

As long as the cavity is not at cryogenic temperature
(4.45 K), the FTS will remain disengaged by the main
security controller.

Material Properties

The material properties considered for the mechanical
simulations are detailed in Table 2.

Table 2: Material Properties

. Tem Young mod. S Su
Material ) [GgPa] [Mga] [MPa]
4.45 317 600
Nb (ASTM B393) "0 105 20 05
TiGr2 (ASTM 445 107 834 1117
B265-06) 293 275 345
NbTi (ASTM 445 o - -
B265-06) 293 410 450

The material properties presented come from previous
studies ([2], [3] and [4]) and are used for simulations. The
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SURFACE ROUGHNESS EFFECT ON THE PERFORMANCE
OF Nb3Sn CAVITIES*

R. Porter’, D. L. Hall, M. Liepe, J. T. Maniscalco
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),
Ithaca, NY 14853, USA

Abstract

Surface roughness of current Niobium-3 Tin (Nb3Sn)
superconducting radio-frequency (SRF) accelerator cavities
can cause enhancement of the surface magnetic field. This
enhancement can push the surface magnetic field beyond the
critical field, which, if it occurs over a large enough area, can
cause the cavity to quench. This paper presents simulations
of the surface magnetic field enhancements in SRF cavities
caused by the surface roughness of current Cornell Nb3Sn
cavities, which have achieved record efficiency. Simple,
smooth cavity geometry is defined and surface magnetic
fields calculated using SLANS2. The cavity geometry is
modified with a small rough region for which the geometry
is determined from AFM scans of a Nb3Sn coated sample
and the surface fields are calculated again. The calculated
surface fields of the smooth and rough cavities are compared
to determine the extent of the field enhancement, the areca
over which the enhancement is significant, and which surface
features cause large field enhancement. We find that 1% of
the surface analyzed has fields enhance by more than 45%.
On average the Q-factor is increased by (3.8 + 1.0)%.

INTRODUCTION

Nb3Sn cavities produced at Cornell University [1-3] have
rougher surfaces than conventional Niobium cavities. Pre-
vious simulations and calculations have shown that both
bumps and pits in the surface of a cavity can cause local
enhancement of the surface magnetic field [4,5]. If the mag-
netic field is sufficiently enhanced over a large enough area
it could lower the quench accelerating field of the cavity.
The increased surface area and changes in local magnetic
surface field could also impact the quality (Q) factor of the
cavities. When analyzing experimental data the average sur-
face resistance is usually derived from the measured quality
factor assuming a smooth cavity surface, so any significant
difference could impact previous analysis of Nb3Sn cavities.

Here we present electromagnetic simulations of the im-
pact of the observed surface roughness of Nb3Sn cavi-
ties on the enhancement of surface magnetic fields and
Q-factors. We define the H-field enhancement, 8, as
B = Hyough/ Hsmoon» Where Hypygp, is the surface H-field
along the rough surface and Hy;p01, is the surface H-field
along the smooth surface. The Q-factor enhancement is
defined as Qougn/Qsmootn, Where Qougn is the Q-factor of
the rough cavity and Qgm0 is the Q-factor of the smooth
cavity.

* Work supported by U.S. DOE award DE-SC0008431
T rdp98@cornell.edu
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Figure 1: Plot of quench field (calculated from stored energy)
versus T2 from klystron high pulsed power measurements
of Cornell Nb3Sn cavities [6]

THE SUPERHEATING FIELD

Klystron high pulsed power measurements near Tc (see
Fig. 1) suggest the superheating field in our Nb3Sn cavities
is #230 mT (extrapolated 0 K) [6]. This is significantly lower
than theoretical calculations that predict superheating fields
of ~400 mT (at 0 K) [7]. In these results the surface quench
field is calculated based on the energy within the cavity,
assuming a completely smooth geometry. If the cavity is
quenching at locations where the surface H-field is enhanced
then the actual H-field causing the quench is higher than what
is calculated. Not including field enhancement from surface
roughness effects is likely the cause of the lower experiment
results.

METHOD

The surface height data was taken from Atomic Force
Microscope (AFM) scans of NbzSn samples that were coated
at Cornell University (see Fig. 2). The calculation of the
surface magnetic was done using the 2D finite element code
SUPERLANS?2 (SLANS2) [8]. This code calculates non-
azimuthally symmetric modes in azimuthally symmetric
cavities.

The method of calculation used was based on the work
of V. Shemelin [4], in which the surface magnetic fields
of pits and bumps were calculated using SLANS2. This
was done by creating a model with an elliptical bump or
rounded pit in the center of the flat end of an otherwise
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EXPERIMENT OF PLASMA DISCHARGE ON HWR CAVITY FOR IN-SITU
SURFACE CLEANING STUDY*

A.D. Wu”, L.Chen, Y. He, T.C. Jiang, C.L. Li, Y.M. Li, F. Pan, Z.X. Shi, Y.K. Song, T. Tan,
L. Yang, W.M. Yue, S.H. Zhang, H.W. Zhao, Institute of Modern Physics,
Chinese Academy of Sciences, Lanzhou,Gansu 730000, China

Abstract

Hydrocarbons, which migrate from the vacuum bumps
system, will absorb on the cavity surface after periods of
operation. The contaminants can reduce the surface elec-
tron work function. It will enhance the field emission
effect and restrict the cavity accelerating gradient. The
room temperature in-situ plasma surface processing to
clean the hydrocarbon contaminants can act as a conven-
ient and efficient technology for the accelerator perfor-
mance recovery on line. For better control of the dis-
charge inside the cavity, the experiment works on a HWR
cavity to research the ignited discharge between the
swarm parameters (gas flow, pressure, forward power).

INTRODUCTION

The Superconducting Linac Injector II for Chinese Ac-
celerator Driven System (C-ADS) was consisted of
twelve Have Wave Resonators (HWR) which in two Cry-
ostats. The Injector II operates at 162.5 MHz, and the 10
mA proton beam will be accelerated to 10 MeV on the
CW mode. The parameters of HWR cavity for this section
are shown in the Table 1[1].

Table 1: Parameters of HWR for the Injector II.

Parameters Value Unit
Frequency 162.5 MHz
Bopt 0.10 -
Vacce 0.78 MV
Epeak 25 MV/m
Bpeak 50 mT
R/QO0 148 Q
G 28.5 Q
FIELD EMISSION

The field emission is one of the limiting for supercon-
ducting cavities to reach higher acceleration gradient.
Beyond the certain gradient point, the electrons tunneling
out from the cavity surface will increase exponential with
the gradient value. From the Fowler-Nordheim Theory,
the field emitted current density was described as Eq. (1)
[2]' 2 3/2

a2 ot
where, j is the density of the emission current, ¢ is the

4

surface electron work function, E is the surface electric
field, f is the field enhancement factor, and the parame-
ters a=1.54E6, b=6.53E3 and ¢=10.4 are constants.

* Work supported by Natural Science Foundation of China (Y536070GJ0)
# Email address: antonwoo@impcas.ac.cn
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The field emission electrons can be weight from its
X-ray radiation produced by the bremsstrahlung. The field
emission effect was measured on the Chinese ADS Injec-
tor II facility as shown in the Fig. 1.
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Figure 1: The X-ray radiation on C-ADS Injector I1.

The target of the Epeak for operation is 25MV/m, but
numbers of the cavities were under restriction of field
emission, for the ranging 15 to 20 MV/m. The electro-
magnetic energy absorbed by field emission electron and
dissipated on the cavities wall will increase the cryogenic
load.

The electromagnetic energy absorbed by field emission
electron and dissipated on the cavities wall will increase
the cryogenic load. The in-situ plasma on the supercon-
ducting cavities was efficient technology for the perfor-
mance recover on the elliptical cavities at SNS [3]. Thus
the plasma glow discharge experiment was set up at IMP
to research the in-situ cleaning for the HWR cavity.

COUPLER COSIDERATION

To accord with the operation on line, a fundamental
power coupler (FPC) was chosen to transmit the RF pow-
er to the HWR cavity for plasma discharge research. The
maximum power of the solid amplifier is 200 Watts, the
length of the antenna need to make enough RF power
input into the cavity. And to protect the ceramic window,
the plasma discharge on the coupler needs to avoid. The
length of the antenna to the cavity was simulated with
Microwave Studio, the model was displayed as Fig. 2.
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DEVELOPMENT OF AN HIGH GRADIENT, S-BAND, ACCELERATING
STRUCTURE FOR THE FERMI LINAC

C. Serpico, I. Cudin, Elettra — Sincrotrone Trieste S.C.p.A., Trieste, Italy
A. Grudiev, CERN, Geneva, Switzerland

Abstract

The FERMI seeded free-electron laser (FEL), located
at the Elettra laboratory in Trieste, is driven by a 200
meter long, S-band linac routinely operated at nearly 1.5
GeV and 10 Hz repetition rate [1]. The high energy part
of the Linac is equipped with seven, 6 meter long Back-
ward Traveling Wave (BTW) structures: those structures
have small iris radius and a nose cone geometry which
allows for high gradient operation [2]. Nonetheless a
possible development of high-gradient, S-band accelerat-
ing structures for the replacement of the actual BTW
structures is under consideration. This paper investigates
a possible solution for RF couplers that could be suitable
for linac driven FEL where reduced wakefields effects,
high operating gradient and very high reliability are re-
quired.

INTRODUCTION

The high energy part of the Linac is equipped with
seven Backward Traveling Wave (BTW) structures.
Small beam apertures and nose cone geometries allow for
high gradient operation.

Each structure is powered by a 45 MW, Thales klys-
tron. Pushing the klystron at full power, a gradient of
more than 30 MV/m should be achievable. As a matter of
fact, BTWs have been found to suffer from increased
breakdown activity even when operated at 25-26 MV/m
and 50 Hz repetition rate (see Figure 1).

Figure 1: Breakdowns on inner surfaces.

Therefore, a development of new, low wakefields,
high gradient and high reliability S-band accelerating
structures for the replacement of the existing BTWs is
under consideration.
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This paper presents the design of an RF coupler that
could be suitable for linac driven FELs. After a brief
introduction to the field asymmetries and the quadrupole
kick in the RF couplers, a dual-feed, electric-coupled
(EC) RF coupler is then discussed.

FIELD ASYMMETRY ANALYSIS

The actual impact on the electron beam dynamics
produced by field asymmetries in the coupler region can
be studied by analyzing the transverse momentum change
experienced by the particles passing through the RF cou-
pler [3] [4].

In order to fully evaluate the residual field asymme-
tries in the coupler region, the following function F,(z) is
introduced [5]:

Fy(z) = [Fx(ro,(p = 45°,z) — E,(r,, ¢ = 45°, Z)]

where F (1o, ¢ = 45°2z) and F,(ry, ¢ = 45°z) are
the x- and y-components of the Lorentz force on a
charged particle g, moving with velocity ¥ at a position
given by the cylindrical coordinates (ry, ¢ = 45°z) as
shown in Figure 2.

M

Figure 2: Transverse section of an RF coupler and circular
cylindrical coordinates.

This function is then integrated along a line of length
L contained in the coupler region. This yields to the quan-

tity:

= 1

7 gr

For any ideal quadrupole, the x- and y-components of

the Lorentz force at a position (1, ¢ = 45°,z) should be

equal to zero. So, minimizing the value of &, will reduce
the residual quadrupole kick in the coupler.

L W
—Z
fo F,(z)e’c“dz
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DESIGN, MANUFACTURING AND INSTALLATION OF TWO DUAL-FEED
ACCELERATING STRUCTURES FOR THE FERMI INJECTOR

C. Serpico, A. Fabris, G. Penco, M. Svandrlik, Elettra Sincrotrone Trieste, Trieste, Italy
B. Keune, RI Research Instruments GmbH, Bergisch Gladbach, Germany

Abstract

FERMI is a seeded Free Electron Laser (FEL) driven
by a warm S-band Linac. In the injector region, two 3-
meter long Forward Traveling Wave (FTW) accelerating
structures, coming from the old Elettra injector, were
installed.

In order to improve the e-beam quality at higher bunch
charge, it was decided to replace the existing ones with
two dual-feed accelerating structures. Those structures
have been designed and manufactured by RI Research
Instruments GmbH and delivered to Elettra in July 2015.

The following paper will report about the RF design
and the manufacturing of the new structures. Details
about the RF conditioning and the installation will also be
illustrated.

INTRODUCTION

FERMI, the seeded FEL facility located in Trieste, con-
sists of two FEL lines covering the wavelength range
between 100 nm down to 4 nm [1].

The FEL is driven by an S-band, warm Linac powered
by 15 RF plants. The injector region [2] was equipped
with two 3-meter long Forward Traveling Wave structures
from the main injector of the Elettra storage ring, namely
SOA and SOB.

The existing structures were constant gradient ones,
with an average iris radius of 9.73 mm and a shunt im-
pedance of 67.1 MQ/m [3]. Both the structures were
equipped with single-feed RF couplers. Due to this, an
evident head-tail kick was affecting the beam, slightly
worsening the beam emittance in the injector region.

To further improve the e-beam quality and increase the
overall Linac energy as well, it was planned to replace the
existing structures with new dual-feed accelerating sec-
tions [4] [5] and move the old structures in the high ener-
gy part region of the Linac.

The new structures were commissioned to RI Research
Instruments GmbH. In the following sections RF design
and manufacturing of the structures are described. Also,
results from the RF high power conditioning and beam
commissioning are reported.

RF DESIGN

Table 1 lists the main rf parameters that are the basis
for the structure design. The rf properties for the S-band
cells have been simulated with the CST Microwave Stu-
dio [6] Eigenmode solver and the SUPERFISH [7] code.

1 Electron Accelerators and Applications

1A Electron Linac Projects

Table 1: RF Design Parameters of the S-band Structures

Parameter Value Unit
Cavity length 3375 mm
Operating frequency 2998.01 MHz
Phase advance per cell 2r/3 -
Nr. regular cells 96 -
Av. shunt impedance (sim.) 60.5 MQ/m
Gradient @ 16MW (sim.) 14.5 MV/m

The rf design of the travelling wave structures follows
the approach described by Paul Scherrer Institute (PSI)
for their C-Band structures [8]. A constant accelerating
gradient along the structure is maintained by designing
the group velocities of the TM010 mode in the accelerat-
ing cells in a way that the following equation is satisfied.

Ug,n = Ug,n—l —2an-1Lcen

T T
@, @

Here v, 5, is the group velocity of the n-th cell, 7, is the
shunt impedance, Q,, the quality factor of the n-th cell and
Lcey the cell length. A MATLAB script was written to
derive the exact cell parameters from this iterative design
approach.

The rf power is coupled symmetrically to the input
coupler cell. The fraction of the power that is not dissipat-
ed in the structure is decoupled from the cavity by an also
symmetric output coupler cell. Both coupling cells incor-
porate a racetrack shape cell design to suppress the quad-
rupole component of the fields to less than 0.01% within
the dimension of the beam tube aperture.

16.5 F —— Gradient i
—#— Shunt Impedance | 4.9

n-1

Gradient / [MV/m]
rQ / [k€m]

1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 98
Cell number (1=Incoupler)

Figure 1: Variation of r/Q and resulting const. gradient.
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MONOPOLE HOMS DUMPING IN THE LCLS-1I 1.3 GHz STRUCTURE*

A. Luninf, T. Khabiboulline, N. Solyak,
Fermi National Accelerator Laboratory, Batavia, USA

Abstract

Developing an upgrade of Linac Coherent Light Source
(LCLS-II) is currently underway. The central part of
LCLS-II is a continuous wave superconducting RF (CW
SRF) electron linac. High order modes (HOMs) excited in
SRF structures by passing beam may deteriorate beam
quality and affect beam stability. In this paper, we report
the simulation results of monopole High Order Modes
(HOM) spectrum in the 1.3 GHz accelerating structure. We
suggest optimum parameters of the HOM feedthrough for
minimizing RF losses on the HOM antenna tip and for pre-
serving an efficiency of monopole HOMs damping simul-
taneously.

INTRODUCTION

A continuous operation regime of the 1.3 GHz LCSL-II
accelerating structure at the nominal gradient of 16 MV/m
sets an extra caution on possible overheating of HOM cou-
plers feedthroughs [1]. The HOM feedthrough coupling
antenna is made of a solid Niobium, which does not pro-
duce significant amount of RF losses until its temperature
is keeping below critical and the niobium surface is in a
superconducting state. Nevertheless, a radiation of HOMs
and an operating mode leaking through the notch filter can
cause RF heating of the feedthrough internal parts and then
a heating of the antenna itself by a thermal conductivity.
This effect may initiate a thermal runaway process when
increasing the antenna temperature leads to larger RF
losses and generate an additional antenna heating by itself.
Eventually it will produce a sharp temperature rise and end
up by a cavity quench. In order to avoid such a scenario,
one has to minimize the antenna RF heating by using
smaller antenna tip and increasing the gap between the an-
tenna and the f-part of HOM coupler. At the same time, we
should not compromise the coupler capability to damp the
cavity HOM spectrum. Bellow we compare ILC and XFEL
design of the HOM feedthrough and analyse various an-
tenna positions for finding optimum parameters.

3 MONOPOLE HOMS SPECTRUM

The detailed study of resonant HOM excitation in the
LCLS-II accelerating structure is performed in [2]. For the
nominal parameters of LCLS-II linac, the most dangerous
are monopole HOMs with high shunt impedances, which
may result additional radiation of RF power to the HOM
coupler port. Based on it we limited our investigation by
the monopole HOMs only. Originally the spectrum of mon-
opole modes in the 2D model of the TESLA 9-cell cavity
is presented in [3] for first three TM-monopole passbands.

* Operated by Fermi Research Alliance, LLC under Contract No. DE-

ACO02-07CH11359 with the United States Department of Energy.
T lunin@fnal.gov
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Recently the detailed study of a thermal quench initiated
by the overheating of the HOM antenna is published in [4]
for various designs of the HOM feedthrough and trapped
monopole HOMs below the beam pipe cut-off frequency
of 2.942 GHz for the TM01 mode.

Table 1: Parameters of Monopole HOMs

Mode #  Frequency, [GHz] R/Q [Q] Qext
2-8 2.452 136 8.5¢4
2-9 2.458 157 1.7e5
4-1 3.3976 0.025 1.0e4
4-2 3.4073 0.36 4.5e3
5-6 3.8528 4.9 1.0e4
5-7 3.8560 1.6 3.5¢4
5-8 3.8578 42 1.4e5
6-1 3.9253 0.05 1.8e4
6-2 3.9453 0.12 5.0e3
7-7 4.7051 0.66 2.2¢e3
7-8 4.7209 5.8 4.5e4
8-5 4.8829 0.4 1.0e5
8-8 4.8926 0.5 3.8¢e4

We extend the search of trapped monopole modes be-
yond the cut-off frequency of a beam pipe. For this purpose
we simulate the chain of three cavities where HOMs in the
first and last cavities are slightly detuned from the middle
cavity in order to approximate the actual spread of the
HOM spectrum due to mechanical tolerances. The cavity
3D model is based on actual mechanical drawings includ-
ing HOM coupler feedthroughs. The results of electromag-
netic calculations of monopole HOMs up to the 5 GHz fre-
quency are illustrated in Fig. 1 for modes with highest R/Q
values in each passband. One can note that despite the fre-
quencies of second monopole passband in the 1.3 GHz cav-
ity is below the cut-off limit, the RF field is propagating
through the beam pipe. The reason is a transformation of
monopole TM01 mode in the cavity to the dipole TE11
mode in the beam pipe caused by asymmetries introduced
by HOM couplers. The coupled TEI1 mode can freely
propagate in the interconnecting beam pipe since its fre-
quency is above the cut off limit of 2.252 GHz. The TE11
signal reaches to neighbour cavities and reflects back form-
ing a standing wave pattern, which has a strong influence
on a coupling with the HOM ports. Thus, the chain of at
least three cavities is required for accurate simulation of
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REDESIGN OF THE END GROUP IN THE 3.9 GHz LCLS-II CAVITY*

A. Lunin’, I. Gonin, T. Khabiboulline, N. Solyak, Fermi National Accelerator Laboratory, Batavia,
USA

Abstract

Development and production of Linac Coherent Light
Source II (LCLS-II) is underway. The central part of
LCLS-II is a continuous wave superconducting RF
(CW SCRF) electron linac. The 3.9 GHz third harmonic
cavity similar to the XFEL design will be used in the linac
for linearizing the longitudinal beam profile [1]. The initial
design of the 3.9 GHz cavity developed for the XFEL pro-
ject has a large, 40 mm, beam pipe aperture for ensuring a
low (< 10°) cavity loaded quality factor. It is resulted in
dipole HOMs with frequencies nearby the operating mode,
which causes difficulties with HOM coupler notch filter
tuning. The CW linac operation requires an extra caution
in the design of the HOM coupler in order to prevent its
possible overheating. In this paper, we present the modified
3.9 GHz cavity End Group for meeting to the LCLS-II re-
quirements.

INTRODUCTION

A continuous operation regime of the 3.9 GHz LCSL-II
accelerating structure at the maximum gradient of 14.9
MV/m sets an extra caution on possible overheating of
HOM couplers feedthroughs [2, 3]. The HOM feedthrough
coupling antenna is made of a solid Niobium, which does
not produce significant amount of RF losses until its tem-
perature is keeping below critical, but it may initiate a ther-
mal runaway process and end up by a cavity quench due to
a leak of an operating mode or a resonant excitation of the
cavity HOM spectrum [4]. In order to avoid such a sce-
nario, one has to minimize the antenna RF heating by using
smaller antenna tip and increasing the size of the f-part
snag. The proposed HOM coupler modification in the 3.9
GHz cavity is illustrated in Fig. 1. The height of antenna
tip is decreased from 5 mm to 1 mm and the height of the
f-part snag is increased to 7.8 mm in order to make a shal-
low antenna penetration and, thus, to lower a surface mag-
netic field. The nominal gap between the antenna and the
f-part is chosen equal to 0.5 mm.

a) b)

Figure 1: Modifications of the HOM coupler for the 3.9
GHz cavity: a) XFEL design and b) LCLS-II design.

Another drawback of the original XFEL End Group de-
sign is an oversized 40 mm aperture of the beam pipe,

* Operated by Fermi Research Alliance, LLC under Contract No. DE-

ACO02-07CH11359 with the United States Department of Energy.
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which has a cut off frequency of the lowest dipole mode
very close to an operating mode. Eventually it makes quite
difficult tuning the HOM coupler notch filter in a close
proximity of dipole HOMs in the cavity End Group [5]. As
a remedy, we decided to decrease slightly both apertures of
the beam pipe and interconnecting bellows to 38 mm aim-
ing to shift up frequencies of nearby dipole HOMs by at
least of 100 MHz Modified design of the 3.9 GHz cavity
End Group is illustrated in Fig. 2. The geometry of the cav-
ity end cell remains untouched, while the tapering to a
smaller aperture is made within the Nb transition ring.

Figure 2: New design of the 3.9 GHz cavity End Group.

OPERATING MODE RF LOSSES

Parameters of operating mode for both designs of
3.9 GHz cavities, XFEL and LCLS-II, are compared
in the Table 1. Since only the End Group was modified,
there are little changes in the cavity performance

Table 1: Parameters of 3.9 GHz Cavities

Operating Mode Parameters XFEL  LCLS-II
Frequency, [GHz] 39 3.9
Stored Energy, [J] 1 1
R/Q, [Q] 746 751
Effective Length, [m] 0.346 0.346
Max Electric Field on Axis, [MV/m] 25.4 253
Accelerating Gradient, [MV/m] 12.36 12.40
Normalized Surface Electric Field 2.25 2.24
Normalized Surface Magnetic 4.90 4.88

Field, [mT/MV/m]

A tail of the operating mode decays to the beam pipe and
aremnant surface magnetic field causes ohmic losses in the
bellows and connecting flanges. We used ANSYS HFSS
software for electromagnetic simulations of the 3.9 GHz
cavity [6]. A mechanical model of cavity and bellows con-
nection as well as a distribution of the magnetic field pen-
etrating to the beam pipe are shown in Fig. 3. The result of
local G-factors calculations and associated RF losses in the
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STATUS OF THE ILC MAIN LINAC DESIGN*

A. Saini’, V. Kapin, N. Solyak, Fermi National Accelerator Laboratory, Batavia, USA

Abstract

The International Linear collider (ILC) is a proposed ac-
celerator facility which is primarily based on two 11-km
long superconducting (SC) main linacs. In this paper we
present recent updates on the main linac design and discuss
changes made in order to meet specification outlined in the
technical design report (TDR).

INTRODUCTION

The ILC is a proposed accelerator facility for the study
of high energy physics via electron-positron collisions at
center—of-mass energy between 200 GeV and 500 GeV. A
schematic of the ILC facility is shown in Fig. 1.

S & BOS
DR
DETECTOR AREA

€*Main Linac

ILC - NAMING CONVENTION
KLYCLUSTER (Europe / -/ CERN)

€ Main Lma(:/

=

Figure 1: A schematic of ILC facility. All the main sections
are presented in different colours.

The heart of the ILC facility is two SC main linacs that
accelerate electron and positron from 15 GeV to their final
collision energy ranging between 100 to 250 GeV. The ILC
technical design report (TDR) [1] establishes technical as-
pects of the main linac such as geometry, cryogenic seg-
mentation, RF distribution etc. In this paper we present a
baseline configuration of the main linac that meets the
TDR specifications and discuss the main linac optics.

MAIN LINAC ARCHITECTURE

Each main linac consists of approximately 7,500 nine-
cell standing wave niobium cavities operating at frequency
of 1.3 GHz. These cavities are installed in two variants of
cryomodules named Type-A and Type-B cryomodule.
Type-A cryomodule accommodates nine cavities while a
Type-B cryomodule consists of eight cavities and a magnet
package at the center which is comprised of a quadrupole
magnet, a steering corrector magnet and a beam position
monitor (BPM). Both cryomodules are approximately 12.6
m long. An arrangement of cryomodules in sequence of
type-A type-B type-A forms an RF unit (also called ML

* Work supported by Fermi Research Alliance, LLC under Contracts
No. De-Ac02-07CH11359 with the DOE, USA.
1 asaini@fnal.gov
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unit) and therefore, two successive RF units form a FODO
cell. There are 285 (282) ML units in electron (positron)
linac. A group of three RF units with a 2.5m cold box at
the end makes a cryo string. A periodic arrangement of
cryo string is interrupted due to insertion of a 7.5m long
warm section. Number of cryo strings between two succes-
sive warm sections form a cryo unit. It is comprising of
between 11 to 21 cryo strings, with the final cold box being
replaced by a 2.5m service box. The length of drift space
between the last cryo string of a cryo unit and the first cryo
string in following cryo unit is equal to a cryomodule
length. Figure 2 shows a segmentation scheme in the main
linac.
37956
without with without

quad quad quad
[ 12652 [ 12662 [ 12652 |
3 cryomodules

ML unit

ML unit ML unit
37.956 37.956 3795 2500

‘9 cryomodule modules plus stnng end box

ML unit end box

Cryo string (long)

116.368

C J
B

service

boxend _string string string string
Cryo unit (standard) 116.3680[ 1163681 . . . . . . 116368

2008.7

1 cryogenic unit = 13 strings x 3 ML units/string =39 ML units
with string end boxes plus service boxes

Figure 2: A block diagram of structural segmentation of the
main linac.

RF power to the main linac is delivered using the Distri-
bution Klystron Scheme (DKS) [2] which is more prefera-
ble choice over the Klystron Cluster Scheme (KCS) [3] for
a mountainous topography such as the candidate sites in
Japan.

EARTH CURVEATURE IMPLEMENTA-
TION

An essential feature of the ILC linac is that it follows
Earth’s curvature that simplifies transport of two-phase he-
lium at 2K. A straight variant of the main linacs needs an
expensive and complex cryogenic segmentation. In order
to implement Earth’s curvature in the main linac lattice, a
same concept as discussed in [4] is utilized. Each cryomod-
ule in the curved linac is aligned along a line perpendicular
to Earth’s radius at cryomodule center. It will result in a
geometrical kink at the ends of cryomodule. This kink in
the lattice is incorporated using a special element in LU-
CRETIA [5] named GKICK. However, this element is not
supported by several optics codes including MADS [6].
Thus, a combination of the thin vertical correctors and the
thin dipole with same but opposite kick is used to produce
equivalent effect. The thin dipole changes both the beam
trajectory and the reference frame while the thin corrector
cancels out the trajectory change and therefore, leaves only
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X-BAND TRAVELLING WAVE ACCELERATING SECTION R&D FOR
HTF

K. Jin, National Synchrotron Radiation Laboratory, NSRL USTC, Hefei, Anhui, China

Abstract

Hefei Light Source (HLS) was mainly composed of an
800 MeV electron storage ring and an 800MeV-1GeV
constant-gradient accelerator in NSRL. The new Linac
with Full Energy Injection and the Top-up Injection
scheme has been constructed successfully. And the other
functioning as X Ray Free Electron Laser test facility has
been considered. In the project, in order to compress the
bunch length and to achieve the beam energy distribution
linearization. A 15MeV, operation frequency 11.424GHz
traveling wave accelerating section as harmonic
compensation is being developed. In this paper, the R&D
of the x-band accelerating section with collinear load are
presented in detail.

INTRODUCTION

The linear accelerators at an X-band frequency are
being interested since it gives a reduced accelerator length
and reduced average power consumption compared with
lower frequencies [1]. A frequency of 9.370GHz, 1.6MeV
traveling wave linear accelerator has been fabricated in
our Lab. with the view of X-band R&D. It consists of a
RF input coupler, 38 disk-loaded accelerating cavities and
a constant power-loss collinear load. In this paper, the
coupler numerical simulation design, the collinear load
study and the accelerator section development are
described in detail as following. The manufacture
technology and some measurement results are presented.
And an operation frequency 11.424GHz traveling wave
accelerating section is being developed for the X Ray
Free Electron Laser Hefei Test Facility (HTF).

RF INPUT COUPLER DESIGN

The RF coupler is an important component for an
accelerator structure. It consists of a tapered rectangular
waveguide and a coupling cavity with a coupling
aperture. It must be well matched to the feeding
waveguide and has synchronous frequency for the proper
phase advance in the structure so that ensure the input
power is fed effectively and an excellent travelling wave
is transmitted in the accelerating cavities train. Therefore
the sizes of the coupling cavity and the coupling iris
aperture should be designed exactly at operation
frequency so that the optimum transmission parameter
S21 and scattering parameter S11 are obtained.

In our project, the numerical simulation design of RF
coupler assembly was considered. In the wake of the
computer program development, special the MAFIA-code
[2], it made the three dimensions (3D) S-parameters
calculation in time domain becoming possible and the
change in dimensions can be easily implemented on the
computer. In numerical simulation, a computer model that
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approximates closely real coupler cavity was built first. It
consists of an input coupler, a regular accelerating cavity
and an output coupler. Considering the symmetrical, only
a half of the structure is needed in calculation. It is
necessary to set an appropriate computation period so that
assure the electric-magnetic wave can transmitted to end
of output coupler (for calculation S21), reflection wave
can return to the front end of input coupler (for
calculation S11) and the travelling wave in the structure
reach to a steady-state. Two main factors of effecting
matching and tuning of coupler are coupling cavity
diameter and coupling iris aperture. The S-parameters are
calculated after each size changed, and the thickness of
coupling iris can be obtained by edit a calculation formula
in program. Revising the sizes step by step in such a way,
in conjunction with microwave measurement by Kyhl
method [3], the optimal matching and tuning results are
acquired finally. The coupler assembly and time history of
S21 are showed in Fig.1 and Fig.2.
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Figure 2: Amplitude of transmission wave vs time.

COLLINEAR LOAD STUDY

The typical operation of a travelling wave electron
linear accelerator results in remnant RF power appearing
at the termination of the accelerating structure. In general
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4 K SRF OPERATION OF THE 10 MeV CEBAF PHOTO-INJECTOR*

G. Eremeev , M. Drury, J. Grames, R. Kazimi, M. Poelker, J. Preble, R. Suleiman, Y. Wang, M. Wright
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.

Abstract

Superconducting radio-frequency (SRF) accelerating cav-
ities are often operated in superfluid liquid helium with tem-
perature near 2 K to enhance the cavity quality factor Qg and
to help manage heat loads, which are particularly important
at large SRF accelerator facilities. This 2 K temperature
paradigm, however, need not put SRF technology out of the
reach of small institutions or even limit SRF operation at
large facilities that need 10-100 MeV beam energy. At the
Continuous Electron Beam Accelerator Facility (CEBAF)
at Jefferson Lab there are regularly scheduled maintenance
periods during which cryogenic plant often increases the
liquid helium temperature from 2 K to 4 K, reducing power
consumption by ~ 50 % and saving megawatts of wall-plug
power. During recent maintenance periods, we accelerated a
continuous-wave electron beam at the CEBAF photo-injector
to a total energy of 6.3 MeV at currents up to 80 pA using
two 5-cell niobium cavities in the quarter-cryomodule at 4 K.
This contribution describes the SRF and cryogenic perfor-
mance and uses measured beam quality and energy stability
as key metrics. These measurements indicate that 4 K opera-
tion of niobium SRF cavities in CEBAF is a sensible and cost
effective mode for high quality beam operation, provided
the cryogenic load associated with lower Qg is manageable
for the number of cavities needed to operate. For Jefferson
Lab, this enhances our scientific reach allowing additional
low-energy ~ 10 MeV experiments each year.

INTRODUCTION

Two cryogenic plants provide liquid helium at 2 K to the
CEBAF cryomodules to support 12 GeV beam operations.
However, during extended maintenance periods when high
energy beam experiments are not performed the cryoplants
transition to 4.3 K to reduce their power consumption and
save upon operational costs. Cryomodules routinely sit idle
during these periods, since it is believed the degraded in-
trinsic quality factor of superconducting niobium cavities at
this temperature precludes productive beam operation. We
used several of these maintenance periods to investigate the
potential for operating injector cryomodules at 4 K with a
couple goals in mind. First, there are a number of experi-
ments which could use low energy ~10 MeV electron beams,
e.g. the production of spin-polarized positron beams [1] or
the Bubble Chamber experiment [2] aimed at quantifying nu-
cleosynthesis in stars. Second, there is interest in evaluating
the performance of Nb3Sn coated cavities in the accelera-
tor environment using one of the CEBAF cryomodules [3],

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract
No. DE-AC05-060R23177.
T grigory @jlab.org
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where the stability of a 2 K cryomodule operated at 4 K
needs to be studied.

While operating cryomodules with elliptical cavities at
4 K has been demonstrated, for example TRISTAN [4],
LEP [5], and CESR [6] operated for years in such a configura-
tion, a direct comparison of the quality of beams accelerated
in the same cryomodule at 2 and 4 K at higher frequencies
(where average dissipated power density is higher) had not
been studied. In this contribution we describe the SRF gra-
dient reach of the CEBAF injector quarter-cryomodule at 4
K, and compare beam quality and energy stability delivered
at2 Kand 4 K.

4 K CRYOMODULE MEASUREMENT

The injector quarter-cryomodule is the first superconduct-
ing module at CEBAF, accelerating the beam up to ~ 10
MeV using two 5-cell cavities each operated up to E,¢ =
10 MV/m. The cavities, designated as #7 and #8 due to
their position with respect to RF couplers in the tunnel, were
tested at 4 K to determine stable operating gradients. Indi-
vidually, cavity #7 reached Eyc = 9.5 MV/m and cavity #8
reached E,.c = 10 MV/m, before being limited by window
arcing above Ey.c = 10.5 MV/m. In both cases the helium
liquid level remained stable with the JT valve opened to
70 Y%, which we considered a heat load limit not to exceed.
Next, both cavities were simultaneously powered to E,.. =
8 MV/m, again with the JT valve open to 70 %. While the
quality factor of the cavities was not measured during these
tests, assuming a typical Qg = 3-10% at 4.3 K, we estimate
about 200 Watts was dissipated into the helium bath for this
configuration.

4 K AND 2 K BEAM MEASUREMENTS

After stable operating conditions for the quarter-
cryomodule were determined, the injector was setup for
beam quality measurements with average intensity ranging
from 60 pA at 2 K to 80 pA at 4 K test.

The lower maximum intensity at 2 K was caused by an
unrelated operational hardware issue. For convenience the
cavities were operated at typical gradients for injector opera-
tion, E%Y = 5.00 MV/m and ES2® = 5.32 MV/m. The elec-
tron beam was characterized with diagnostics downstream of
the quarter-cryomodule (see Fig. 1). The beam momentum
was measured using a spectrometer, by finding the magnetic
field (MDLOLO02) necessary to deflect the beam a known an-
gle. The (normalized) beam emittance and Twiss parameters
were determined using a profile monitor (IHAOLO3) to mea-
sure the variation of beam size as a function of an upstream
quadrupole magnet (MQJOLO2). The energy spread was
determined by extracting the dispersive contribution of the
beam size as measured at a dispersive location (IHA2D00).
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DESIGN OF A DIELECTRIC-LINED WAVEGUIDE FOR
TERAHERTZ-DRIVEN LINEAR ELECTRON ACCELERATION
A.L. Healy*, G. Burt, Cockcroft Institute, Lancaster, UK

S.P. Jamison, R. Valizadeh, STFC Daresbury Laboratory, UK
M.J Cliffe, D.M. Graham, University of Manchester, Manchester, UK

Abstract

A dielectric-lined waveguide has been designed for use as
an accelerating structure in terahertz-driven electron accel-
eration experiments at Daresbury. Experimental verification
of acceleration will take place on Versatile Electron Linear
Accelerator (VELA). The choice of a rectangular waveguide
structure with sidewall dielectric layers enables tuning by
varying the spacing between dielectric slabs to account for
potential manufacturing errors. Schemes for coupling free-
space single cycle THz pulses into the waveguide have been
evaluated and optimised through CST simulation.

INTRODUCTION

The use of terahertz (THz) frequencies as an alternative

to conventional RF allows for smaller, sub-millimetre struc-
tures, with higher accelerating gradients due to increased
breakdown limits [1]. Optical frequencies also have this ad-
vantage, but the smaller wavelengths result in smaller struc-
tures and require manufacturing precision in the sub-micron
range. THz wavelengths have the further advantage over
optical that an electron bunch of higher charge can be con-
fined within a single acceleration period. Dielectric-lined
waveguides (DLWs) can support travelling-wave accelerat-
ing modes with phase velocities v, less than the speed of
light. A DLW used for acceleration must maximise interac-
tion between the THz pulse and an electron bunch. There
are several points to consider; phase matching of electrons
and THz pulse over a wide bandwidth, accelerating gradient,
shunt impedance, and ease of fabrication. Other issues in-
clude charging of the dielectric and electron bunch injection
into a small aperture.
Typical design choice is to use a cylindrical DLW as this max-
imises the accelerating gradient for a given input power [2];
however this removes the potential for tunability in the case
of fabrication errors. Here we consider rectangular DLWs,
such as that shown in Fig. 1. The use of CVD diamond as
the dielectric allows for thin, few micron dielectric layers,
with the benefits of high breakdown field, low loss tangent
and highest known thermal conductivity [3]. A rectangular
DLW can be tuned to a different operating frequency by
varying the dielectric slab separation, which has the added
benefit of correcting for any manufacturing errors.

* alisa.healy @cockeroft.ac.uk
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Figure 1: A hollow rectangular DLW of width w, dielectric
slab separation 2a and dielectric slab thickness t = b — a.
The waveguide is enclosed with metallic walls.

ACCELERATING MODE

Rectangular DLW modes are longitudinal section mag-
netic/electric (LSM/LSE) [4], with no H,/E, components
(normal to the dielectric interface). Field analysis has been
performed previously in [2]. The lowest order accelerating
mode, with an on-axis longitudinal field component, is the
LSM;; mode. Figure 2 shows the dispersion relation for
the LSM; mode of a rectangular DLW. A THz pulse prop-
agating through the waveguide can co-propagate with an
electron at frequencies corresponding to v, < c. For an
electron travelling at velocity v, = v, = c, it will travel
in phase along the length of the waveguide with one fre-
quency component of the pulse. All other frequencies will
shift out of phase with the electron. The phase and group
velocities for a rectangular DLW are shown in Fig. 3. To

1.47
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B [rad m 1]
Figure 2: Dispersion relation of the LSM|; mode for the
optimised waveguide parameters. The dotted line represents
vy, =C.
P

understand the effectiveness of the waveguide as an acceler-

ating structure, figures of merit were used. Those considered

of most importance were the shunt impedance, rg, and the

accelerating bandwidth, A f. Shunt impedance is given by
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COMPACT BEAM POSITION MONITOR FOR
ELECTRON AND PROTON MACHINES

M. Znidarcic, M. Cargnelutti, Instrumentation Technologies, Solkan, Slovenia

Abstract

Monitoring and subsequent optimization of the linacs,
transfer lines, energy recovery linacs and synchrotrons,
requires specific instrumentation optimized for beam
position and charge measurements. Libera Spark is the
newly developed instrument intended for position and
charge monitoring in electron and proton machines. The
motivation, processing principles and first results at
laboratories are presented.

INTRODUCTION

In this paper we introduce a compact platform that aims
to host a wide range of applications like various BPMs,
Digitizers, Beam Loss Monitors etc. This paper focuses
on a new family of BPMs called Libera Spark.

LIBERA SPARK

Looking at the beam instrumentation used to monitor
and stabilize an accelerator, every device suits a specific
role, but it is possible to identify some key components
that are always present:

e RF front-end and analog signal processing
Digitalization
Internal communication buses
Power supply unit
Cooling system
Control system integration layer

In this new development, we take advantage of the latest
advances in System on Chip technology to introduce a
compact platform (see Fig. 1) that combines a high
level of hardware and software integration with our
knowledge regarding reconfigurable analog signal
processing [2].

Memory slot for uSD card USB console Ethernet interface usB
T

Spark

Figure 1: Libera Libera Spark front panel.

HW and SW Integration

Hardware and software are designed taking in account
the balance between generality and optimization. This
makes possible to add specific features and gives more
space for customization, opening at the same time the
way for developing different applications, as shown in
Fig. 2.
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Figure 2: Platform concept based on SoC.

The core part is the SoC Xilinx Zynq 7020 [1] which
combines the high-speed processing of the FPGA together
with the flexibility of a CPU, all within the same chip.
The inner communication between the two entities and
the chance to share the same memory removes at the same
time two of the biggest bottle-necks that still characterize
separate-chip solutions:

e No communication protocols needed
e No data copy between FPGA and CPU.

Basic building blocks are presented in the Fig. 3. Pulses
from the pickup electrodes are passed through the analog
processing chains. Depending on the beam type, the chain
includes a combination of filters, several attenuation and
amplification elements etc. By combining hardware
components and specific DSP, various applications can
reside on a single platform. The following Libera Spark
instruments are currently available [3]:

e Libera Spark EL (Linear electron machines, Energy
Recovery Linacs)

e Libera Spark HL (Linear proton machines)

e Libera Spark ER (Electron rings)

e Libera Spark HR (Proton rings, proton beam
transfers)

|

RF inputs = Re‘“{"‘%“'ﬁx_”
| ENIOG TrOL T

[DC - 700 MHz] > endend ADCS | o=y FPGA CPU

L EPICS 0T TANGO

Realtime LOuOS | oy
i cantrol and parameters Measurement and Condrol Interface
RF 4—' Analog back- Aad L)

oulputs | endandDacs |  L_dGortms |

and
signals control

Figure 3: Building blocks.

On the top layer, Libera Spark provides the MCI with a
development package and Command Line utilities for
open interaction in different control systems. On top of
the MCI, various adaptors to different control systems can
be implemented (EPICS, Tango, etc.). EPICS interface is
part of the standard software package.
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INVESTIGATIONS ON ELECTRON BEAM IMPERFECTIONS AT PITZ

M. Krasilnikov*, Q. Zhao, I. Isaev, P. Boonpornprasert, J. Good, M. Gross, H. Huck,
D. Kalantaryan, O. Lishilin, G. Loisch, D. Melkumyan, A. Oppelt, G. Pathak, Y. Renier,
T. Rublack, F. Stephan, G. VashchenkoT, DESY, Zeuthen, Germany
C. Hernandez-Garcia, JLab, Newport News, Virginia, USA
G. Asova, INRNE, Sofia, Bulgaria

Abstract

Since more than a decade, the photo injector test facili-
ty at DESY, Zeuthen site (PITZ), has developed and op-
timized high brightness electron sources for modern Free
Electros Lasers like FLASH and the European XFEL.
Despite a very high performance of the photo injector was
experimentally demonstrated, several discrepancies be-
tween measurements and beam dynamics simulations
have been revealed. Although the optimized measured
values of the projected transverse emittance are close to
those obtained from the beam dynamics simulations, the
corresponding experimental machine parameters show
certain systematic deviations from the simulated opti-
mized setup. As a source for these deviations, electron
beam imperfections were experimentally investigated.
This includes studies on bunch charge production, elec-
tron beam imaging using the RF gun with its solenoid,
and investigations on the transverse asymmetry of the
electron beam generated in a rotationally symmetric gun
cavity. Experimental studies were supplied with corre-
sponding beam dynamics simulations. The paper reports
on results of these studies.

MOTIVATION

The transverse projected emittance has been experi-
mentally optimized at PITZ for a wide range of bunch
charges [1]. The transverse phase space of the electron
beam from the 1%2-cell L-band RF-gun was measured in
details while tuning numerous parameters, like gun gradi-
ent (E.n) and phase, main solenoid current (I,,,,), cath-
ode laser pulse temporal profile and transverse distribu-
tion. The 2015 measurement program was mainly dedi-
cated to the emittance minimization for 500 pC electron
bunches for E ;=53 MV/m applying photocathode pulses
with Gaussian temporal profile of ~11 ps FWHM [2]. A
typical experimentally optimized electron beam setup is
presented in Fig. 1. The transverse projected rms emit-
tance of ~0.8 mm mrad (geometrical average of horizon-
tal and vertical emittance) was obtained from the single
slit scan technique [1]. Besides the transverse phase space
a bunch current profile was measured using a transverse
deflecting system [3]. It is shown in Fig. 1b together with
the cathode laser temporal profile. The transverse rms
spot size of the photocathode laser was optimized. The
results are shown in Fig. 2 together with simulated curves
for different models of transverse laser distributions (see

section ‘“Photoemission” for more details on these mod-
* mikhail krasilnikov@desy.de
T now at DESY, Hamburg
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els). For each laser spot size the main solenoid current
was optimized. Corresponding measured emittance curves
are shown in Fig. 3 together with rms sizes of the electron
beam. Results of simulations are shown as well while
applying the main solenoid current calibration obtained
from the magnetic field measurements. A difference of
~5A in the optimum value for the emittance is clearly
seen.

T —busich
- current
profile

——cathode
laser
profile

10 15 20

| |
T T
| |
| |
02 04 06

o
o o
o
o

06 04 02 02 04 06 06 04 02

Figure 1: Experimentally optimized setup for 500 pC
bunches: a) electron beam transverse distribution at a
YAG screen; b) temporal profiles of electron bunch and
cathode laser; horizontal (c) and vertical (d) phase space.
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Figure 2: Measured emittance as a function of the trans-
verse rms laser spot size. Simulated curves were obtained
applying radially homogeneous laser distributions and
using the “core plus halo model”.

All these results show electron beam x-y asymmetries
in terms of the rms sizes and emittances. The electron
beam transverse distribution (Fig. 1a) is strongly deviat-
ing from the rotationally symmetric shape expected from
the beam dynamics simulations for the rotationally sym-
metric RF-gun cavity. Also some discrepancies between
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CONSTRUCTION OF A THIRD RECIRCULATION FOR THE S-DALINAC*

M. Arnold®, T. Kiirzeder, J. Pforr, N. Pietralla, M. Steinhorst, TU Darmstadt, Germany
F. Hug, JGU Mainz, Germany

Abstract

The maximum energy of the S-DALINAC will be in-
creased by adding a recirculation beam line and thus re-
circulating the beam an additional time. All necessary sim-
ulations of magnets as well as beam dynamics are finished
and summarized. The set-up of the new beam line offers a
phase shift of up to 360° and enables to run the S-DALINAC
as an once or twice recirculating ERL.

INTRODUCTION

The S-DALINAC is a superconducting electron linear ac-
celerator running since 1991 at TU Darmstadt [1]. It was
constructed as a twice-recirculating accelerator with a max-
imum energy of 130 MeV in cw operation. For a reliable
and stable beam operation only 85 MeV (cw mode) were
possible due to a lower quality factor of the superconducting
cavities than previously anticipated and thus a higher dissi-
pated power to the helium bath. Recirculating the beam an
additional time together with lowering the design accelerat-
ing gradients from 5 MV/m to 3.75 MV/m will increase the
maximum achievable energy close to 130 MeV in cw mode.
A floorplan of the three times recirculating S-DALINAC is
shown in Fig. 1. The beam is either produced in a thermionic
gun with an electrostatic pre-acceleration of 250 keV or in
SPIN (S-DALINAC Polarized INjector) - a source for polar-
ized electrons with a pre-acceleration of up to 125 keV [2].
Following both sources the beam is prepared for an accelera-
tion with a time-structure of 3 GHz in a chopper-prebuncher
section. In case of a recirculating set-up the beam then is
accelerated up to 7.5 MeV in the injector linac. Afterwards
it is bend into the main linac with an acceleration of up to
30 MeV per pass. Recirculating the beam up to three times
leads to a final energy of up to 130 MeV. Nuclear physics
experiments can be performed either with the injector beam
at 10 MeV or the main linac beam. In the recirculating opera-
tion a maximum beam current of 20 uA can be reached. The
transformation from a twice to a three times recirculating
set-up required several simulations. In a first step the most
important dipoles, the separation and recombination dipole
magnets, had to be designed. Additionally six new dipoles
for a new beam line were needed. Simulating the whole lat-
tice with all adaptions to new requirements was an important
task as well. As the installed pathlength adjustment system
of the new second recirculation can move in total a complete
RF wavelength of 10 cm, it will enable an energy recovery
linac test operation in once or twice recirculating scheme.

* Work supported by DFG through CRC 634 and RTG 2128
T marnold @ikp.tu-darmstadt.de
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NEW DIPOLE MAGNETS

Extending the S-DALINAC by one recirculation resulted
in the need of new dipole magnets. Replacing existing mag-
nets as the separation and recombination dipoles to fit an
additional beam line and strict border conditions were initial
points. Furthermore the new beam line had to be equipped
with dipole magnets. Both magnet models will be introduced
and their positions are indicated in Fig. 1.

Separation Dipole

The new separation dipole magnet and its mirrored ver-
sion, the recombination dipole, are very complex and de-
manding magnets. They must fit several conditions on very
limited space. Bending four different beams at the same
time the separation dipole is additionally a very important
magnet of the S-DALINAC. Its main parameters are shown
in Table 1. The designed magnetic flux is 0.75 T (0.65 T for
130 MeV) with a pole gap of 30 mm. During their design the
magnetic flux inside the yoke as well as the particle tracking
of all different beams have been simulated with CST [3].
Furthermore the multipole components along all beam or-
bits have been investigated. Having a very small width of
the yoke at the exit area guaranteeing a good homogeneity
of the magnetic field was a challenging task. To ensure the
best magnetic field distribution additional shimming was
placed in between the beams. A photograph of the installed
separation dipole is shown in Fig. 2.

Table 1: Design Values of the Separation Dipole with Beam
Energy E, Bending Radius p, Bending Angle «, Magnetic
Entrance and Exit Wedge Angle 2

EinMeV pinmm «ein°® ¢;in° y,in°
38.25 189.7 60.000 14.82 -11.87
68.85 341.4 45.000 14.13 -21.40
99.45 493.2 35.035 13.88 -10.25
130.05 644.9 27.000 13.75 4.69

45° Dipole

The new recirculation beam line is placed in between the
two existing ones. The bending angles were chosen to eight
times 45°. Together with the separation and recombination
dipole this leads to six 45° dipoles whose parameters are
listed in Table 2. The nominal magnetic flux was set to
0.61 T (maximum magnetic flux of 0.7 T) with a pole gap
of 30 mm. In comparison to the separation dipole the 45°
dipole is a quite simple one. There are no hard conditions
to the magnetic parameters and especially no constraints
in space. Setting the bending angle to 45° was the best
choice to optimize the usage of remaining space in both arc
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THERMAL-MECHANICAL STUDY OF 3.9 GHz CW COUPLER AND
CAVITY FOR LCLS-II PROJECT*

I. Gonin®, E.Harms, T. Khabiboulline, N. Solyak, V. Yakovlev, FNAL, Batavia, IL, USA

Abstract

Third harmonic system was originally developed by Fer-
milab for FLASH facility at DESY and then was adopted
and modified by INFN for the XFEL project [1-3]. In con-
trast to XFEL project, all cryomodules in LCLS-II project
will operate in CW regime with higher RF average power
for 1.3 GHz and 3.9 GHz cavities and couplers. Design of
the cavity and fundamental power coupler has been modi-
fied to satisfy LCLS-II requirements. In this paper we dis-
cuss the results of COMSOL thermal and mechanical anal-
ysis of the 3.9 GHz coupler and cavity to verify proposed
modification of the design. For the dressed cavity we pre-
sent simulations of Lorentz force detuning, helium pres-
sure sensitivity df/dP and major mechanical resonances.

INTRODUCTION

The LCLS-II SCRF baseline linac consists of 35 1.3
GHz, 8-cavity Cryomodules (CM), and two 3.9 GHz, 8-
cavity CMs. 3.9 GHz third harmonic superconducting cav-
ities are used to increase the peak bunch current and to
compensate nonlinear distortions in the beam longitudinal
phase space due to sinusoidal 1.3 GHz accelerating cavity
voltage [1]. The fundamental power coupler (FPC) is one
of critical component of the third harmonic system devel-
oped for the LCLS-II project.

For a 300 uA beam current, a 15.5 MV/m nominal ac-
celerating gradient and a 180 deg beam-to-rf phase, the RF
power induced by a beam and radiated to the power coupler
is about 1700 W per cavity. If the cavity is detuned by 30
Hz due to microphonics , the required input power from the
rf source to maintain the operating gradient would be about
80 W. In whole range of beam parameters, the coupler
needs to be rated for at least 1.9 kW of average RF power
(in particular, it needs to operate below the peak surface
temperature noted below). Therefore in simulations we ap-
ply 2 kW of the input RF power in the TW regime.
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Figure 1: The 3.9 GHz power coupler developed at FNAL.

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
ACO02-07CH11359 with the United States Department of Energy.
T gonin@fnal.gov
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COUPLER THERMAL ANALYSIS

The final design of the 3.9 GHz power coupler is shown
in Figure 1. It consists of a 50 Ohm coaxial line with a 30
mm diameter of the outer conductor. Two ceramic
windows provide double protection of the cavity from
potential damage of the ceramics. The design of the cold
(50K) cylindrical window is almost identical to window
used in 1.3 GHz XFEL coupler design. Warm pill-box
window is installed in waveguide assembly.

Thermally, the power coupler represents a connector
from the room temperature (300K) to the superconducting
cryogenic environment (2K). Figure 2 shows the thermal
model and boundary conditions used in COMSOL simula-
tions [4]. Power dissipation and heat loads were calculated
by using temperature dependences (electrical resistance
and thermal conductivity) of materials used in coupler.

T=320K _ _/‘__Il T=150K

min:10K
[, 1 -

1

max: v507K

Figure 2: COMSOL thermal analysis model.

Originally, 3.9 GHz power coupler for the FLASH pro-
ject was designed for pulsed operation (power 50 kW, du-
ration is ~2ms, maximum repetition rate is 10 Hz; average
power ~ 1kW). The LCLS-II requirements are CW opera-
tion at ~2 kW in quasi - traveling wave regime. At first, we
performed COMSOL thermal simulations using LCLS-II
parameters without any modifications of the 3.9 GHz cou-
pler. It is resulted in an overheating of the inner conductor
of the warm part of the coupler up to 670 K. Thus, we pro-
pose the following modifications of the current design:

e Reducing the length of two inner bellows from 20
convolutions to 15 convolutions.

o Increase the thickness of a copper plating in the inner
conductor.

o Increase the thickness of ceramics in cold window to
move parasitic mode away.

In original design our measurements show that one of
the parasitic mode in cold ceramic is pretty close to funda-
mental mode, which can introduce extra heating of window
in CW regime. Last modification is proposed to move near-
est parasitic mode off working frequency 3.9GHz.

Figure 3 shows the results of COMSOL thermal simula-
tions for 2kW traveling wave power in coupler and 20, 15
and 10 convolutions of inner bellow vs. copper plating
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STATUS OF THE INJECTION SYSTEM FOR THE CLARA
FEL TEST FACILITY

B.L. Militsyn’, D. Angal-Kalinin, R.K. Buckley, R.J. Cash, J.A. Clarke, L.S. Cowie!, B.D. Fell,
P.A. Goudket, T.J. Jones!, K.B. Marinov, P.A. McIntosh, J.W. McKenzie, K.J. Middleman,
T.C.Q. Noakes, B.J.A. Shepherd, R. Valizadeh, A.E. Wheelhouse,

STFC Daresbury Laboratory, Warrington, UK
V.V. Paramonov, Institute for Nuclear Research of RAS, Moscow, Russian Federation
G.C. Burt, Lancaster University and Cockcroft Institute, Lancaster, UK
lalso at Lancaster University and Cockcroft Institute, Lancaster, UK

Abstract

A description is given of the high repetition rate injec-
tion system which is being developed for the proposed
CLARA FEL test facility which is under construction at
Daresbury Laboratory. The system comprises a 400 Hz
High Repetition Rate photocathode Gun providing high
brightness electron bunches with a charge of up to 250 pC
and a linear accelerator section operating in either booster
or bunching mode. The beam is delivered by an inter-
changeable metal photocathode illuminated with a UV
laser.

INTRODUCTION

The Front End of 250 MeV CLARA FEL test facility
[1,2] is now under construction at Daresbury Laboratory.
The facility is a further development of the VELA elec-
tron accelerator which is now in operation [3]. Electron
beam for this integrated facility will be provided by two
normal conducting S-band photocathode guns: a 10 Hz
2.5 cell gun earlier used as the injector for the VELA
machine, and a 400 Hz 1.5 cell High Repetition Rate Gun
(HRRG) which has been recently successfully commis-
sioned at Low Power RF.

The initial stage of CLARA will operate with the 10 Hz
gun and the linear accelerator section. The beam will be
deflected into the existing VELA beamline with an S-
bend and directed to the spectrometer line for analysing
beam properties or into one of the two VELA user areas.
The HRRG will be installed on the VELA beamline for
high power RF and beam commissioning with the VELA
beam diagnostics suite. The HRRG is equipped with an
interchangeable photocathode which allows for the inves-
tigation of different metals and to select the best at
providing minimal beam emittance at highest quantum
efficiency. After commissioning, the 400 Hz gun will be
installed onto the CLARA beam line and the 10 Hz gun
will be returned to the VELA beam line.

HIGH REPEPTITION RATE GUN

Photocathode Gun Cavity

The high repetition rate photoinjector for CLARA was
developed to meet demanding requirements to the beam
peak current and pulse duration at the CLARA FEL inter-

T boris.militsyn@stfc.ac.uk
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action area [4] and repetition rate required for VELA user
experiments. The final design is based on a 1.5 cell nor-
mal conducting S-band RF cavity [5]. It has a dual feed
RF input coupler with phase adjustment of each feed
which has been shown in simulations to supress any di-
pole component in the coaxial coupler line.

For CLARA FEL experiments very high brightness
beams are required. These can be delivered by a photo-
cathode gun with as high value of the cathode surface
field as possible. The practical limit in the described de-
sign has been set as 120 MV/m which is current state of
the art for similar designs. For operation with the VELA
beamline a repetition rate of 400 Hz is desired. As de-
mands to the beam brightness are relaxed, a maximum
surface field of 100 MV/m has been specified. These
requirements imply power handling capabilities of 6.8 kW
on the gun cavity. As operation at 400 Hz is not required
for CLARA FEL experiments, the maximum cavity power
is defined by operation in VELA mode.

Operation of the CLARA seeded FEL requires beam ar-
rival time stability at the point of interaction between the
seeding laser and electron beam of less than 64 fs rms [1].
Start to end simulation [1] has shown that to achieve this
stability for the magnetic compression scheme the jitter of
the beam launching phase in the gun should be better than
0.1° rms; that means that temperature of the cavity should
be maintained with stability of better than 0.009° rms. RF
amplitude stability must be better than 0.1 % rms [1,6].
To stabilise RF amplitude the gun cavity has a probe port
in the second cell for feed-forward amplitude correction.

Cavity Cooling and Temperature Stabilisation

The thermal stabilisation of the gun cavity is achieved
via 9 individual cooling channels as shown in Fig. 1, the
flow through which can be controlled remotely and used
to optimise frequency and field flatness under various
operating conditions [5,7].

The cooling of the injector was investigated using ad-
vanced computational fluid dynamics techniques in AN-
SYS CFX. The cell radii are expected to increase by
5.6 pm due to the average steady state RF load of 6.8 kW
at 400 Hz and 100 MV/m. This gives a detuning of the
resonance frequency of -0.427 MHz which will be com-
pensated for in the water temperature stabilisation system.
High resolution thermo-stabilisation for the CLARA
HRRG has been designed at Daresbury Laboratory, with
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UPGRADE OF THE KLYSTRON MODULATOR OF THE L-BAND ELEC-
TRON LINAC AT OSAKA UNIVERSITY FOR HIGHER STABILITY

K. Furukawa, G. Isoyama, Osaka University, Janpan
A. Tokuchi, Pulsed Power Japan Laboratory Ltd.,Janpan
R. Kato, KEK, Janpan
K. Kawase, Hiroshima University, Janpan

Abstract

The klystron modulator for the L-band linac is upgraded
for higher stability. The two-step charging system for the
pulse forming network (PFN) is upgraded by adding a
high impedance resonant charging line in parallel with the
main line. The charging step of the PFN voltage is re-
duced considerably near the setting value by switching
the main resonance line off so that the charging current
flows only through the high impedance line. The second
model of the solid-state switch is developed using 60
static-induction thyristors, ten of which are connected in
series with six such series connected in parallel to meet
maximum specifications of 25 kV and 6 kA. The air-
cooling capacity is reinforced so that repetition rate is
increased from 10 pps for the first model to 60 pps. The
fluctuation and accuracy of the klystron voltage are
measured to be 7.8x10° or 7.8 ppm for the upgraded
klystron modulator using a differential amplifier with
much higher sensitivity than one used in the previous
measurement.

INTRODUCTION

The 40 MeV L-band electron linac is one of the main
facilities of the Research Laboratory for Quantum Beam
Science, the Institute of Scientific and Industrial Research,
Osaka University. It is used mainly for pulse radiolysis in
the time range from nanoseconds down to sub-
picoseconds and the development and applications of a
terahertz (THz) free electron laser (FEL). To generate a
highly intense and stable FEL beam, a highly stable elec-
tron beam in terms of energy is required. The energy
stability of the electron beam accelerated with the linac is
dependent on stability of high power RF pulses generated
with a klystron. Both the amplitude and the phase of the
RF power depend on the voltage applied to the klystron,

New Resonance Unit Resonance Unit

500V
43.5kHz

126 nF 100 1M

IGBT Switch

105 uH

126 nF
IGBT Switch

which is generated using a klystron modulator, so that
flatness of high-voltage pulses needs to be high and small
fluctuations of the peak voltage are indispensable to gen-
erating a highly stable multi-bunch electron beam for FEL.

Figure 1 shows the circuit diagram of the klystron
modulator. Electric charge accumulated in the pulse-
forming-network (PFN) to a high voltage is discharged
using a high-speed switch, and the generated pulse is
supplied to the klystron via a step-up transformer, and
then a high power RF pulse is generated for accelerating
the electron beam in the linac. To obtain the highly stable
RF power, the charging voltage of PFN must be accurate
and precise, and stable operation of the switch are re-
quired.

The switching frequency of the inverter power supply
shown in Fig. 1 is 21.75 kHz but the charging frequency
is doubled due to the full-wave rectifier, 43.5 kHz. The
accuracy of the charging voltage is inversely proportional
to the number of pulses sent to PFN, provided that charge
per pulse is constant, whereas the charging time is given
by the number of pulses divided by the charging frequen-
cy, so that a longer time is required for attaining higher
accuracy. However, the charging time restricts the maxi-
mum repetition frequency of output pulses. Because the
repetition frequency of the klystron modulator is 60 pps,
the number of charging pulses would be limited to 725
and accordingly the accuracy of the charging voltage
would be 0.13 %. To improve the charging accuracy to
the order of 10, the pulse width was reduced when the
charging voltage approached the target value, which
solved the contradicting requirements. As for the switch,
the thyratron was used for the klystron modulator, which
is a discharge tube filled with hydrogen or deuterium and
widely used as a high speed and high current switch.

PFN 16 section
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Figure 1: Circuit diagram of the klystron modulator.

ISBN 978-3-95450-169-4
178

Switch
1 Electron Accelerators and Applications

1A Electron Linac Projects



Proceedings of LINAC2016, East Lansing, MI, USA

MOPLR020

CHALLENGES IN REALIZING THE LCLS-II CRYOMODULE
PRODUCTION

A. Burrill” (on behalf of LCLS-II Collaboration), SLAC National Accelerator Laboratory,
Menlo Park, CA, USA

Abstract

The LCLS-II project requires the assembly and installa-
tion of 37 cryomodules in order to deliver a 4 GeV elec-
tron beam to the undulators to produce both soft and hard
x-ray pulses at a repetition rate up to 1 MHz. All of the
cryomodules will operate in continuous wave mode, with
35 operating at 1.3 GHz for acceleration and 2 operating
at 3.9 GHz to linearize the longitudinal beam profile. One
of the challenges of this project, and the topic of this
paper, is coordinating the effort of three DOE labs in
order to realize this machine in just a few years time. This
coordination is necessary due to the fact that the cry-
omodules will be assembled at both Jefferson Lab and
Fermi Lab, tested, and then shipped to SLAC for installa-
tion, commissioning and operation. This paper will report
on our experiences to date, issues that have been identi-
fied and planned mitigation going forward.

INTRODUCTION

The LCLS-IT is a 4 GeV CW X-ray free electron laser
(FEL) driven by a superconducting RF linac [1, 2]. It is
being built to upgrade the capabilities of the current
LCLS, a normal conducting FEL that has been operation-
al at SLAC since 2009. Figure 1 shows the original
LCLS layout in the tunnel along with the LCLS-II accel-
erator. The LCLS-II upgrade will be complementary to
LCLS as both accelerators will continue to operate and
provide x-rays to the existing user end-stations, albeit not
at the same time (in the current operational plan). The
upgrade to LCLS-II will expand the operational range of
the FEL complex by providing X-ray pulses at up to 1
MHz repetition rate, an increase from the 120 Hz of
LCLS, and covering the spectral range from 0.2-1.2 keV
and 1-5 keV through two new undulator systems.

The LCLS-II project has a very tight schedule, only 6

years from design through delivery of first beam. In order
to accomplish everything that is required to design, build,
install and commission a new accelerator in such a short
period of time a collaboration between 6 Institutions in
the United States has been established. Five Department
of Energy (DOE) Laboratories, SLAC, LBNL, Argonne,
FNAL and JLab, are each lending their expertise in their
respective fields along with Cornell University providing
their knowledge of superconducting RF as well as devel-
opment of an alternative injector for LCLS-II. In the
context of this paper the primary contributors are JLab,
FNAL and SLAC providing the superconducting RF
accelerator components necessary to drive LCLS-II.

THE ACCELERATOR

The superconducting RF (SRF) linac that will drive
LCLS-II is made up of 35 — 1.3 GHz cryomodules and 2 -
3.9 GHz cryomodules. Each cryomodule contains 8 su-
perconducting RF cavities. The 1.3 GHZ cavities are
based on the TESLA design, most recently used for
XFEL, and have been modified for CW operation[3]. The
preparation of the cavities has also been modified to in-
corporate the “High-Qq recipe” that utilizes nitrogen dop-
ing that can improve the Q, of the cavities by roughly a
factor of 3 at the operating gradient of 16 MV/m[4].

The modification for CW operation have included mod-
ifying the XFEL/TTF-III input coupler, enlarging the
exhaust chimney of the helium vessel to handle the larger
dynamic heat load, installing 2 cryogenic fill lines to
improve the cooldown process and installing 2 layers of
magnetic shielding to better achieve the stringent magnet-
ic hygiene requirements that result from using the high Qq
recipe. The 3.9 GHz cavities, also adapted from XFEL,
have also been modified for CW operation, but do not
require the additional magnetic hygiene program of the
1.3 GHz cavities.

proposed

LCLS-Il Linac
FACET-II

4 GeV

LCLS-I Linac

M e SR

a 2 4
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Figure 1: the LCLS-II Linac layout in the tunnel along with the existing LCLS accelerator.

F aburrill@slac stanford.edu

1 Electron Accelerators and Applications

1A Electron Linac Projects

ISBN 978-3-95450-169-4
181



Proceedings of LINAC2016, East Lansing, MI, USA

MOPLR022

COMMISSIONING AND FIRST RESULTS FROM THE FERMILAB
CRYOMODULE TEST STAND*

E. R. Harms', M. Awida, C. Baffes, K. Carlson, S. Chandrasekaran, B. Chase, E. Cullerton, J. Edelen, J. Einstein-
Curtis, C. Ginsburg, A. Grassellino, B. Hansen, J. Holzbauer, S. Kazakov, T. Khabiboulline, M. Kucera, J. Leibfritz, A.
Lunin, D. McDowell, M. McGee, D. Nicklaus, D. Orris, J. Ozelis, J. Patrick, T. Petersen, Y. Pischalnikov, P. Prieto, O.

Prokofiev, J. Reid, W. Schappert, D. Sergatskov, N. Solyak, R. Stanek, D. Sun, M. White, C. Worel, G. Wu,
Fermilab, Batavia, Illinois, USA

Abstract

A new test stand dedicated to Superconducting Radiofre-
quency (SRF) cryomodule testing, CMTSI, has been
commissioned and is now in operation at Fermilab. The
first device to be cooled down and powered in this facility
is the prototype 1.3 GHz cryomodule assembled at Fer-
milab for LCLS-II. We describe the demonstrated capabil-
ities of CMTS1, report on steps taken during commission-
ing, provide an overview of first test results, and survey
future plans.

INTRODUCTION

LCLS-II is a next generation hard x-ray light source
based on a superconducting RF electron linac operating in
continuous wave regime. It is described at this conference
in an invited talk [1]. As one of the partner labs Fermilab
is responsible for the design of the 1.3 GHz Cryomodules
(CM’s) as well as assembly and testing for seventeen of
the necessary thirty-five CM’s. Additionally Fermilab is
designing and will assemble and cold test two 8-cavity
3.9 GHz (third harmonic). Both the Cryomodule Test
Facility and specifically the CMTS] test stand have been
described previously [2, 3].

SUBSYSTEMS DESCRIPTION & STATUS

Guidance given by the LCLS-II project was to provide
a test facility and carry out a testing program on a fast
time scale. As such it was deemed best to design CMTS1
similarly to existing SRF test facilities at Fermilab such as
the single cavity vertical test areas, HTS, and FAST
where both single cavity and 8-cavity cryomodules have
been tested and brought into routine operation. CMTS1
thus builds on evolving designs of the various subsystems
and has features specifically to support continuous wave
cryomodule operation.

Several of the necessary subsystems have been de-
scribed previously including the cryogenics and distribu-
tion, interlocks, girders, and cave infrastructure and are
not described further here.

* Operated by Fermi Research Alliance, LLC under Contract No. De-
AC02-07CH11359 with the United States Department of Energy.
T harms@fnal.gov
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Vacuum

CMTS1 accommodates three separate vacuum systems:
beamline, (warm) coupler, and insulating vacuum. The
beamline vacuum system is an Ultra High Vacuum
(UHV), low-particulate system that achieves characteris-
tic pressures < 1X10® Torr (warm) and < 1X10”° Torr
(cold) via vacuum stations located at each end of the test
stand. Pumpdown/vent-up of the vacuum stations is ac-
complished with a mass flow control vacuum cart to min-
imize the possibility of particle transport, and also in-
cludes an in-vacuum Faraday cup.

The coupler vacuum system is a conventional unbaked
UHV system that achieves -characteristic pressures
<1X107 Torr (warm) and ~1X10® (cold, no RF), pumped
by a single ion pump / titanium sublimation pump (TSP)
unit.

The insulating vacuum system is characterized by large
volume (~50001) and high gas loads (up to 6X10 Torr-
1/s). Target vacuum levels are <1X10* Torr (warm) and <
1X10° Torr (cold). A capacitance manometer is available
for gas-independent pressure measurement and an RGA is
available to differentiate between helium and air leaks. A
stand-alone dry roughing system is used to pump between
atmospheric pressure and 1X107 Torr.

Magnetic Flux

The pCM is instrumented with 13 Bartington™ Mag-F
fluxgates [4, 5, 6]. Low field magnetic fields during
cooldown are critical to maintaining high Q0. After trans-
portation to and installation at CMTS, the pCM magnetic
fields were no higher than 3.5 milliGauss (mG) compared
to the specification of < 5SmG. Although a demagnetiza-
tion was not necessary at CMTS1, one was performed at
35 A [6] to confirm the absence of adverse effects of de-
magnetization on other systems at CMTS. Following this
demagnetization, the field readings were all below 1.5
mG and all systems at CMTS were unaffected.

Controls/Timing

General purpose controls for CMTS1 employs the Fer-
milab ACNET accelerator controls platform. The infra-
structure for this system is mature, has a high level of
support, and allows for relatively rapid deployment.
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EXAMINATION OF CUTOUTS INNER SURFACES FROM Nb;Sn COATED
CAVITY*
Uttar Pudasainil, G. Eremeev2, Charles E. Reecez, J. Tuggle3, M. . Kelleyl’z’3
'Applied Science Department, The College of William and Mary, Williamsburg, VA 23185, USA
>Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
3Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA

Abstract

The potential for higher operating temperature and
higher gradient has motivated SRF cavity researchers to
pursue Nb3Sn as an alternative to niobium for nearly fifty
years. Far and away the most common embodiment has
been a few micron thick Nb;Sn layer on the cavity inte-
rior surface obtained by vapor diffusion coating, with one
or another set of parameters. While many cavities have
been made and RF tested, reports of dissecting a cavity in
detail to examine the coating and relate it to RF meas-
urements are rare. We coated a BCP-treated single cell
cavity in a typical process of tin/tin chloride activation at
500 °C followed by tin vapor deposition at 1200 °C. After
RF testing, we cut and examined sections from several
locations to learn composition, thickness topography of
the interior surface. The effect of process variables, such
as surface preparation, process temperature and duration,
and vapor chemistry needs to be explored.

INTRODUCTION

Nb;Sn is an intermetallic alloy with superconducting
properties to operate at higher temperature of about 4.2 K
compared to standard niobium cavities which operate at 2
K. The estimated superheating field of Nb;Sn also prom-
ises higher accelerating gradient than niobium [1]. Re-
searchers had already realized the potential of Nb;Sn
more than 40 years ago, and attempted to fabricate Nb;Sn
coated cavities [2-4]. The vapor diffusion technique was
readily successful to deposit a few micron thick Nb;Sn
coating on niobium cavity. These cavities were successful
to attain quality factors >10'" at few MeV/m gradients,
but suffered with precipitous drop with increased gradient
[5]. The reason for such degradation is not established so
far. We encountered a sharp drop of quality factor in the
cavity, C3C4, that was coated with Nb;Sn during coating
system commissioning at Jefferson Lab as shown in Fig.
1 [6]. C3C4 was a BCP treated 1.5 GHz single cell cavity,
and coated in a typical process of tin/tin chloride activa-
tion at 500 °C followed by tin vapour deposition at 1200
°C. Detailed description of coating system and coating
process is available in [7].

The cavity was dissected following RF test to pursue
material studies of coated interior surface using the cavity
cutouts. We aim to correlate the material studies results of
cavity cutouts with their RF properties. First results from
surface studies of cavity cutouts are presented in here.

* Partially authored by Jefferson Science Associates under contract no.
DEACO05060R23177. Work at College of William & Mary supported by
Office of High Energy Physics under grant SC0014475.
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Figure 1: Q, vs E,. for C3C4 cavity before and after
coating. Note the sharp drop of Q, after coating.

CUTOUT PREPARATION

Temperature mapping of the cavity during RF test was
used to choose areas from which to extract cutout sam-
ples. They were milled out at machine shop using 3/32
two flute OSG Exomini TiN coated end mill running at
3200 rpm. During the milling process, attempt was made
to not cut through, but to leave a thin layer of material in
order to reduce contamination and damage to the internal
coating surface. This was not always possible due to cavi-
ty curvature, but some material was left when the milling
was finished. The samples were then removed with pliers,
and edges were de-burred with a scalpel or scissor before
acetone rinse. The cutouts were again rinsed with metha-
nol, and dried with ionized nitrogen. These cutouts further
received ultrasonic cleaning with 2% detergent followed
by low pressure ultra pure water rinsing. After drying
with ionized nitrogen, these samples received second
round of acetone rinse and methanol rinse subsequently.
Finally, the cutouts were dried with ionized nitrogen.
Several cutouts were prepared from cavity as well as
beam pipes for analysis.

EXAMINATIONS AND RESULTS

Prepared cutout samples were examined with a field
emission scanning electron microscope (FESEM) with
energy dispersive X-ray spectroscopy (EDS) for micro-
structure and local composition. Atomic force microscope
(AFM) was used to investigate surface topography. Elec-
tron backscattered diffraction (EBSD) was used to exam-
ine the cross-section of cutouts for crystallographic char-
acterization.
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PROGRESS TOWARDS Nb;Sn CEBAF INJECTOR CRYOMODULE*

G. Eremeev, K. Macha, U. Pudasaini, C.E. Reece, A.-M. Valente-Feliciano
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.

Abstract

Operations at 4 K instead of 2 K have the potential to
reduce the operational cost of an SRF linac by a factor
of 3, if the cavity quality factor can be maintained. Cav-
ities coated with Nb3Sn have been shown to achieve the
accelerating gradients above 10 MV/m with a quality factor
around 10'° at 4 K. Because such performance is already
pertinent to CEBAF injector cryomodule, we are working
to extend these results to CEBAF accelerator cavities, envi-
sioning coating of two CEBAF 5-cell cavities with Nb3Sn.
They will be installed in an injector cryomodule and tested
with beam. The progress on this path is reported in this
contribution.

INTRODUCTION

The cryogenic test facility (CTF) at Jefferson Lab pro-
vides sub-atmospheric liquid helium for testing purposes in
the test lab. The vertical test facility (VTA) in the test lab
hosts eight cryogenic dewars for SRF cavity testing with
several dewars being often operated simultaneously. The
test lab is also home for cryomodule test facility, where
assembled cryomodules are RF tested at 2 K, before they
are sent for integration into accelerators. The test lab will
also soon feature an upgraded injector test facility (UITF),
which will serve as a test bed for low energy beam tests in
the test lab. All these facilities rely on 2 K helium delivered
from CTF. With projected vertical test area and CMTF tests
in support of CEBAF, LCLS upgrade work and R&D, as
well as UITF beam tests, CTF is expected to be run at full
capacity and testing times will be carefully coordinated to
fulfill all commitments. Ability to run UITF, which hosts
only one accelerating quarter-cryomodule, Fig. 1, at 4 K
helium instead of 2 K may increase beam time available
to users. Since Nb3Sn cavities have recently been shown
to achieve gradients suitable for this facility at 4 K [1, 2],
we are working to demonstrate 4 K operation of a quarter-
cryomodule with NbsSn cavities. If cavity performance,
demonstrated on single- and two-cell cavities, can be trans-
lated to the two CEBAF cavities in a quarter-cryomodule,
the cryomodule can be efficiently run with 4 K helium. On
the other hand, since long-term cryomodule operation with
Nb3Sn cavities has never been tested, such a run will pro-
vide valuable data towards operation of NbsSn cavities in

* Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-060R23177. The U.S. Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or re-
produce this manuscript for U.S. Government purposes.
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Figure 1: A draft layout of the upgraded injector test fa-
cility. The quarter-cryomodule is seen in the center of the
picture and will be used to accelerate electron beams up to
10 MeV.

accelerators.

With these goals in mind we are working to upgrade our
existing NbsSn coating system to be able to coat CEBAF
cavities from the spare CEBAF quarter-cryomodule. In
parallel with the system upgrade, we conducted first coat-
ing tests of a CEBAF 5-cell cavity, which was modified
to fit in our existing coating system. Test results and the
progress in the coating system upgrade are reported here.

CAVITY DEPOSITION SYSTEM
UPGRADE

The JLab NbsSn coating system needs to be upgraded in
order to fit a CEBAF cavity. Our present insert for Nb3Sn
coating, which was designed to coat single-cell R&D cavi-
ties, is about 11” ID and has a hot zone, which is about 22"
long, [3], while a CEBAF 5-cell cavity is 28 1/4” long and
can fit inside a 15 ID cylinder. Hence a new insert was de-
sign to allow for a 17 ID and 40 long coating space. The
insert is being made out of 4 mm reactor grade niobium
sheets. The sheets were cut and rolled to form half cylin-
ders, which were then electron beam welded together. The
cylinder is covered by a deep-drawn 4 mm niobium cover
on one end, which will also be electron beam welded, and
a double O-ring brazed SS flange on the other. In order
to extend the hot zone, the furnace is modified to extend
the heat shields up. The new heat shields are made out of
0.015” thick molybdenum and are similar in design to the
existing ones. The heat shields are supported by a 0.125”
SS can on the outside. In order to fit the heat shield ex-
tensions, a new door, which sits on the top of the furnace,
must be made. The custom door was specified at JLab and
is being purchased from Lesker. The door will interface
with the existing furnace body on the bottom and will have
a O-ring seal on the top, which will mate to a water-cooled
zero-length reducer, also purchased from Lesker. The rest
of the coating system will re-used. In Fig. 2, the sketch of
the upgraded system is shown, where colored components
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INVESTIGATION OF LOW-LEVEL NITROGEN IN NIOBIUM BY
SECONDARY ION MASS SPECTROMETRY

J. Tuggle', A.D. Palczewski?, C.E. Reece?, F.A. Stevie’, M.J. Kelley>*'.
Virginia Polytechnic Institute and State University, Blacksburg, VA, USA
>Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

3 Analytical Instrumentation Facility, North Carolina State University, Raleigh, NC, USA
“The College of William and Mary, Willamsburg, VA, USA

Abstract

Understanding the improvement of the SRF cavity qual-
ity factor (Q) by low-level nitrogen addition (“N-doping)
is attracting much attention from researchers. Precise, re-
peatable measurement of the nitrogen profile in the parts-
per-thousand to parts-per-million range is vital. Secondary
Ion Mass Spectrometry (SIMS) is the method of choice be-
cause of excellent sensitivity and depth resolution. Accu-
rate quantification must consider sample properties, such
as surface topography and crystal structure, as well as cal-
ibration of the instrument and data analysis. We report a
SIMS study in which, SRF-grade niobium sheet equiva-
lent, polycrystal and single crystal coupons were N-doped.

INTRODUCTION

New and robust characterization programs are needed in
order to elucidate N-doping and any thorough investigation
of N-doping must include SIMS. It is the only available
technique to combine acceptably low detection limits with
depth information, giving concentration as a function of
depth. However, accurate quantification with SIMS is non-
trivial, requiring standards and SIMS experiments as op-
posed to straight forward analysis common to other analyt-
ical techniques. This is due to matrix effects, differential
sputtering, surface topography, achieving acceptable back-
grounds and other complications.

Matrix Effects

SIMS obtains information by directing a beam of pri-
mary ions onto the surface of interest and measuring the
mass distribution and intensity of the ejected (secondary)
ions. [1] Secondary ion yields can vary five or six orders
of magnitude across the periodic table and also several or-
ders of magnitude depending on the bulk material (matrix).
Because of this, quantification cannot be based on relative
signal intensities only. An implant standard must be cre-
ated for each species of interest by implanting it into the
matrix of interest. Its depth profile can be acquired and
dose information can be used to calculate a relative sensi-
tivity factor (RSF) for that species in that matrix. A refer-
ence signal from the matrix (here, Nb) is used to adjust for
instrumental factors. Example analyses of nitrogen im-
plants in both poly and single crystalline material appear in
Fig. 1.

Depth Resolution

Depth resolution is the ability to distinguish between at-
oms from one depth over atoms from a different depth.

ISBN 978-3-95450-169-4
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Good depth resolution makes SIMS a must-use technique
for N-doping. However, many factors may affect depth res-
olution. Penetration depth of primary beam, raster and gate
size, knock-on, crater shape are instrument controlled and
require meticulous forethought in choice of analysis con-
ditions.
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Figure 1: Depth profile of implants used to calibrate N for
both polycrystalline and single crystal material.

There are also multiple factors affecting depth resolution
which are sample dependent [1]. For example, differing
sputter rates between grains of different crystal orientation
directly affect the depth resolution achievable in a SIMS
analysis. The problem can be reduced by using large grain
Nb relative to SIMS crater size. Crater size and grain size
must both be taken into consideration. Smaller crater sizes
may be used to provide faster analysis when doing rela-
tively deep measurements, but have a negative effect on
depth resolution and detection limits due to contributions
of the crater edge to the signal. A balance must be found
for relative crater, analysis area and grain size. While both
implants in Fig. 1 were created and analyzed under the
same conditions, the single crystal depth profile shows a
sharper implant peak and quicker drop to detection limit,
indicative of better depth resolution. Depth resolution was
estimated using roughness measurements and TRIM calcu-
lations and found to improve from ~109 nm for the poly-
crystalline implant to ~12 nm for the single crystal implant.
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MATERIAL QUALIFICATION OF LCLS-II PRODUCTION NIOBIUM
MATERIAL INCLUDING RF AND FLUX EXPULSION MEASUREMENTS
ON SINGLE CELL CAVITIES*

A. D. Palczewski”, F. Marhauser,
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
A. Grassellino, S. Posen, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

It has been shown that cooldown details through
transition temperature can significantly affect the amount
of trapped magnetic flux in SRF cavities, which can lead
to performance degradation proportional to the magnitude
of the ambient magnetic field [1]. It has also more
recently been shown that depending on the exact material
properties - even when the material used originated from
the same batch from the same vendor - and subsequent
heat treatment, the percent of flux trapped during a cool-
down could vary widely for identical cool-down
parameters [2]. For LCLS-II, two material vendors have
produced half of the niobium used for the cavity cells
(Tokyo Denkai Co., Ltd. (TD) and Ningxia Orient
Tantalum Industry Co., Ltd. (NX)). Both vendors
delivered material well within specifications set out by
the project (according to ASTM B 393-05), which allows
yet some variation of material characteristics such as
grain size and defect density. In this contribution, we
present RF and magnetic flux expulsion measurements of
four single cell cavities made out of two different niobium
batches from each of the two LCLS-II material suppliers
and draw conclusions on potential correlations of flux
expulsion capability with material parameters. We present
observations of limited flux expulsion in cavities made
from the production material and treated with the baseline
LCLS-II recipe.

INTRODUCTION

The LCLS-II prototype cavities currently being
assembled into the first cryomodules were manufactured
by Advanced Energy Systems, Inc. during the ILC R&D
activity in the later 2000’s out of material from ATI Wah
Chang niobium. These cavities had little processing
history and have eventually been treated with the now
baseline LCLS-II recipe including bulk surface removal
by Electropolishing (EP), heat treatment at 800°C for 3
hours and doping with nitrogen for 2 minutes, and finally
a light 5-7 micron EP [3,4]. They all passed the current
quality factor (Qo) specification of 2.7x10'" at 16 MV/m
with multiple cavities reaching 4.0x10'* through the use
of superconducting flanges, careful environmental
magnetic fields, and controlled cooldowns [5-8]. After
welding the prototype cavities into the helium vessel,
which has been carried out at FNAL, a small drop in the

* Funding Agency: Authored by Jefferson Science Associates, LLC
under U.S. DOE Contract No. DE-AC05-060R23177.
# ari@jlab.org
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average Qo has been experienced, but the average value
was still above 3e10 [8].

During the R&D phase, which aimed to develop a
robust nitrogen-doping baseline recipe for LCLS-II to be
applied by industrial cavity vendors, there were multiple
advances in cavity treatment developed simultaneously,
apart from the actual recipe development. First, it was
shown that when residual magnetic fields are present,
quickly cooling a cavity could significantly reduce the
residual resistance; depend on the temperature gradient
rather than the speed of cooling [1]. Soon after, the
sensitivity of the surface resistance due to trapped flux
was determined for nitrogen-doped cavities, which
revealed a higher value (nQ2’mG) compared to other
treatments such as applying EP with 120°C bake as a
result of the dependence on the surface mean free path
[9-11]. Finally, it was shown that there is a very strong
material dependence of the flux expulsion efficiency
independent of surface preparation, RRR or material
hardness, however a correlation was observed with
annealing time and temperature, which also deviated
among material from different suppliers. The
combination of the above effects was most likely the
cause of the wide performance variations in single-cell
nitrogen-doping results carried out at JLab in 2014 during
the initial LCLS-II R&D [5,6].

Because the treatment history and/or material of the
cavities utilized for LCLS-II prototype cryomodules is
different compared to production cavities, a clear
understanding of the flux expulsion efficiency using the
actual recipe with actual production material is needed.
In this study, we present the RF and flux expulsion results
from four single-cell cavities made from LCLS-II
production material (TD, NX) applying the baseline
recipe. We show that the LCLS-II material exhibits a
wide range of flux expulsion efficiencies depending on
the material origin/supplier and batches, but all material
trap flux at levels, which would not allow to meet a
specification of Qp=2.7x10'" at 16 MV/m in a 5mG
field needed for the project, when applying the original
baseline recipe.

LCLS-II MATERIAL

Niobium material being used for LCLS-II production
cavities has been thoroughly inspected including Eddy-
current scans at DESY (100% of half-cell sheets)
resulting in a rejection rate of less than 2% and thus
overall with a higher acceptance rate than for the XFEL
high-end production for the same vendors (TD, NX). The
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ELECTROMAGNETIC DESIGN OF A SUPERCONDUCTING TWIN AXIS
CAVITY*

S. U. De Silva'"?, H. Park>!, J. R. Delayen'*, F. Marhauser?, A. Hutton?
!Center for Accelerator Science, Old Dominion University, Norfolk, VA, USA
’Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

The twin-axis cavity is a new kind of rf superconducting
cavity that consists of two parallel beam pipes, which can
accelerate or decelerate two spatially separated beams in
the same cavity. This configuration is particularly effective
for high-current beams with low-energy electrons that will
be used for bunched beam cooling of high-energy protons
or ions. The new cavity geometry was designed to create a
uniform accelerating or decelerating fields for both beams
by utilizing a TM o dipole mode. This paper presents the
design rf optimization of a 1497 MHz twin-axis single-cell
cavity, which is currently under fabrication.

INTRODUCTION

The idea of utilizing elliptical shaped rf superconducting
accelerating structures with two beam pipes intended for
Energy Recovery Linacs (ERLs) applications was first
proposed by Noguchi and Kako in 2003 [1]. A similar
concept was revisited by Wang, Noonan, and Lewellen in
2007 [2, 3] and recently [4] for based ERL applications.
The new proposed superconducting twin-axis cavity
allows energy recovery by accelerating and decelerating
beams within the same cavity in two beam pipes. The
accelerated beam is physically separated from the parallel
accelerated/decelerated beam, but interacts with the same
rf dipole mode. In an ERL for instance, the low energy
beam delivered from the source can be injected into the
cavity without requiring a complicated merger structure
and thus additional beam line space to bend the beam,
while maintaining a small beam emittance.

Figure 1: Twin axis cavity.

The new twin-axis cavity geometry, shown in Fig. 1, is
designed to create a uniform field for both beams by
operating in the TM o rf dipole mode. The electromagnetic
fields in the two beam pipes are axially symmetric with a
180 degree phase offset. The on-axis electric field and
magnetic field at the cross sectional planes are shown in
Fig 2.

*Work supported by DOE Office of Science via Accelerator Stewardship
Test Facility Pilot Program (Proposal No. 0000219731). This work used
resources of the NERSC center, which is supported by DOE Office of
Science Contract No. DE-AC02-05CH11231.

#sdesilva@jlab.org
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Figure 2: Electric (left) on-axis and magnetic (right) field
profile at the cross section of the twin axis cavity.

The beam pipe axis position has been optimized to
maximize the on-axis longitudinal electric field component
(EAz)) trying to symmetrize the field across the beam
aperture as best as possible, while minimizing the
transverse fields (Ex(z) and Hy(z)). The optimization of the
cavity shape focused on minimizing the transverse
component without degrading the accelerating component.
Note that the magnetic field is strong at the center of the
cavity unlike in conventional accelerating cavities using a
TM monopole mode, where the peak surface magnetic
field is at the equator.

DESIGN OPTIMIZATION

The initial design of the twin axis cavity was a
cylindrical shaped geometry as shown in Fig. 3(a), which
then evolved into a racetrack-shaped design with a
compressed mid-section. The design has been modified to
improve the rf properties, primarily to reduce the peak
surface magnetic field.

(d)

Figure 3: Design evolution of twin axis cavity geometry.

The initial designs (Fig.3(a)—(c)) includes an inward
bump to enforce uniformity of the longitudinal fields in
each of the two beam pipe. This resulted in an increase in
the peak magnetic field. The racetrack-shaped designs
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Abstract

RF-dipole crabbing cavities are being considered for a
variety of crabbing applications. Some of the applications
are the crabbing cavity systems for LHC High Luminosity
Upgrade and the proposed Electron-lon Collider for
Jefferson Lab. The design requirements in the current
applications require the cavities to incorporate complex
damping schemes to suppress the higher order modes that
may be excited by the high intensity proton or electron
beams traversing through the cavities. The number of
cavities required to achieve the desired high transverse
voltage, and the complexity in the cavity geometries also
contributes to the wakefields generated by beams. This
paper characterizes the wakefield analysis for single cell
and multi-cell rf-dipole cavities.

INTRODUCTION

In rf cavities electromagnetic fields are excited by the
charged particle beam traversing through the cavity, which
then may affect the dynamics of the beam itself. A bunch
on-axis can generate longitudinal wakes and a bunch at an
offset may generate transverse wakefields [1].
Longitudinal wakefields can cause power losses in the
cavity and increase in energy spread in the beam. Similarly
transverse effects can amplify the effects leading to beam
instabilities.

The wakefield effects can be characterised into wake
potentials and wake impedances. These excited wakefields
then can be related to the higher order modes (HOMs)
present in the cavity.

Wake potential is defined as the change of momentum in
a charge particle following a bunch with charge Oy at a
distance s. The longitudinal wake potential is calculated by
integrating the longitudinal electric fields as
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and the transverse wake potential is given by
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The transverse wakefield is calculated with the integrated
the wake potential at an offset from the beam axis and
using the Panofsky-Wenzel theorem [2] as shown in Eq.
3).
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Wakefield impedance in frequency domain is derived by
applying the Fourier transformation on wake potentials.

Z(w) = T W (t)exp(—ier)dr 4)

The wake potentials are generated for a Gaussian form
of bunch charge distribution (Q(s)) given in Eq. (5) with
bunch length (o,) and charge per bunch (QOv).

O(s) = 0, A(s) = ﬁa exp[ > j (5)
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The frequency spectrum of the
distribution is specified as
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gives the frequency range of which wake potentials are
evaluated. The loss factor for the longitudinal wakes are
determined by
= _J' w.(

Similarly the kick factor for transverse wakefields are
defined as

Gaussian charge

/1(5) ds. @)

T 5) A(s)ds (8)
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where 7y is the offset from beam axis at which wake
potentials are evaluated.

This paper presents the wakefields analysis for the two
rf-dipole crabbing cavities of 400 MHz for LHC High
Luminosity Upgrade and 952.6 MHz cavity for Jefferson
Lab Electron-Ion Collider.

400 MHz CRABBING CAVITY
z
VHOM Hh'-:gor:\-/l

probe filter

Figure 1: 400 MHz rf-dipole crabbing cavity.

The 400 MHz rf-dipole crabbing cavity shown in Fig. 1
is one of the two crabbing cavities designed for LHC High
Luminosity Upgrade [3]. The crabbing cavity is expected
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PREPARATION FOR CAVITY MATERIAL STUDIES AT THE VERTICAL
HIGH-TEMPERATURE UHV-FURNACE OF THE S-DALINAC*

R. Grewe', L. Alff, J. Conrad, T. Kiirzeder, M. Major, N. Pietralla,
Technische Universitiat Darmstadt, Darmstadt, Germany
F. Hug, Johannes Gutenberg-Universitdt Mainz, Mainz Germany

Abstract

Since 2005 the Institute for Nuclear Physics at the Techni-
sche Universitit Darmstadt operates a high temperature vac-
uum furnace. It is designed to reach temperatures of up to
1800°C. It has been used for baking out several niobium
superconducting rf cavities at 850°C with proven success.
Current research for improving the performance of supercon-
ducting rf cavities is focused on nitrogen treatment of such
cavities. Nitrogen doping of srf cavtities results in an up to
four times higher quality-factor as compared to untreated cav-
ities. At higher temperatures between 1300°C and 1700°C
the 0-phase of NbN forms, which is highly interesting for
applications to superconducting accelerator technology. The
UHV-furnace at the S-DALINAC offers the possibility to
treat niobium samples at considerably higher temperatures
than what has been done up to now in order to study the
effect of delta-phase NbN and N-doping on superconducting
properties. The furnace has been refurbished and recommis-
sioned to realize research on nitrogen treatment of niobium
samples.

INTRODUCTION

The UHV-Furnace at the S-DALINAC [1] was built at the
University of Wuppertal in 1983 [2] and moved to Techni-
sche Universitit Darmstadt in the year 2002. It was designed
for temperatures of up to 1800°C with vacuum pressures
lower then 107® mbar. Since 2005 it has been used for hydro-
gen bakeout of several superconducting niobium cavities at
850°C with proven success [3]. Due to technical constraints
the temperature was limited to 850°C. Beginning in 2015 the
furnace has been upgraded and recommissioned to operate
at temperatures of up to 1800°C again [4].

Research on doping of niobium cavities with nitrogen at
temperatures of 850°C results in a up to 4 times higher qual-
ity factor compared to untreated cavities [5]. At even higher
temperatures in the range between 1300°C and 1700°C the
o-phase of NbN forms [6]. The ¢-phase is highly interesting
for superconducting accelerator technology applications.

In 2016 the furnace was further upgraded to allow nitro-
gen treatments of niobium samples and cavities at tempera-
tures of up to 1800°C. The following sections introduce the
furnace and the upgrades made.

* Work supported by the Federal Ministry of Education and Research
through grant No. 0SHISRDRBA.
T rgrewe @ikp.tu-darmstadt.de

3 Technology
3A Superconducting RF

UHV-FURNACE

The cross-section in Fig. 1 illustrates the main parts of the
furnace [7]. The inner part of the uhv-furnace is a hot-pot
made of niobium. The niobium samples or srf cavities are
held by a niobium support system, which is mounted at the
top of the furnace. Heat-shields made from ten layers of
niobium sheets around the hot-pot minimize the radiation
heat flow from inside the furnace to the outer water cooled
casing.
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inner UHV

vacuum system

o <10° mbar
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water cooling ——— |
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Figure 1: Schematic drawing of the UHV-Furnace. The
inner hot-pot vacuum vessel is shown in blue, the insulating
vacuum in red.

i(

The furnace has two vacuum systems, an outer insulating
vacuum and a separate hot-pot vacuum to reduce contami-
nation of niobium samples or cavities, as indicated in Fig. 1
with pressures below 10~ mbar. A turbomolecular pump
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FABRICATION OF SUPERCONDUCTING SPOKE CAVITY
FOR COMPACT PHOTON SOURCE

M. Sawamura®, R. Hajima, QST, National Institutes for Quantum and Radiological Science and
Technology, Tokai, Ibaraki, Japan
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Abstract

We are developing electron beam drivers used for laser
Compton scattered (LCS) photon sources. For realizing a
wide use of LCS X-ray and y-ray sources in academic and
industrial applications, we adopt the superconducting
spoke cavity to electron beam drivers. The spoke cavity
has advantages such as relative compactness in
comparison with an elliptical cavity of the same
frequency, robustness with respect to manufacturing
inaccuracy due to its strong cell-to-cell coupling, the
better packing in a linac to install couplers on outer
conductor. On the other hand the spoke cavity has
disadvantage of more complicated structure than an
elliptical cavity. Though our proposal design for the
photon source consists of the 325 MHz spoke cavities in
4K operation, we have begun to fabricate the half scale
model of 650 MHz spoke cavity in order to accumulate
our cavity production experience by effective utilization
of our limited resources. We fabricated the die set,
performed press forming test and measured the formed
shape. In this paper, we present our fabrication status.

INTRODUCTION

We are developing laser Compton scattering (LCS) X-
ray and gamma-ray sources combined with an energy-
recovery linac (ERL) and a laser. The LCS X/y-ray source
is expected for application of non-destructive assay
system of nuclear materials with nuclear resonance
fluorescence [1], analysis of nano-structure, drug
development, medical diagnostics, and so on. We are
developing the superconducting spoke cavity for LCS
photon sources [2]. Spoke cavities have many advantages
such as shortening the distance between cavities, small
frequency detune due to micro-phonics and easy
adjustment of field distribution for strong cell coupling.
We have optimized the cavity shape with genetic
algorithm [3], fabricated the die set for the half-spoke on
the basis of die design simulation and started press
forming test.

The spoke cavity for the compact X-ray source was
originally designed at 325 MHz, which can be operated at
4 K. We have, however, recently changed our R&D plan
to fabricate a 650 MHz cavity prior to 325 MHz one. This
is because a 650 MHz cavity can be fabricated almost "in-
house" at the KEK machine shop and suitable for
accumulating our cavity production experience within

*sawamura.masaru@qst.go.jp
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limited resources. Once we learn the design and
production process of spoke cavities at 650 MHz, we can
easily apply our expertise to production of spoke cavities
with difference frequencies.

FABRICATION OF DIE SET

Press forming process consists of three steps such as
moving the inner punch, moving the center die and the
inner punch together, and moving the outer punch. To
realize these steps in a sequence of one slide action the
press machine requires a die cushion to control the die
center motion and the die set requires a spring functioning
component such as a gas spring to control the inner punch
motion by the load.

We planned at the beginning to use the press machine
of AMADA SDE1522 in KEK, which specifications are
shown in Table 1. The die height of the press machine
was not enough to mount the die set of half size of
original 325MHz-design die set, we have redesigned the
die set by changing the type and number of the gas
springs and reducing the thickness of the die set as thin as
possible. Though the press machine changed to AIDA
NCI1-15 due to operator’s schedule, this machine has
similar specifications to AMADA SDE1522.

The components of the die set which contact with the
sheet metals are made of extra super duralumin of A7075
or ANP79. The other components of the die set which
support the whole structure are made of SS400. The
assembled die set mounted to the press machine is shown
in Figure 1.

o

Figure 1: Assembled die set was mounted to press

machine.
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STUDY ON MULTILAYER THIN FILM COATING ON
SUPERCONDUCTING CAVITY
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H. Hayano, T. Kubo, T. Saeki (KEK/SOKENDALI, Ibaraki),
M. Hino (Kyoto KURRI, Osaka),

H. Oikawa (Utsunomiya University, Utsunomiya)

Abstract

Multilayer thin film coating to enhance performance of
superconducting cavities is under investigation. We pro-
posed a method to deduce a set of the parameters to exhibit
good performances. In order to verify the scheme, charac-
teristic measurement setup using the third order harmonic
detection method for superconducting thin foil is under
preparation.

INTRODUCTION

Multilayer thin film coating is a promising technology to
enhance performance of superconducting cavities (see
Fig.1). Figure 1 shows the simplest case of two layers of
an insulator and a superconductor. The magnetic field By
applied from the left vacuum space is partially shielded by
the first superconducting thin layer denoted by SC1, where
SC1 would have higher Bcl than SC2 (assumed as Nb in
the paper) such as NbN or Nb3Sn. Then the magnetic field
level felt by the bulk part can be less than By, hence the By
can be higher than Bcl of SC2. Until recently, principal
parameters to achieve the sufficient performance had not
been known, such as the thickness of each layer [1]. Ref-
erence. 1, however, derived the enhancement factor of the
amplitude of the applicable magnetic field as a function of
the thicknesses of the insulator and the superconductor lay-
ers assuming the characteristics of the superconductor lay-
ers. Using the theory, the optimum thickness set of the lay-
ers can be found.

In order to verify the scheme, we are trying to make Bcl
measurements of thin film coatings at Kyoto University.
The third order harmonic detection seems a first choice for
that purpose [2,3].

EXPERIMENTAL SETUP

A coil located on a superconducting sample generates
magnetic field (see Fig.2). The magnetic field more than
the critical field Bel causes penetration of flux into the su-
perconducting material. By detecting a third order har-
monic voltage component in the electromotive force of the
coil that is driven by AC current source, the Bcl will be
evaluated. While an external DC field could optionally be
applied, it also was not adopted in our case as the same as
Ref. 3. At the temperature just below the critical tempera-
ture, the flux penetration starts at the less magnetic field
(see Fig.3)

A rough sketch of the cryogenic stage is shown in Fig.
4. A sample plate is put between the two Cu plates,
where the top plate has an exciting coil at the center. The
two plates clamp the sample with three coil springs to
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Figure 1: The multilayer thin film coating on supercon-
ducting bulk surface. The simplest case of two layers of an
insulator and a superconductor is shown. The solid line
shows the RF magnetic field amplitude as a function of the
coordinate along the axis normal to the surface (see Ref. 1).
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Figure 2: Superconducting material does not allow for a
magnetic flux to penetrate when the magnetic field B is less
than the critical field Bel.
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Figure 3: Temperature dependence of a critical field.
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CAVITIES AFTER VERTICAL EP USING NINJA CATHODES
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Abstract

A 1.3 GHz single-cell niobium (Nb) coupon cavity was
vertically electropolished (VEPed) with three different
Ninja cathodes which were specially designed for VEP of
1.3 GHz superconducting RF elliptical (ILC/Tesla type)
cavities. The cathodes were fabricated to have different
surface areas and different distances between cathode
surface and the equator. The Ninja cathode prepared with
an enhanced cathode surface area was covered with a
meshed shield to avoid bubble attack on the surface of the
cavity cell. It has been turned out that the anode-cathode
distance and the cathode area affect surface morphology
of the equator. A smooth equator surface was obtained in
the cases in which the cathode surface was geometrically
close to the equator or instead the cathode surface area
was sufficiently larger. Two 1.3 GHz ILC/Tesla type
single-cell cavities VEPed with the Ninja cathodes and
using optimized conditions showed good performance in
vertical tests.

INTRODUCTION

Electropolishing (EP) is a promising technique for final
surface treatment of niobium (Nb) accelerating cavities.
In order to prepare 17,000 cavities for the proposed ILC
project a simple and inexpensive EP system is required.
EP of a cavity with vertical EP (VEP) technique can be
carried out with a simple and less expensive setup as well
as at a higher EP rate in comparison to horizontal EP
technique. However non-uniform removal of Nb, bubble
traces and non-uniform surface roughness are the serious
issues in VEP. We are making our effort for the last few
years to solve these issues. In our study accumulation of
H, bubbles on Nb surface was found the main cause of
asymmetric removal [1]. We could successfully mini-
mized asymmetric removal in 1-cell cavity and obtain
smooth surface of a cavity with our unique i-Ninja cath-
ode [2,3]. Here we report VEP of 1.3 GHz ILC/Tesla type
Nb single-cell coupon cavity with three different types of
Ninja cathodes which maintain different distances from
Nb surface in a cavity cell and contain different surface
areas. Vertical test (VT) results are shown for two verti-
cally elecropolished (VEPed) 1.3 GHz ILC/Tesla type
single-cell cavities.

NINJA CATHODES AND CAVITIES

Three types of Ninja cathodes, namely Ninja cathode 1,
2 and 3, were prepared. The Ninja cathode-1 consisted of

T vchouhan@e-marui.jp
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4 insulating wings while the Ninja cathode-2 was de-
signed with 4 partial metallic wings acted as a cathode
and remain near equator surface. The Ninja cathode-3
developed recently contained insulating wings like Ninja
cathode-1 whereas a surface area of the cathode was in-
tentionally kept larger compared to the Ninja cathode-1
and 2 both. Moreover the cathode-3 was covered with a
meshed shield so as to guide the H, gas bubbles along the
cathode in upward direction. Schematics of the Ninja

cathodes are shown in Fig. 1.
(2) (b)
Side |
View
Cathode

Top ’

View

(c)
Side ‘
View

g
Higp

Top
View

Figure 1: (a) Ninja cathode-1, (b) Ninja Cathode-2 (c)
Ninja Cathode-3 and (d) A Ninja cathode in a cavity cell.

A coupon cavity having 6 coupons at its different posi-
tions [1,3] was used for VEP experiments to obtain ade-
quate VEP parameters. Other two 1-cell cavities NR1-2
and C1-19, which belong to Cornell University and CEA-
Saclay, respectively, were also VEPed using the Ninja
cathodes and our adequate VEP parameters. A VEP sys-
tem used for VEP of the coupon cavity and the C1-19
cavity was detailed elsewhere [3]. The NR1-2 cavity was
VEPed with a VEP setup at Cornell University.

RESULTS AND DISCUSSION

Polarization Curves

In order to compare effect of the Ninja cathodes polari-
zation curves were obtained for the coupons and cavity
while the cathodes were rotated at a speed of 50 rpm. The
speed was chosen based on the previous VEP experiments
as found effective to reduce asymmetric removal of Nb
along the cavity length [2,3].
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FABRICATION OF 9 CELL COUPON CAVITY FOR VERTICAL
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Abstract

We have been using single cell coupon cavities to es-
tablish vertical electropolishing (VEP) process for a cou-
ple of years. A series of in-situ measurements of an EP
current at an individual coupon in a coupon cavity can
help determination of appropriate EP conditions. VEPed
coupons which are surface analysed with XPS, SEM and
the other tools can also bring lot information and exper-
tise to development of VEP cathode and optimization of
VEP conditions. This time we fabricated the world’s first
9-cell coupon cavity where 3 sample coupons at the equa-
tors and 6 sample coupons at positions close to the irises
can be installed. VEP of this coupon cavity with a newly
developed Ninja cathode brought useful information for
improvement of the VEP facility and optimization of the
VEP conditions.

INTRODUCTION

Needless to describe, it is quite obvious that inner sur-
face quality of a SRF cavity fatefully decides the cavity
performance. Therefore deep investigation of the hidden
inner surface using surface analytical tools is mandatory
to develop good cavities or good surface treatment. For
this purpose, so called a coupon cavity is a very strong
tool. Surface analysis of coupons brings us reduction of
research and development cost and time because the sur-
face analysis helps failure cause investigation very well.
In case of electropolishing (EP), in-situ measurements of
EP current at each coupon can be carried out and help
determination of appropriate EP conditions. We fabricated
4 single cell coupon cavities up to now and proved these
ideas for different projects [1-5] while one is being used
in DESY for centrifugal barrel polishing [6]. In this re-
port, fabrication of the world’s first 9-cell coupon cavity
for improvement of VEP will be mainly described.

DISMANTLING OF 9-CELL CAVITY

A 9-cell coupon cavity was designed in order that each
set of three sample coupons is installed to the 1st, 5th and
9th cell as shown in Fig.1. In a VEP process, these three
cells correspond to the top, centre and bottom cells, re-
spectively. For the 9-cell coupon cavity, a vertical tested
1.3 GHz Nb 9-cell SRF cavity was reused. First, the end
plates and the magnetic shields were removed with both a
turning machine and an electrical discharge machine
(EDM) (Fig. 2). Then using the EDM, the cavity was
precisely dismantled into five components, that is, a) the
Ist cell including the end group with the short beam pipe,
T shigeki.kato@kek.jp
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b) the 2nd, 3rd, 4th cells, ¢) the centre cell, d) the 6th, 7th,
8th cells and e) the 9th cell including the end group with
the long beam pipe as shown in Fig.1. The stiffener rings
at the cut positions were removed in advance. The dis-
mantlement was needed otherwise it was impossible to
make holes for coupons and to weld support legs on the
cavity with electron beam welding (EBW).

lines, blue circles and green circles show the cut positions
and the coupon positions at the 1%, 5" and 9™ cells, re-

spectively.

Figure 2: Removal of the end plate with an EDM.

SAMPLE COUPON HOLES

For the 9-cell coupon cavity, the same size of coupons
that have an analysis diameter of 8 mm and have been
being used for 1-cell coupon cavities in KEK for a couple
of years was adopted, considering its compatibility.

»
Figure 3: Coupon holes and the support legs for the equa-
tor position (left) and the position close to the iris (right).

-

Totally 9 holes for sample coupons were prepared at
three positions of the equators and at the two symmetrical
positions close to the irises (Fig.3 and 4). The equator
holes to which the coupons with Viton O-rings fit in order
to electrically insulate the coupons and to seal EP solution
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Abstract

Marui Galvanizing Co., Ltd. has been improving
Vertical Electro-Polishing (VEP) technologies and
facilities for Nb 9-cell superconducting accelerator
cavities for International Linear Collider (ILC) in
collaboration with KEK. This time, we developed new
type Ninja cathode in order to improve VEP uniformity of
Nb 9-cell cavity inner surface based on the results of 1-
cell cavity VEP experiments. In this article, we will report
construction of new type "Ninja" cathode for a Nb 9-cell
cavity and the experiment of VEP using this.

INTRODUCTION

Marui Galvanizing Co., Ltd. has been improving
Vertical Electro-Polishing (VEP) technologies and
facilities for Nb SRF cavities in collaboration with KEK.
So far, we developed our original cathode “i-cathode
Ninja” (Ninja), low cost and high durability VEP facilities
made by PVC and performed VEP experiments for
parameter optimization [1] - [6].

Regarding 9-cell cavity VEP, we had a problem that the
cavity surface temperature during VEP became over 30
degrees C (it is said that the optimized temperature for Nb
electro-polishing (EP) is around 20 — 25 °C). To solve this
problem, we developed an EP solution cooling system and
a cavity water cooling system and added them to our VEP
facility. Then the cavity surface temperature during VEP
was able to be kept around 20 — 25 °C successfully [6].
The polished surface looked like improved, however the
removal thickness distribution was not improved.

This time, in order to improve removal thickness
distribution and polished surface state, we developed new
type Ninja cathode and performed a VEP experiment
using this Ninja and a 9-cell coupon cavity.

IMPROVEMENT OF NINJA CATHODE

To improve uniformity of cavity removal thickness
distribution and polished surface state, Ninja cathode was
improved in several points. First, wings were made with
insulating material and the Ninja cathode was covered
with mesh sheet to prevent babble diffusion. Second,
cathode surface area inside the mesh sheets was enhanced
to perform good, uniform EP of whole cavity inner
surface. And additional point, the wing number per cell
was decreased from 4 to 3 for the purpose of easy
fabrication and use in VEP.

Regarding first and second points, we performed 1-cell
cavity VEP experiments using the same concept Ninja

#keisuke nii@e-maui.jp
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cathode. Then good, uniform inner surface state and
uniform removal thickness distribution were achieved [7].
This time, preparing the same concept Ninja cathode for a
9-cell cavity, we performed a VEP experiment. Figure 1
shows the schematic view of Ninja cathode.

cathode Ninja

Insulating wings
3 wings per cell
Side view T

l Increased Al area ‘ ‘ Mesh sheet on Al part ‘

Figure 1: Schematic view of Ninja cathode.

9-CELL COUPON CAVITY

In order to optimize VEP parameters, a 9-cell coupon
cavity was fabricated newly [8]. In this cavity, Nb
coupons are set on equator positions of Ist, Sth and 9th
cell. View ports with Nb coupon are set near iris of Ist,
5th and 9th cell. Figure 2 shows the photo of a 9-cell
coupon cavity. These Nb coupons are separated
electrically from cavity, so EP current can be measured
for individual coupon. And after VEP, coupons can be
removed for surface analysis.

I

Figure 2: Photos of a 9-cell coupon cavity (upper), coupon
holders and view ports near iris (lower left), a coupon
holder near equator (lower right).

VEP EXPERIMENT

We performed a VEP experiment using new type Ninja
cathode and a 9-cell coupon cavity. Table 1 shows the
conditions of this VEP experiment. This condition follows
the best condition of 1-cell cavity VEP. And Figure 3
shows the VEP setup of this experiment. Top PVC part
was put into negative pressure for bubble removal.
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Abstract

A 325MHz =0.30 balloon variant of single spoke res-
onator, which was proposed to suppress multipacting
around operational gradient, was chosen as the prototype
cavity of SSR1 for Rare Isotope Science Project (RISP).
It was also demonstrated to achieve good RF and mechan-
ical properties by geometry optimization for both cavity
and helium jacket. The details of RISP SSR1 design will
be reported in this paper, accompanying with some par-
ticular considerations of fabrication for this new member
to the spoke family.

INTRODUCTION

RISP has been proposed as a multi-purpose accelerator
facility at the Institute for Basic Science (IBS), Korea, for
research in atomic and nuclear physics, material science,
bio and medical science, etc. It can provide various ener-
gy beams of exotic rare isotopes up to uranium. [1] The
facility consists of three independently phased supercon-
ducting linacs. The high energy section SCL2 of the driv-
er linac uses two types of 325MHz single spoke resona-
tors with geometry  at 0.30 and 0.51. It accepts beam at
an injection energy of 18.5MeV/u and accelerates to
200MeV/u for uranium.

A prototype cavity of the lower B single spoke resona-
tor SSR1 has been designed at TRIUMF under collabora-
tion with IBS, and is being fabricated at PAVAC. The
cavity, shown in Figure 1, is termed the balloon variant
due to the conformal shape of the outer conductor that
obviates the need for a central spool. The balloon variant
is proposed to suppress multipacting in the accelerating
gradient range of several MV/m by pushing the secondary
electron trajectories to the unstable resonance regime. [2]
It also provides a more inherently robust mechanical
structure.

Figure 1: Cross sections of bare cavity (left) and jacketed
cavity (right) of RISP SSR1.

SSR1 is designed to operate in continuous wave (CW)
mode at 2K with thepeak electric field limited by specifi-
cation to <35MV/m to reduce the likelihood of field emis-
sion. The design specifications are listed in Table 1.

* Work supported by RISP-TRIUMF Collaboration
T zyyao@triumf.ca
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Table 1: Design Specifications of RISP SSR1.

Parameters Value
Operating frequency 325 MHz
Geometry 0.30
Operating temperature 2K

Qo >5x10°
Epeak 35 MV/m
Ve >2.5 MV
df/dp <10 Hz/mbar
Frequency tuning range +100 Hz
Qext 8x10°
RF bandwidth 40 Hz
Beam aperture 50 mm
Pressure envelop at 300K 2 bar
Pressure envelop at 2K Sbar

RF DESIGN

The operational Ejc is limited at 35MV/m as per spec-
ification, to avoid field emission and provide stable opera-
tion. Minimizing Ejcak/Eacc 1s @ main goal of the RF design
to achieve higher cavity gradient and energy gain for the
beam.

Figure 2: Electric (left) and magnetic (right) field distri-
bution of SSR1.

Geometry Optimization

The major difference of the balloon SSR1 to the con-
ventional spoke resonators is the shape of outer conduc-
tor. It is proposed for multipacting suppression, which is
mostly effective on the minimum electric field regions.
On the other hand, these areas do not affect cavity RF
parameters so much as that of the spoke bar. The geome-
try optimization is similar to conventional spoke designs.
The optimization around the beam aperture region is to
minimize Epca, while that around the spoke base is to
minimize Bpeak. Geometry factor and R/Q are dependent
on the ratio of the inner and outer conductor’s dimen-
sions. An elliptical spoke base is chosen to make uniform
the magnetic field distribution around the perimeter,
which narrows the width of the lowest order multipacting
barrier. [2] It decreases the peak magnetic field as well.

3 Technology
3A Superconducting RF
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CAVITY PROCESSING AND PREPARATION OF 650 MHz ELLIPTICAL
CELL CAVITIES FOR PIP-II*

A. M. Rowe', S. Chandrasekaran, A. Grassellino, O. Melnychuk, M. Merio, D. Sergatskov
Fermi National Accelerator Laboratory, Batavia, IL, USA
T. Reid, Argonne National Laboratory, Lemont, IL, USA

Abstract

The PIP-II project at Fermilab requires fifteen 650 MHz
SRF cryomodules as part of the 800 MeV LINAC that will
provide a high intensity proton beam to the Fermilab neu-
trino program. A total of fifty-seven high-performance
SRF cavities will populate the cryomodules and will oper-
ate in both pulsed and continuous wave modes. These cav-
ities will be processed and prepared for performance test-
ing utilizing adapted cavity processing infrastructure al-
ready in place at Fermilab and Argonne. The processing
recipes implemented for these structures will incorporate
state-of-the art processing and cleaning techniques devel-
oped for 1.3 GHz SRF cavities for the ILC, XFEL, and
LCLS-II projects. This paper describes the details of the
processing recipes and associated chemistry, heat treat-
ment, and cleanroom processes at the Fermilab and Ar-
gonne cavity processing facilities. This paper also presents
single and multi-cell cavity test results with quality factors
above 5E10 and accelerating gradients above 30 MV/m.

INTRODUCTION

The Fermilab and Argonne SRF cavity processing and
testing infrastructure is well-suited to provide superior RF
performance for PIP-II R&D and production cavities of all
types from the 62.5 MHz half-wave and 325 MHz single
spoke to 650 MHz multi-cell elliptical cavities. In partic-
ular, the elliptical cavity processing infrastructure origi-
nally developed for 1.3 GHz cavities was easily adapted to
650 MHz elliptical cavities. Combining the flexible infra-
structure with the experience gained processing and testing
1.3 GHz elliptical cavities for the various R&D programs
and LCLS-II, resulted in cavity performance results in sin-
gle and multi-cell 650 MHz elliptical cavities comparable
to typical high QO and high gradient 1.3 GHz cavities but
without the long R&D path.

This paper describes the major processing details devel-
oped for PIP-II 650 MHz elliptical cell cavities at the Fer-
milab and Argonne facilities. Electropolishing, heat treat-
ment, cleanroom processing, and vertical test data are pre-
sented that demonstrate performance well above the re-
quired operating gradient E,.c = 17.7 MV/m and quality
factor > 2.0 E10 at 2 °K for 650 MHz cavities.

* Work supported by United States Department of Energy under contract
DE-AC02-07CH11359
T arowe@fnal.gov

3 Technology
3A Superconducting RF

ELECTROPOLISHING
Low-Beta EP Tool Adaptation

A second electropolishing (EP) system was commis-
sioned at Argonne in 2011 for the processing of low fre-
quency (72.75 MHz) quarter wave resonators (QWRs) for
the ATLAS Intensity Upgrade (AIU) project [1]. Initially
built for co-axial low-beta cavities, the tool was based on
previous experience with the horizontal processing of 1.3
GHz elliptical cavities for the ILC R&D program which
made for a natural transition to larger elliptical cavities,
specifically 650 MHz single and five-cell cavities as seen
in Figure 1 [2]. Due to the large radius of the 650 MHz cell,
consideration was given to the cathode design. A fluted
1100 series aluminum cathode donut was implemented to
increase the overall cathode surface area for better elec-
tropolishing in the equator region of the cavity. These cath-
ode donuts are clam-shelled to the 1100 series aluminum
cathode at the center of each cell.

O TE— ]
(4 3 -4

Figure 1: 650 MHz five-cell cavity EP with water cooling.

External Water Cooling

The addition of external water cooling improves process
control and stability and minimizes temperature gradients
across the cavity that result in non-uniform material re-
moval. A 10 kW chiller is used to spray water through up
to thirteen independently controlled spray heads made
from standard machine coolant hoses. The total flow rate
is up to 40 1/min for five-cell cavities. Each cooling line
has its own throttle valve that allows for in-situ changes to
the amount of cooling water flow needed at individual
beam tubes, irises, and equators. Shields made of polycar-
bonate minimize splashing and protect the rotary bearings.
A stainless steel drip tray underneath the cavity directs the
water where it is pumped back to the chiller.
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ADVANCED VERTICAL ELECTRO-POLISHING STUDIES AT CORNELL
WITH FARADAY*

F. Furuta, M. Ge, T. Gruber, J. Kaufman, M. Liepe J. Sears, ,
CLASSE, Cornell University, Ithaca, New York, USA
T. Hall, M. Inman, S. Snyder, E. J. Taylor, Faraday Technology, Inc., Clayton, Ohio, USA

Abstract

Cornell’s SRF group and Faraday Technology, Inc.
have started collaborations on two phase-II SBIR pro-
jects. Both projects are aiming for the development of
advanced Vertical Electro-Polishing (VEP) for Nb SRF
cavities, such as HF free or acid free VEP protocols.
These could be eco-friendlier alternatives for the stand-
ard, HF-based EP electrolyte used, and could bring new
breakthrough performance for Nb SRF cavities. Here we
give a status update and report first results from these two
projects.

INTRODUCTION

Electro-Polishing (EP), especially Horizontal EP, is ap-
plied on niobium SRF cavities in many projects as a high-
performance surface treatment procedure. As an alterna-
tive, Cornell’s SRF group has led the development of
Vertical Electro-Polishing (VEP) which requires a much
simpler setup and is less expensive compared with the
conventional Horizontal EP [1]. Both, Horizontal and
Vertical EP are currently done with hydrofluoric (HF)
acid based electrolyte, which is the mixed acid of sul-
phuric acid and hydrofluoric acid in 9~10:1 ratio in
weight. As the SRF projects become bigger, the impact of
large usage of hazardous HF based acid on niobium cavi-
ties for the environment becomes not negligible. There-
fore, R&Ds on a less hazardous or more eco-friendly
niobium surface process has been performed and has
made good progress [2, 3]. As part of recent progress on
this eco-friendlier advanced EP work, Faraday Technolo-
gy, Inc. and Fermi National Laboratory (FNAL) demon-
strated a high gradient of 44MV/m with 1.3GHz TESLA
single cell cavity, which was processed by Pulse for-
ward/pulse reverse EP (Bipolar-EP) with HF free electro-
lyte at Faraday Technology, Inc. [4]. RF test was per-
formed by FNAL [5]. The collaboration of Faraday Tech-
nology, Inc. and FNAL was supported by funds from the
American Recovery and Reinvestment Act (ARRA). For
further R&D on advanced EP, now Cornell’s SRF group
and Faraday Technology, Inc. have started collaborations
on Bipolar-EP with HF free/acid free electrolyte. Thise
collaboration is supported by the Department of Energy’s
(DOE) phase-II Small Business Innovation Research
(SBIR) program. In this paper, we report an status update
and present the plans for these projects in details.

* Work is supported by DOE awards DE-SC0011235 (1002) and DE-
SC001342 (1023).
T97@cornell.edu
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VEP SYSTEM AT CORNELL

Overview

Figure 1 shows a 1.3GHz TESLA shape single cell cav-
ity (left) and a 9-cell cavity (right) installed in Cornell
VEP system. The Cornell VEP system can process
1.3GHz single-/multi-cell cavities with up to 9-cells.
During the VEP process, the cavity has temperature con-
trolled water cooling on the cavity outside wall and EP
acid agitation (0~1Hz) by a paddle on a stirring tube,
which is shown in the middle of Fig. 1. A HF based EP
electrolyte is used, but no circulation is applied on the
electrolyte during the process. Figure 2 shows a typical
EP current profile during a single cell cavity VEP at Cor-
nell. EP voltage is fixed at 12V. The temperature of the
cavity outside wall is kept below 20degC.

Figure 1: Cornell’s VEP system.

NR1-2, EP Cornell cathode

— current [A] — voltage [V) —removal [um]

Current [A], Voltage [V]
removal [um]

%0 95 100 105 110 115 120 125 130
time [min.]

Figure 2: Typical EP current profile for a single cell VEP.
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FABRICATION AND TESTING OF A NOVEL S-BAND BACKWARD
TRAVELLING WAVE ACCELERATING STRUCTURE FOR PROTON
THERAPY LINACS

S. Benedetti?, T. Argyropoulos, C. Blanc Gutierrez, N. Catalan Lasheras, A. Degiovanni,
D. Esperante Pereira, M. Garlasche’, J. Giner Navarro, A. Grudiev, G. Mcmonagle,
A. Solodko, M. Timmins, R. Wegner, B. Woolley, W. Wuensch, CERN, Geneva, Switzerland

Abstract

Compact and more affordable, facilities for proton
therapy are now entering the market of commercial
medical accelerators. At CERN, a joint collaboration
between CLIC and TERA Foundation led to the design,
fabrication and testing of a high gradient accelerating
structure prototype, capable of halving the length of state-
of-art light ion therapy linacs. This paper focuses on the
mechanical design, fabrication and testing of a first
prototype. CLIC standardized bead-pull measurement
setup was used, leading to a quick and successful tuning of
the prototype. The high power tests will soon start in order
to prove that the structure can withstand a very high
accelerating gradient while suffering no more than 10
breakdown per pulse per meter (bpp/m), resulting in less
than one breakdown per treatment session.

INTRODUCTION

High gradient structures are limited mostly by
breakdown (BD) phenomena. CLIC proposed [1] a new
method to asses this limit, considering a Modified
Poynting Vector (S¢) instead of the maximum Surface
Electric Field. This theory was fully verified at high
frequency (12 and 30 GHz) by CLIC with many
experiments of structures designed for electron linacs. In
this structure, the theory is applied to structures designed
for particle velocities well below c. TERA Foundation
addressed the issue at 3 GHz, hinting that such theory
could still be valid at this lower frequency [2].

The test of this prototype, hereafter presented together
with the mechanical design and fabrication, is thus of key
importance in defining the upper limits in terms of
accelerating gradient of S-Band cavities, and in verifying
the S¢ model in the 3 GHz and the low phase velocity
regime.

MECHANICAL DESIGN

The mechanical design had to face a number of
challenges, from the required micron-precision tolerances,
to the slenderness of the inter-cell wall with respect to the
mass of the ‘nose’. The latter presents a critical geometrical
feature both for machining and for the bonding/brazing
steps. Inter-cell wall thickness remarkably affects the
accelerating efficiency of a cavity, so it has to be chosen
the minimum possible. A series of high-temperature creep
tests was thus carried out. More precisely, an experimental

# stefano.benedetti@cern.ch, also at EPFL, Lausanne, Switzerland
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campaign was performed to define the minimum septum
thickness that can withstand the creep-induced
deformation during the hydrogen bonding heat cycle (with
a maximum temperature of 1050 °C). A value of 2 mm was
eventually chosen for the septum thickness. A machining
test was also performed — with a prototype cell being
produced in order to validate the following series.
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Figure 1: Mechanical drawing of one disk.

Tuning of the structure is made by four dimple tuners per
RF cell (Fig.1 left). The number and size of the tuners was
determined by an RF sensitivity and tuning analysis. The
dimple tuners have a diameter of 10.5 mm, and wall
thickness of 1.6 mm. This last parameter has to allow
enough deformation of the cavity outer walls to produce a
tuning effect, but without rupture. A series of numerical
calculations and tests was also carried out on geometries
with different diameter/wall thickness ratio, in order to find
the best compromise between allowable tuning volume and
safety in terms of possible rupture of the copper wall.

A weakly coupled thermo-structural analysis on the full

structure was performed by importing the HFSS®
electromagnetic field distribution to the thermal and
structural packages of ANSYS® (Fig. 2).
The heat dissipation is limited by the peculiar RF design
[3], which has 16 coupling holes in each RF cell outer
region. As a result, the temperature distribution in the
structure is mainly driven by this thermal resistance. Four
cooling plates were designed. To prevent plastic
deformation, a maximum thermal load of 0.75 kW is
allowed, which corresponds to a duty cycle of about 0.075
107 at a maximum gradient 50 MV/m. Further
developments could consider a thicker septum, at the price
or reduced rf performance, in case a higher duty cycle is
required.
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DESIGN OF A 750 MHZ IH STRUCTURE FOR MEDICAL APPLICATIONS

S. Benedetti”, CERN, Geneva and EPFL, Lausanne, Switzerland
A. Grudiev, A. Latina, CERN, Geneva, Switzerland

Abstract

Low velocity particles are critical in every hadron
accelerator chain. While RFQs nicely cover the first
MeV/u range, providing both acceleration and bunching,
energies higher than few MeV/u require different
structures, depending on the specific application. In the
framework of the TULIP project [1], a 750 MHz IH
structure was designed, in order to cover the 5-10 MeV/u
range. The relatively high operating frequency and small
bore aperture radius led the choice towards TE mode
structures over more classic DTLs. Hereafter, the RF
regular cell and end cell optimization is presented. An
innovative solution to compensate dipole kicks is
discussed, together with the beam dynamics and the
matching with the 5 MeV 750 MHz CERN RFQ [2]. This
structure was  specifically designed for medical
applications with a duty cycle of about 1 %o, but can easily
adapted to duty cycles up to 5 %, typical of PET isotopes
production in hospitals.

INTRODUCTION

R&D developments in low beta linear accelerators
sparked in the last two decades. Alvarez drift tube linacs
(DTL) are usually the preferred solution after the RFQ for
pulsed operation. An alternative to DTLs are H-mode
linacs, operating in the TE ;o mode — inter-digital H (IH),
or in TEzj9p mode — cross-bar H (CH), as RFQs. Different
hybrid solutions — quasi-Alvarez DTL, H-mode linac with
PMQ focusing — were studied [3,4]. Ultimately, the choice
of the best accelerating structure depends on the
application. Medical linear accelerators are characterized
by pulsed, low current beam, and have thus a small
aperture radius. In addition, a high accelerating gradient is
desirable, in order to reduce the overall length of
accelerators that have as a final target medical rooms in
hospital. This set of parameters — small aperture and high
gradient — is unique amongst low beta accelerators, and
thus call for a specific design.

COMPARISON BETWEEN STRUCTURES

The 5 MeV 750 MHz CERN proton RFQ represented
the starting point of this study. From preliminary beam
dynamics considerations, it was decided to use accelerating
structures with 2.5 mm aperture radius. The operating
frequencies considered were 750 MHz, as the RFQ, and 3
GHz, as the high-beta accelerating structures already
designed [5]. The intermediate harmonics were not
considered.

# stefano.benedetti@cern.ch

ISBN 978-3-95450-169-4
240

RF regular cells with a simplified geometry were
optimized in terms of Shunt Impedance (ZTT), considering
both DTL and H-mode cavities at the two different
frequencies, when applicable (Fig. 1). The results obtained
clearly showed the advantage of IH-mode structures in the
5 to 20 MeV/u range. As we will discuss in the following
section, the optimization of IH structures is more complex
than the optimization of DTL cavities, for which the gap is
the most important parameter. As a result, a detailed cavity
optimization remarkably increased the ZTT of the 750
MHz IH solution considered (dark red curve in Fig. 1).

Linacs comparison [5 - 70 MeV range]

—&— DTL 750MHz
—&— |H 750MHz

--@--DTL 3GHz

ZTT [MQ/m)
=]

--@-~ IH 36Hz
-—8--CH3GHZ
- (L 3GHz

—&— IH 750MHz opt

Energy [Mev]

Figure 1: ZTT comparison between different RF cavities.

REGULAR CELL DESIGN

The optimization of TE cavities is more challenging with
respect to TM mode ones because of the current flowing in
the conductor walls. A DTL RF cell has its ZTT optimum
for a given gap, and for stem radius and drift tube thickness
the smallest possible. This is not, in absolute terms, the
case for IH cavities. For instance, a large stem radius is
beneficial because it reduces the Ohmic losses, but it also
affects the gap region electric field, thus reducing the ZTT.
A careful RF optimization was carried out in order to
maximize the ZTT, for a cell length of BA2 corresponding
to 2.5, 5 and 10 MeV.

134

Figure 2: Comparison between the 5 MeV 750 MHz RFQ
cell cross section and the IH one.
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STUDY AND DEVELOPMENT OF CW ROOM TEMPERATURE
REBUNCHER FOR SARAF ACCELERATOR
B. Kaizer*, L. Danon, Z. Horvitz, A. Perry, O. Mazor, J. Rodnizki, SNRC, Yavne, Israel
E. Dunin, E. Farber, A. Friedman, Ariel University, Israel
M. Di Giacomo, J-F. Leyge, M. Michel, P. Toussaint, GANIL/SPIRAL2, Caen, France

Abstract

The SARAF 176 MHz accelerator is designed to provide
CW proton/deuteron beams up to 5 mA current and
40 MeV accelerated ion energy. Phase I of SARAF (up to
4-5 MeV) has been installed, commissioned, and is
available for experimental work. Phase II of SARAF is
currently in the planning stage and will contain larger
MEBT with three rebunchers and four cryomodules, each
consisting of SC HWRs and solenoids. Phase Il MEBT line
is designed to follow a 1.3 MeV/u RFQ, is 4.5 m long, and
contains three 176 MHz rebunchers providing a field
integral of 105 kV. Different rebuncher configurations have
been studied in order to minimize the RF losses and
maximize the shunt impedance. Different apertures have
also been tested with a required of 40 mm diameter by
beam dynamics. The simulations were done using CST
Microwave Studio. CEA leads the design for SARAF
phase II linac including the MEBT rebunchers and has
studied a mixed solid copper and Cu plated stainless steel,
3-gap cavity. SNRC is developing a 4-gap OFHC copper
rebuncher as a risk reduction. Both designs are presented
and discussed in the paper.

REBUNCHER REQUIREMENTS

Main requirements for the MEBT rebunchers are
reported in Table 1 [1].

Table 1: Rebuncher Requirements

Requirement value units
Frequency 176 MHz
CW Effective Voltage 105 kV
Pulsed Effective Voltage 160 kV
Drift tube aperture 40 mm
Flange to flange distance 280 mm
Optimal 0.053
REBUNCHER TYPE

In order to find the most suitable resonator type, a Cu-
plated stainless steel 3-gap split spoke geometry and
OFHC copper 4-gap cylindrical geometry rebuncher have
been studied. The basic structure of the 3-gap rebuncher
consists of an outer horizontal cylinder tank with 2 stems
which form three acceleration gaps (Fig. 1). The basic
structure of the 4-gap rebuncher consists of a vertical

* boazka@soreq.gov.il

ISBN 978-3-95450-169-4
244

cylinder, a fork and a bottom stem which form four
acceleration gaps (Fig. 2). For both structures different
apertures (30 and 40 mm) have been tested. The
rebunchers were designed for Bpeqm = 0.0528 which
corresponds to particle energy of 1.3 MeV/u.

Figure 2: The basic structure of the 4-gap rebuncher.

OPTIMIZATION STUDY

After completion of initial design of the cavity structure
for both 3-gap and 4-gap rebunchers, a thorough process of
optimization was performed. This optimization process
was done using parameter sweeps in CST Microwave
Studio [2] and included all the parameters of the resonator
structure. These parameters include among others: the
structure of the stems and the fork (shape, length and
radius), the structure of the drift tube rings (shape, length
and radius), the acceleration gap dimension, the outer tank
dimensions and the blending radius etc. The EM fields for
both structures optimized so that the beam receives the
specified energy gain within minimum RF fields,
Epk Bpk

Eacc ’ Eacc
impedance.

The optimization was derived for each set of sub
component parameters individually. Following each sub-
component study, the cavity height was adjusted to reach
the linac frequency (Outer Conductor Top Height in case
of a 4-gap type, and Outer Conductor Inner Radius in case
of a 3-gap type). This is due to the relative low sensitivity
of these parameters to the figure of merits under study,

, minimum RF losses and maximum shunt

2 Proton and Ion Accelerators and Applications

2A Proton Linac Projects



MOPLRO051

Proceedings of LINAC2016, East Lansing, MI, USA

SIMULATION OF GAS AND PLASMA CHARGE STRIPPERS*

0. S. Haas™, O. Boine-Frankenheim!
Institut fiir Theorie Elektromagnetischer Felder (TEMF), Technische Universitidt Darmstadt,
SchloBgartenstr. 8, 64289 Darmstadt, Germany
lalso at GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Beam Physics Department,
Planckstr. 1, 64291 Darmstadt, Germany

Abstract

Charge stripping of intense heavy ion beams is a major
challenge in current and future linear heavy ion accelerators.
Conventional stripping techniques are limited in their appli-
cability, e.g. solid carbon foils suffer from short lifetimes
at high intensities. One possible alternative is the use of a
plasma as a stripping medium, which the presented work
focuses on. The main goal of the studies is the prediction of
the final charge state distribution of the ion beam. Rate equa-
tions were implemented numerically, taking into account
different models for ionization, recombination and energy
loss processes. First quantitative results are presented in
form of an overview of the charge state distributions of dif-
ferent charge stripping media. For fixed projectile properties
and target phase, it is observed that the mean charge state
qo decreases for increasing nuclear charge Zr of the target.
Plasmas show significantly increased gg for the same Zr.
The width d of the charge state distributions is larger for
higher Zt. The latter is caused by multiple loss of the pro-
jectile and decreases the maximum stripping efficiency by
typically less than a factor of 2.

INTRODUCTION

Future facilities like the FAIR project at GSI (see Ref. [1])
require viable methods for charge stripping of intense
heavy ion beams at fairly low beam energies of 1 MeV/u
to 10 MeV/u. Typically 80 — 90% of the beam can be lost
in the charge stripping process due to a large fraction of the
beam being in unwanted charge states, thus warranting a the-
oretical study of charge state distribution widths of different
gases and plasmas.

PROBLEM FORMULATION

The analytical considerations in this section on the charge
state distribution of the projectile is based on Ref. [2]. The
evolution is given by the system of rate equations

dF, (1)
# = ; Fq/(t)aq/,q - Fq(t) ; Xq,q > (D

where Fy (¢) are the relative fractions of the charge state ¢,
and the a4 44, are the projectile charge changing rates. In
most cases charge changing processes are fast and energy
loss can be disregarded, then the charge state distribution
approaches an equilibrium with mean charge gq. First we

* Work supported by the BMBF as part project 05SP1SRDRBA.
 haas @temf.tu-darmstadt.de
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assume only single electron loss and capture processes and
an exponential dependence of the rates on the charge state

Ag,q+1 = Agq+1 exp(_bq,q+l(q - 610)) 2
Ag.q-1 = Ag.q-1 eXP(bq,q—l(q - 6]0)) , (3)

where by 441, by g-1, Ag.q+1 and A, ,_1 are positive con-
stants according to the respective charge changing process.
The equilibrium charge state distribution is in this case Gaus-
sian with the standard deviation

1
do= | ———— . @)
° bg.q+1 + bgq-1

Graphically in a semi-log plot of the rates the mean charge
qo is given by the intersection point, and the width dj by the
slopes. Numerically we solve the matrix of the rates ag, o
with a singular value decomposition for the equilibrium
charge states or integrate directly the rate equations with a
high-order adaptive Runge-Kutta scheme for a time resolved
evolution of the charge states.

As we will see later in the presented work at typical ener-
gies of 1 MeV/u to 10 MeV/u multiple loss cross sections can
be almost as large as the single charge changing processes,
but multiple electron capture is negligible. The multiple loss
rates are approximately given by are roughly given by

-1
Qg,qg+n = k(r)L Qg,g+1 » Q)

where 7 is a positive integer representing the n-electron loss
or capture process, and 0 < kg < 1.

The standard distribution width of the charge state distri-
bution including multiple loss rates is then given by

d = kdj ©)
=N _ 1/2
k {ZZ:T’“‘ n’ky”! 1} "

2 Zn:nmzlx nkal—l 2

n=1

@)

From this one can deduct that in case of large multiple loss
rates the inclusion of high 7 is required to get an accurate
value of d, e.g. if kg = 0.7 rates up to roughly np,x = 10
should be included.

For heavy ion projectiles it is reasonable to take the limit
nmax — oo for k, which enables us to derive a very simple
expression

R
kz[l—ko] . (®
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LEBT COMMISSIONING OF THE J-PARC LINAC

T. Shibata, K. Ikegami, Y. Liu, T. Maruta, F. Naito, A. Takagi, High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan
H. Asano, Y. Kondo, A. Miura, H. Oguri, K. Ohkoshi, Japan Atomic Energy Agency (JAEA),
Naka-gun, Tokai-mura, Japan

Abstract

After J-PARC Linac update for increase of beam energy
and current update in 2013 and 2014, sequences of beam
commissioning has been made for optimization of RFQ
transmission rate. The beam commissioning has been made
by iteration of scanning 6 adjustable parameters scan. In
the commissioning on January 2016, the highest current
ratio between LEBT and MEBT (up- and down-stream of
RFQ) up to 92.7 £ 3.3 % has been observed in the 40 mA
beam current operation. In addition, numerical analysis has
been made for H- beam transport in ion source and low
energy beam transport to clarify beam t characteristics.

INTRODUCTION

In J-PARC Linac, a series of upgrades has been done in
2013 and 2014 to increase negative hydrogen ion (H°)
beam energy and current. In the beam energy upgrade,
ACS (Annular-ring Coupled Structure Linac) is installed to
the Linac which increased the beam energy from 181 MeV
to 400 MeV [1]. The peak current upgrade in 2014 is made
by exchanging ion source (IS) from arc driven source with
LaBs (lanthanum hexaboride) filament to Radio Frequency
(RF) source which results in increase in the beam current
extracted from IS up to 45 mA in user operation (40 mA H-
current from Linac) [2]. Also, structure of RFQ (Radio
Frequency Quadrupole Linac) system is changed from Bolt
type to Brazed type with new beam design for higher beam
energy [3].

A sequences of beam commissioning in IS and LEBT
(Low Energy Beam Transport) parameters has been made
after J-PARC upgrade to keep high RFQ transmission rate.
In this proceedings, the commissioning in 40 mA operation
on Jan. 2016 is reported.

Ejection angle correction
Electromagnet (STM)

Chamber for 1500 L/s TMPs
Ceramics insulator

Solenoid
magnet 2

Grounded LEBT-SCT

Electrode

orifice
(15 mm ¢)

Port for 1500 L/s TMPs

lon Source (IS)

Figure 1: Schematic drawing of J-PARC ion source and LEBT.
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LEBT CONSTRUCTION

Figure 1 shows the schematic drawings of IS and LEBT
in the Front-End of J-PARC. In LEBT, two solenoid coils
are located around beam ducts in up- and down-streams of
LEBT chamber. The solenoid coils (SOL 1 and 2) has
double pancake 90 turns conducting wire with maximum
current 820 A to flow in application of 17 V from power
supply which produces Bmax = 1.1 T in axial direction
inside. At the exit of IS, steering electromagnets (STM) are
located for adjustment of ejecting angle from IS in vertical
and horizontal directions. The LEBT chamber is divided
into two region by orifice with aperture 15 mm ¢ in order
to decrease conductance of H, gas flowing from IS to RFQ.
The upstream part of LEBT chamber is pumped by a pair
of TMP of 1500 L/s, while the downstream part is
connected to Cryopump with pumping speed up to 2400
L/s. Installation of the orifice produces variation of H, gas
pressure between up- and down-streams in an amplitude of
order (~ 10* Pa and 103 Pa at up- and down-streams,
respectively).

BEAM COMMISIONING IN FRONT-END

In the beam commissioning, 6 adjustable parameters in
the followings are optimized for improvement of beam
transmission in RFQ;

* Extraction voltage : 9.5 — 10.2 kV

* Acceleration voltage : 41.5 —45.5 kV

¢ STM vertical & horizontal current : -10 — 10 A

e SOL 1 & 2 current : 490 — 820 A.

The H™ beam current is measured by SCT (split-core
current transformers) (1) in LEBT chamber just after the
orifice aperture and (2) in MEBT, at the exit of RFQ. In the
commissioning, ratio between current measured in (1) and
(2) are calculated. This ratio is not exactly the RFQ
transmission rate, but strong relation takes place between
these parameters. Error of this current ratio may take place
at time averaging of the SCT currents. The current
measurement is made at the very end part of beam pulse to
obtain steady state value. On the other hand, beam current
ramp-down (at the end of the beam pulse) takes place with
temporal fluctuation in range of a few usec. This leads to
inclusion of decreased current into the time averaging.
From careful investigation of the beam pulse waveforms,
error bar of the current ratio /vest/ILesT iS estimated to be
around + 3.3 % in the present case.

As there are 6 adjustable parameters, it is difficult to
make optimization in one scanning event. Instead,
scanning of each parameters are made repeatedly for a few
times in order to obtain iteration. Initially, scan for SOL 1
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OPERATING STATUS OF INJECTOR IT FOR C-ADS PROJECT

Liepeng Sun”, Longbo Shi, Xianbo Xu, Chenxing Li, Zhouli Zhang,
Wenbin Wang, Liang Lu, Aimin Shi, Yuan He, Hongwei Zhao
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

Abstract

The Radio Frequency Quadrupole system has been
designed and constructed for C-ADS (Chinese Accelerator
Driven System) Injector II in Institute of Modern Physics
(IMP), Chinese Academy of Sciences, which has been
running for more than one year until now. It is a
quadrilateral four-vane resonator with two equal couplers
operating in CW mode. In the paper, RF system upgrade
will be presented in detail, especially the two-port
configuration was introduced and the conditioning based
on two new sets of solid-state amplifier instead of the
original tetrodes power source due to system hardware
upgrade are described in the paper.

INTRODUCTION

Since 2011 Chinese Accelerator Driven System (C-
ADS) project has been developed in order to solve the
nuclear waste disposition and energy shortage crisis [1],
which carried out by two institutes from Chinese Academy
of Sciences. According to the arrangement of the project,
IMP (Institute of Modern Physics) would build a 25-
50 MeV demo facility named Injector II by the end of
2016. Injector II consists of Ion Source, LEBT (Low-
Energy Beam-Transport), RFQ, MEBT (Medium-Energy
Beam-Transport) and SC (Superconducting) section. And
as the first accelerator, a four-vane RFQ which accelerated
CW 10mA proton beam up to 2.1 MeV and with an
operating frequency of 162.5MHz in June 2014, whose
power source is traditional tetrode amplifier at the
beginning of operation. Now two 80kW solid-state
amplifier (SSA) as new power source instead of tetrode
one, and by the end of May, 2016, the conditioning had
been completed after RF system setting up. The RFQ
cavity is shown in Fig. 1.

Figure 1: The four-vane RFQ cavity with two couplers.

*sunlp@impcas.ac.cn
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NEW POWER SOURCE

According to the design for C-ADS, the failure time are
limit strictly by several hours in one year. And previous
tetrode amplifier has some problems, such as high sparking
risk in input/ output cavity, running pressure while high
intensity current due to no circulator and so on. However,
since the dissipated power in RFQ cavity is very high, the
SSA must be designed to output very high power in spite
of two couplers feeding power into resonator. Finally, two
new 80kW SSA were decided considering the power
margin and beam loading, which were developed by two
different manufacturers in order to verify the technologies
on high power combining.

New two power sources delivery the power to the cavity
other than old tetrode amplifier, which split the power into
two couplers from one power source.

According to the design of RFQ, new parameters of SSA
were decided and optimized, which is shown in Table 1,
and every module in it must stand the long-term full power
reflection and hot swapping (insertion and extraction
without ceasing electricity).

Table 1: Specifications of Solid-State Amplifier

Requirement Target value Comment
Nominal frequency 162.5MHz +1MHz
Pulsed mode
D 1 1009
uty eycle & possible.
Max. transmitted ROKW VSWR<I 5.
power
Max. refl Full
ax. re ecteq 10.5KW u‘ power‘
power in operation reflection possible.
Output noise <-60dBc Dummy load
H .
armonvlc <-30dBc Dummy load
suppression
Amplitude stability ~<21X10%/24h Close loop
Phase stability <£1X1073/24h Close loop
RF impedance 50 ohms All components
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PROGRESS AND OPERATION EXPERIENCES OF THE J-PARC LINAC
Kazuo Hasegawa*, for the J-PARC Linac group, J-PARC, JAEA/KEK, Tokai-mura, Japan

Abstract

The J-PARC linac started beam commissioning in 2006
and had delivered beam to users since 2008 at an energy
of 181 MeV. The linac with an energy of 400 MeV and
higher peak beam current of 50 mA was required to reach
the goal of the J-PARC project. We installed a new accel-
erating structure, Annular-ring Coupled Structure (ACS)
in 2013 for energy upgrade. The ion source and the Radio
Frequency Quadrupole linac (RFQ) were replaced to
increase the beam current in 2014. As a result of these, the
linac provides beams to demonstrate a 1-MW-equivalent
beam at the RCS and also beams for user programs at
higher beam power. The progress and operation experi-
ences of the J-PARC linac are presented.

INTRODUCTION

The J-PARC facility consists of a linac, a 3 GeV Rapid
Cycling Synchrotron (RCS), a 30 GeV Main Ring syn-
chrotron (MR) and three experimental facilities [1]. The
linac started beam commissioning in 2006. The present
linac consists of a negative hydrogen ion source, a 3 MeV
RFQ, a 50 MeV DTL (Drift Tube Linac), a 191 MeV
SDTL (Separated-type DTL) and a 400 MeV ACS (after
the upgrade) as shown in Fig. 1. RF frequencies are 324
MHz and 972 MHz for the low energy section (RFQ,
DTL and SDTL) and for the high energy section (ACS),
respectively. A proton beam from the RCS is injected to
the Materials and Life Science Experimental Facility
(MLF) for neutron and muon experiments. The MR has
two beam extraction modes; a fast extraction for the neu-
trino beam line (NU) for the Tokai-to-Kamioka (T2K)
experiment, and a slow extraction for the Hadron Experi-
mental Facility (HD).

The goal of the J-PARC project is to deliver a 1 MW
beam from the RCS and a 0.75 MW beam from the MR.
To achieve the goal, the linac peak current and energy
should be 50 mA and 400 MeV, respectively, while initial
configuration provided a 30 mA and 181 MeV beam.
Therefore, we took the energy upgrade, and then, the peak
current upgrade [2].

PROGRESS OF PERFORMANCE
Operation in the Early Days

Beam commissioning of the linac started in November
2006 and 181 MeV acceleration was achieved in January
2007. The progress at that time seemed to be smooth. But
trip rates of the RFQ unexpectedly increased in autumn
2008 and the incident limited the operation days and
power ramp-up. The beam current was limited to 5 mA,
and the RCS beam power for the MLF users was 20 kW.
The history of the beam power of the MLF is shown in
Fig. 2. Note that the small bars in 2008 and 2009 are not

* hasegawa.kazuo@jaea.go.jp

2 Proton and Ion Accelerators and Applications

2A Proton Linac Projects

e Particle: H- i RCS
e Energy: 400 MeV AR (L

(181 MeV by 2Q/2013)
® Peak current: 50 mA (30 mA by 1Q/2014)
e Repetition: 25 Hz
e Pulse width: 0.5 msec
(972 MHz)
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Figure 1: Configuration and main parameters of the

J-PARC Linac.
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Figure 2: Beam power history for the MLF. (by courtesy
of the MLF group).

troubles of Hg-target

noises but our suffering days. This was mostly settled by
the vacuum improvement work during the summer shut-
down of 2009 [3]. We increased the beam power in No-
vember 2009; beam pulse length from 0.1 to 0.2 msec,
and peak beam current from 5 to 15 mA, thus giving a 6
fold increase from 20 to 120 kW. Since then, we had kept
stable operation for users, concretely 90 to 95% availabil-

1ty.
Earthquake in 2011

Based on the stable operation, we planned to step up
the beam power to the MLF. We increased the power from
120 to 200 kW in November 2010. The linac beam cur-
rent and average power were 15 mA and 12 kW, respec-
tively. We also performed 400 kW (equivalent current
beam) acceleration in January 2011 for the next step up.

But we had a crisis after two months; the Great earth-
quake in March 2011. The J-PARC facilities were severe-
ly damaged [4]. Thanks to the significant effort of restora-
tion, we resumed beam operation in December and user
operation in January 2012 [5].

We started beam operation sooner, but several afteref-
fects were left. The number of trips in the RFQ was seri-
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COMMISSIONING OF THE HIGH INTENSITY PROTON SOURCE DEVEL-
OPED AT INFN-LNS FOR THE EUROPEAN SPALLATION SOURCE

L. Neri, L. Celona, S. Gammino, D. Mascali, G. Castro, G. Torrisi, O. Leonardi, L. Allegra, A.
Amato, G. Calabrese, A. Caruso, F. Chines, G. Gallo, A. Longhitano, G. Manno, S. Marletta, A.
Massara, A. Maugeri, S. Passarello, G. Pastore, A. Seminara, A. Sparta, G. Vinciguerra,
INFN-LNS, Catania, Italy
M.J. Ferreira, ESS, Lund, Sweden
. Midttun, University of Bergen, Bergen, Norway and ESS, Lund, Sweden

Abstract

At the Istituto Nazionale di Fisica Nucleare — Laboratori
Nazionali del Sud (INFN-LNS) the commissioning of the
high intensity Proton Source for the European Spallation
Source (PS-ESS) started some weeks ago. Beam stability
at high current intensity is one of the most important pa-
rameter for the first steps of the ongoing commissioning.
Commissioning plan and preliminary characterization are
also presented, with the aim to satisfy the requirement
above.

DESCRIPTION

The design of PS-ESS and LEBT involved many efforts
from different institutions with the aim to get a source
highly reliable and satisfying the ESS requirements. The
mechanical and functional interfaces between the different
groups of INFN-LNS, ESS and CEA-IRFU were properly
addressed and the layout shown in the Figure 1 is now com-
plete. All details are finalized, most of the elements have
been already delivered and few other parts are under con-
struction. The source is equipped with a flexible magnetic
system consisting of three coils independently energised
[1]. The plasma chamber is coupled with a matching trans-
former to optimize the microwave matching and enhance
the electric field on plasma chamber axis. The entire source
body is supported with a double pin joint to permit a higher
degree of freedom both during alignment and maintenance
procedures. The insulating column is made with a single
alumina gap. The external surface has an innovative design

: *" |=|1|||I|!

Electron ACCT Solenoid 2

Faraday Chopper lris
repeller cup

that permit to reduce the electric field up to 6.5 kV/cm. The
so called “triple point” (i.e.: the junction between the alu-
mina the metal and the vacuum) been designed to achieve
an electric field lower than 5.5 kV/cm taking into account
our previous experiences. Inside this element the tetrode
extraction system is placed. It is composed by the plasma
electrode located at the exit of the plasma chamber, and a
set of three electrodes supported by the first element of the
LEBT. There are two grounded electrodes and one repeller
electrode in the middle of them. All the electrodes are water
cooled. The first element of the LEBT houses two turbo
molecular pumps (TMP), water and electrical utilities for
the extraction system, a Residual Gas Analyzer (RGA),
three different type of vacuum gauges, a burst disk and the
gas injection needed to improve the space charge compen-
sation of the LEBT. The design of this part was focused to
be as compact as possible [2]. This element is the most im-
portant part for the alignment of the entire source. The
beam will be then transported through the 2.4 m long
LEBT with two solenoids; magnetic steerers are hidden in-
side each solenoid to reduce the total length of the LEBT
[3]. The two LEBT solenoids are identical as well. A bel-
low and a gas injection are integrated in their design. Both
pipes are followed by a gate valve that will permit mainte-
nance operations without breaking the vacuum. The Iris is
a six blade diaphragm that will be used to reduce the beam
current injected inside the following part of the accelerator
(Radio Frequency Quadrupole, RFQ) without changing the
source conditions.

Extraction Proton source

system

Solenoid 1

Figure 1: Experimental setup of PS-ESS with the relative LEBT.
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COMMISSIONING PLANS FOR THE ESS DTL
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M. Eshraqi, R. Miyamoto ESS, Lund, Sweden
lalso at Dipartimento di Fisica e Astronomia, Universita degli Studi di Padova, Padova, Italy

Abstract

The Drift Tube Linac (DTL) of the European Spallation
Source (ESS) is designed to operate at 352.2 MHz with a
duty cycle 0f 4% (a beam pulse of 2.86 ms, 14 Hz repetition
rate) and will accelerate a proton beam of 62.5 mA pulse
peak current from 3.62 to 90 MeV. This article describes
the commissioning strategy plans for the DTL part of the
linac, techniques for finding the RF set point of the 5 Tanks
and steering approach. Typical beam parameters, as pro-
posed for commissioning purposes, are discussed as well
and how the commissioning sequence of the Tanks fits to-
gether with ongoing installation works in the tunnel.

INTRODUCTION

In the ESS accelerator the initial warm linac section is
composed by Ion Source, Low Energy Beam Transport line
(LEBT), Radio Frequency Quadrupole (RFQ), Medium
Energy Beam Transport line (MEBT) and DTL [1].

Table 1. DTL Main Parameters

Tank 1 2 3 4 5
Cells 61 34 29 26 23
EO[MV/m] 3.00 3.16 3.07 3.04 3.13
L [m] 762 7.09 7.58 785 7.69
R Bore 10 11 11 12 12
[mm]
LPMQ 50 80 80 80 80
[mm]
BPM 6 3 2 2 2
EMD 12 6 4 4 4
PMQ 30 16 14 13 11
Ptot [kW] 2191 2191 2196 2189 2195

INFN-LNL is in charge of the design and production of
the DTL [2]. The DTL is a 38.8-m long system, divided in
five Tanks. Each Tank is a standalone structure, composed
of four 2-m-long modules made of AISI 304L stainless
steel with internal electro-copper deposition.

The Drift Tubes are positioned in the girder, a precisely
machined aluminum alloy structure, which is housed in the
upper part of each module. Drift Tubes (DT) are equipped
with various components: Beam Position Monitor (BPM),
Electro Magnetic Dipole (EMD), and Permanent Magnet
Quadrupole (PMQ). The PMQs are placed in the FODO lay-
out. The BPM and EMD are placed in the empty tubes. An
ACCT as Beam Current Monitor (BCM) is present in each

ISBN 978-3-95450-169-4
264

inter-tank section, installed in the end plates where PMQ
are not present as shown in Fig. 1.

The main DTL parameters and final distribution of ele-
ments Tank by Tank are reported in Table 1.

In the next paragraphs, the authors describe a scientific
proposal for the ESS DTL commissioning, developed in
order to verify the required performances of the machine.
At present time, this plan of measurements is not the refer-
ence-commissioning plan of ESS.

ESS DTL INSTALLATION AND COMMIS-
SIONING SEQUENCE

The installation and commissioning of the ESS linac will
start in 2017 and the first proton beam at 570 MeV is sched-
uled to be delivered to the target by the second quarter of
2019. Further details of the overall commissioning plan can
be seen in [3]. Commissioning of a large-scale machine,
such as the ESS linac, within a relatively short time im-
poses challenges on many areas including planning and
preparations for the beam commissioning.

Each DTL Tank will be assembled and tuned in the ESS
RATS facility. Vacuum and cooling systems will be tested
in the RATS as well. DTL Tank will be then transported to
the tunnel and aligned in its final position, where the high
power RF conditioning will take place. The sequence of
Tank installation in the tunnel will be Tank4, Tank1, Tank3,
Tank?2, and Tanks5.

The ESS DTL will be commissioned with beam in 3
phases:

1. First phase, Tank1 will be commissioned, using the di-
agnostic plate already used for 3.62 MeV commission-
ing. For this reason, Tank2 cannot be installed and
conditioned before this phase, while RF conditioning
of Tank3 and Tank4 can in principle proceed during
Tank1 beam commissioning.

2. During the second phase, Tank2 to Tank4 will be com-
missioned.

3. Third phase is the full commissioning out of TankS5.

EMD AND BPM DISTRIBUTION

EMDs and BPMs have been recently redistributed inside
the 5 Tanks, in order to have more BPMs and EMDs and
ease the beam steering in Tank 1, where the phase advance
per cell is much larger than the other tanks and a small
number of BPMs and EMDs could cause an overshooting
issue. The first BPM is located before the first EMD in or-
der to set up the last MEBT elements (Figure 1).

The constrains of this analysis were to keep 15 BPMs
and 15 EMDs pairs in the DTL section and to have at least
2 BPMs per Tank for time-of-flight measurement.
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CIADS NORMAL TEMPERATURE FRONT-END DESIGN*

W. L. Chen, W. P. Dou, Y. S. Qin, H. Jia, S. H. Liu, Z. J. Wang, Y. He,
Institute of Modern Physics (IMP), Chinese Academy of Sciences, Lanzhou, China

Abstract

The design and construction with several tens of mega-
watts superconducting accelerator is the developing direc-
tion in the further. The superconducting section follows
with the RFQ and MEBT, which needs good enough beam
quality. The normal temperature front ends are redesigned
for China Initiative Accelerator-Driven Subcritical System
(CIADS). The LEBT transports a 35 keV, 10 mA DC pro-
ton beam to the RFQ, after the RFQ acceleration the MEBT
transports a 2.1 MeV 10 mA CW proton beam to the su-
perconducting DTL. The “Point Source” is proposed in the
beam scrape application during the LEBT section to get the
ideal transverse beam parameters. To get the ideal longitu-
dinal beam parameters, the new RFQ is designed with little
emittance. Collimators are installed in the new MEBT to
scrape the outer sphere beams which may turn to halo. De-
tails of the beam dynamics simulations will be given.

INTRODUCTION

A project named China Accelerator Driven Sub-Critical
System (C-ADS) has been proposed to treat the spent nu-
clear fuel and began construction since 2011 [1]. Under
three years commissioning, the demo facility had acceler-
ated 10 mA CW proton beam to 2.56 MeV, 2.7 mA CW
proton beam had accelerated up to 5.17 MeV, and recently
the 10 mA, 10 MeV CW proton beam is under commis-
sioning.

The layout of the demo facility is shown in Fig. 1. As the
proton beam out of the ECR ion source coupled with Hy"
and Hj*, which are the unwanted particles and will be lost
in the downstream. Also, another question is the H; re-
moval from the ion source to the RFQ and even to the
downstream superconducting cavity. After long-time oper-
ation with residual gas RFQ performance may decline has
reported by SNS and SARAF [2, 3]. For high power accel-
erator, the beam loss must be controlled in low order, this
paper presents the detailed description about a new struc-
ture LEBT for eliminate the unwanted particles and how to
decrease the transverse and longitudinal emittance in
CIADS normal temperature front end.

LEBT(35KeV) ECRIS RFQ(2.1MeV) MEBT

It

Figure 1: The layout of the ADS LEBT and parts of RFQ.

* Supported by National Natural Science Foundation of China (11525523)

T E-mail: chenweilong@impcas.ac.cn
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LEBT SYSTEM

The 10 mA proton DC beam with the energy of 35 keV
is extracted from a 2.45 GHz ECR ion source, after the
LEBT transmission, match to the RFQ accelerator. The
LEBT is used to transport and match the proton beam to
the RFQ. Table 1 shows the key parameters of the front
end. To meet the proton fraction requirement, a bending
magnet and collimator have been considered to substan-
tially reduce the contaminants, such as H," and Hs" [4]. In
the previous design, the bending magnet rotation angle and
edge angle is chosen with 20° and 6°. It can match well for
the symmetry requirement both in X and Y positon. Typi-
cal values of the initial parameters from the ion source are
listed in Table 2. The space charge compensation is about
0.87 at the vacuum of 1.3E-3 Pa, all these beam parameters
refer to the C-ADS accelerator commissioning experience.
Figure 2 shows the CIADS LEBT layout.

Solenoids are effective for focusing the low energy beam,
especially in LEBT section, but the beam quality decreases
with the emittance growth, which contributed by the spher-
ical aberration of the solenoid lens [5]. A “point source”
concept is proposed in CIADS LEBT design, which means
the beam out of the ion source follows the linear transmis-
sion approximation. An aperture is install just after the ion
source and before the first solenoid to scrape off the outer
parts of the beam particles. This concept is simulated with
the initial beam particles generated randomly in 4-dimen-
sional ellipse with Gaussian distribution. The model con-
sidered with the space charge effect, the simulation results
are shown in Fig. 3.

Table 1: Required Parameters Before the RFQ

Parameters Numbers Units

Energy 35 KeV

Current 20 mA

Repetition fre- 50 Hz

quency

Pulse width Ccw -

Twiss parameter « ¢ -

Twiss parameter §  0.0479 mm/r.mrad
e(MRMS) <0.2 w.mm.mrad

Proton fraction >95 %
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COMMISSIONING OF THE RI PRODUCTION BEAM LINE OF KOMAC*

Hyeok-Jung Kwon', Han-Sung Kim, Sang-Pil Yun, Young-Gi Song, Yong-Sub Cho
Korea Multi-purpose Accelerator Complex,
Korea Atomic Energy Research Institute, Gyeongju, South Korea

Abstract

A radioisotope (RI) production beam line has developed
at Korea Multi-purpose Accelerator Complex (KOMAC)
in 2015 and the commissioning started in 2016. The beam
parameters of the beam line are 100 MeV beam energy
with a maximum 30 kW beam power, which is driven by
KOMAC 100 MeV proton linac. The main components of
the beam line are a beam transport system, a target

transport system, a cooling system for target and hot cell.

KOMAC has a plan to commission the beam line and get
an operation license in 2016 and start user service in 2017.
In this paper, the development and initial commissioning
results of the RI production beam line are presented.

INTRODUCTION

One of the utilization fields of the 100 MeV proton beam
is the production of the radioisotopes. Major facilities for
RI production based on the high power linac include the
BLIP (Brookhaven Linac Isotope Producer) at Brookhaven
Nation Laboratory and the IPF (Isotope Production Facility)
at Los Alamos National Laboratory. [1, 2]

KOMAC started the beam service to users with 2 beam
lines from 2013. To satisfy the user requirement, KOMAC
developed a new beam line for RI production. In 2015, the
construction of the RI production beam line was finished
and the commissioning of the beam line is underway. The
main components of the beam line are a beam transport
system, a target transport system, a cooling system for tar-
get and hot cell. All of the components were installed and
the test of each component was carried out including RI
production test with low power proton beam.

Two Rls are considered to be produced at KOMAC in
initial stage. One is a Sr-82 which is used for PET imaging
and can be produced from RbCl. The other is Cu-67 which
is used for cancer therapy and can be produced from Zn or
ZnO. Both of them are efficiently produced through 100
MeV proton beam.

BEAM LINE DEVELOPMENTS

The specification of the RI production beam line is
shown in Table 1 and the layout is shown in Fig. 1. [3]

Beam Transport System

The beam transport system consists of 2 sets of 45 degree
bending magnets, vacuum box, beam diagnostics and beam
window. 2 sets of wobbling magnets are not installed yet.
They will be installed after initial operation test. 2 sets of
45 degree bending magnet are different from each other.
The pole tip field of the 1% bending magnet is 0.8 T with C

* Work supported by Ministry of Science, ICT & Future Planning of the
Korean Government.
+ hjkwon@kaeri.re.kr
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type yoke whereas that of 2" magnet is 1.5 T by using H
type yoke because the 1% bending magnet shares two beam
lines whereas the 2" one is only for RI production beam
line in limited space. A strip-line type beam position mon-
itor is installed after the 2" bending magnet and a movable
Faraday cup is installed in the vacuum box. Two sets of
proportional counter were installed before and after the 2¢
bending magnet as a beam loss monitor. A beam window is
installed at the end of the beam transport line. The main
role of a beam window is separating the beam line vacuum
from the water cooling target assembly. The material of the
beam window is AlIBeMat with 0.5 mm thickness. Before
the beam window, vacuum sensor for activating a fast clos-
ing valve was installed to protect the accelerator when
there is a rupture of the beam window. The beam transport
system after installation is shown in Fig. 2.

Table 1: Specification of the RI Production Beam Line

Parameter Value
Energy [MeV] 100
Peak current [mA] 20
Pulse width [us] 500
Rep. rate [Hz] 30
Duty factor [%] 1.5
Ave. current [mA] 600
Peak power [MW] 2.0
Ave. power [kW] 30
E per pulse [J/pulse] 1000
Target Dia. [mm] 100
Beam size FWHM 140%12.4
[mm]

Scanning Method Wobbling
Beam window AlBeMat

Proton beam to
service beam line

‘ )

&

Shieldircg door

Processing room ||||||||| \ \ Target rooL1
‘ _Proton beapi
: .

B

b 3
Target transport =

Cooling system
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Figure 1: Layout of the RI production beam line.
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EUROPEAN SPALLATION SOURCE (ESS) NORMAL CONDUCTING
FRONT END STATUS REPORT

W. Wittmer*, P. M. Gustavsson, F. Hellstrom, G. Hulla, ESS, Lund, Sweden
@. Midttun, University of Bergen, Norway
L. Celona, S. Gammino, L. Neri, INFN/LNS, Catania, Italy
A. C. Chauveau, D. Chirpaz-Cerbat, O. Piquet, B. Pottin, CEA, Gif-sur-Yvette, France
L. Bustinduy, C. De la Cruz, P. J. Gonzalez, G. Harper, S. Varnaseri, ESS-Bilbao, Spain
F. Grespan, A. Pisent, INFN/LNL, Legnaro, Italy
P. Mereu, INFN-Torino, Italy

Abstract

The European Spallation Source (ESS) will deliver first
protons on target by mid 2019. Civil construction of the ac-
celerator tunnel has made good progress and will allow start-
ing installation of the normal conducting frond end (NCFE)
by end of 2017. To achieve these milestones the design of
all major beam line components have been completed and
the construction of the subsystems begun. We report on
the advancement of the subsystems and the commissioning
progress of the microwave discharge Proton Source (PS-
ESS).

ION SOURCE AND LEBT

A 2.45 GHz - 0.1 T PS-ESS has been designed and as-
sembled at INFN-LNS in order to produce pulsed beams of
protons up to 74 mA nominal current, at 75 keV of energy,
with a transverse emittance containing 99 % of the nominal
proton current below 2.25 © mm mrad. The specified beam
stability between pulses during normal operation (in terms
of current and emittance) shall be within + 3.5 % variation
and + 2 % with respect to beam current, when averaged over
a period of 50 us.

The reliability goal for the overall accelerator is set to
be better than 95 %. To meet this requirement the source’s
reliability has to be in excess of 99 Y%. This was a major
design driver optimizing both MTBF and MTTR. The main
disassembly procedure, as described in [1], can be performed
without removing cooling pipes, sensor cables and all 500 A
cables of the magnetic system as shown in Fig. 1. This

Closing line
(A) Part

1R

i-ii-l"

Figure 1: PS-ESS assembly schema. The solenoid and
plasma chamber with extraction electrode chamber can be
slided to gain fast access to all parts of this area.

* walter.wittmer @esss.se
ISBN 978-3-95450-169-4
274

allows venting and replacing of both extraction system and
plasma chamber within the required time as specified in the
contract between ESS and INFN.

Status and Initial Results

All major components of the source and LEBT have either
been completed or are in their final stage of manufacturing.
The source has been fully assembled in the test area in Cata-
nia as shown in Fig. 2, while only the first part of the LEBT,
as needed during the initial stage of the commissioning,
is assembled and ready for testing. This setup will house,
once all devices have been delivered, a Faraday cup (FC), a
Doppler shift monitor (DSM), an emittance measurement
unit (EMU), and a beam stop.

In June first plasma was achieved and thereafter plasma
conditioning of the chamber performed. The obtained stabil-
ity of the microwave power adsorbed by the plasma [2] is a
first promising result to achieve the beam stability requested
by ESS.

Next Steps

The first commissioning phase will focus on the character-
ization of the beam current generated by the source utilizing
the FC and DSM. The EMU is scheduled to be delivered and
installed in November. This will be followed by the second
phase during which the main objective is to characterize the
source’s emittance as a function of different source param-
eter configurations. The plasma chamber conditioning is
ongoing and the tests under thermal load have so far shown
satisfactory results. Results of initial tests have been very
promising and both INFN and ESS teams are confident for
PS-ESS to reach the performance needed by the ESS.
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DEVELOPMENT OF H’ BEAM DIAGNOSTIC LINE IN MEBT2 OF
J-PARC LINAC

J. Tamura*, A. Miura, T. Morishita, J-PARC, JAEA, Ibaraki, Japan
H. Ao, FRIB, MSU, Michigan, USA
T. Maruta, T. Miyao, J-PARC, KEK, Ibaraki, Japan
Y. Nemoto, Nippon Advanced Technology Co.,Ltd., Ibaraki, Japan

Abstract

In the Japan Proton Accelerator Research Complex (J-
PARC), H° particles generated by collisions of accelerated
H™ beams with residual gases are considered as one of the
key factors of the residual radiation in the high energy ac-
celerating section of the linac. To diagnose the H® particles,
new beam line for analyzing H° and H™ particles was de-
signed. The analysis line consists of four dipole magnets
for giving the H™ beam chicane orbit, and a wire scan-
ner monitor (WSM) for measuring the horizontal shift of
the H-  beam. In the 2015 summer maintenance period,
the new analysis line was installed in the second medium
energy beam transport (MEBT?2), which is the matching
section from separated-type drift tube linac (SDTL) to
annular-ring coupled structure linac (ACS). In the beam
commissioning, we experimentally confirmed that the ac-
celerated H™ beams are horizontally shifted in the analysis
line as designed, and measured the H® signal obtained by
the WSM plate as HY particles penetrating the plate.

INTRODUCTION

In J-PARC linac, H? particles generated by collisions of
accelerated H™ beams with residual gases are considered
as one of the key factors of the residual radiation in the
ACS accelerating section [1]. Figure 1 shows the layout
of the J-PARC linac accelerating structure. The H™ beam
is accelerated to a beam energy of 190 MeV by the SDTL
and to 400 MeV by the ACS. Although the lower energy
beam has the larger cross section of the electron stripping
in the residual gas scattering, the vacuum pressures in the
SDTL section and the ACS section are around 10~% Pa and
10~7 Pa, respectively. The beam loss at the ACS section

3GeV Synchrotron
3m 27m 91m 108m
IS RFQ =| DTL SDTL ACS \
LEBT MEBT1 MEBT2 LSBT

0.5m 3m 16m

Figure 1: Layout of J-PARC linac accelerating structure.
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was clearly related to the vacuum pressure of the SDTL
sections [2].

To diagnose the H® particles generated in the SDTL sec-
tion, we are developing a new diagnostic line in the up-
stream part of the MEBT?2, which is the matching section
from the SDTL to the ACS. We call this diagnostic line
MEBT?2 chicane. In the 2015 summer maintenance pe-
riod, the new beam line for analyzing H® and H™ parti-
cles, which is the first stage of the MEBT?2 chicane, was
installed. In this paper, the configuration of the installed
analysis line and the preliminary results of the beam anal-
ysis experiment are reported.

DEVELOPMENT OF MEBT2 CHICANE

In the new analysis line of the MEBT2, H~ and H° par-
ticles are analyzed by the shift bump magnets. The H™
beam is horizontally shifted by the first two dipole mag-
nets (fig. 2) and returned to the original orbit (Z-axis) by
the last two dipole magnets. It is noted that the horizon-
tal displacement of AX > 20mm of the accelerated H™
beam is required because the inner diameter of the beam
duct is 37mm before the MEBT2 and is 40mm after the
MEBT?2. To confirm the horizontal shift of the H™ beam, a
WSM and a non-destructive beam position monitor (BPM)
are installed between the two sets of the dipole magnets.
These components had to be installed within 3m long.
The MEBT?2 chicane installed in the 2015 summer main-
tenance period is shown in Fig. 3. The rectangular beam
ducts with dimensions of —50mm < X < 50mm and
—20mm < Y < 20mm are installed in these dipole mag-
nets. The new beam line is evacuated by a turbo-molecular

TR

=
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Figure 2: Designed dipole magnets for MEBT2 chicane.
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HIGH-GRADIENT X-BAND STRUCTURES FOR PROTON ENERGY
BOOSTER AT LANSCE

S. S. Kurennoy, L. J. Rybarcyk, LANL, Los Alamos, NM 87545, USA
V. A. Dolgashev, SLAC, Menlo Park, CA 94025, USA

Abstract

Increasing energy of proton beam at LANSCE from
800 MeV to 3 GeV improves radiography resolution ~10
times. Using superconducting RF cavities with gradients
~15 MV/m after the existing linac would result in a long
and expensive booster [1]. We propose accomplishing the
same with a much shorter cost-effective booster based on
normal conducting high-gradient (~100 MV/m) RF
accelerating structures. Such X-band high-gradient
structures have been developed for electron acceleration
and operate with typical RF pulse lengths below 1 ps.
They have never been used for protons because typical
wavelengths and apertures are smaller than the proton
bunch sizes. However, these limitations do not restrict
proton radiography (pRad) applications. A train of very
short proton bunches with the same total length and
charge as the original long proton bunch will create the
same single radiography frame, plus pRad limits
contiguous trains of beam micro-pulses to below 60 ns to
prevent blur in images. For a compact pRad booster at
LANSCE, we explore feasibility of two-stage design: a
short S-band section to capture and compress the 800-
MeV proton beam followed by the main high-gradient X-
band linac.

INTRODUCTION

Proton radiography employs high-energy proton beams
to image material behavior under extreme conditions. It
was invented and developed at LANL, and by now the
pRad program at LANSCE has performed hundreds of
successful experiments, both static and dynamic. While
the LANSCE 800-MeV linac accelerates both protons and
H ions, the pRad uses H beam, which is presently the
only beam species that can be chopped in the front end
and directed to the pRad facility. For dynamic
experiments, pRad uses multiple pulses from the linac,
which, coupled with multiple optical viewing systems,
produce movies up to a few tens of frames. Each short
pRad beam pulse consists of several successive bunches
from the linac, which follow at the linac DTL repetition
rate of 201.25 MHz, to multiply the pulse total intensity.
This is because the H  bunch current at 800 MeV is
limited to about 10 mA, mainly by the ion source, but also
by losses in the linac. On the other hand, the pRad pulses
are restricted to 60 ns in length, i.e. contain no more than
12 linac bunches, to prevent image blur. The future plans
for LANSCE include a proton RFQ in a new injection
line with a chopper that will deliver higher proton bunch
currents, up to 30 mA. The new 750-keV 4-rod RFQ [2]
has been recently delivered to LANL; its initial RF tests
will be performed within next several months.
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Increasing the beam energy for pRad at LANSCE from
present 800 MeV to 3 GeV would provide significant
improvements: for thin objects the radiography resolution
would increase about 10 times, and much thicker objects
could be also imaged [1]. A superconducting (SC) option
for a pRad booster to 3 GeV was considered in [1].
Assuming a typical real-estate gradient of 15 MV/m, it
leads to a rather long booster, ~150 m. This option is also
expensive, in part because it requires a new cryogenic
plant at LANSCE. We propose a much shorter and
cheaper booster based on high-gradient (~100s MV/m)
normal-conducting RF accelerating structures operating at
low duty factors.

HIGH-GRADIENT STRUCTURES

High-gradient (HG) normal-conducting structures have
been developed for accelerating electrons, e.g. [3]. Such
structures operate at very high RF frequencies, usually in
X band or higher, with short RF pulses — shorter than 1
pus. The work at SLAC and other labs demonstrated
gradients 100-150 MV/m in both traveling-wave and
standing-wave X-band cavities at 11.4 GHz with RF
pulses of 100s ns [3]. A short standing-wave copper
accelerating structure, cut along its axis for autopsy after
high power tests, is shown in Fig. 1. Even higher
gradients, up to 300 MV/m, were measured at 115-140
GHz, though with very short RF pulses of a few ns [4]. At
such high RF frequencies, the structure aperture sizes are
tiny, ~1 mm. In X band, the aperture diameter can exceed
1 cm; e.g., the beam aperture diameter of the cavity in
Fig. 1 is 11.3 mm. The structure gradients are limited by
various factors, most important of them are the peak
surface electric field, peak pulse heating, and the
modified Pointing vector, see in [3, 4].

Figure 1: Cut of HG X-band copper accelerator cavity [3].

The HG structures have never been used for protons
because their typical wavelengths and apertures sizes are
smaller than the usual proton bunch sizes. However, these
limitations of HG structures do not restrict their use for
pRad applications. The pRad at LANSCE employs up to
12 long bunches from the 800-MeV proton linac to
produce a single frame. Obviously, if a linac H bunch is
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ProBE: PROTON BOOTING EXTENSION
FOR IMAGING AND THERAPY"

S.Pitman'T, R. Apsimonl, G. Burt!, Lancaster University, Lancaster, UK
A. Green, H. Owen, University of Manchester, Manchester, UK
A. Grudiev, A. Solodko, W.Wuensch, CERN, Geneva, Switzerland
lalso at The Cockcroft Institute, Daresbury, UK

Abstract

Proton beam therapy is an alternative to traditional x-ray
radiotherapy utilised especially for paediatric malignancies
and radio-resistant tumours; it allows a precise tumour irra-
diation, but is currently limited by knowledge of the patient
density and thus the particle range [1]. Typically X-ray
computed tomography (CT) is used for treatment planning
but CT scans require conversion from Hounsfield units to
estimate the proton stopping power (PSP), which has lim-
ited accuracy . Proton CT measures PSP directly and can
improve imaging and treatment accuracy. The Christie Hos-
pital will use a 250 MeV cyclotron for proton therapy, in
this paper a pulsed linac upgrade is proposed, to provide
350 MeV protons for proton CT within the facility. Space
constraints require a compact, high gradient (HG) solution
that is reliable and affordable.

INTRODUCTION

The precise dose delivery achievable with proton therapy
requires accurate treatment planning to obtain the greatest
benefit. Presently, margins defined around treatment vol-
umes are greater in treatment planning than they might be,
to account for uncertainties in CT scans. Proton CT (pCT)
can reduce this margin of error by directly measuring the
PSP of the tissue between the beam and the patient treatment
volume (PTV). While head-and-neck and paediatric pCT
is within the energy reach of current 230-250 MeV proton
therapy machines, full adult pCT would require around 330-
350 MeV to ensure the Bragg peak is outside of the patient.

The Christie Hospital (Manchester, UK) will soon have
a 250MeV cyclotron providing gantries with protons for
treatment. A pulsed linac upgrade in 3 metres of space
within the planned facility is proposed, to provide 350 MeV
protons for pCT. This 3 m space must contain all aspects
of this booster accelerator including radio-frequency (RF)
cavities and beam focusing; such a system will require an RF
linac with an accelerating gradient higher than any currently-
existing structure at that particle velocity. The ProBE project
was initiated to study the feasibility of such a linac.

RF DESIGN

Studies of high-beta cavities have shown that moving
to higher frequencies (such as X band) can increase the
gradient via the increased shunt impedance (Ry) per unit

* Work supported by STFC-IPS, Cockeroft Institute & The Christie Charity
T Sam.Pitman@cern.ch
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Figure 1: Aperture vs accelerating gradient based on shunt
impedance and power per unit length.

length, provided the aperture is small enough [2]. It was not
clear if this trend would continue at lower beta, hence we
initially investigate a disk-loaded cavity with a medium beta
(8=0.6) using CST Microwave Studio; S-band, C-band and
X-band frequencies were all considered. Single-cell pillbox
cavities were simulated with their septum thicknesses scaled
inversely proportional to frequency from 1-4 mm. Due to
the limited space and high gradient requirement, we chose to
use one 50 MW klystron was per 1 m of linac. This and Ry
per unit length were used to calculate the maximum gradient
of each single cell.

The maximum gradient is strongly reliant on the aperture
radius as can be seen in Figure 1, especially for X-band
structures. However, nose cones can be added to increase
the Ry of a structure at the expense of peak fields. The
next step would be to add nose cones and decrease the gap
to increase R, until the peak fields at maximum gradient
fall within reasonable limits. Based on results from the
TERA collaboration on re-entrant cavities [3] it was decided
to focus on the modified Poynting vector (S.) as the key
measure of peak fields [4], and a maximum value of 4 W/m?
was chosen for the optimisation. It is also not entirely clear
what the minimum septum thickness can be and how it scales
with frequency, hence this parameter was varied during the
optimisation. Proton imaging requires relatively low beam
current (pA) so initially small apertures of 3.5 mm were
utilised to maximise gradient, which we revisited later.

The results seen in Figure 2 show that these maximum
gradients have very high peak surface electric fields (Epear)
which are thought to contribute to RF breakdown. HG tests
performed on S-band and C-band cavities elsewhere have
suggested that higher E,. than the traditional Kilpatrick
limit [5] can be reached within the S, constraint; however the
Epear values seen in Figure 2 are still much higher than that
[6,7]. To set a conservative limit, the breakdown rate (BDR)
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FIRST HIGH POWER TESTS AT THE 325 MHz RF TEST STAND AT GSI

G. Schreiber, E. Plechov, J. Salvatore, B. Schlitt, A. Schnase, M. Vossberg,
GSI, Darmstadt, Germany

Abstract

A dedicated RF test stand for testing RF components
and accelerating structures at 325 MHz has been put into
operation at GSI. It allows testing the klystrons and
circulators as well as the RFQ and the CH-acceleration
cavities for the planned FAIR Proton Linac (p-Linac) and
further cavity projects. The system integration has been
completed and first high power tests with the CH
prototype cavity were successfully performed. The
operation parameters are 2 Hz repetition rate and 200
microseconds pulse length. Investigations on the critical
path from wave guide to coaxial high power cavity
coupler have been made. Performance measurements of
the klystron, circulator and directional couplers with up to
2.7 MW on dummy load and the following conditioning
process of the CH-prototype cavity with its coupled RF
structures will be presented. Additionally the results of the
conditioning of a ladder RFQ prototype are shown.

INTRODUCTION

The 325 MHz test stand at GSI was successfully
operated in 2015 [1]. A Thales TH 2181 klystron is able
to deliver up to 3 MW RF peak power. A linac 4 klystron
modulator was rented from CERN and integrated into the
GSI test stand and its interlock systems. All peripheral
components, such as circulator, RF load and wave guides
have been tested up to the nominal power [2].

Wave Guide Directional Coupler Calibration

Two pairs of directional couplers for measuring the
forward and reflected RF power have been installed at the
klystron output. Three pairs of directional couplers
inserted into the wave guides between circulator and
acceleration cavity are used for RF measurements,
interlocking and cavity tuning. To achieve an accurate RF
power measurement all wave guide WR2300 directional
couplers have been calibrated with a special procedure
[3]. An external compensation circuit has been installed to
improve the directivity of the couplers up to -50 dB even
with coaxial-N-transitions and waveguide loads providing
a limited matching of worse than S;; = -30 dB. Precise
power measurements and a reliable klystron protection at
VSWR<1.2 in case of failure of the circulator are now
assured. A transition from wave guide to coax 6-1/8 inch
allows the connection to the coaxial RF cavity coupler.
An additional directional coupler in this coaxial section
allows a comparison with the wave guide couplers.

P-LINAC CH CAVITY - LOW-LEVEL
MEASUREMENS

The FAIR Proton Linac CH prototype cavity [4],
developed by the TAP University of Frankfurt [5], was
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installed at the test stand in the concrete shielded bunker
and connected to the water cooling distribution (Fig. 1).
The cavity consists of two CH cavities (CH1/CH2) with a
RF coupling cell in-between. Fourteen fixed and three
movable tuners are foreseen. The movable tuners are
located at each cavity part and at the coupling cell. The
RF power is fed into the coupling cell by an inductive
loop [6]. Field flatness measurements have been done for
the installation of the tuners by bead pull measurements.

Figure 1:
coaxial input line (black coloured).

Additional low-level measurements with a 4-port
network analyser have been performed to investigate the
tuner characteristics. The signal was applied to the RF
input coupling loop. The RF pick-up probes at the
coupling cell (Sy;), CHI (S;,) and CH2 (Sy4;) are shown in
Fig. 2.
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Figure 2: Low-level measurements, coupling cell (S,;, up
left), CH1 (S3;, up right), CH2 (S4;, low left) and phase at
the coupling cell input.
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IMPLICATION OF MANUFACTURING ERRORS ON THE LAYOUT OF
STABILIZATION SYSTEM AND ON THE FIELD QUALITY IN A DRIFT
TUBE LINAC - RF DTL ERROR STUDY

R. De Prisco*, A. Karlsson, Lund University, Lund, Sweden
M. Eshraqi, Y. I. Levinsen, R. Miyamoto, ESS, Lund, Sweden

Abstract

The field flatness and the layout of the stabilization system
in a drift tube linac are strongly dependent on the manufac-
turing errors that affect the local resonant frequency. In this
paper a methodology is presented to study, firstly, the sen-
sitivity of the resonant frequency and of the field flatness
to each geometrical parameter of the drift tubes; then a set
of tolerances for each parameter is found and a stabilization
system layout is defined in order to keep the field flatness
within an acceptable limit.

INTRODUCTION

The manufacturing errors of each part of a Drift Tube
Linac, DTL, affect the Radio Frequency, RF, parameters.
For this reason it is crucial to analyze the impact of these
errors on the frequency and on the field flatness. According
to the chosen tolerances it is possible, finally, to define the
layout of the stabilization system.

In this paper the study is done for the ESS DTL [1] on
which the first author has directly worked. The ESS DTL
is an in-kind contribution from INFN/LNL [2, 3]. It is
composed of five RF cavities (or tanks) that are used to
accelerate a proton beam of 62.5mA from 3.62MeV to
89.68 MeV at 352.21 MHz; the transverse focusing system
is composed of permanent magnet quadrupoles arranged in
a FODO lattice.

IMPACT OF THE FIELD FLATNESS ON
THE BEAM DYNAMICS

Four error studies are performed to evaluate the impact
of the accelerating field flatness on the beam dynamics of
the ESS DTL. For each study a set of 1000 simulations are
performed using the tolerances defined in [4] and gradually
increasing only the tolerance of the field flatness from 1%
to 4% (steps of 1%). It is important to underline that the
error studies are executed by using fieldmaps [5] obtained
applying errors on the geometric parameters of the DTL
and solving the Maxwell equations in each tank for each
simulation.

In addition the four studies are repeated considering the
error on Eq as arandom variable uniformly distributed within
its tolerance as done in [6].

The results of the studies are reported in Fig. 1: it is
clear that modeling the error on Ej as a random variable,
uniformly distributed within its tolerance, underestimates
of the emittance growth and the beam losses within the

* renato.deprisco@esss.se
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Figure 1: Additional longitudinal RMS emittance growth
for the four error studies. The tolerance of the accelerating
field flatness increases, from top to bottom, from 1% to 4%.

DTL. In addition the DTL output particle distribution is an
inaccurate input for the downstream sections: this can lead
to a dangerous underestimation of the emittance growth and
of the beam losses in the rest of the ESS LINAC.

Keeping the DTL accelerating field flatness within 1%
guarantees the ESS constraint on the losses (<1 W/m) is pre-
served for the entire ESS LINAC. The effect of a higher value
of the flatness tolerance of the ESS DTL on the beam loss
and on the emittance growth for all the sections following
the DTL should be carefully investigated.

In the following sections a list of tolerances for all the drift
tube geometrical parameters is found and a methodology
to define the layout of the stabilization system is defined to
keep the flatness within 1%.
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INTEGRATION OF INTERFACES AND STABILIZATION SYSTEM IN
THE DESIGN OF A DRIFT TUBE LINAC

R. De Prisco*, A. Karlsson, Lund University, Lund, Sweden
M. Eshragqi, Y. I. Levinsen, R. Miyamoto, ESS, Lund, Sweden

Abstract

Making an accurate Radio Frequency, RF, design of any
accelerating structure is fundamental to ensure that electro-
magnetic and beam dynamics requirements will be achieved.
This is essential for the most complicated accelerating struc-
tures like the Drift Tube Linac, DTL; in this case a metic-
ulous design facilitates the RF commissioning too. In this
paper the influence of the interfaces and of the field stabiliza-
tion system on the RF design is analyzed and an advanced
design methodology to mitigate field degradation is pre-
sented.

INTRODUCTION

A preliminary design of a DTL is usually done by conside-
ring the cavity as a stand alone object without the presence
of the stems, of the stabilization system and of the interfaces
(power couplers and vacuum grids) with the external sys-
tems. The preliminary design is very useful to reach the
desired RF properties of the cavities and to optimize the
nominal accelerating field [1]. Once the preliminary design
is done it is necessary to integrate in the design the stems,
the stabilization system and all the cavity interfaces, com-
pensating their detuning, to keep the same properties and the
same optimized accelerating field of the preliminary design.

In this paper the detuning induced by the stems, by the
stabilization system and by the interfaces is evaluated; then
its influence on the accelerating field is calculated; finally the
integration of all the mentioned components in the design of
the European Spallation Source, ESS, DTL design [2], on
which the first author has directly worked, is proposed. The
ESS DTL is an in-kind contribution from INFN/LNL [3,4].
It is composed of five RF cavities (or tanks) that are used
to accelerate a proton beam of 62.5 mA from 3.62 MeV to
89.68 MeV at 352.21 MHz; the transverse focusing system
is composed of permanent magnet quadrupoles arranged in
a FODO lattice.

GLOBAL AND LOCAL FREQUENCIES

We can imagine the DTL tank as composed of N con-
secutive cells, each with its own resonant frequency, local
frequency, such that the frequency of the tank is fy, global fre-
quency (for the ESS DTL fj is 352.21 MHz). As thoroughly
discussed in [5], the desired flatness of the accelerating field
in each DTL tank can be reached by properly tuning the
frequencies of all the cells: at the end of the preliminary
design a vector of N frequencies, nominal local frequencies,
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fon, with n € [1; N], is defined for each tank in order to get
the nominal accelerating field, Eo nom [1].

The insertion of the stems, post couplers and all the in-
terfaces modifies the nominal local frequencies and induces
undesired accelerating field tilts. To prevent these undesired
tilts it is necessary to retune each cell such that the nominal
local frequencies are preserved.

3D VS 2D SIMULATIONS

It is possible to use 2D simulations if the DTL can be
considered cylindrically symmetric about the beam axis.
This means that the detuning of the post couplers, the stems
and the interfaces can be evaluated only with 3D simulations.

The Drift Tube, DT, geometry is accurately described
in [6] in which the sensitivity of each geometrical DT pa-
rameter is calculated for the ESS DTL. Due to the fact that
the DTs are located in a region in which the electromagne-
tic field changes rapidly and due to the fact that the ratio
between the length of each DT parameter and the tank dia-
meter is much smaller than 1, resolution requirements can
lead to a very big number of mesh elements. For a fixed
resolution, a 2D simulation requires less computational re-
source or, vice versa, fixed the computational resources, a
3D simulation, for a very complex structure, as each tank of
the ESS DTL, could be performed only by decreasing the
resolution requirements.

We define Af as the difference between the frequency cal-
culated with a 2D simulation, using 9 - 103 surface elements,
and the frequency calculated with 3D simulation, using a
tetrahedral mesh for the first half cell just 3.76 cm long, in
Low Energy, LE, side, of the ESS DTL.
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Figure 1: Dependence of the difference between the resonant
frequencies, calculated by 3D and 2D simulations, from the
3D mesh elements for the first half cell, in LE side, of the
first tank.

It is clear from the Fig. 1 that to have a good resolution of
each DTL cell the amount of tetrahedra becomes enormous
since each cell of the ESS DTL has a very detailed structure
and since each tank is longer than 7 m [2]. In case of less
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A 3MeV LINAC FOR DEVELOPMENT OF
ACCELERATOR COMPONENTS AT J-PARC

Y. Kondo*, H. Asano, E. Chishiro, K. Hirano, T. Ishiyama, T. Itou, Y. Kawane, N. Kikuzawa,
S. Meigo, A. Miura, S. Mizobata, T. Morishita, H. Oguri, K. Ohkoshi, Y. Sato, S. Shinozaki,
K. Shinto, H. Takei, K. Tsutsumi, JAEA, Tokai, Naka, Ibaraki, Japan
Z. Fang, Y. Fukui, K. Futatsukawa, K. Ikegami, T. Maruta, T. Miyao, K. Nanmo,

T. Shibata, T. Sugimura, A. Takagi, KEK, Oho, Tsukuba, Japan
T. Hori, Nippon Advanced Technology Co., Ltd., Tokai, Japan
A. Ohzone, Hitachi Industry & Control Solutions, Ltd., Omika, Hitachi, Ibaraki, Japan
M. Mayama, Y. Sawabe, Mitsubishi Electric System & Service Co., Ltd., Tsukuba, Japan

Abstract

We have constructed a linac for development of various
accelerator components at J-PARC. The ion source is same as
the J-PARC linac’s, and the RFQ is a used one in the J-PARC
linac. The beam energy is 3 MeV and nominal beam current
is 30 mA. The accelerator has been already commissioned,
and the first development program, laser-charge-exchange
experiment for the transmutation experimental facility, has
been started. In this paper, present status of this 3-MeV linac
is presented.

INTRODUCTION

The Japan Proton Accelerator Research Complex (J-
PARC) is a multi-purpose facility for particle physics, nu-
clear physics, materials and life science, and study of trans-
mutation. The J-PARC accelerator [1] consists of a 400-MeV
linac, a 3-GeV rapid cycling synchrotron, and a 50-GeV
main ring. The energy and peak beam current of the linac
are 400 MeV and 50 mA, respectively. They were already
achieved but to upgrade the J-PARC accelerator, components
such as scrapers of beam chopper at the medium energy
transport (MEBT) should be developed, and beam tests are
necessary for these developments. However, the actual J-
PARC linac is user operation machine, therefore, it is almost
impossible to use it for the beam test of the components.

To this end, we constructed a 3-MeV linac on the first
floor of the J-PARC linac building. This linac consists of
a negative hydrogen (H™) ion source, a low energy beam
transport (LEBT), an radio frequency quadrupole (RFQ)
linac, and a diagnostics bean line. A four-vane-type RFQ
used for the J-PARC linac until the summer of 2014 (J-PARC
RFQ ) is used for this 3-MeV linac: The design peak beam
current of this RFQ is 30 mA, and replaced by a newly
developed 50-mA RFQ. The duty factor of this linac is 0.6%,
which corresponds to 0.5 kW. The accelerator itself has
a capacity of at least 1 kW. However, the beam power is
limited by radiation dose, because there are no radiation
shields between the accessible area during the operation.

At first, we are planning to conduct experiments of the
laser-charge-exchange development for the transmutation
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experimental facility. Then, this linac will be used for the de-
velopment of scrapers, bunch-shape monitors, laser profile
monitors, and others. We will be able to install new devices
into the actual J-PARC linac after the full testing. Develop-
ments of ion sources can be carried out at this system, and
also RFQs in the future.

In this paper, details of this linac and the preliminary
result of the first application are described.

EXPERIMENTAL APPARATUS
Figure 1 shows a photograph of the 3-MeV linac.

oyl

Figure 1: Photograph of the 3-MeV linac.

The same RF driven ion source for the J-PARC linac [2]
is employed. The plasma is driven by a pulsed 2-MHz RF
power, and a 30-MHz continuous wave RF is also used to
ignite the plasma. A 60-kW solid-state amplifier system is
used as the RF source. The extraction energy is 50 keV. The
LEBT is equipped with two solenoid magnets, and the space
charge neutralization effect is also used to focus the beam.
The beam current injected to the RFQ is measured using a
movable Faraday cup or a slow current transformer located
between the two solenoid magnets.

Table 1 lists the parameters of the RFQ.

The cavity of J-PARC RFQ I is contained in a large vac-
uum vessel [3]. The cavity is not longitudinally segmented,
and the vane length is 3115 mm. It consists of four vanes
and they are bolted together. The material of the cavity is
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THE EFFECT OF DTL CAVITY FIELD ERRORS ON
BEAM SPILL AT LANSCE*

L.J. RybarcykJr, R. C. McCrady, Los Alamos National Laboratory, Los Alamos, NM, 87545 USA

Abstract

The Los Alamos Neutron Science Center (LANSCE)
accelerator comprises two (H+ and H-) 750-keV Cock-
croft-Walton style injectors, a 201.25-MHz, 100-MeV
drift-tube linac (DTL) and an 805-MHz, 800-MeV cou-
pled-cavity linac (CCL). As part of the LANSCE Risk
Mitigation project a new digital low-level radio frequency
(LLRF) control system is being deployed across the linac,
starting with the DTL. Related to this upgrade, a study
was performed where specific cavity field errors were
simultaneously introduced in all DTL tanks about the
nominal stable, low-spill, production set points to mimic
LLRF control errors. The impact of these errors on the
resultant beam spill was quantified for the nominal 100
pA, 800-MeV Lujan beam. We present the details of the
measurement approach and results that show a rapid in-
crease in total linac beam spill as DTL cavity field phase
and amplitude errors are increased.

INTRODUCTION

The LANSCE facility employs a room temperature
800-MeV linac to produce both proton and H- beams for
several user programs. The linac consists of a 100-MeV,
201.25-MHz, four-tank DTL structure followed by a 800-
MeV, 805 MHz, 44 module CCL structure. During nor-
mal operations, beam spill along the linac, proton storage
ring (PSR) and beamlines to the target can be attributed to
several factors, one of which is cavity field error. During
normal operation, linac machine parameters are usually
tweaked to achieve a stable, low-loss tune. These tweaks
include adjustments to many of the linac RF phase and
amplitude set points. Although these new set points result
in relatively low beam spill during operations, cavity field
errors can introduce deviations about these nominal val-
ues and may result in excursions in beam performance,
including increased spill along the linac.

An effort is currently underway to upgrade the linac
LLRF control system with a modern digital equivalent.
The legacy analog system used along the linac has pro-
vided nominal amplitude and phase control estimated to
be better than 0.1% and 0.1°, respectively, during the
steady-state portion of a typical 625 ps beam macropulse.
During the beam turn-on transient, LLRF amplitude and
phase errors typically exceed these values but remain
below the fast-protect trip point of 1% and 1°, respective-
ly. Although the new digital system is expected to achieve
same or better performance, the question arose about the
impact of larger control errors, i.e. cavity field errors, on
beam spill during operations. The work reported here was

* Work supported by the United States Department of Energy, National
Nuclear Security Agency, under contract DEAC52-06NA25396.
T Irybarcyk@lanl.gov
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aimed at quantifying the beam spill associated with larger
cavity field errors in the DTL.

EXPERIMENT DETAILS

The experiment was conducted on the LANSCE linac
and beam lines that provide 800-MeV beam to PSR and
the Lujan Center neutron spallation target. The “Lujan”
beam, nominally 100 pA with a duty factor of 20 Hz x
625 s, is “chopped” in the 750-keV low-energy beam
transport (LEBT) to provide an extraction gap for the
PSR. The chopping results in a typical beam “minipulse”
with 290 ns out of 358 ns. During these measurements,
we used the duty factor and the minipulse countdown, i.e.
“l-of-n” to reduce the average beam current well below
the 100 pA in order to keep the beam on when spill was
excessive and interruptions would have otherwise oc-
curred. All results were renormalized to an average beam
current of 100 pA.

Beam current and loss monitors along the CCL and
downstream beam lines were used to document the aver-
age current and spill levels, respectively. We also record-
ed the status of the beam fast-protect system to ensure
that beam was uninterrupted during the measurements.

We used a simplified approach to introduce errors in
the DTL cavity fields during these measurements, where
the errors are static offsets in amplitude and phase from
the nominal production set points. For the purpose of
these measurements we assumed that the same LLRF
controllers would simultaneously allow a distribution of
errors with the same maximum magnitude in percent of
amplitude and degrees of phase on all DTL modules, e.g.
0.5% and 0.5°, respectively. Initially, we used HPSim [1]
to simulate beam spill along the CCL due to these types
of DTL cavity field errors. In the model the linac was
configured to approximate the linac operating at produc-
tion levels. A typical set of simulations consisted of 1000
different combinations of random, uniformly distributed
errors up to the maximum amplitude and phase, respec-
tively on all DTL modules. The simulated beam losses
were extracted from all runs so that rms and maximal
values could be determined. From these data, we ob-
served a correlation between the extreme beam loss and
maximal cavity errors. Initially, we considered the above
approach for the experiment, i.e. 1000 different error
combinations. However, limited beam-development time
and risk of failure to the existing mechanical phase-shifter
packages led us to choose a different approach. Instead,
we introduced only maximal static field errors in each
DTL cavity as deviations about their nominal production
set points. For each maximal static error a total of 2* dif-
ferent combinations consisting of either same-sign (+,+ or
-,-) or opposite-sign (+,- or -,+) intra-tank (amplitude,
phase) errors were applied to the DTL. Although limited
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ENERGY STABILITY OF ERLS AND RECIRCULATING LINACS
R. EichhornT, J. Hoke, Z. Mayle, CLASSE, Cornell University, Ithaca, NY, USA

Abstract

Energy recovery linacs can be seen as a hybrid between
a linear and a circular accelerator. It has been shown in
the past that an appropriate choice of the longitudinal
working point can significantly improve the energy stabil-
ity of a recirculating linac. In this contribution we will
expand the concept of energy recovery linacs and investi-
gate the energy spread of the beam as well as the recovery
efficiency stability which can be a more demanding quan-
tity in a high current ERL.

INTRODUCTION

The principle of phase focusing in longitudinal phase
space is well known and essential for the operation of
circular machines like synchrotrons and storage rings. It
is also applied in low and medium beta linear accelera-
tors. However with high beta linacs, the acceleration of
the particles is usually done on-crest.

Recirculating linacs and energy recovery linacs usually
also use on-crest acceleration with a beam transport sys-
tem tuned to isochronisity. In that case, the machine has
no inherent longitudinal stability, and as a result the
bunch length and the stability of the RF field inside the
accelerating cavities determine the energy spread of the
beam.

As pointed out earlier for recirculating linacs [1,2], the
choice of an off-crest synchronous phase together with a
non-isochronous beam transport system can offer a longi-
tudinal stability, thus reducing the effects of amplitude
and phase jitter of the accelerating cavities in the linac.
We will apply this concept to energy recovery linacs and
also investigate the role of path length variations that may
be caused by thermal drifts.

LONGITUDINAL TRACKING
Concept

For our simulations we assumed a particle distribution
entering a linac at low energy. This beam is assumed to be
accelerated 5 times and decelerated again. The linac is
modelled to have several cavities operated and powered
individually at a certain gradient and at a given synchro-
nous phase, which we define with respect to the maxi-
mum field. Each cavity is assumed to have a certain field
stability in terms of amplitude and phase jitter. The recir-
culation arcs are represented by their longitudinal disper-
sion and are assumed to have an integer (half integer for
the highest energy arc before the beam is decelerated
again) wavelength. For some of the simulations, a random
error to the path length was added to simulate thermal
effects. Figure 1 gives a layout of the machine scenario.

T r.eichhorn@cornell.edu
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Figure 1: Recirculating linac/energy recovery linac sce-
nario calculated within this paper. Rss and ®g are the
parameters under which the linac and the arcs are operat-
ed. 8A and 8¢ are the jitters that are applied to the cavity
fields and 61 is the random path length variation.

The particle bunch was tracked through the machine
within an “inner” calculation loop. This sent a single
particle bunch through a simulated linac for N passes. We
used an “outer” calculation loop to reiterate the “inner”
loop with randomized jitters in the cavity field as well as
in path length variation. Every data point given represents
the outcome of the outer loop calculation, which is an
overlay of all phase space distributions. It represents the
beam properties to be expected when accelerating many
bunches. Our code was programmed in Python® to assure
quick execution. All parameters are easy to change, and a
reference (“ideal”) particle is tracked to ensure consisten-
cy. We also benchmarked our code by reproducing results
from earlier calculations.

Parameters

We ran our simulations using realistic parameters and a
configuration planned for the C-BETA project [3]. The
injection energy in this case is 6 MeV, the energy spread
was assumed to be 1073 and the phase spread to be 0.5°.
We represented the beam by 1000 particles with Gaussian
distributions in energy and phase.

The linac in the case of the C-BETA linac houses six
cavities, oscillating at 1.3 GHz and providing a gradient
of 6 MV. Random errors for the phase between +0.5° and
for the amplitude between +10™* were assumed. For every
inner loop a constant but different amplitude and phase
error was allotted to every cavity. This is due to the fact
that the fluctuations of the field are typically driven by
microphonics and occur on the time scale of milliseconds
or more, while the accelerated beam passes through the
machine in some 100 microseconds or less. For calcula-
tions with path length variations, we assumed individual
contributions for every recirculation, being constant with-
in the inner loop. In the outer loop, field errors and path
length contributions were re-assigned and the resulting
phase space can be seen as an average over a period of
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X-BAND PHOTONIC BAND GAP ACCELERATING STRUCTURES WITH
IMPROVED WAKEFIELD SUPPRESSION*

Evgenya I. Simakov”, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.

Abstract

We designed a new photonic band gap (PBG)
accelerating structure with elliptical rods and improved
wakefields suppression. The experimental
characterization of the wakefield spectrum in a PBG
accelerator with an electron beam was recently performed
at Argonne Wakefield Accelerator facility, and the
superior wakefield suppression properties of the PBG
structure were demonstrated. In 2013 the team from MIT
and SLAC demonstrated that the X-band PBG structures
with elliptical rods have reduced breakdown rate
compared to PBG structures with round rods, presumably
due to the reduced surface magnetic fields. However, the
structure with elliptical rods designed by MIT confined
the dipole higher order mode in addition to the
accelerating mode and thus did not have superior
wakefield suppression properties. We demonstrate that
PBG resonators can be designed with 40% smaller peak
surface magnetic fields while preserving and even
improving their wakefield suppression properties as
compared to the structure with round rods. The structure
will be fabricated, tuned, and tested for high gradients and
for wakefield suppression.

INTRODUCTION

The next generation of linear accelerators has to
address the unprecedented requirements on electron
beam’s quality, acceleration gradients, and peak currents.
The accelerating cavities for the future machines must be
able to provide acceleration for the high currents while at
the same time preserving the tightly focused low
emittance beam. The higher order mode (HOM)
wakefields that get excited more easily by the high
current electron bunches can affect the quality of the
beam and must be suppressed. Photonic Band Gap [1]
(PBG) cavities have the unique potential to filter out
HOM power and greatly reduce wakefields. The first ever
demonstration of acceleration in a PBG resonator was
conducted at Massachusetts Institute of Technology
(MIT) in 2005 [2]. Since then, a number of important
PBG accelerator experiments have been conducted which
improved our understanding of the PBG accelerators,
their limitations, and ability to suppress wakefields.

The first experimental observation of excitation and
suppression of wakefields in a PBG accelerator structure
was recently conducted at the Argonne Wakefield
Accelerator [3]. It was demonstrated that the Q-factors of
most major HOMs could be reduced to about 100 in the
*Work is supported by the U.S. Department of Energy (DOE) Office of

High Energy Physics.
*smirnova@lanl.gov
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structure consisting of 16 PBG resonators with the
accelerating frequency of 11.700 GHz. However,
previous experiments by the team from MIT and SLAC
[4] demonstrated that because of the relatively high peak
surface magnetic fields on the rods of the PBG structure,
the performance of the PBG accelerator may not be
optimal at high gradients. The MIT team suggested that if
the shape of the six innermost rods of the PBG structure
was changed from round to elliptical, then the peak
surface magnetic fields would be reduced and the high
gradient performance of the PBG resonator would
improve [5].

MIT came up with the new design for the PBG
resonator with six elliptical rods and tested it at high
gradients demonstrating better performance as compared
to the resonators with round rods [5]. However, the
question remained if the new MIT resonator would be as
effective with regards to the HOM suppression as the
original PBG resonator with round rods.

Figure 1: A schematic of the PBG resonator with six
elliptical rods.

DOE HEP funded a project at Los Alamos National
Laboratory (LANL) to conduct the thorough investigation
of the X-band PBG resonators with elliptical rods and
design and test a resonator with elliptical rods, reduced

peak surface magnetic fields, and improved suppression
of wakefields.

DESIGN OF 11.7 GHZ TW PBG
RESONATOR WITH ELLIPTICAL RODS

We started the design of the new PBG resonator with
the optimization of the shape of the elliptical rod for the
minimal magnetic field. Similar optimization was already
conducted by our team for the case of the

ISBN 978-3-95450-169-4
307



MOP106006

Proceedings of LINAC2016, East Lansing, MI, USA

ELECTRO-MECHANICAL MODELING OF THE LCLS-II SUPERCON-
DUCTING CAVITIES*

0. KononenkoT, C. Adolphsen, Z. Li, T. Raubenheimer, C. Rivetta, SLAC National Accelerator
Laboratory, Menlo Park, USA

Abstract

The 4 GeV LCLS-II superconducting linac will contain
280, 1.3 GHz TESLA-style cavities operated CW at 16
MV/m. Because of the low beam current, the cavity
bandwidth will be fairly small, about 32 Hz, which makes
the field stability sensitive to detuning from external vi-
brations and He pressure fluctuations. Piezo-electric actu-
ators will be used to compensate for the detuning, which
historically has been difficult at frequencies above a few
Hz due to excitation of cavity mechanical resonances. To
understand this interaction better, we have been doing
extensive modeling of the cavities including mapping out
the mechanical modes and computing their coupling to
Lorentz forces, external vibration and piezo actuator mo-
tion. One goal is to reproduce the measured detuning
response of the piezo actuators up to 1 kHz, which is
sensitive to how the cavities are constrained within a
cryomodule. In this paper, we summarize some of find-
ings.

INTRODUCTION

The LCLS-II project [1] has adopted TESLA-style su-
perconducting cavities [2] for the 4 GeV CW linac being
built at the SLAC National Accelerator Laboratory. It will
deliver high-brightness, high-repetition-rate electron
beams that will drive an X-ray FEL. When operating the
narrow bandwidth (BW) TESLA cavities at 16 MV/m,
feedback systems [3] will be used to stabilize the cavity
fields and frequencies. The BW of the latter is limited by
the response of the cavity mechanical resonances.

Simplified
piezo tuner, SS

Cavity and
stiffening rings, Nb

Tank, Ti

4= Free

Electro-mechanical interface

1/

End plate and
flange, Nb-Ti

End flange and
plate, Nb-Ti

X,Y Fixed

X,Y Fixed

Figure 1: 3D mechanical model of the TESLA cavity.

To understand this effect better, we performed exten-
sive analysis of the coupled electro-mechanical interac-
tion between the RF fields, cavity motion and defor-
mations. The massively-parallel ACE3P simulation suite
[4] was used to determine mechanical eigenmodes of the

* Work supported by DOE Contract No. DE-AC02-76SF00515
T Oleksiy.Kononenko@slac.stanford.edu
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cavity, their coupling to Lorentz and piezo tuner [5] forc-
es as well as to calculate the corresponding RF responses.

In this paper the 3D cold mechanical model of the su-
perconducting TESLA cavity in a helium vessel is con-
sidered, where the piezo-electric tuner is replaced by the
spring of equivalent stiffness, i.e. 30 N/um [5]. The mod-
el, material details and boundary conditions are shown in
Fig. 1.

We also study the corresponding vacuum model of the
cavity, which is used to calculate RF detuning due to
mechanical deformations - see Fig. 2.

Electric mm

| ¢ Electric

Electro-mechanical interface

Figure 2: Meshed vacuum model of the TESLA cavity.

The electro-mechanical interface, essentially the cavity
internal surface shown in Fig. 1 and Fig. 2, serves as the
boundary between the RF and mechanical simulations.

MECHANICAL EIGENMODES

Using the mechanical model we have simulated
eigenmodes of the TESLA cavity. The frequencies of the
first 20 modes are shown in the Table 1.

Table 1: Eigenmodes of the cavity, longitudinal modes
are listed in red.

Mode # Freﬂ;‘:]“cy Mode # Fre[‘ﬁ';“cy
1 51 1 260
2 57 12 265
3 103 13 299
4 133 14 350
5 145 15 351
6 179 16 386
7 185 17 395
8 221 18 438
9 239 19 441
10 254 20 463

In Fig. 3 we show the surface displacements, indicated
in magnitude and direction by the color scale and arrows,
for the transverse mode at 57 Hz as well as for two longi-
tudinal modes at 239 Hz and 299 Hz.

It should be noted here that this simulation doesn’t take
into account any damping or friction nor the effect of the
liquid helium within the tank.
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MESA - AN ERL PROJECT FOR PARTICLE PHYSICS EXPERIMENTS*

F. Hug”, K. Aulenbacher, R. Heine, B. Ledroit, D. Simon
Johannes Gutenberg-Universitdt Mainz, Mainz, Germany

Abstract

The Mainz Energy-recovering  Superconducting
Accelerator (MESA) will be constructed at the Institut fiir
Kernphysik of the Johannes Gutenberg University of
Mainz. The accelerator is a low energy continuous wave
(CW) recirculating electron linac for particle physics
experiments.

MESA will be operated in two different modes serving
mainly three experiments: the first is the external beam
(EB) mode, where the beam is dumped after being used
with the external fixed target experiment P2, whose goal
is the measurement of the weak mixing angle with highest
accuracy. The required beam current for P2 is 150 pA
with polarized electrons at 155 MeV. Additionally a so
called beam-dump experiment (BDX) is planned to run in
parallel to P2.

In the second operation mode MESA will be run as an
energy recovery linac (ERL). The experiment served in
this mode is a (pseudo) internal fixed target experiment

named MAGIX. It demands an unpolarized beam of 1 mA
at 105 MeV. In a later construction stage of MESA the
achievable beam current in ERL-mode shall be upgraded
to 10 mA.

Within this contribution an overview of the MESA
project will be given highlighting the latest accelerator
layout and the challenges of operation with high density
internal gas targets.

INTRODUCTION

The MESA accelerator has been planned since approx.
2009 [1] and has undergone several design changes
during that time as the layouts and requirements of the
experiments have been refined as well [2,3]. MESA is
planned to be constructed inside of existing underground
halls formerly used by one experimental setup (A4) at the
microtron MAMI [4]. Since A4 has been decommissioned
the existing halls are free now and can be used by MESA.
MAMI nevertheless will continue operation in parallel. In

MESA Instrumentation

Figure 1: Layout of the MESA accelerator and planned experiments. The accelerator will be located in two existing
(No. 2&3) and one new (No. 1) underground halls. The boundary between the old and new part of the building is
marked by a red line. Hall 4 can be used at a later stage for additional experiments if needed. Construction of new
Hall 1 will start in 2018.

*Work supported by DFG through CRC 634, RTG 2128
and PRISMA cluster of excellence
*hug@kph.uni-mainz.de
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COMMISSIONING STATUS OF THE CHOPPER SYSTEM FOR THE
MAX IV INJECTOR

D. Olsson*, J. Andersson, F. Curbis, L. Isaksson, L. Malmgren, E. Mansten, S. Thorin
MAX IV Laboratory, Lund, Sweden

Abstract

The MAX 1V facility in Lund, Sweden consists of two
storage rings for production of synchrotron radiation, and
a short-pulse-facility (SPF). The two rings are designed for
3 GeV and 1.5 GeV, respectively, where the initial beam
commissioning of the former has recently been completed,
and commissioning of the latter was started in September
2016. Both rings will be operating with top-up injections
delivered by a full-energy injector. In order to reduce losses
of high-energy electrons along the injector and in the rings
during injection, only electrons that are within a time struc-
ture where they can be accumulated in the ring buckets
are accelerated. Electrons outside this time structure are
dumped before they reach the first LINAC structure by a
chopper system. The performance of the chopper system
during commissioning of the 3 GeV ring is presented in this

paper.

INTRODUCTION

The MAX IV injector consists of 39 travelling-wave S-
band LINAC structures that are fed via SLED systems [1].
It provides top-up injections for two storage rings at 3 GeV
and 1.5 GeV, respectively. The injector also operates as
a driver for a short-pulse-facility (SPF) [2], and might be
the driver for a future free-electron laser (FEL) [3]. Initial
beam commissioning of the 3 GeV ring was completed in
the summer of 2016, and the facility will soon open up for
the user community. The beam commission of the 1.5 GeV
was started in September 2016.

For ring injections, the electron source is a thermionic
S-band RF gun that delivers an electron pulse with a length
of ~ 1 us [4]. This electron pulse is bunched with an S-band
structure, and only a fraction of its charge can be accumu-
lated in the rings during injection. The RF systems in both
rings are operating at 100 MHz, and the number of S-band
bunches that can be accumulated in each ring bucket de-
pends on parameters such as available RF voltage and the
radiation losses. In its final state, the number of S-band
bunches that can be accumulated in each bucket in the 3
GeV ring might vary between 4 and 7, while the number
might be as high as 19 in the 1.5 GeV ring [5]. Due to the
SLED systems, the accelerated electron pulse has an energy
chirp [6] which limits the number of ring buckets that can
be injected during each LINAC shot because of the finite
momentum acceptance in the transport lines to the rings [7].

Electrons that can not be accumulated during injection
are dumped before they reach the first LINAC structure by
a chopper system. The electron losses at high energies, as
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well as the emitted bremsstrahlung, are by that minimized.
Apart from protecting personnel and sensitive electronic
equipment from radiation, it also reduces radiation-induced
demagnetization of the permanent magnets in insertion de-
vices (IDs). Such magnet degradation does not only reduce
the undulator/wiggler parameter, K, but does also result in
an extra broadening of the spectral lines since the demagne-
tization is often non-uniform along the IDs [8] [9].

THE CHOPPER SYSTEM

The chopper system consists of two planar striplines
with corrector magnets placed around them, as seen in the
schematic overview in Figure 1. By adjusting the strengths of
the correctors and the shape of the counter propagating TEM
waves that are fed to the striplines, only the S-band bunches
within the desired time structure experience a net deflect-
ing force that is zero when passing each stripline. S-band
bunches that are outside this time structure are vertically
deflected and dumped at a downstream located adjustable
aperture.

The first stripline is fed with a superposed signal con-
sisting of one 100 MHz, one 300 MHz, and one 700 MHz
signal. These three signals can be generated as harmonics
(in a comb generator) from any of the 100 MHz main RF
signals of the two rings. By doing so, the superposed signal
is always phase locked to the RF system of the ring that is
being injected. After the three signals have been generated,
they are amplified and combined in a cavity filter and fed
to the first stripline, as shown in Figure 1. Note that the
combined signal is circulated through both stripline elec-
trodes, and the total electrical length is adjusted so that the
propagating mode in the stripline is an odd (differential)
TEM mode at odd harmonics of 100 MHz. By adjusting
the amplitudes of the three signals, it is possible to change
the number of S-band bunches per 10 ns period that enters
the main injector, i.e. the number of S-band bunches that
are injected into each ring bucket. This is illustrated in Fig-
ure 2, where the vertical displacement at the position of the
aperture is shown for the driving scheme that has been used
during commissioning of the 3 GeV ring. With this driving
scheme, only 3 S-band bunches per 10 ns period pass the
boundaries of the aperture, while the rest are dumped. In [5],
other driving schemes are presented where up to 15 S-band
bunches per ring bucket are injected.

By feeding two high-voltage pulses with different polari-
ties to the second stripline, the total length of the electron
pulse that enters the main injector can be adjusted, i.e. the
number of ring buckets that are injected during each LINAC
shot. These pulses are generated by commercial switch
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HIGH POWER RF REQUIREMENTS FOR DRIVING DISCONTINUOUS
BUNCH TRAINS IN THE MaRIE LINAC*

J. Bradley III, A. Scheinker, D. Rees, R. L. Sheffield, LANL, Los Alamos, NM, U.S.A.

Abstract

The MaRIE project Pre-Conceptual Referenced Design
is based on a superconducting linac to provide 12 GeV
electron bunches to drive an X-ray FEL. Dynamic exper-
iments planned for MaRIE require that the linac produce a
series of micropulses that can be irregularly spaced within
the macropulse, and these patterns can change from
macropulse to macropulse. Irregular pulse structures
create a challenge to optimizing the design of the RF and
cryogenic systems. General formulas for cavities with
beam loading can overestimate the power required for our
irregular beam macropulse. The differing beam energy
variations allowed for the XFEL and eRad micropulses
produce cavity voltage control requirements that also vary
within the macropulse. The RF pulse driving the cavities
can be tailored to meet the needs of a particular beam
macropulse because the macropulse structure is known
before the pulse starts. We will derive a toolkit that can
be used to determine the required RF power waveforms
for arbitrary macropulse structures. We will also examine
how the irregular RF power waveforms can impact RF
and cryogenic system cost trade-offs.

OVERVIEW OF THE PRESENT MaRIE
DESIGN

The purpose of the Matter-Radiations Interactions in
Extremes (MaRIE) project is to investigate material prop-
erties in extreme conditions and record how these condi-
tions evolve over time. Long macropulses are important
because the conditions of interest change over a time-
scales of 1 ms, but also can change very quickly at any
time within this time period.

The Pre-conceptual Reference Design uses a supercon-
ducting 12 GeV linac to drive a 42 keV X-ray FEL with a
train of up to 0.2 nC electron bunches with an average
current of 8 mA over a macropulse of 69ns to 700us
(1000us goal) [1]. The linac is made up of 1.3 GHz
TESLA style cavities operating at the ILC design point of
31.5 MV/m, (implying 32.7 MV/cavity, 121.713 J/cavity,
and 367 active cavities).

The main linac will also accelerate electron radiog-
raphy (eRad) micropulses that will be interleaved with the
micropulses driving the X-ray FEL.

CHALLENGES UNIQUE TO PLANNED
OPERATION MODES AT MaRIE

The MaRIE linac is a pulsed machine with irregularly
spaced micropulses within each macropulse [1]. The
irregular spacing provides a particular challenge to the RF
system driving the accelerating cavities.

The exact micropulse structures for MaRIE are still
subject to modification at this point in the project, but in

*Work supported by the NNSA, U. S. Department of Energy under
contract DE-AC52-06NA25396.
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general they are as follows: The X-Ray FEL will use a
train of up to 0.2 nC electron bunches with an average
current of 8 mA over the macropulse, but in the last part
of the macropulse the spacing between micropulses de-
creases dramatically. In the last 230 ns the pulse spacing
can be as small as 2.3 ns. The power feeding the main
linac cavities is sized for a continuous 8 mA beam, so the
concentration of pulses in the last part of the macropulse
will cause the cavities in the main linac to lose energy and
the accelerating voltage to droop. A 0.01% electron beam
energy tolerance sets a limit on the allowable energy
depletion of an electron bunch on the cavity voltage for a
succeeding bunch [2].

One design option is for simultaneous electron radiog-
raphy (eRad) with 2 nC micropulses. These larger charge
bunches are interleaved in the same macropulse with the
smaller charge bunches that drive the X-ray FEL, further
complicating the RF drive requirements. Each eRad
micropulse is separated from following micropulses with
a spacing of at least 23 ns.

CONTINUOUS AND DISCONTINUOUS
BEAM LOADING FORMULAS

Continuous Beam Loading Model

The forward RF power required by a cavity with heavy
continuous beam loading [3] assuming: Q > @Q,, on-crest
operation and neglecting microphonics simplifies to the
well known power requirement formula for flattop opera-
tion

B 2
Pt maintain Ve2ffR 1+ L E/Q ) Qe
e (6) eff

Discontinuous Beam Loading Model

The discontinuous beam loading model essentially ap-
plies a piecewise approximation to the continuous beam
model.  The following assumptions apply: a cavi-
ty/coupler system with time constant 7; = 2Q;/w and an
external coupling Q, < Q,, a micropulse with charge g,
enters the cavity at t,, then the micropulse decreases the
cavity stored energy U( t,,) from the value just before the
bunch enters by the energy the bunch removes from the
cavity, V.(t,) q,; and that this happens instantaneously;
finally the forward power between ¢, and t,,, is held
constant at Pr o5 The cavity stored energy for t, <
t < tp4q isthen

AP, .. _t=tattrin a2
U(t) — f_erllQe <1 e >
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MEASUREMENT OF THE TRANSVERSE BEAM DYNAMICS IN A
TESLA-TYPE SUPERCONDUCTING CAVITY"

A. Halavanau®2, N. Eddyz, D. Edstrom?2, A. Lunin2, P. Piot"2, J. Ruan?, N. Solyak2
! Department of Physics and Northern Illinois Center for Accelerator &
Detector Development, Northern Illinois University, DeKalb, IL 60115, USA
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Abstract

Superconducting linacs are capable of producing in-
tense, ultra-stable, high-quality electron beams that have
widespread applications in Science and Industry. Many
project are based on the 1.3-GHz TESLA-type supercon-
ducting cavity. In this paper we provide an update on a
recent experiment aimed at measuring the transfer matrix
of a TESLA cavity at the Fermilab Accelerator Science and
Technology (FAST) facility. The results are discussed and
compared with analytical and numerical simulations.

INTRODUCTION

Several projects are foreseen to incorporate TESLA-type
cavities [1,2]. These include electron- [3], muon- [4], and
proton-beam accelerators [5]. The transverse beam dynam-
ics associated to these accelerating cavities has been ex-
plored in the last decade [6, 7]. Recently, we attempted to
characterize the transfer matrix associated to a TESLA cav-
ity and some preliminary measurement were reported in
Ref. [8]. In this paper we improve our previous measure-
ment and confirm that the measured transfer matrix is well
described by the by Chambers’ [9] model. We especially
find that the inclusion of spatial harmonics as discussed
in [10-14] is not relevant for the TESLA cavity.

In brief, we consider the transfer matrix R of the cavity in
the transverse trace space to be defined as xy = Rx; where
X = (x,x’) and the subscript i (resp. f) corresponds to
the coordinates upstream (resp. downstream) of the cavity.
According to the Chambers’ model, the elements of 2 x 2
matrix R are [9,12-14]:

Ry, = cosa- V2 cos (A¢g)sina,
Ry = \/gy—’, cos (Ag) sin a,
Y
! A 1
Ry = _YL | cos(A9) + sine, (1)
el V2 V8 cos (Ap)
Ry = % [cos @ + V2 cos (A¢) sin ],
i
where a = m In Z,—f_", ¥r = vi+v’zis the final Lorentz

factor, and |R| = y;/yy.
The analytical solution (1) is obtained under the assump-
tion of axially symmetric field. It is not the case in a real

* This work was supported by the US Department of Energy under contract
DE-SC0011831 with Northern Illinois University. Fermilab is operated
by the Fermi research alliance LLC under US DOE contract DE-AC02-
07CH11359.
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RF cavity which includes input-power and high-order-mode
(HOM) couplers needed to respectively couple the RF power
to the cavity and damp the HOM fields excited by the beam.

To investigate the impact of couplers further, a 3D elec-
tromagnetic model of the cavity — including its auxiliary
couplers — was implemented in Hrss [15]. The simulated
3D electromagnetic field map was imported in ASTRA [16]
particle-tracking program. The map was computed over a
the domain x = y = +10 mm from the cavity axis and over
z = 1395 mm along the cavity length. The respective mesh
size were taken to be dx = y = 0.5 mm and 6z = 1 mm. In
our previous studies it was found, via numerical simulation,
that the main effect of the 3D model is to induce some beam
steering. However, we did not find significant deviations in
the cavity transverse-focusing properties from the 1D (i.e.
without including 3D effect) model. In particular, simula-
tions indicated a good agreement of the transverse focusing
with the analytical model from Chambers [8].

5 MeV 20 MeV 34 MeV
—§— cavi |- cCcAw2
HV101 HV103 B104/106

~~dipoles—

Figure 1: Experimental setup under consideration: two SRF-
cavities(CAV1/CAV?2) and beam position monitors (BPM
104/106) used in measurements.

EXPERIMENTAL SETUP & METHOD

The experiment was performed at the FAST injector [17]
and is the continuation of studies performed earlier at Fer-
milab AO photoinjector facility [6] and FAST facility [8].
A significant change from our previous experiment was the
addition of a second cavity and the modification of some of
the diagnostics.

In brief, an electron beam photoemitted from a high-
quantum efficiency is rapidly accelerated to 5 MeV in a
L-band RF gun. The beam is then injected in TESLA cav-
ity (CAV1) with average accelerating gradient limited to
G,f =~ 15 MeV/m and further accelerated to a maximum
energy of ~ 34 MeV in the second cavity (CAV2); Fig. 1.)

A priori to performing the experiment, a beam-based
alignment through both cavities was performed. The pro-
cedure was accomplished using a conjugate gradient algo-
rithm available within scipy library and using PyACL frame-
work [18]. In order to measure the transfer matrix, beam-
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SUPERCONDUCTING TRAVELING WAVE CAVITY TUNING STUDIES*
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P. Avrakhov, Euclid Techlabs, Bolingbrook, IL, USA
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Abstract

Superconducting traveling wave cavity (SCTW) can
provide 1.2-1.4 times larger accelerating gradient than
conventional standing wave SRF cavities [1]. Firstly,
traveling wave opens the way to use other than Pi-mode
phase advance per cell which increase transit time factor.
Secondly, traveling wave is not so sensitive to cavity
length as standing wave, which length is limited to 1
meter because of field flatness degradation. 3 cell SCTW
cavity was proposed [2] and built for high gradient travel-
ing wave demonstration and tuning studies. This paper
describes analytical model that was used for cavity devel-
opment. Tuning properties and requirements are also
discussed.

INTRODUCTION

The accelerating gradient in RF cavities plays a key
role in high energy accelerators [3], since the cost of the
project is highly dependent on its length. The current
design of an SRF based linear collider uses superconduct-
ing Tesla type [4] accelerating cavities with accelerating
gradients of 31 MV/m. The Tesla cavity length is restrict-
ed to 1 meter because of field flatness degradation and
consists of only 9 cells. There is an unavoidable gap be-
tween cavities which decreases the average accelerating
gradient.

A superconducting traveling wave cavity (SCTW) was
proposed to increase the accelerating gradient [1]. How-
ever, it requires a feedback waveguide to transfer RF
power from the output of the cavity back to its input sec-
tion. Traveling wave (TW) cavities have lower field flat-
ness sensitivity to the cavity length and, thus can be much
longer. Our investigations showed [5] that a 10 meter
long TW cavity would have a better field flatness than
even a 1 meter standing wave (SW) cavity if it can be
fabricated and  cleaned with the  required
tolerances. Thus, if the technology allows building such a
long cavity it might increase the accelerating gradient by
22% eliminating beam pipes empty of RF power between
cavities. A TW cavity can operate at any phase advance,
and, as is well known, a smaller phase advance provides a
higher transit time factor. We investigated the phase ad-
vance dependence on the accelerating gradient of the
SCTW cavity and it was found that 105 degrees gives an
optimal accelerating gradient gain of 24% [5]. Overall, a
TW cavity may increase the gradient by up to 46% com-
pared to a conventional SW cavity.

The first approach to a TW cavity was a single cell cav-
ity. It was manufactured to prove the feasibility of clean-

* Work supported by US DOE SBIR # DE-SC0006300
T r.kostin@euclidtechlabs.com
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ing the feedback waveguide. The cavity was cleaned at
Argonne National Lab and tested at Fermilab at the verti-
cal test stand in liquid helium. A 26 MV/m accelerating
gradient was reached [5], which is comparable to Tesla
single cell cavities with the same treatment. This opened
the way to build a next generation TW cavity — a 3-Cell
SCTW cavity [2] to demonstrate operation in the TW
regime in a superconducting cavity with a high gradient.
Two cavities were built. Traveling wave was successfully
adjusted in one of them at room temperature [6]. The
other cavity will be tested in liquid helium and requires
siffening ribs on the waveguide. The welding process will
be finished by Fall 2016.

Tuning properties of the 3-Cell TW cavity were inves-
tigated [7, 8]. Analytical model of 3-Cell traveling cavity
which was used in these studies is presented and dis-
cussed in the paper. It was found that suppression of mi-
crophonics caused by external pressure variation is possi-
ble by power redistribution in the input couplers. A feed-
ing scheme with power redistribution capability is pro-
posed and discussed. A 2D tuner required for Lorentz
force compensation was designed, manufactured and
tested [9]. Its analytical representation in the model is also
presented.

ANALYTICAL MODEL

Analytical model was created to investigate traveling
wave adjustment in resonator with feedback waveguide
and at the same time include effects of mechanical defor-
mations, such as microphonics, Lorentz force and tuner.
The model is based on S-matrix formalism and utilizes S-
parameters calculated in finite element (FE) codes. The
model is suitable for any resonator but will be discussed
in details on example of the 3-cell SCTW cavity which
schematic is depicted on Figure 1.

2

2D
TUNING
1 |: P ELEMENT
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Figure 1: 3-Cell schematic for analytical model.
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Abstract

A test accelerator as a coherent terahertz source
(t-ACTYS) has been under development at Tohoku Univer-
sity, in which an intense coherent terahertz (THz) radia-
tion generated by an extremely short electron bunch [1].
Velocity bunching scheme in a traveling accelerating
structure is employed to generate femtosecond electron
bunches [2]. Spatial and temporal coherent radiation in
THz region can be produced by the electron bunches with
small transverse emittance. A long-period undulator,
which has 25 periods with a period length of 10 cm and a
peak magnetic field of 0.41 T, has been also developed
and installed to provide intense coherent THz undulator
radiation. By optimizing the bunch length, we found that
it is possible to generate a coherent undulator radiation
that contains only the fundamental wave from numerical
studies. Beam experiment was performed to generate and
observe the coherent undulator radiation from extremely
short electron bunches. Coherent undulator radiation from
2.6 to 3.6 THz was demonstrated. The preliminary results
of the experiment will be reported in this paper.

INTRODUCTION

The relativistic and sub-picosecond electron pulses al-
lows direct production of high intensity, coherent, narrow-
band terahertz (THz) radiation by passing the electron
beam through an undulator [1]. Using the coherent and
narrow-band THz radiation, the various polarization states
can be produced for scientific research and applications.

The total radiated power from an electron bunch of N
electrons can be written as

P(D) = [N{1 - f(D}+ N* (D] - P, (D), ()

where Py (L) is the radiated power from a single electron.
The function of f(A) is bunch form-factor for Gaussian
bunch with rms bunch length (c},) and it is given by

02
exp (—2712 /1—})2)

As the compressed electron bunch is shorter than the
radiation wavelength, f(A) is not zero and the radiation
power from the electron bunch P(L) has a coherent term
that is proportional to N,

The accelerator system of t-ACTS consists of a special-
ly designed S-band RF gun [3], an alpha magnet with
energy slit, a 3m-long accelerating structure, 2.5m-long
linearly-polarized undulator with 25 periods. We experi-

2

f) = (2)
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mentally confirmed the production of short electron
bunch by measuring the bunch length using a streak cam-
era and analysing spectrum of coherent transition radia-
tion in THz region [4-6]. Generation of coherent undula-
tor radiation is studied and demonstrated at t-ACTS.

UNDULATOR RADIATION FROM SHORT
ELECTRON BUNCHES

An electric field and spectrum of undulator radiation
can be calculated from an electron beam motion and the
undulator parameters. The Lienard Wiéchert potential
describes the electromagnetic effect of a moving charge.
To obtain the electron beam motion, a magnetic field of
undulator is derived by a three-dimensional magnetic
field calculation program with magnetic charge method
[7], and the electron trajectory in the undulator field is
calculated with relativistic equation of motion using the
Runge-Kutta method. The radiation field and spectrum
are calculated for Gaussian bunch with o, = 100 fs. An
electron energy, K-value and number of periods of undu-
lator were 30 MeV, 3.88 and 25, respectively. Wavelength
of fundamental radiation was approximately 120 um (2.5
THz). Figure 1 shows the electric fields and spectrum of
undulator radiation, respectively. By adjusting the bunch
length relative to wavelength of fundamental radiation,
the higher harmonics can be supressed and the time pro-
file of the electric field become almost sinusoidal wave as
in case of o, = 100 fs.

We evaluate the intensity of coherent undulator radia-
tion for the case of 100 fs Gaussian bunch. Macropulse
duration is 2.0 ps and it contains about 5700 microbunch.
Radiation wavelength for fundamental is 120 pm
(2.5 THz) and the pulse duration of the radiation is 10 ps

151077

7
1107 - TN
510" | g

[au.]

0 4

E,

510" L i

107 L THORLY TN Uy |

151077 L L L L L L L
0 2 4 6 8 10 12 14 16
Time [ps]

15107

110" B

Intensity [a.u.]

510"k g

0
20 30 40

50 60 70 80 90100 200
wavelength [um]

Figure 1: Electric field (up) and radiation spectrum
(down) of undulator radiation from Gaussian bunch of
o:=100 fs.
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INTRA BUNCH TRAIN TRANSVERSE DYNAMICS IN THE
SUPERCONDUCTING ACCELERATORS FLASH AND EUROPEAN XFEL

T. Hellert, M. Dohlus, W. Decking, DESY, Hamburg, Germany

Abstract

At FLASH and the European XFEL accelerator super-
conducting 9-cell TESLA cavities accelerate long bunch
trains at high gradients in pulsed operation. Several RF cav-
ities with individual operating limits are supplied by one
RF power source. Within the bunch train, the low-level-RF
system is able to restrict the variation of the vector sum
voltage and phase of one control line below 3E-4 and 0.06
degree, respectively. However, individual cavities may have
a significant spread of amplitudes and phases. Misaligned
cavities in combination with variable RF parameters will
cause significant intra-pulse orbit distortions, leading to an
increase of the multi-bunch emittance. An efficient model
including coupler kicks was developed to describe the effect
at low beam energies. Comparison with start-to-end tracking
and experimental data will be shown.

INTRODUCTION

There are several ways for getting a proper description of
the transverse beam dynamics in a RF accelerating structure,
e.g. using tracking algorithms [1] or simplified analytic mod-
els [2]. Assuming knowledge of the electromagnetic field
distribution and the initial conditions of the particles, track-
ing provides accurate solutions, even for very low particle
energies. Since the track step has to be small compared to a
cell length, many steps are required, which needs consider-
able computation time for simulations with high dimensional
parameter scans. Established simplified analytic models on
the other hand may calculate the beam transport by few
matrix multiplications. However, they are based on assump-
tions, most importantly ultra-relativistic beams, which do
not apply at most particle injectors. Thus, a major challenge
is to set up a model for low particle energies y = [10 ... 200],
which is simple enough in order to calculate its output within
Milliseconds, yet able to reproduce key features of RF dy-
namics such as RF focussing and coupler kicks.

MODEL DEVELOPMENT

Our approach uses a combination of numerically cal-
culated axial symmetric beam transport matrices and dis-
cretized coupler kicks, coeflicients of which are derived via
a Runge-Kautta tracking algorithm using a high precision 3D
field map of the TESLA cavity. Once the parameterized co-
efficients for the beam transport matrices and coupler kicks
are evaluated, the final model uses the matrix formalism to
calculate the beam transport through an accelerating mod-
ule consisting out of 8 cavities in the order of ms for 400
bunches.

4 Beam Dynamics, Extreme Beams, Sources and Beam Related Technology

4A Beam Dynamics, Beam Simulations, Beam Transport
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Figure 1: Longitudinal cross-section of a TESLA cavity.
Highlighted are the HOM and power couplers and the trans-
fer matrices as used for the model function.

3D-Field-Map

For the TESLA cavity two field maps are available. The
axial symmetric field map describes the accelerating mode
without geometric disturbances [3]. The 3D field map [4] de-
scribes this mode including the fields induced by both HOM

and power coupler. Let E {;i/';/]cm] being the sine and cosine

like parts of the resonating electric field for the forwarded
and reflected wave, respectively, and A[f /r] and Prrir) ampli-
tude and phase of the forward and backward wave from/to the
fundamental mode coupler. The overall electric field com-
ponent for the general case with given accelerating voltage
Vo and phase ¢ in respect to the beam can then be calculated
with

E(t) = R [Vo/V, @) . (B —ir - ES™)] (1)

from the 3D field map provided by [4] for the pure decay
mode, thus no incoming wave. V- normalizes the field to the
Eigenmode-solution of the field map. The voltage standing
wave ratio

T = (A€ = Ape'?T) (A e + ApeT)  (2)

describes the ratio between the difference of the forwarded
and reflected wave in respect to the overall accelerating field.
The magnetic component behaves analogously, using similar
symmetry properties of the field components.

Beam Transport in Axial Symmetric RF Cavities

The change of transverse coordinates of a particle induced
by an axial symmetric cavity can be written in terms of a
matrix formalism. Using the Maxwell equations, a quasi-
3D field map can be calculated from [3]. A Runge-Kutta
algorithm is used to solve the equation of motion for one
cavity for an ensemble of initial particles, entering the cavity
at different offsets and angles. The calculation of the beam
transport matrix then becomes a linear regression problem.
The energy gain AE of a particle in the TESLA cavity is
determined by the accelerating mode and is to a very good
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REVIEW ON TRENDS IN NORMAL CONDUCTING LINACS FOR
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TECHNOLOGIES AND APPLICATIONS

F. Gerigk™, CERN, Geneva, Switzerland

Abstract

In recent years superconducting (SC) cavities seem to
rise in popularity. While these cavities can save operating
costs and shorten the length of linacs, there are many appli-
cations and circumstances where normal conducting (NC)
cavities are superior. This talk reviews some of the NC Radio
Frequency (RF) linacs, which have been either recently com-
missioned, or which are currently under construction or in
the design phase. Focus will be given to the choice between
NC and SC cavities and to emerging normal conducting
technologies and their applications.

PARAMETER RANGE FOR NC LINACS
AND THEIR APPLICATIONS

The choice between NC and SC linacs is made according
to power efficiency, real estate gradient, capital investment,
maintenance/ running cost, local expertise, and the interest
in “doing something new”. While the last one may not
sound very scientific, engineers are often more attracted to
work on SC cavities, which are perceived as challenging
and innovative, while NC linacs are considered as not very
high-tech.

The above mentioned criteria depend very much on oper-
ational parameters such as beam pulse length, bunch current,
final energy, duty cycle, and final energy, which also deter-
mine the transition energy between NC and SC cavities in
the case of hadron linacs.

Parameters

Beam pulse length The filling time #4; of a cavity to-
gether with the beam pulse length #,,5. determines the RF
duty cycle and therefore the RF power consumption. For
the cryogenic duty cycle of SC linacs one has to add not
only 5 but also the decay time #,4.. [1] in order to calculate
the power consumption of the cryogenic system (see Fig. 1).
The filling time is generally proportional to Q/f with O
being the quality factor of the cavity and f the RF frequency.
In case of TW NC structures tz; is determined by the group
velocity of the RF wave and the structure length, yielding
very small values in the <1 s range. SW NC structures
typically need 10s of ps until the reflected RF waves have
stabilised and in SC SW structures one is typically in the
range of 100 s of ps or even ms. It is therefore clear that the
combination of short ps-range pulses and SC cavities is not
very efficient.

* frank.gerigk@cern.ch
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Figure 1: Voltage profile in a pulsed cavity.

Bunch current The power dissipated in the surface of
NC SW structures is determined by its accelerating volt-
age V., effective shunt impedance Z7?, and its length L
according to

Py = V“—ZCC €))

4Tz

For high currents (e.g. > 100 mA) the beam power P, =
I - Ve can be larger than P, and then the power efficiency
of a NC linac can often be better than a SC alternative. High
beam currents may also require to operate SC cavities at
a modest gradient in order to protect the power coupler
from too high peak power values, which is another argu-
ment against SC cavities at high bunch current.

Accelerating gradient/final energy A high-energy
linac needs high accelerating gradients in order to limit its
length and cost. For short pulses in the ps range NC TW
or SW structures are usually the most efficient choice. For
longer pulses in the ms range one can choose SC structures.
NC TW structures are used routinely at * 30 MV/m for the
acceleration of electrons. Even though much higher gradi-
ents (60-70 MV/m) can be operated reliably they are rarely
used because of the increased cost of high peak power RF
systems. SC structures also approach usable gradients of
around = 30 MV/m with a good example being the XFEL
cryomodules, which achieved an average 27.9 MV/m dur-
ing testing [2]. More R&D may push the gradients of SC
cavities higher but also here the cost of high peak power RF
systems may put a natural limit to the gradients being used
in operational machines.

TW NC cavities for proton acceleration are so far not used
in low-energy linacs, mostly because of the need to adapt
the structures to the different energies. However, several
projects [3,4] are working on this option and the coming
years may see the first NC linacs operating routinely with
50 MV/m.
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EXPERIENCE WITH THE CONSTRUCTION AND COMMISSIONING OF
LINAC4

J. B. Lallement for the Linac4 team, CERN, Geneva, Switzerland

Abstract

In the framework of the LHC Injector Upgrade program,
CERN is presently commissioning Linac4, a 160MeV H-
ion linac, which will replace the present 50 MeV proton
linac (Linac2) as injector to the PS Booster during the next
LHC long shut-down. The installation of the machine has
proceeded in parallel with a staged beam commissioning at
the energies of 3, 12, 50, 100 and finally 160 MeV, foreseen
for fall 2016. A seven month long reliability run will take
place during 2017 to assess potential weak points and find
mitigations. The lessons learnt during its construction, the
main outcomes of the beam commissioning and the re-
maining steps toward its connection to the PS Booster are
presented in this paper.

THE LINAC4 PROJECT

The Linac4 project started in 2008 with the goal of build-
ing anew 160 MeV H ion linear accelerator to replace the
present 50 MeV Linac2 as injector of the CERN PS
Booster (PSB). The main motivations were to increase the
beam brilliance in the PSB and in all the LHC injector
chain to fulfil the requirements of the High-Luminosity
LHC upgrade program [1]. Moreover, the new charge ex-
change injection into the PSB (H™ ions instead of protons
from the Linac2) would reduce the beam losses at injection
and increase the operational flexibility.

Linac4 is a pulsed, normal-conducting 80 m long linac.
A sketch of the Linac is shown in Fig. 1. It is composed of
a 3 MeV pre-injector comprising a 45 keV ion source, a
Low Energy Beam Transport (LEBT), a 4 vane Radio Fre-
quency Quadrupole (RFQ) resonating at 352 MHz and a
3.6 m long Medium Energy Beam Transport (MEBT)
housing a fast beam chopper. The chopper modifies the
beam pulse structure, by removing some selected mircro-
bunches at 352 MHz with the purpose of considerably re-
ducing the losses during the beam capture at | MHz in the
PSB. The linac front-end is followed by a conventional 50
MeV Dirift Tube Linac (DTL) with a permanent magnet
quadrupole focusing channel, a 102 MeV Cell-Coupled
DTL (CCDTL) and a 160 MeV n-mode structure (PIMS)
[2]. The main Linac4 parameters are given in Table 1.

45KV 3MeV 50 MeV 102MeV 160 MeV

p7L 8 coprL B

Figure 1: Linac4 sketch.

The beam commissioning was staged in 6 main steps of
increasing energy. At the time of writing, the last step, the
commissioning of the PIMS, is about to start. It will be
completed by the end of 2016 and will be followed by a 7
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month run to improve machine performances and assess
reliability. The connection to the PSB will take place dur-
ing the next LHC Long Shut down (LS2) starting from Jan-
uary 2018. It will then become the sole injector for the
CERN proton accelerator complex.

Table 1: Linac4 Design Parameters

Ion Species H-

Length 80 m
Output Energy 160 MeV
Frequency 352.2 MHz
Repetition rate 1.1 (max. 2) Hz

Pulse length 400 (max. 1200) us
Linac pulse current (max.) 40 mA
Chopping factor 62 %
RMS Trans. Emittance 0.4 mm.mrad
LINAC4 BUILDING BLOCKS
Source

The Linac4 caesiated surface ion source driven by an
external RF antenna solenoid has reached a stable and reli-
able performance adequate to the needs of the LHC but is
still undergoing developments to improve the current for
the requirements of future high-intensity beams in the PSB.
Many different prototypes were tested and operated in the
past years with constantly increasing performances [3]. It
is operated in a pulsed mode at 1.2 s interval, keeping the
beam output as stable and reliable as possible. It can today
reliably deliver a 50 mA beam out of which 35 mA are
within the RFQ acceptance. Optimisation, systematic
measurements and prototypes testing are presently on-go-
ing on a dedicated test stand, made of a LEBT and an emit-
tance meter (slit and grid). During the last years a very use-
ful tool has been deployed on the source. This system reg-
ulates the source parameters (e.g. the gas injection and the
RF power) while monitoring some given observables like
the electron/H™ ratio with the aim of delivering a constant
flat pulse of current of the desired intensity and duration. It
will also be used to perform the monthly cesiation needed
for the correct functioning of the source.

RFQO

The Linac4 RFQ was designed and manufactured at
CERN [4]. Its RF design and tuning has been made in col-
laboration with CEA Saclay. Consisting of a 3 m long
structure made of three brazed sections, it accelerated a
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HIGH POWER OPERATION OF SNS SC LINAC*
M.A. Plum, Oak Ridge Spallation Neutron Source, Oak Ridge, TN, US

Abstract

The SNS superconducting linac (SCL) provides
972 MeV, 1.5 MW H™ beam for the storage ring and neu-
tron spallation target. It has now been in operation for 11
years, and we have gained experience in long-term opera-
tional aspects. Three inter-related aspects are gradient
changes, errant beams, and trip rates. In this presentation
we will provide an update on our progress to mitigate
these aspects, and also report on the overall status of the
SCL.

INTRODUCTION

The SNS SCL today accelerates an H™ ion beam from
186 to 972 MeV using a total of 81 superconducting 6-
cell cavities [1]. The first 33 cavities are contained within
Il cryomodules and are optimized for f = 0.61
(245 MeV), and the remaining 48 are contained within 12
cryomodules and are optimized for = 0.81 (662 MeV).
SCL commissioning began in 2005, and by 2009 the
beam power reached 1 MW. The design beam power of
1.4 MW was first reached in 2013. The design beam en-
ergy of 1 GeV has not yet been reached for high intensity
production conditions, but we are making steady progress
through plasma processing [2].

SNS reliability FY'07 to Aug. 2016
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Figure 1: SNS reliability since 2007.
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During the 11 years of operation we have learned a lot
about operating a high intensity superconducting hadron
linac. Highlights include: 1) a previously unrealized beam

* This manuscript has been authored by UT-Battelle, LLC under Contract
No. DE-AC05-000R22725 with the U.S. Department of Energy. The
United States Government retains and the publisher, by accepting the
article for publication, acknowledges that the United States Govern-
ment retains a non-exclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes. The Depart-
ment of Energy will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).
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loss mechanism (intra-beam stripping) was found to be
the source of surprisingly high beam loss [3]; 2) errant
beam events were found to degrade the SCL cavities [4];
3) warm linac RF cavity field collapse was found to be
the cause of most of the errant beam events [4], and 4) a
plasma processing technique was developed to improve
cavity gradients [2]. In this paper we will review and
update the status of errant beam events at SNS and dis-
cuss how to mitigate them, then broaden the discussion to
include beam trips in general, and finally conclude with a
discussion of beam energy, beam loss and activation.
Since 2011 the linac reliability has been very good, as
shown in Fig. 1. It has exceeded 90% in every year except
2014 when it took several weeks to recover from a water
leak in the medium energy beam transport a couple me-

ters downstream of the RFQ.
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Figure 2: Example of RF field collapse in the warm linac
— in this case in cavity CCL-2. The region circled by the
dashed line shows the time of the field collapse. A normal
pair of I/Q waveforms is superimposed on the field col-
lapse waveforms. The x-axis is in units of microseconds.

ERRANT BEAMS

We define an errant beam event to be an event that
causes sudden beam loss due to an off-normal occurrence.
For example, at SNS errant beam events often arise in the
warm linac in the form of RF field collapse, most likely
caused by an arc within the cavity or at the vacuum win-
dow. This field collapse causes beam loss to occur in the
SCL. The onset of the beam loss is often just a few micro-
seconds in duration, and the beam loss continues until the
beam is terminated by the Machine Protection System —
typically 7 or 8 us today. An example is shown in Fig. 2,
which shows field collapse in warm Coupled Cavity Lin-
ac module CCL-2. In this particular case the beam loss
was spread over the first ~75% of the SCL, as shown in
Fig. 3, and the event lasted for about 15 us, as shown by
the beam current monitors (BCMs) in Fig. 4. Most errant
beam events cause complete loss of beam in the SCL —
i.e. 100% of the beam enters the SCL, 0% exits the SCL

2 Proton and Ion Accelerators and Applications
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STATE OF THE ART, STATUS AND FUTURE OF
RF SOURCES FOR LINACS

Erk Jensen, CERN, Geneva, Switzerland

Abstract

This paper tries an overview of recent developments in
RF sources for linear accelerators of different scales and
for various applications, spanning a frequency range from
about 100 MHz to X-band, spanning duty factors from
about 1073 to CW, and spanning power levels from a few
kW up to hundreds of MW average. Exciting recent trends
include new bunching concepts for klystrons, promising a
significant increase of efficiency, and better power com-
biners paving the way to MW-class solid-state power am-
plifiers.

INTRODUCTION

Since I had the opportunity to make a similar overview
presentation and paper on RF source status and develop-
ments for Linacs in 2010 [1], I will focus in the following
report on recent progress, trends and developments in the
field while omitting what has not significantly changed
since 2010. For this reason, the following status report does
not try to be comprehensive. The subsequent part on future
developments is of course very personal since I cannot tell
the future, but am happy to share what I personally find
relevant and important for the future of RF sources for lin-
acs.

CERN LINAC 4

Linac 4 is part of the upgrade of the CERN accelerator
chain to eventually reach higher luminosity in the LHC. It
will replace the 38-year-old Linac2, which accelerates pro-
tons to 50 MeV, and will accelerate H— ions through an
RFQ (3 MeV), a DTL (50 MeV),a CCDTL (100 MeV) and
a series of pi-mode structures (PIMS) to 160 MeV. At the
time of writing the whole Linac4 hardware is ready for
beam commissioning to 160 MeV, a 20 mA H— beam has
reached 107 MeV in July 2016. Linac4 operates at
352 MHz with an RF pulse length of initially 600 s, later
up to 1.2 ms, and a repetition rate of initially 0.83 Hz with
the possibility to later operate at 2 Hz (duty cycle 5 - 10™*
to 2.4-1073).

The Linac4 352 MHz RF source consists of eleven
1.3 MW klystrons recuperated from LEP and adapted for
pulsed operation, and eight new, state-of-the-art, 2.8 MW
peak power klystrons [2]. In a later stage, when the LEP
klystrons will have reached their end of life, every two LEP
klystrons will be replaced by one new 2.8 MW klystron.
The power distribution scheme for this later scheme, in
which one klystron will power two accelerating structures,
is sketched in Fig. 1. It features the use of a magic-tee and
existing circulators and was optimized for small sensitivity
on imperfections in circulators and power loads.

3 Technology
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2.8 MW Klystron Folded

Magic-Tee

LEP Circulators

Ferrite Loads  Cavities

Phase shifter

Figure 1: Powering two structures from one 2.8 MW klys-
trons in Linac4.

Since the LEP klystrons were not designed for pulsed
operation, necessary modifications included retuning indi-
vidual klystron cavities, the replacement of the HV tank, a
new mod-anode voltage divider and an improved modula-
tor that allows adjustments to cope with perveance and per-
formance varying between individual klystrons. Figure 2
shows a recent view of the Linac4 klystron galle

ESS

The proton accelerator of the European Spallation fea-
tures a normal-conducting front-end with RFQ and DTL
similar to Linac4, operating also at 352 MHz, but with
3.5 ms RF pulses with a repetition rate of 14 Hz (duty cy-
cle 4.9 - 1072). After the DTL (90 MeV) follow 352 MHz
superconducting spoke cavities, and the main part of the
linac (220 MeV to 2 GeV) consists of 704 MHz elliptical
cavities, of which 36 are low-beta cavities which will be
powered by 1.5 MW klystrons and 84 high-beta cavities to
be powered by 1.2 MW multi-beam IOTs.

Since ESS targets a total average beam power of 5 MW,
energy efficiency has clearly been a main concern, and ESS
have taken the opportunity offered by their schedule (tar-
get: 2023) to invest in R&D of multi-beam I0Ts with in-
dustry [3]. Inductive Output Tubes (I0Ts) feature a grid
control like tetrodes and output cavities like klystrons.
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PULSED HIGH POWER KLYSTRON MODULATORS FOR ESS LINAC
BASED ON THE STACKED MULTI-LEVEL TOPOLOGY

C. A. Martins!, Goran Goransson, Marko Kalafatic, ESS ERIC, Lund, Sweden
Max Collins, Lund Technical University, IEA Division, Lund, Sweden
lalso at Lund Technical University, IEA Division, Lund, Sweden

Abstract

ESS has launched an internal R&D project in view of
designing, prototyping and validating a klystron modula-
tor compatible with the requirements based on a novel
topology named SML (Stacked Multi-Level). This topol-
ogy is modular and based on the utilization of High Fre-
quency (HF) transformers. The topology allows for the
usage of industrial standard power electronic components
at the primary stage at full extent which can easily be
placed and wired in a conventional electrical cabinet. It
requires only few special components like HF transform-
ers, rectifiers and filters (i.e. passive components) to be
placed in an oil tank. This arrangement allows scaling up
in average and pulse power to the required levels while
keeping the size, cost, efficiency and reliability of the
different modules under good control. Besides the very
good output pulse power quality, the AC grid power
quality is also remarkably high with a line current har-
monic distortion below 3%, a unitary power factor and an
extremely reduced line voltage flicker below 0.3%. A
reduced scale modulator prototype has been built and
validated experimentally.

INTRODUCTION

The European Spallation Source is a multi-disciplinary
research facility in the field of materials science currently
under construction in Lund, Sweden. The spallation pro-
cess will be achieved thanks to utilization of the world
most powerful Linac which will provide 2.86 ms long
proton pulses at 2 GeV at a pulse repetition rate 14 Hz,
representing an average beam power of 5 MW in the
target (Fig. 1) [1].

35221 Mz
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'4 43 4y 4
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Figure 1: ESS linear accelerator layout.

The Linac will require, amongst others, the following
High Power RF amplifiers:

- 1 Klystron for the RFQ;

- 5 Klystrons for the DTL tanks;

- 36 Klystrons for the Medium Beta;

- 84 Klystrons or IOT’s for the High Beta

Due to the pulsed nature of the Linac, all klystron mod-
ulators will also be pulsed with a pulse width of 3.5ms,
allowing for RF stabilisation and filling time of the cavi-
ties.

In order to save costs and reduce the footprint on the
RF Gallery, largely influenced by the modulators, ESS

3 Technology
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has decided to launch an internal R&D project in collabo-
ration with Lund Technical University for the develop-
ment of modular high power modulators able to power
up-to 4 klystrons in parallel, each rated forl.2MW RF.

These requirements translate into an electrical pulsed
power of 11.5SMW to be delivered by each modulator and
an average power, absorbed from the AC grid, of
660k VA.

The following powering scheme has been adopted:

- Mod. #1: RFQ & DTL tank #1 klystrons in //;
- Mod. #2, #3: DTL tank #2,#3 & #4,#5 klystrons;
- Mod. #4.#12: Medium Beta klystrons;

- Mod. #13.#33:  High Beta klystrons or IOT’s;

All modulators are expected to be identical in their rat-
ings, topology and interfaces.

On the contrary of many Linac components like klys-
trons, RF cavities, RF distribution systems including
waveguides, magnets, vacuum systems, cryogenics, etc.
that once designed for the peak power depend very slight-
ly on the machine average power, the modulators which
have to produce the peak power at their outputs and ab-
sorb a constant average power at their inputs represent
one of the most challenging pieces of equipment. The
challenges consist mainly in combining high pulse power,
fast rise-times, high flat-top accuracy and AC grid power
quality (low current harmonic distortion, very low flick-
er). These requirements, once combined with a compact
design, low cost per kW peak and kW Average and high
reliability, contribute to a worldwide unique set of speci-
fications that led to the development of a novel topology
called Stacked Multi-Level (SML), which is described
below.

ESS MODULATOR REQUIREMENTS

Table 1 summarises the main requirements of the ESS
klystron modulators. Additionally, the following design
goals have been identified as crucial to achieve the above
mentioned objectives and were on the basis for the SML
topology choice:

- Safety, health and environmental sustainability (safe
and reliable energy storage; biodegradable dielectric
materials);

- Highly demonstrated and qualified power semicon-
ductors (like IGBT’s), power stacks and passive pow-
er components (inductors, capacitors) for higher relia-
bility;

- Easy accessibility to components for maintenance
and easy replacement of modules (MTTR < 3 hours);
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RESONANCE CONTROL FOR FUTURE ACCELERATORS*

Warren Schappert’, Fermilab, Batavia, IL

Abstract

Many of the next generation of particle accelerators
(LCLS II, PIP II) are designed for relatively low beam
loading. Low beam loading requirement means the cavities
can operate with narrow bandwidths, minimizing capital
and base operational costs of the RF power system. With
such narrow bandwidths, however, cavity detuning from
microphonics or dynamic Lorentz Force Detuning be-
comes a significant factor, and in some cases can signifi-
cantly increase both the acquisition cost and the opera-
tional cost of the machine. In addition to the efforts to pas-
sive environmental detuning reduction (microphonics) ac-
tive resonance control for the SRF cavities for next gener-
ation linear machine will be required. State of the art in the
field of the SRF Cavity active resonance control and the
results from the recent efforts at FNAL will be presented
in this talk.

CAVITY DETUNING

SRF cavities are manufactured from thin sheets of nio-
bium to allow them to be cooled to superconducting tem-
peratures. The thin walls make cavities susceptible to me-
chanical distortions from:

e Pressure variations in the surrounding helium
bath

e Radiation pressure from the RF field (Lorentz
Force Detuning)

e External vibration sources (microphonics)

As the walls distort, the resonant frequency of the cavity
shifts from the design frequency according to the Slater
rule.

Detuned cavities are more expensive to operate. If suffi-
cient RF power is not available to maintain a constant gra-
dient during the expected peak cavity detuning, the beam
will be lost. Providing sufficient power to overcome de-
tuning increases both the capital and the operating costs of
the machine.Figure 1 shows the capital cost of the LCLS-
IT RF plant as a function of RMS detuning. The cost in-
creases rapidly once the RMS detuning exceeds a few Hz.

Table 1 lists a number of SRF accelerators being planned
or currently under construction [1]. Each machine can be
assigned to one of four broad classes depending on the op-
erating mode and cavity bandwidth:

e  Wideband CW;

e  Wideband Pulsed;

e Narrowband CW; and
e Narrowband Pulsed.

*This manuscript has been authorized by Fermi Research Alliance,
LLC under Contract N. DE-AC02-07CH11359 with U.S. Department
of Energy.

*warren@fnal.gov
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Figure 1: LCLS-II RF Plant Cost as a Function of RMS

Detuning.

Minimizing cavity detuning is critical for narrowband
machines, both CW and pulsed. Detuning can be one of the
major cost drivers for such machines. Narrowband pulsed
machines such as PIP-II present a unique challenge be-
cause of radiation pressure from the RF pulse can itself
drive significant levels of cavity vibration. If such vibra-
tions cannot be suppressed, the cost of operating such a
machine may become prohibitive.

ACTIVE COMPENSATION

Active compensation of cavity detuning has been used suc-
cessfully to stabilize cavity resonant frequencies in the
presence of vibration sources. A fast mechanical actuator,
often a piezo stack, applies pressure to cavity in an attempt
to cancel all or part of the cavity wall distortions induced
by external sources. The use of piezo actuators for active
detuning compensation of Lorentz force detuning was pio-
neered at DESY [2] but is now in wide use at SRF acceler-
ators around the world.

Measuring Cavity Detuning

In order to successfully compensate for detuning, the fre-
quency shift of the cavity must be accurately determined.
This can be done using the complex baseband forward, re-
flected, and probe RF signals. The complex differential
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HIGH-GRADIENT RF DEVELOPMENT AND APPLICATIONS
W. Wuensch, CERN, Geneva, Switzerland

Abstract

The CLIC collaboration has made significant progress in
understanding the phenomena which limit gradient in nor-
mal-conducting accelerating structures and to increasing
achievable gradient in excess of 100 MV/m. Scientific and
technological highlights from the CLIC high-gradient pro-
gram are presented along with on-going developments and
future plans. I will also give an overview of the range of
applications that potentially benefit from high-frequency
and high-gradient accelerating technology.

INTRODUCTION

The CLIC collaboration has been developing the tech-
nology necessary for a multi-TeV range electron-positron
collider [1]. A priority of this effort has been to increase the
gradient achievable in normal-conducting accelerating
structures to above 100 MV/m. Such gradient gives a 3 TeV
center of mass energy collider with a total length of 50 km
and allows optimization of gradient for cost and power
consumption for lower energies. For example the 380 GeV
initial energy stage of CLIC has an optimum gradient of
around 70 MV/m [2].

The underlying strategy has been to take “classical” rf
accelerating technology, so that a post-LHC facility can be
proposed and built in a timely fashion, understand its fun-
damental limits, design optimized accelerating structures
and demonstrate feasibility with high-power test proto-
types. Many other technological challenges have been ad-
dressed by the CLIC collaboration - including rf power
generation using a drive beam, micron-precision alignment
and nano-meter level vibration stabilization - but this re-
port restricts itself to the issue of gradient in the accelerat-
ing structures.

The effort to increase gradient has to take into account
the numerous requirements given by the overall design of
the CLIC facility. These include that accelerating struc-
tures must preserve quality of very low emittance beams,
operate with high rf-to-beam power efficiency (high beam-
loading), contain features which suppress higher-order-
modes (HOMs) and run very stably with a breakdown (vac-
uum arcing) rate of the order of 107 1/m or below [1].
These requirements impose many constraints on the accel-
erating structures which make the gradient more difficult
to achieve.

A photograph of one cell of a prototype structure is
shown in Fig. 1 and an assembled structure is shown in Fig.
2. The CLIC collaboration has now successfully operated
a number of prototype accelerating structures in the range
of 100 MV/m, and the results will be summarized in the
section on test results. Most importantly, the accumulated
results demonstrate that a 3 TeV CLIC is feasible in terms
of accelerating gradient. But the results also show that
high-gradient X-band accelerating systems can be useful in
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a wide variety of applications beyond linear colliders.
These applications include XFELs, compact Compton
sources and hadron therapy linacs. I will return to applica-
tions in towards the end of the report.

Figure 1: One cell of a CLIC high-power test accelerating
structure. The part is made from OFE copper using a dia-
mond tool and has micron-level tolerances. The four wave-
guides provide higher-order-mode damping (although no
terminating loads are present here) and the outer cell wall
is formed by four convex segments to minimize enhance-
ment of surface current.

Figure 2: Fully assembled CLIC high-power test accelerat-
ing structure. This structure was designed by CERN, fabri-
cated and tested at KEK and bonded at SLAC.

This report covers some of the main themes of the CLIC
high-gradient accelerating structure development program
and highlights of progress which has made. The different
areas of the program can be summarised as follows:

e Dynamics of metal surfaces under high electro-
magnetic fields — Normal conducting rf structures are
limited by a number of effects including vacuum arc-
ing and pulsed surface heating. Important insights into
these phenomena have come from material science
and have given important input to establishing high-

3 Technology
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Abstract

BNL R&D ERL beam commissioning started in June
2014 [1]. The key components of R&D ERL are the highly
damped 5-cell 704 MHz superconducting RF cavity and
the high-current superconducting RF gun. The gun is
equipped with a multi-alkaline photocathode insertion
system. The first photocurrent from ERL SRF gun has been
observed in November 2014. In June 2015 a high charge
0.5 nC and 20 uA average current were demonstrated [2].
In July 2015 gun to dump beam test started. The beam was

BNL ERL layout.
~20m circumference

successfully transported from the SRF gun through the
injection system, then through the linac to the beam dump.
All ERL components have been installed. In October 2015,
SRF gun cavity has been found contaminated during severe
cathode stalk RF conditioning. This cavity has been sent
for repair and modification for later use in low-energy
RHIC electron cooler (LEReC). LEReC scheduled to start
commissioning in early of 2018 [3]. We present our results
of BNL ERL beam commissioning, the measured beam
properties, the operational status, and future prospects.

SRF Gun

with ‘
photocathode

Figure 1: Schematic layout of the R&D ERL at BNL.

* This work is supported by Brookhaven Science Associates, LLC
under Contract No. DE-AC02-98CH10886 with the U.S. DOE.
#dkayran@bnl.gov
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APPLYING TRANSVERSE GRADIENT UNDULATORS TO SUPPRESSION
OF MICROBUNCHING INSTABILITY

D. Huang, H. Deng, C.Feng, D. Gu, Q. Gu, Z. Zhao
Shanghai Institute of Applied Physics, Shanghai 201800, China

Abstract

The microbunching instability developed during the
beam compression process in the linear accelerator
(LINAC) of a free-electron laser (FEL) facility has always
been a problem that degrades the lasing performance, and
even no FEL is able to be produced if the beam quality is
destroyed too much by the instability. A common way to
suppress the microbunching instability is to introduce extra
uncorrelated energy spread by the laser heater that heats the
beam through the interaction between the electron and la-
ser beam, as what has been successfully implemented in
the Linac Coherent Light Source and Fermi@kElettra. In
this paper, a simple and effective scheme is proposed to
suppress the microbunching instability by adding two
transverse gradient undulators (TGU) before and after the
magnetic bunch compressor. The additional uncorrelated
energy spread and the density mixing from the transverse
spread brought up by the first TGU results in significant
suppression of the instability. Meanwhile, the extra slice
energy spread and the transverse emittance can also be ef-
fectively recovered by the second TGU. The magnitude of
the suppression can be easily controlled by varying the
strength of the magnetic fields of the TGUs. Theoretical
analysis and numerical simulations demonstrate the capa-
bility of the proposed technique in the LINAC of an x-ray
free-electron laser facility.

INTRODUCTION

X-ray free-electron lasers (FELs) hold great promise as
ultra-short, tunable, intensity radiation sources for ad-
vanced user applications and open up new frontiers of ul-
tra-fast and ultra-small sciences at the atomic scale. In the
recent years, the successful user operation of the first FEL
facilities in soft and hard x-ray regimes announced the birth
of the x-ray free-electron laser. In the x-ray FEL process,
the required high intensity electron beams of sub-picosec-
ond (sub-ps) length are usually obtained by compressing
longer beams in magnetic bunch compressors at relativistic
energies. The bunch compressor manipulates longitudinal
phase space of the electron beam with a considerable en-
ergy chirp by introducing the dependence of a particle's
longitudinal position on its energy. As the result, the bunch
can be significantly compressed in the bunch compressor
due to the momentum compaction factor therein. On the
other hand, due to existence of the longitudinal space
charge (LSC), the coherent synchrotron radiation (CSR)
and structural impedance in the beam transportation and
compression process, the initial small energy and density
perturbation in the electron bunch can be amplified with a
large gain factor in many cases, which results in the in-
crease of the fragmentation of the longitudinal phase space
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and dilute the emittance. This process of amplification is
usually known as the microbunching instability, and it will
seriously degrade the FEL performance thereafter.

The TGU is an undulator with a transverse gradient be-
tween the magnetic poles. In this paper, by investigating
the transport matrix and the beam dynamics in a TGU, a
simple and inexpensive technique based on transverse-to-
longitudinal phase space coupling is proposed to suppress
the microbunching instability of an electron beam. It is
found that by adding a TGU right before the magnetic
bunch compressor where large energy chirp exists, the gain
of the microbunching instability developed in the electron
beam can be effectively suppressed by the additional slice
energy spread and the density mixing from the transverse
spread introduced by the TGU. Meanwhile, the additional
slice energy spread and the transverse emittance growth in-
troduced by the first TGU can also be recovered very well
by another TGU right after the compressor. Compared with
the other techniques, this method is quite simple and could
be easily applied to all existing FEL facilities in addition to
a laser heater.

METHODS

The TGU is an undulator with a transverse gradient be-
tween the magnetic poles. The original idea of the TGU
was a tool to prevent gain degradation in FEL oscillators
due to the large energy spread of the electron. Recently, the
idea has been applied to laser-plasma accelerator-driven
high-gain FELs for the design of compact x-ray FEL de-
vices. The TGU can be realized by canting the poles of a
regular undulator and the gradient is usually made in the
horizontal direction. Because the electrons at different hor-
izontal positions feel different magnetic fields, the path
length of an electron traversing a TGU depends on its trans-
verse coordinates at the entrance of the TGU, as the result,
the transverse-to-longitudinal phase space coupling is in-
troduced. Ignoring the vertical effects, the first-order
transport matrix of the TGU in (¥, x, Z, §,/) phase space can
be derived as

1 Ly 0 tLy/2

0o 1 0 r

r tly/2 1 —PLy/6 (1
0o 0 0 |

R'l‘(.‘ U=

where Lt is the effective length of TGU and T is the
strength of TGU. In the TGU transport matrix (1), one can
see that the effective elements R3; and Ros are of the same
value but in opposite signs.

Assuming a TGU is placed right before the first dipole
of a magnetic bunch compressor where the energy chirp is
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CBETA: THE CORNELL/BNL 4-TURN ERL WITH FFAG RETURN ARCS
FOR ERHIC PROTOTYPING”*

G. H. Hoffstaetter", J. Barley, A. Bartnik, I. V. Bazarov, J. Dobbins, B. Dunham, R. G. Eichhorn,
R. Gallagher, C. Gulliford, Y. Li, M. Liepe, W. Lou, C. E. Mayes, J. R. Patterson,
D. Sabol, E. Smith, K. Smolenski, Cornell University (CLASSE), Ithaca, NY, USA
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T. Roser, D. Trbojevic, N. Tsoupas, J. Tuozzolo, H. Witte, BNL, Upton, NY, USA
D. Douglas, JLab, Newport News, VA, USA

Abstract

The Cornell-BNL ERL Test Accelerator (CBETA) is a
4-turn Energy Recovery Linac with a FFAG return arc that is
being built at Cornell University in collaboration with BNL.

Cornell University has prototyped technology essential
for any high brightness electron ERL. This includes a DC
gun and an SRF injector Linac with world-record current
and normalized brightness in a bunch train, a high-current
CW cryomodule, a high-power beam stop, and several di-
agnostics tools for high-current and high-brightness beams,
e.g. slit measurements for 6-D phase-space densities, a fast
wire scanner for beam profiles, and beam loss diagnostics.
All these are now available to equip a one-cryomodule ERL,
and laboratory space has been cleared out and is radiation
shielded to install this ERL at Cornell. BNL has designed
a multi-turn ERL for eRHIC, where beam is transported
more than 20 times around the RHIC tunnel. The number of
transport lines is minimized by using two non-scaling (NS)
FFAG arcs.

A collaboration between BNL and Cornell has been
formed to investigate eRHIC’s NS-FFAG optics and its multi-
turn ERL by building a 4-turn, one-cryomodule ERL at Cor-
nell. It has a NS-FFAG return loop built with permanent
magnets and is meant to accelerate 40mA beam to 150MeV.

INTRODUCTION

CBETA is being constructed at Cornell University. It will
be the first ever multi-turn Energy Recovery Linac (ERL)
with superconducting RF (SRF) acceleration. And it will
be the first ERL based on Fixed Field Alternating Gradient
(FFAG) optics [1]. It will be a unique resource to carry out
accelerator science and enable exciting research in nuclear
physics, materials science and industrial applications. Ini-
tially it will prototype components and evaluate concepts
that are essential for Department of Energy (DOE) plans for
an Electron-Ion Collider (EIC).

Two DOE labs, BNL and JLAB, have EIC projects and
both need an ERL as an electron cooler for low-emittance
ion beams. For eRHIC at BNL, a new electron accelerator
would be installed in the existing RHIC tunnel, colliding
polarized electrons with polarized protons and *He ions,

* Supported by NSF award DMR-0807731, DOE grant DE-AC02-
76SF00515, and New York State.
T gh77@cornell.edu
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or with unpolarized ions from deuterons to Uranium. The
electron beam can either be stored in a ring for a ring-ring
collider or it can be provided by an ERL for a linac-ring
collider. Because experiments have to be performed for all
combinations of helicity, bunches with alternating polariza-
tion have to be provided for the collisions. An electron ring
can provide these conditions only when it is regularly filled
by a linac. The ring-ring as well as the linac-ring design
therefore have a recirculating linac with return loops around
the RHIC tunnel. Significant simplification and cost reduc-
tion is possible by configuring these loops with non-scaling
(NS-FFAG) optics of large momentum aperture.

CBETA will establish the operation of a multi-turn ERL
as well as that of an FFAG lattice with large energy accep-
tance. Many effects that are critical for designing the EIC
will be measured, including the Beam-Breakup (BBU) insta-
bility, halo-development and collimation, growth in energy
spread from Coherent Synchrotron Radiation (CSR), and
CSR micro bunching. In particular, CBETA will use an NS-
FFAG lattice that is very compact, enabling multiple passes
of the electron beam in a single recirculation beamline, using
the SRF linac four times.

Because the prime accelerator-science motivations for
CBETA are essential for an EIC, and address items that are
perceived as the main risks of eRHIC, its construction is
an important milestone for the NP division of DOE and for
BNL.

CBETA brings together the resources and expertise of a
large DOE National Laboratory, BNL, and a leading research
university, Cornell. CBETA will be built in an existing
building at Cornell, using many components that have been
developed at Cornell under previous R&D programs for a
hard x-ray ERL [2] that were supported by the National
Science Foundation (NSF), New York State, and Cornell
University. These components are a fully commissioned
world-leading photoemission electron source, a high-power
injector, and an ERL accelerator module, both based on SRF
systems, and a high-power beam stop. The only elements
that require design and construction from scratch are the
FFAG magnet transport lattices of the return arc.

THE CBETA HALL AT CORNELL

Cornell’s Wilson laboratory has the experimental hall LOE
that has already largely been freed up for the installation of
CBETA. It was originally constructed as the experimental
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DEVELOPMENTS ON THE 1.4 MeV/u PULSED GAS STRIPPER CELL
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J. Khuyagbaatar'?, J. Krier?, A. Yakushev?
! Helmholtz-Institut Mainz, 55099 Mainz, Germany
2 GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadt, Germany
3 Johannes Gutenberg-Universitdt Mainz, 55099 Mainz, Germany

Abstract

The GSI UNILAC in combination with SIS18 will serve
as a high-current, heavy-ion injector for the FAIR facility.
It must meet high demands in terms of beam brilliance at a
low duty factor. As part of an UNILAC upgrade program
dedicated to FAIR, a pulsed gas stripper cell was developed,
aiming for increased beam intensities inside the post-stripper.

The pulsed gas injection is synchronized with the beam
pulse timing, enabling a highly-demanded increased gas
density. First tests using uranium beams on a hydrogen
target showed a 60 %-increase in the stripping efficiency
into the desired 28+ charge state. In 2015, the setup was
improved to achieve yet increased target thicknesses and
enhanced flexibility of the gas injection.

Recently, the pulsed gas cell was used with various ion-
beams, to test the capabilities for operation at the GSI
UNILAC. The stripping of ions in different gases at dif-
ferent gas densities was successfully tested in mixed-beam
operation. Charge fractions, beam emittance, and energy-
loss were systematically measured using uranium, bismuth,
titanium, and argon beams on hydrogen, helium, and nitro-
gen targets. Selected results are presented.

INTRODUCTION

The GSI Universal Linear Accelerator (UNILAC) will
serve as part of an injector system for the future Facility
for Antiproton and Ion Research (FAIR), currently under
construction at GSI in Darmstadt, Germany [1]. For oper-
ation at FAIR, the UNILAC has to deliver high-intensity
238128+ _jon beams at a low duty cycle (approx. 100 us beam
pulse length, < 2.7 Hz repetition rate) and an excellent beam
brilliance.

In the course of an extensive upgrade program for the
UNILAC [2], a new setup for the gas stripper at 1.4 MeV/u
beam energy was developed to replace the previously ex-
isting N»-jet gas stripper [3]. The aim was to increase the
output beam brilliance for 233U?%* ions. Pulsed gas valves,
as originally designed for automotive aplications, were uti-
lized to realize a pulsed gas injection, synchronized with the
beam-pulse transit through the stripper. The pulsed gas in-
jection enabled higher gas densities for the stripping process
because the low repetition rates still result in a decreased
effective gas load compared to the previously used continu-
ous jet. This allowed for the practical use of lighter gases as
stripper target, like H, and He, which require an increased

* p.scharrer@gsi.de
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mass flow into the stripper to achieve sufficient target thick-
nesses. This would overload the pumping system if applied
continuously. By using Hj as a stripper gas, the stripping
efficiency for 233U+ ions could be significantly increased,
still preserving a sufficient beam quality [4].

At the GSI UNILAC, various different ion beams, from
protons up to uranium, are accelerated to be delivered to a
wide range of experiments with varying requirements. In
routine operation at the UNILAC, the gas stripper has to be
used for all available projectile ions. Therefore, the pulsed
gas stripper was tested with a selection of ion beams, includ-
ing 238U, 299Bi, *OTi, and *°Ar, using different gas targets,
including H,, He, and Nj.

Phase probes

Dipole magnet

Beam transformer /

Rebuncher
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Emittance meter
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Rebuncher

Figure 1: Stripper section of the GST UNILAC
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Abstract

The ReAccelerator ReA3 has run continuously for one
year delivering rare isotopes and stable beams for
experiments at the National Superconducting Cyclotron
Laboratory (NSCL) at the Michigan State University
(MSU). Beams of rare isotopes are produced and
separated in-flight at the NSCL Coupled Cyclotron
Facility (CCF) and subsequently stopped in a gas cell.
The rare isotopes are then continuously extracted as 1+
(or 2+) ions and transported into a beam cooler and
buncher, followed by a charge breeder based on an
Electron Beam Ion Trap (EBIT). In the charge breeder,
the ions are ionized to a charge state suitable for
acceleration in the superconducting radiofrequency (SRF)
linac, extracted in a pulsed mode and mass analyzed. The
extracted beam is bunched to 80.5 MHz and then
accelerated to energies ranging from 300 keV/u up to
6 MeV/u, depending on their charge-to-mass ratio.
Alternatively, ions of stable isotope can be accelerated by
injecting stable ions from an external ion source in the
EBIT. ReA3 has provided stable "N, “Ar, *K and *Kr as
well as the rare isotope beams of **Ar, %K and "*Ga for
a total of 11 experiments since August 2015. This
contribution focuses on the properties and techniques
used to accelerate and transport the rare-isotope beams
and will show average results obtained during the
preparation of these experiments in the ReA facility.

INTRODUCTION

The National Supeconducting Cyclotron Laboratory
NSCL [1] is a facility dedicated to the production of rare
isotope beams via projectile fragmentation. The In-flight
technique for production of rare isotopes provides
excellent production performance for fast medium-to-
high-energy beams. Optimal beam properties and
intensities are obtained when the primary beam is in the
range of several hundreds of MeV per nucleon, where the
reaction probability for projectile fragmentation and/or
fission are high, whilst the kinematics provides fragments

* Based on work supported by NSF under grant PHY-11-02511 and the
Michigan State University.
" email address: villari@frib.msu.edu
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with high longitudinal and low transversal momentums
with low dispersion. The fragments, therefore, maintain
the primary beam momentum and have, consequently,
high energy.

Another important characteristic of the in-flight
technique is that the rare isotope production is
independent of the chemical property of the fragments. As
they are produced in-flight, the fragments leave the
production target without any chemical interaction, which
is different from Isotope On-Line Separator (ISOL)
approach [2]. Lower-energy beams can be produced using
degraders. However, this approach has limitations due to
energy and angle straggling after the degraders,
generating poor beam characteristics, i.e. large emittance
with poor energy resolution.

Gas-stoppers [3] followed by a reaccelerator combine
the advantages of the in-flight technique, fast and no
chemical dependence, with the delivery of high quality
beams as available from the ISOL technique. This
combination allows the generation of high-quality beams
of virtually any isotope, including those that have very
short half lives.

Rare isotope ions produced by projectile fragmentation
are energy degraded and stopped in a gas-stopper cell
with helium, re-extracted and re-accelerated. The
combination of a gas-stopper cell and the new
reaccelerator ReA3 [4] of the NSCL is unique worldwide
and provides energies ranging from 300 keV/u to up to
6 MeV/u, depending on their charge-to-mass ratio of the
ions. This contribution focuses on the properties and
techniques used to stop, reaccelerate and transport rare
isotope beams and shows results obtained during the first
year of the ReA3 facility.

GAS-STOPPER TECHNIQUE

In order to convert the fast, rare-isotope beam into a low-
energy, high-quality beam, the fast ions are sent through a
momentum compression beam line consisting of a set of
solid degraders, a dipole magnet and subsequently
stopped in a gas stopper filled with helium gas. The ions
are transported inside the gas stopper via electric and
radio-frequency fields and extracted through a small
orifice (1.3 mm diameter) via a supersonic jet. The gas
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Abstract

This contribution describes the first experiments with
the CW-operated RFQ [1], which is designed to accelerate
protons from 120keV to 700keV for the FRANZ-Project [2].
The commissioning is done using the RF and ion beam
scrubbing technique. In the first phase, the acceptance of the
RFQ is scanned and the performance of the RFQ without
space-charge effects is evaluated with a 2mA proton beam.
The second phase will increase the beam current up to 50mA
and a third phase with a machine upgrade for a beam current
of up to 200mA is planned. The configuration of a high-
current RFQ [3] transporting beam current increasing from
2mA with no space-charge forces to a beam with high space-
charge effects gives a unique insight in the beam optics of
the space-charge effects. The measurements are done with a
slit-grid emittance scanner for the transversal phase-space,
a Faraday Cup for the transmitted current and a momentum
spectrometer to measure the energy spread. The results set
the basis for later experiments on variations of the beam
current and the future coupling of the RFQ with an IH-
structure [4].

INTRODUCTION

The CW-operated RFQ, which is the main component
of this paper and seen in Fig. 1, is part of the accelerator
driven neutron source at the Stern-Gerlach-Zentrum (SGZ)
at Goethe-University Frankfurt [2]. It is located downstream
the LEBT! -section, which matches protons with an energy of
120 keV into the RFQ. The device is operated in CW-mode
at 175 MHz to be able to deliver a continuous beam or short
pulses from the Chopper [5] with 7=100ns at a repetition
rate of 250 kHz. The connected RF-amplifier can deliver up
to 250 kW for a maximum beam current of about 200 mA
and for the possibility of coupling and supplying a down-
stream IH-structure [4] inductively with RF-power from the
same amplifier. Yet, the present rods are designed to acceler-
ate up to S0 mA protons. The required high power requires
a sophisticated thermal design and cooling technique [3, 6].

INSTALLATION

The RFQ is installed and tuned, the 122 water-cooling
channels are connected and a pre-conditioning up to 300 W
is done [7]. Following this, the RFQ is integrated and aligned
into the beam line. To ensure the proper vacuum conditions,
two turbomolecular pumps with a throughput of 1400L/s
are connected. In addition the RF connection, coupling and
controlling [8] of the amplifier is ensured.

* schneider @iap.uni-frankfurt.de
! Low Energy Beam Transport
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Figure 1: A glimpse at the RFQ with its matching section.

EXPERIMENTAL SETUP

To verify the performance of the RFQ, an experimen-
tal setup with various diagnostic possibilities is available.
In front of the RFQ an insulated cone is mounted at the
end of the LEBT-Section to prevent the RFQ from transver-
sal mismatched beam. The loss current at this cone can
be measured. Downstream the RFQ, a diagnostic train —
schematically drawn in Fig. 2 — is installed. As first de-
vice, a slit-grid emittance meter measures the transversal
phase space. Subsequent, a Faraday Cup (FDC) detects the
transmitted current. As the FDC has a 1 mm aperture, a
fraction of the beam can pass to a momentum spectrome-
ter to survey the longitudinal phase space. Additionally, a
mass spectrometer is mounted at the emittance meter and
analyses the composition of the residual gas. At a distance
of approximately 10 m, a Low Energy Photon Spectrometer
(LEPS) is used to detect the x-ray photons coming from the
RFQ.

FDC Momentum

(Beam Dump) Spectrometer

Emi

Figure 2: Scheme of the diagnostic train.

COUPLING

The amplifier measures forward and reflected power (S;-
measurement), in addition, a pickup measures the RF power
transmission through the RFQ (5,;-measurement). In Fig. 4
on the left the results for pickup and forward power are
shown. In the optimal case, the pickup to forward power
graph gives a straight line. Some measurements indicate that
this is not the case due to conditioning effects. The longer
the machine runs, the measurements become more stable,
which indicates positive conditioning effects.
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Abstract

A 1.3 GHz ILC-shape single-cell Nb3Sn cavity fabricated
at Cornell has shown record performance, exceeding the
cryogenic efficiency of niobium cavities at the gradients and
quality factors demanded by some contemporary accelerator
designs. An optimisation of the coating process has resulted
in more cavities of the same design that achieve similar per-
formance, proving the reproducibility of the method. In this
paper, we discuss the current limitations on the peak accel-
erating gradients achieved by these cavities. In particular,
high-pulsed-power RF testing, and thermometry mapping
of the cavity during CW operation, are used to draw con-
clusions regarding the nature of the quench limitation. In
light of these promising results, the feasibility and utility
of applying the current state of the technology to a real-life
application is discussed.

INTRODUCTION

The A15 superconductor Nb3Sn is a promising alterna-
tive for niobium in superconducting RF cavities. With a
transition temperature of 18 K and a superheating field of
approximately 400 mT [1,2], the material has the potential
for both greater efficiency at 2.0 and 4.2 K operation as well
as higher operating gradients. The Cornell Nb3Sn program
began in 2009 [3-5], coating bulk niobium cavities with
tin to form a thin Nb3Sn layer using the vapour diffusion
method [6].

In this paper we present the the latest performance results
from the 1.3 GHz single-cell cavities in use at Cornell. We
also discuss the limitation in accelerating gradient, currently
understood to be due to a localised surface defect. Surface
analysis of samples has revealed a number of features that
could potentially lead to cavity quench, examples of which
are given here. We conclude with a discussion on the next
steps that will be taken to identify the current cause of quench
in the single-cell cavities shown here.

SINGLE-CELL CAVITY PERFORMANCE

There are currently three 1.3 GHz single-cell cavities in
use on the Cornell Nb3Sn program. Of these, one, desig-
nated ERL1-4, is of Cornell ERL design, with the other
two, LTE1-6 and LTE1-7, are of ILC design. Two more
ILC single-cell cavities have recently been completed and
are currently undergoing baseline testing in preparation for
coating with tin.

* This work supported by U.S. DOE award DE-SC0008431.
T dlh269 @cornell.edu
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The coating apparatus used at Cornell University is de-
scribed in detail in Ref. [7], but will be surmised here: a
niobium coating chamber, containing the cavity/sample to be
coated, sits within an ultra-high vacuum (UHV) furnace. At
the base of the coating chamber is a recessed area containing
a crucible filled with tin. The recessed area is surrounded
by a secondary heating element that allows the tin crucible,
referred to as the source, to be held at a temperature higher
than that of the furnace and coating chamber. The genera-
tion of a temperature gradient between source and chamber
alters the ratio of the rate of arrival of tin at the surface of the
niobium being coated and the rate of growth of the Nb3Sn
layer.

An optimisation of the coating cycle [8] has resulted in all
three of the single cell cavities achieving accelerating gradi-
ents of greater than 16 MV/m with high efficiency at 4.2 K.
The continuous wave (CW) performance of these cavities can
be seen in Fig. 1. All three cavities quench at approximately
the same accelerating gradient of 17-18 MV/m. Processing
of the cavity by continuously quenching over an extended
period of time does not result in an increase in the quench
field.

In high pulsed power (HPP) testing, the cavity is filled
with energy as quickly as possible in an attempt to overcome
thermal limitations [9]. During HPP tests, ERL1-4 [10] and
LTE1-7 achieved fields higher than those achieved during
CW testing, with both achieving fields of approx. 110 mT at
4.2 K, corresponding to an accelerating gradient of 25 MV/m
in an ILC cavity. At higher temperatures close to the transi-

1011_

® ERL1-4,42K
A LTE1-7,4.2K
g LTE1-6,4.2K
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Accelerating gradient (MV/m)

Figure 1: Quality factor vs. accelerating gradient at 4.2 K
bath temperature for the three single-cell 1.3 GHz cavities
on the Cornell program.
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ON MAGNETIC FLUX TRAPPING IN SUPERCONDUCTORS
R. G. Eichhorn, J. Hoke, Z. Mayle, CLASSE, Cornell University, Ithaca, USA

Abstract

Magnetic flux trapping on cool-down has become an im-
portant factor in the performance of superconducting cavi-
ties. We have conducted systematic flux trapping experi-
ments on samples to investigate the role of the orientation
of an ambient magnetic field relative to the niobium’s sur-
face.

INTRODUCTION

According to the perfect Meissner effect, a superconduc-
tor is expected to expel all magnetic flux when it becomes
superconducting. However, it is well known that supercon-
ducting cavities made from Niobium trap some of the mag-
netic flux during the transitions to its superconducting state
while being exposed to an external magnetic field. The
trapped flux will result in normal conducting vortices,
which add significantly to the total surface resistance. As a
result, shielding of an SRF cavity against the earth’s mag-
netic field is essential, and usually magnetic flux strengths
below 0.5 uT are required for high Q cavity performance.

Recently, flux trapping has gained an increasing interest:
it was found that the amount of flux being trapped depends
on the cool-down speed and also on the surface preparation
details.

Our research now indicates a third factor: the orientation
of the magnetic field with respect to the superconductor
surface.

EXPERIMENTAL SET-UP

To investigate the role of field orientation in flux trap-
ping we designed a simple and flexible set-up. It consisted
of a sample, clamped into position by a copper frame, two
solenoids that could either be oriented parallel or orthogo-
nal to the sample, 4 flux gate sensors to measure magnetic
field components (axial with respect to the sensor) and two
cernox sensors to measure the temperature of the sample
during the thermal cycle. Details of the set-up are shown in
Fig. 1.

The solenoids consisted of wire coiled 25 times around
cylinders of stainless steel. Each solenoid had a diameter
of 3.8 cm and was mounted to the insert via stainless steel
screws. During our tests we operated the solenoids at
0.05 A when mounted orthogonal (Fig. 1 (a)) and at 0.4 A
when mounted parallel (Fig. 1 (b)). During the experiment
the whole ensemble was placed inside a helium dewar
which was well shielded against external magnetic fields.
In every trial, we cooled the sample down to 4.2 K with
various magnetic field configurations, and recorded the
fluxgate readings and how they

Figure 1: Experimental set-up: (a) solenoids placed orthogonal to the sample (enclosed in a copper clamp), (b) solenoids
parallel to the sample, (c) more detailed view of the set-up showing the sample, (d) location of the transversal flux gate

heads and the temperature sensor.

T r.eichhorn@cornell.edu
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STATE OF THE ART ADVANCED MAGNETRONS FOR ACCELERATOR
RF POWER SOURCE

Hideyuki Obata, Kuniyoshi Furumoto, Hiroyuki Miyamoto
New Japan Radio Co., Ltd., Saitama, Japan

Abstract

X ray sources for linear accelerators continue to be a nec-
essary requirement for industries such as medical, inspec-
tion, and non-destructive test equipment. Future require-
ments for such sources are; low cost, compact packaging
and high performance of the RF source for electron accel-
eration. The magnetron has proven to be a perfect source
over other RF sources for linear accelerator use. It advan-
tageous are; simple design, low cost per output, small size
and proven performance. These meet all required charac-
teristics for accelerator designers. New Japan Radio Co.,
Ltd. has improved and modified its linac magnetrons’ per-
formance and characteristics enabling easy matching to the
linac modulator, high stability, long life and maximum out-
put power.

This paper will provide a detailed explanation on the im-
proved magnetron design methodology and its effects on
the performance of these magnetrons installed in linac sys-
tems. These technologies have been utilized successfully
on a commercial level worldwide over the last few years.
The technology has been deployed into linac systems op-
erating in S and X band and soon C band, at various output
power levels.

INTRODUCTION

Magnetrons have been practically installed into electron
accelerator systems since the 1950’s. [1] In that period, out
of all oscillating devices the S band magnetron was chosen
for its proven performance at high output power, high effi-
ciency and compact size. The design of a magnetron only
requires a small interaction space to convert DC electrical
power into high frequency microwaves by applying a mag-
netic field perpendicular to the electrical field.

i
-

!
S band

X band
Figure 1: S band, C band, and X band magnetrons.

C band

These photographs include external or built in magnet.
The size of the resonant cavity can then be relatively small

3 Technology
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when designing for high frequency oscillation. The cavity
size of magnetron is dependent on the oscillation frequency,
so high frequency of microwave oscillation only requires a
small resonant cavity. The chosen microwave oscillating
frequency is left to the discretion of the linac designing en-
gineer. The package size of a magnetron basically becomes
compact in frequencies of S band, C band and X band as
shown in Fig. 1. Each band of oscillation frequency for
linac design is shown in Table 1.

Table 1: Each Band of Oscillation Frequency for Linac

Frequency band S C X
Frequency 2993 to 5702 to 9275 to
(MHz) 3002 5722 9325

High frequency of C band and X band offer an advantage
for compact size and light weight design. These higher fre-
quencies can reduce the size and weight not only for mag-
netron itself but also the RF circuit, RF transmission wave-
guide devices, accelerator, and shielding in the linac sys-
tem. A compact light weight linac system can be easily de-
ployed into portable systems, controlled movable radiation
beam systems and utilized for installation into narrow
spaces. [2] The cost of accurate piece parts required by the
magnetron have been minimized by advanced high ma-
chining technology enabling high frequency output power
at a reasonable cost.

Advanced thermal design of the interior of the magne-
tron avoids overheating allowing for higher average input
power which will enable the magnetron to operate effec-
tively at high frequency and high microwave power at high
pulse duty cycles.

CONVENTIONAL DESIGN
Type of Designed Structures

The hole and slot type magnetron has been installed into
S band linac systems since early development. [3] This
type of design requires a large size of copper block material
then mechanically cut the holes and slots to create the an-
ode resonant cavity as shown in Fig. 2. This large size of
anode has the advantage of high thermal endurance due to
its large thermal capacity. This anode structure can accept
high input power without overheating, so high average out-
put power can be obtained easily for an S band hole and
slot type magnetron. This hole and slot type design is dif-
ficult to deploy into C and X band high powered, tuneable
frequency magnetrons because a wide cathode surface area
is required for low current density which extends the cath-
ode’s lifetime of high power magnetrons. The hole and slot
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METHODS FOR BUNCH SHAPE MONITOR
PHASE RESOLUTION IMPROVEMENT

A. Feschenko, S. Gavrilov’
Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

Abstract

Bunch shape monitors, based on secondary electron
emission, are widely used for measurements of
longitudinal bunch profiles during linac commissioning
and initial optimization of beam dynamics. The typical
phase resolution of these devices is about 1°. However it
becomes insufficient for new modern linacs, which require
a better resolution. Some methods developed for a phase
resolution improvement are discussed.

INTRODUCTION

The technique of a coherent transformation of a temporal
bunch structure into a spatial charge distribution of low
energy secondary electrons through RF-modulation was
initially implemented by R. Witkover [1] for BNL linac.
An energy (longitudinal) RF-modulation of secondary
electrons was used. In the Bunch Shape Monitor (BSM)
[2], developed in INR RAS, a transverse RF-scanning is
used. The general principle of BSM operation has been
described elsewhere and is clear from Fig. 1.

I(p) Analyzed beam

Ug .
—Ugoc + 7sm((ut + @) + Uggeer

Secondary electrons 1(z)

U,

target

Signal

Figure 1: BSM scheme: 1 — tungsten wire target, 2 — inlet
collimator, 3 — RF-deflector combined with electrostatic
lens, 4 — correcting magnet, 5 — outlet collimator, 6 —
optional bending magnet, 7 — registration collimator, 8 —
secondary electron multiplier.

Secondary electrons are scanned by a deflecting RF-field
and their position Z depends on its phase and amplitude:

Z =Zy+ ZpaxSing. (D

BSM resolution can be defined as a full width at a half
maximum of a spread function for infinitely short bunches.
Due to a finite phase resolution the measured distribution
is smoothed and a fine bunch structure can be lost.

T s.gavrilov@gmail.com
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By differentiation of Eq. (1) the phase resolution can be
written as: AQ = AZ/(Z,,4,C0S®), assuming, that AZ is a
FWHM size of the electron beam. Substituting ¢ from
Eq. (1) one can write the phase resolution for the
coordinate of the outlet collimator Z = Z, as:

AZ
Ap = (2)

_ (Zc — ZO)2
Zmax |1 Zanx

Evidently, the phase resolution can be improved, if the
steering voltage Us..- is adjusted to direct the electrons into
the outlet collimator, when the deflecting RF-field is off.
In this case Z, = Z,, and the resolution equals:

A
Ap = z . 3)

Zmax

The value of a maximum deflection Z,.. can be found
from electrical and mechanical parameters of the detector,
so the main problem is to estimate accurately the size AZ
of the electron beam and to propose ways for its
decreasing. Sometimes instead of FWHM AZ it is more
convenient to use the double RMS size 2g..

Modern ion linacs under construction, such as FRIB
MSU or ESS ERIC are foreseen to operate with RMS
bunch lengths of about 10+20 ps at medium energies and
even shorter at high energies, and at least 0.5° phase
resolution is required for reliable bunch shape diagnostics
in these linacs.

RF & STATIC ELECTRIC FIELDS

The main unit of BSM is RF-deflector. The deflector is
combined with the electrostatic lens thus enabling
simultaneous focusing and RF-scanning of the electrons.
Typically, BSM deflectors are RF-cavities, based on
parallel wire lines with capacitive plates. An electrical
length of the deflectors is usually A/4 or A/2.

To improve the uniformity of both deflecting and
focusing fields in Y-direction, thus improving a phase
resolution, the new A-type symmetric cavity has been
developed for BSM-ESS (Fig. 2).

Electric field amplitude (a.u.)

/

-380 -340 -300 -260 -220 -180 -140 -100 -60 -20 20 60 100 140 180 220 260 300 340 380
Y-coordinate (mm)

A RF3522MH2) @ 1.,

Figure 2: E-field distribution in A-type deflector.
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ESS DTL BEAM DYNAMICS COMPARISON BETWEEN
S-CODE AND T-CODE

M Comunian, L. Bellan!, A. Pisent, F. Grespan, INFN-LNL, Legnaro, Italy
lalso at Dipartimento di Fisica e Astronomia, Universita degli Studi di Padova, Padova, Italy

Abstract

The Drift Tube Linac (DTL) for the ESS accelerator will
accelerate protons up to 62.5 mA average pulse current
from 3.62 to 90 MeV. The 5 tanks composing the DTL are
designed to operate at 352.21 MHz in pulses of 2.86 ms
long with a repetition rate of 14 Hz. The accelerating field
is around 3.1 MV/m, constant in each tank. Permanent
magnet quadrupoles (PMQs) are used as focusing element
in a FODO lattice. The empty drift tubes accommodate
Electro Magnetic Dipoles (EMDs) and Beam Position
Monitors (BPMs) in order to implement beam corrective
schemes. This paper presents the beam dynamics compari-
son over the 5 tanks between t-code PARMELA and the s-
code Tracewin code.

INTRODUCTION

The following analysis was performed in order to check
the consistency of the incremental law of particle velocity
with the cell geometry of DTL, since we noticed that for
the same value of cell lengths; different definitions gave
different values of synchronous phase.

In order to bypass the intrinsic problem of the s-code
(where equations of motion are integrated in space) with
the relative synchronous phase definition, we decided to
use a t-code (equations of motion integrated in time) with
the absolute phase definition. This allowed us to check the
correlation between space and time and the DTL self-con-
sistency generation.

In the ESS DTL, the synchronous phase is ramped on
Tank 1 from -35° to -26°, then it is kept constant at 25° up
to the end of DTL, except for the inter-tank regions where
one gap is missed and the phase is used to match the beam
in the longitudinal plane, as shown in Figure 1. About
transverse plane, the values of the PMQs of the FODO chan-
nel are fixed to obtain an equipartitioned beam evolution
and a good phase advance matching with the RFQ at low
energy side and with the SC linac at high energy side. The
RMS input emittances are: Trans./Long. =
0.28/0.36 mm mrad (0.1436 = deg MeV). The emittance

growth is Ag) ;s = 2%, and Ag; s = 1% [1].
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Figure 1: Synchronous Phase along the DTL.
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SYNCHRONOUS PHASE DEFINITION

The ESS DTL was generated by GenDTL code. This
code uses the full field map obtained from Superfish to syn-
chronise the cell lengths with a given RF phase law. Start-
ing from the nominal cell lengths and the other acceleration
parameters given by GenDTL-SuperFish, we recalculated
the synchronous phase values with the Wangler-Carne for-
mula [2,3], to check the self-consistency of this model. The
agreement of the two methods is better than 1 deg, with the
larger error concentrated in the tank-to-tank interface (Fig-
ure 2).

To evaluate the effects of such difference on the beam,
we track the particles through the entire DTL, using full
tank field maps, so that the geometry itself sets-up the syn-
chronous phase.
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Figure 2: synchronous phase difference between Wangler-
Carne formula and nominal phase law.

COMPARISON S-CODE T-CODE

Software’s used for the comparison are Parmela [4] and
TraceWin [5]. Both are PIC codes, with a 2D (r-z) grid
mesh. The mesh size was adjusted as indicated in the ref-
erence [6], in order to minimize the 6D RMS emittance
growth.

The input distribution was a not stationary waterbag, of
62.5 mA proton beam at 352.21 MHz @ 3.62 MeV. The
input emittance was &, | ms = 0.2797 mm mrad while the
Twiss parameters were o, = 0.0525 B, = 0.1823 mm/mrad,
ay=0.0354 B, = 0.9527 mm/mrad. The longitudinal emit-
tance was & ,ys = 0.1545 deg MeV, ay = -0.0175 By =
269.3992 deg/MeV.

Due to the bunch distance over the bunch length
(20°/360°= 0.15 ns/2.8 ns) the head and tail effect of the
previous and subsequent bunches could be neglected.

The five DTL tanks were modelled in two different
methods:

e  The first method uses the field maps: magnetostatic for
the PMQ (obtained by Comsol Simulation) and RF for
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EFFECT OF NUMBER OF MACRO PARTICLES ON TIME EVOLUTION
OF PHASE SPACE DISTRIBUTION*

T. Miyajima*, KEK, Tsukuba, Ibaraki 305-0801, Japan

Abstract

In particle tracking simulation with space charge effect,
the macro-particle model, which has same mass-to-charge
ratio, is widely used, since it does not require any symme-
try of beam shape. However, selection of proper number
of macro-particles is important, because the accuracy de-
pends on it. Emittance, which is calculated by phase-space
distribution, is especially affected by the number of macro-
particles. In order to study the relation between the number
of macro-particles and the resolution in the phase space,
we defined a transformation, which describes reduction pro-
cess of macro-particle number, and analyzed static phase
space distribution. As a next step, we studied the effect of
the macro-particle number on the dynamics of the phase
space distribution for 1D charged particle distribution in the
rest frame. The numerical result shows that the number of
macro-particles affected the phase space distribution around
the head and the tail of the bunch.

INTRODUCTION

In an accelerator, the motion of a charged particle beam
which consists of N particles can be described by a tra-
jectory on 6/N dimension phase space. Since an actual
beam contains enormous number of particles, for example
N ~ 4.8 x 108 electrons in an Energy Recovery Linac with
77 pC operation, degree of freedom in a simulation and a the-
oretical analysis is reduced using an approximation. In order
to analyze the charged particle beam, a beam model is used
to reduce number of degrees of freedom, e.g. charged disk
model, charged cylinder model and macro-particle model [1].
The macro-particle model, which does not depend on the
symmetry in the beam, is versatile method to describe it.

In numerical simulation, the macro-particle model, which
has same mass-to-charge ratio, is widely used, since it does
not require any symmetry of beam shape. However, the es-
timation of proper number of macro-particles is one of the
important issues, since it affects the resolution of the phase
space distribution of the beam. Then, we defined a trans-
formation, particle pair transformation, to reduce macro-
particles. Using the transformation, we studied the relation
between the number of macro-particles and the resolution in
the phase space for 1D and 2D charged particle distributions
in the rest frame [2]. In the previous study, the static electric
field was calculated from the transformed particle distribu-
tions with the reduced macro-particle number by the particle
pair transformation. The result shows that the strength of
the electric field at the edge of the distribution is affected by
the number of macro-particles.

* This work was supported by JSPS KAKENHI Grant Number 26600147.
T tsukasa@post.kek.jp
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The next topics is to study the effect of the macro-particle
number on the dynamics of the phase space distribution. In
this paper, we report the time evolution of the 1D charged par-
ticle distribution in the rest frame with different the number
of macro-particles.

MACRO PARTICLE MODEL

The equation of motion of an electron in electro-magnetic
field, E and B, is

e dvB)
e dt

where, m, and e are the mass and the charge of an electron,
c is the speed of light, v is the speed of the electron, § =
v/c and y = 1/4/B% — 1. Here, the electron beam consists
of N electrons. In order to describe the electron beam by
the macro-particle model with M macro-particles, we have
to preserve the mass-to-charge ratio. The macro-particle
contains a( = N/M) electrons, and the mass and charge are
My, = ame, ¢, = ae, respectively. The equation of motion
of the single macro-particle is

m Ay B)
m dt

=E +v XB, (D)

=FE +v XB. 2)

It is the same equation as the single electron, Eq. (1), be-
cause me/e = my/qm. Therefore, the description of the
beam motion by macro-particle model corresponds to an
approximation by M charged particles with the mass, am,,
and the charge, ae.

PARTICLE PAIR TRANSFORMATION

In this section, we describe a particle pair transformation
to describe the replacement of an particle distribution by
macro-particles [2]. The original distribution consists of ng
macro-particles with the mass, m,,o, and the charge, g;,0.
The procedure of the transformation has the following five
steps.

1. Calculate the center of the original particle distribution.

2. Choose the most distant particle from the center, and

the nearest neighbor particle from it.

3. Calculate the average position about the above two par-

ticles.

4. Replace the two particles by a new macro-particle with

M1 = 2Mpyo and g1 = 2¢mo on the average position.
5. Repeat step. 2 to step. 4 until all the original particles
are replaced.
Figure 1 shows the particle pair transformation for one di-
mensional particle distribution. After the transformation, the
number of transformed particles is reduced to n; = ng/2. Af-
ter i-th transformation, the number of transformed particles
is reduced to n; = ng/i.
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FREQUENCY SPECTRA FROM SOLENOID LATTICE ORBITS*

C. Richard', National Superconducting Cyclotron Laboratory, East Lansing, USA
S. Lidia, Facility for Rare Isotope Beams, East Lansing, USA

Abstract

Multi-charge state heavy ion beams have been proposed
to increase average beam intensity in rare isotope drive lin-
acs [1]. However, the dynamics of multi-charge state
beams make it challenging to optimize the beam quality in
low energy linacs. One of the primary complications is that
the multiple charge states introduce different focusing ef-
fects in the beam dynamics. This leads to a large frequency
spectrum in the transverse motion of the beam centroid.
Matlab simulations are used to describe how the frequency
spectrum of the centroid transforms when the reference
charge state is changed in accelerating, space charge free
solenoid lattices. These frequency shifts can then be used
to predict the behavior of beam of known composition us-
ing the frequency spectrum of BPM signals.

INTRODUCTION

Multicharge state beams have been proposed to increase
beam intensity in ion accelerators [1]. While the dynamics
of individual charge states are understood, there is no for-
malism for analysing the orbits of multicharge state beams.
Beam position monitor (BPM) measurements of mul-
ticharge state beams look only at the center of the beam,
not the distribution of beam. Therefore the individual
charge states cannot be resolved from these measurements
and the center will be the weighted average of each center
of the individual charge states.

The orbit of each charge state in the beam is straightfor-
ward to compute. For a magnetic quadrupole lattice, where
the x and y dynamics are uncoupled, the multicharge state
center evolution can be simulated. However, in a solenoid
lattice the x-y coupling makes the analysis more difficult.
The problem can be simplified using the Larmor frame.
However, this requires the solutions of each charge state to
be transformed into the lab frame. The orbits in the lab
frame are rather complex. Therefore, instead of trying to
average multiple positions, it is simpler to view the solu-
tion in the frequency domain. In the frequency domain, the
multicharge state orbits can be represented by the superpo-
sition of the frequency spectra from each charge state.
Also, rotations into different frames turn into splitting of
peaks by adding and subtracting the rotation frequency
from the original peak.

Therefore, by understanding the how the frequency
spectra of the positions of each charge state evolve with the
lattice parameters, it is possible to formulate a model to
predict the behavior of the centroid of a multicharge state
beam.

* Work supported by Michigan State University and the National Science
Foundation under Grant No. PHY-1102511.
+ richard@nscl.msu.edu
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0.4
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Figure 1: Frequency Spectrum from Hill’s equation with
k=4, n=1/3, L = 1.5 and cos(c)=0.3. The dashed line is at
1/(2L).

MAPPING SOLUTION

A simple method for generating single particle beam ob-
its in a periodic, hard edge, solenoid beam line is to use the
transfer matrix, M. For a solenoid lattice of length L, fo-
cusing strength «, and occupancy 1 the x offset and veloc-
ity in the Larmor frame is given by the transfer matrix [2]:

x x
[x’]s:(n+1)L =M [x’]s=nL O
where
M= [cos(\/ELn) —VkL(1 —n)sin(vkLn)

: —Visin(vkLn) 2)
ﬁsin(\/?Ln) — L(1 —n) cos(VkLn)
cos(VkLn)

_(_9B Y 3
= <2my,8c) ®

where q is the charge of the particles, B is the magnetic
field of the solenoid, m is the mass of the particles, 8 is the
normalized velocity, and vy is the relativistic factor.

The transfer matrix can generate beam orbits for long,
periodic beam lines very quickly. Because of the fixed step
size a discrete Fourier transform was used to determine the
frequency spectrum of the positions (Fig 1). The transform
was calculated using the fast Fourier transform (FFT) func-
tion in Matlab [3].

However, the step size is fixed at the lattice period
length. This large step size causes aliasing which must be
accounted for. The aliasing causes all frequencies to be

mapped to a frequency between — i and i The aliased
spectrum was found to only include none peak. Therefore
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SOURCE AND LEBT BEAM PREPARATION FOR IFMIF-EVEDA RFQ

L. Bellan !, M. Comunian, E. Fagotti, A. Pisent, F. Grespan, INFN-LNL, Legnaro, Italy
P-Y. Beauvais, P. Cara, H. Dzitko, F4E, Garching, Germany
A. Marqueta, F. Scantamburlo, IFMIF/EVEDA Project Team, Rokkasho, Japan
B. Bolzon, N. Chauvin, R. Gobin, F. Senee CEA, Gif-sur-Yvette, France
R. Ichimiya, A. Kasugai, M. Sugimoto, QST, Rokkasho Fusion Institute, Rokkasho, Japan
lalso at Dipartimento di Fisica e Astronomia, Universita degli Studi di Padova, Padova, Italy

Abstract

The commissioning phase of the [IFMIF-EVEDA RFQ
requires a complete beam characterization with simula-
tions and measurements of the beam input from the
IFMIF-EVEDA ion source and LEBT, in order to reach
the RFQ input beam parameters. In this article, the simu-
lations results of the complex source-LEBT with the cor-
responding set of measurements and their impact on the
commissioning plan will be reported.

THE IFMIF-EVEDA PROJECT

The Linear IFMIF Prototype Accelerator (LIPAc) is a
high intensity deuteron linear accelerator [1]; it is the
demonstrator of the International Fusion Material Irradia-
tion Facility (IFMIF) machine within the Engineering
Validation Engineering Design Activities (EVEDA)
scope. It is presently in an advanced installation phase at
Rokkasho under the Fusion Energy Research and Devel-
opment Directorate National Institutes for Quantum and
Radiological Science and Technology (QST), in the pre-
fecture of Aomori, Japan. LIPAc has been designed and
constructed mainly in European labs with participation of
JAEA in the RFQ couplers. It is composed of an injector
delivered by CEA-Saclay [2], a RFQ [3] designed made
and delivered by INFN on April 2016, a superconducting
Linac designed by CEA-Saclay [4], RF power, Medium
and High Energy Beam Transfer lines and a beam dump
designed by CIEMAT [5]. The coordination of the Euro-
pean activities is managed by F4E and, on Rokkasho site,
the Project Team supported by QST is responsible for
coordination, integration and commissioning.

SOURCE AND LEBT

The injector is composed of a 2.45 GHz ECR ion
source based on the CEA-Saclay SILHI source design and
a LEBT line of about 2.05 m (distance from plasma elec-
trode to RFQ entrance flange). The LEBT is composed of
two solenoids with H/V integrated steerers, two diagnos-
tic boxes (one between two solenoids and the second one
after the injection cone) and the RFQ injection cone,
equipped with repeller electrode. The first diagnostic box
contains the following devices:

Self-polarized Faraday Cup,

Doppler-Shift Spectroscopy diagnostic,
Neutralising gas injection device (H2 or Kr gas),
Chopper
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e 4-Grid analyser, for space charge compensation
measurement.

The diagnostic box is equipped with:

e Allison-Scanner emittancemeter, placed 300 mm af-
ter the RFQ injection point (it will be placed between
the two solenoids during RFQ commissioning),

e ACCT for pulsed current diagnostic at RFQ entrance
(it will be placed at the end of the RFQ during com-
missioning),

e Self-polarised beam stop for current measurement.

The diagnostics employed in this section may be biased

due to the beam power (14 kW for deuterons) and to the
large quantity of electrons inside the beam pipe. Distrib-
uted power deposition along the LEBT components may
induce thermal effects, which induce deformation on the
diagnostics. Moreover, the electrons in the LEBT pro-
duced by residual gas ionization and collisions, can give
rise to over/under estimation of the beam current reading.
Both these effects may be a significant source of errors in
beam parameters measurements. Therefore, it is very
important to compare the diagnostics output and the simu-
lations prediction, in order to check the understanding of
the physics behaviour. The target values are 140 mA (70
mA proton) deuteron beam @ 100 keV (50 keV proton)
with &,ms = 0.25 mm mrad and a correct converging beam
at RFQ input: mismatch factor [6] lower than 10%. A
pulsed beam will be used for RFQ commissioning, so the
reproducibility of LEBT beam at different duty cycle up
to cw is necessary. Finally a proton beam (50 keV, 70
mA) well characterized would help for beam commission-
ing.

BEAM DYNAMICS SIMULATION AND
MEASUREMENT OF SOURCE AND LEBT

The simulation results presented here are relative to an
86 mA (read from the power supply) hydrogen beam
extracted beam at 50 keV, with an estimated proton frac-
tion of 72% (from Doppler shift spectrometer) respect to
H2 and H3 measured between the two solenoids of the
LEBT (Q = 3.23x107 generalised perveance, 55 mA
proton beam at beam stop). The emittance measurement
done within the maximum transmission area of the BS
and the simulation with AXCEL-INP [7] program were
used in order to find the Twiss parameter and emittance
after 20 cm from the plasma electrodes. The software
used for LEBT simulation was TraceWin[8], which is a
PIC code with single species transport of 55 mA proton
beam. 10000 macroparticles were used and the mesh was
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PHASE-SPACE TRANSFORMATION FOR A UNIFORM TARGET
IRRADIATION AT DONES*

C. Oliver ', A. Ibarra, Centro de Investigaciones Energéticas,
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Abstract

In the framework of the EU Roadmap, a DEMO Ori-
ented Neutron Source (DONES) [1] has been proposed to
provide a high neutron intense neutron source with a
suitable neutron spectrum to understand the degradation
of advanced materials under DEMO and future fusion
plants irradiation conditions. DONES will be based on the
International Fusion Materials Irradiation Facility IFMIF
[2], being only one accelerator considered. The HEBT
will be devoted to the transport, bending and shaping of
the 40 MeV, 125 mA CW deuteron beam to the free sur-
face of the rapidly flowing lithium target. To produce a
forward peaked source of fusion-like neutrons, which
stream through the target into the test cell, a rectangular
uniform distribution across the flat top of the beam profile
is required, being the footprint tailored in both the vertical
and horizontal directions according to the target design.
Different methods for beam uniformization in IFMIF
accelerator has been proposed in the past [3]. Two main
concerns in DONES will be the minimization of particle
losses over the whole HEBT and the effect of the different
shaping techniques on such strong space charge regime,
especially on the beam halo modulation. A review of the
different methods for the beam shaping of the high power,
high space charge DONES HEBT beam will be depicted.
A final solution will be proposed.

DONES HEBT REQUIREMENTS

The need of a rectangular flat top beam profile on the
liquid-Lithium target determines the design of the High
Energy Beam Transport (HEBT) line between the super-
conducting linac and the Liquid Lithium target. Two beam
size configurations (20x5 cm2, 10x5 cm2) with 5% top
density uniformity are demanded at the Lithium surface.
Additionally constraints in the beam tails (to avoid a sud-
den increase in the deposited power in the Lithium target
as well to eliminate heating of the adjacent structure) are
imposed. A sketch of the required horizontal and vertical
beam profile at target is shown in Fig. 1.

The high space charge, high power beam imposes two
additional concerns in the HEBT design: the minimization
and safe control from the radioprotection point of view of
losses as well the space requirement for beam diagnostics

[4].

* This work has been carried out within the framework of the EUROfu-
sion Consortium and has received funding from the Euratom research
and training programme 2014-2018 under grant agreement No 633053.
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BEAM SHAPING

Different techniques of providing an arbitrary spatial
beam distribution starting from a given input beam can be
found. Active techniques based on pencil beam scanning,
used in some other projects as ESS [5], have been shown
to be not an option for DONES given the possible disrup-
tion of the liquid Lithium by the pressure waves [6].
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Figure 1: DONES horizontal (left) and vertical (right)
beam requirements at the Lithium target.

TotalHeight=7 cm

The use of non-linear magnetic fields to shape the beam
to a required beam profile has been considered the best
option [7]. Although previous studies showed the ad-
vantage of using special dipoles, called “step-like field
magnets” [8], which remove the scrapers and their associ-
ated shielding, the need of a magnet prototype and the
impact on the DONES timeline has pushed to the tradi-
tional non-linear magnet solution.

The use of standard high order multipoles to obtain a
uniform beam has been well documented and used in
several facilities [9, 10]. Whereas particles in the center of
the beam distribution are unaffected by the non-linear
magnets, the divergence of particles far from the center is
modified such, after the subsequent transport, the beam
edges are folded into the core.

The lowest-order non-linear magnets are desirable to
reduce the magnet aperture and technology difficulties as
well possible beam losses. However, octupoles optimized
to improve the beam uniformity would have an undesira-
ble large effect on the particles in the very far beam tail,
which will be excessively folded, producing losses down-
stream the octupole. To counteract this effect, critical in
DONES given the halo produced by the high space
charge, duodecapoles nee to be introduced. With both
type of multipoles, the beam uniformity will be almost
controlled by the octupoles whereas the maximum beam
extension (and the minimum pipe aperture) will be lim-
ited by the duodecapoles.
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State Key Lab Nuclear Physics and Technology
Peking University, Beijing 100871, China

Abstract

Boron Neutron Capture Therapy (BNCT) [1, 2], prom-
ises a bright prospect for future cancer treatment, in terms
of effectiveness, safety and less expanse. The PKU RFQ
group proposes an RFQ based neutron source for BNCT.
A unique beam dynamics design of 162.5 MHz BNCT-
RFQ, which accelerates 20 mA of H+ from 30 keV to 2.5
MeV in CW operation, has been performed in this study.
The Proton current will be about 20 mA. The source will
deliver a neutron yield of 1.76 x 1013 n/sec/cm?in the
7Li(p,n)}Be reaction. Detailed 3D electromagnetic
(EM) simulations of all components, including cross-
section, tuners, pi-rods, and cut-backs, of the resonant
structure are performed. The design of a coaxial type
coupler is developed. Two identical RF couplers will
deliver approximately 153 kW CW RF power to the RFQ
cavity. RF property optimizations of the RF structures are
performed with the utilization of the CST MICROWAVE
STUDIO [3].

BEAM DYNAMICS

BNCT treatment requires sufficient fluxes of thermal (<
0.5 eV) or epithermal (0.5 ¢V ~ 10 keV) neutrons for its
application. The 4-vane proton RFQ will accelerate a
15 mA beam to 2.5 MeV at 162.5 MHz in CW operation
for safety margin, and it is also demanded that the design
should keep high transmission up to 20 mA.
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Figure 1: Main parameters of the BNCT RFQ beam dy-
namics.

The beam dynamics design of BNCT RFQ adopts the
New Four-Section Procedure (NFSP) design strategy [4],
and the main design parameters are shown in Fig. 1.

Based on the PARMTEQM code [5], 10° input macro
particles are put into the multiparticle dynamics simula-
tions. Fig. 2 shows the simulation results at 20 mA.

Table 1 summarizes the detailed simulation results,
where the Kilpatrick factor is only 1.24, quite reliable for
CW operation. The modest inter-vane voltage is kept
constant at 65 kV, and does bring benefits to ease the

* Work supported by 2014CB845503
T zhuxw13@pku.edu.cn
# yrlu@pku.edu.cn

2 Proton and Ion Accelerators and Applications
2G Other Proton/Ion

thermal management, which the bottleneck in CW RFQ
operation. The transverse focusing strength B is kept
constant to simplify the cross-section design, which
makes it easier to tune the cavity, and constant transverse
radius of curvature allows to machine the vanes with
flying cut. The design has a transmission of 99.6% at
20 mA. However, even at 40 mA, which is twice as large
as the design value, the transmission is still as high as
96.6%. Tolerance analyses have been completed; the
analyses indicate the RFQ design well tolerates the twiss
parameters, mechanical and field errors.

Clearly, the design and simulation results satisfy all re-
quirements well for the BNCT RFQ.

(EI\JICT RFQ 162 B5MHz, 2.5 AMeV, 65kV, --RFQ Group, zhuxw, 2016

WWWWMWMWWWWWW%

center of cell

T
it

uum\‘l\lﬂl\l il

|Nll\IMMlNHHHHHHMI\IHHI\Humnm i

SR

i
2

99.6%
g

|
7z 83 125 167 208 750

Figure 2: PARMTEQM simulations of the RFQ at
20 mA.
Table 1: RFQ Parameter List
BNCT RFQ Value
Input energy 35 keV
Output energy 2.5 MeV
Frequency 162.5 MHz
DC current 20 mA
Vane voltage 65 kV
Vane length 523.4 cm
RF power (PEC) 103 kW
Beam Power 50 kW

0.25 mm mrad
0.0655 MeV deg
1.24

&:(norm. rms, exit)
&/ (norm. rms, exit)

Es,max/Ek

RF STRUCTURE

The RFQ resonator design aims to satisfy the require-
ments given by beam dynamics. These studies involves
iteration of RF electromagnetic simulations to provide
good mode stabilization, right operating frequency, and
coupling. Both 2D SUPERFISH code and CST MICRO-
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Abstract

ILC (International Linear Collider) is e+ e- linear col-
lider in the next high energy program promoted by ICFA.
In ILC, an intense positron pulse in a multi-bunch format
is generated with gamma ray from Undulator radiation. As
a technical backup, the electron driven positron source has
been studied. By employing a standing wave L-band acceler-
ator for the capture linac, an enough amount of positron can
be captured due to the large aperture, even with a limited
accelerator gradient. However, the heavy beam loading up
to 2 A perturbs the field gradient and profile along the lon-
gitudinal position. We present the capture performance of
the ILC positron source including the heavy beam loading
effect.

INTRODUCTION

ILC (International Linear Collider) [1] is an e+ e- linear
collider with 500 GeV CME in the first phase and 1000
GeV in the second phase. This is only way to realize the
e+ e- collision beyond 350 GeV CME beyond the limitation
of a storage ring collider and is an official future project
promoted by ICFA. ILC realize the high luminosity as high
as 3.0 x 103*¢m™2s—1 with a limited average current, 50 pA.
This current is much less than that in a storege ring, but it is
a technical challenge, especially for positron source, because
it corresponds to 50 times of that in SLC [2]. In the current
design [1], the positron is generated by Undulator radiation
driven by more than 150 GeV energy electron beam. The
high energy electron driver (>150 GeV) is sharedleading a
possible long commissioning time for the positron source
because it can be operated after the electron main linac is
establsihed. To avoid this limitation, an electron driven
positron source has been studied.

In the electron driven positron source, the electron driver
can be a dedicated several GeV linac. solving the problem
related to the beam sharing. The biggest technical challenge
on the electron driven positron source is the possible damage
on the positron production target. In the undulator positron
production, 7.8 x 103 positrons are generated in 0.8 ms
(macro pulse length). If we assume the same time strcture
for the electron driven positron source, any taraget can not
survive with this heavy thermal heat load and a shock wave
induced by the incident beam [3].

* mkuriki @hiroshima-u.ac.jp
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Omori et al. proposed a new e-driven scheme relaxing
the target load [4] by extending the effective macro pulse
length from 0.8 ms to 64 ms. In this scheme, positrons
are accelerated by normal conducting accelerator and heavy
beam loading is expected. Satoh et al. [S] proposed a beam
loading compensation for the travelling wave linac by am-
plitude modulation. Urakawa [6] proposed a fast amlitude
modulation method by combining two RF sources with a
fast phase switching. Seimiya, Kuriki, et al. [7] showed that
an enough positron, 3.0 x 10'° per bunch can be generated
by assuming the beam loading compensation.

In this study, we propose the electron driven positron
source for ILC based on the preceding studies [4, 7]. In this
study, we assume RF power source off-the-shelf or devel-
opoed by exisiting technology. Comparing to the preceding
studies, the accelerator gradient is much lower. In addition,
we re-evaluated the accelertor gradient and the beam loading
compenstation ability on the L-band standing wave acceler-
ator which is used in the capture linac (the 1st accelerator
section) after the target by newly developed a multi-cell cav-
ity model. In the following sections, we explain the whole
system, a new model for standing wave accelerator based on
the multi-cell, and the simulation results.

THE ELECTRON DRIVEN ILC POSITRON
SOURCE

Figure 1 shows schematically the electron driven ILC
positron source [7]. The positron is generated by inpinging
the 4.8 GeV electron beam on W-Re target. AMD (Adia-
batic Matching Device) is attached at the downstream of the
target to compensate the transverse momentum of the gen-
erated positron. This is composed from axially symmetric
longitudinal magnetic field is peaked (5 T) at the entrance
and decayed down to 0.5 T which is kept over the capture
linac which is composed from 28 of L-band standing wave
accelerator tubes. Chicane is placed after the capture linac
to remove electrons and positrons with a large energy de-
viation. The booster accelerates the beam up to 5 GeV. It
is composed from L-band and S-band traveling wave tubes.
ECS (Energy Compressor System) is composed from 4 chi-
canes and 3 L-band RF structures. This is very important to
obtain a good positron yield.

The positron is generated in 1 us macro-pulse containing
136 bunches with 6.15 ns bunch spacing. This pulse is
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Abstract

The linear accelerator in the Facility for Rare Isotope
Beams (FRIB) will use Electron Cyclotron Resonance (ECR)
sources. ECR sources generate a high-brightness DC beam
with high charge states. However, the ECR sources produce
numerous species that must be collimated to one or two tar-
get species with minimal degradation in beam quality. The
first stage of this collimation is accomplished in a tight 90°
dipole bend with a wide aperture and slanted pole faces to
provide additional focusing. We report on simulations car-
ried out with the Warp PIC code [1-3] for operation with
high-rigidity Uranium ions. These simulations use linked
2D xy-slice runs in the straight section upstream of the bend
and steady-state 3D simulations in the dipole bend. Simula-
tions with ideal (sector) and full 3D field maps of the dipole
magnet are contrasted. Issues associated with placing a 3D
dipole field with an extended fringe field on a bent coordi-
nate system are addressed. Placement of the dipole bend is
optimized consistent with the 3D field and is found to closely
correspond to the ideal field center. Minimal problems are
found (small centroid shift and distribution distortions) due
to 3D space charge effects in the initial species separation
within the bend when using simple fractional neutralization
factors in the anticipated range.

INTRODUCTION

In the FRIB front-end, diagnostic systems are limited due
to the source operating on a high-voltage stand and the many-
species beam distribution emerging from ECR source being
DC. Therefore it is desirable to develop improved numerical
models to better understand uncertainties and support front-
end commissioning.

SIMULATION DESCRIPTION

Lattice

Figure 1 (upper panel) shows the front-end lattice from
the ECR source through the first bending magnet and (lower
panel) the corresponding axial magnetic (from ECR and
solenoids; blue) and electrostatic (from grated gap; red)
axial accelerating fields in straight section. Parameters of
the two solenoids and one electrostatic (ES) gap are listed
in Table 1. These elements have short length with wide
apertures, so nonlinear fields are significant. Note that fringe
fields neighboring elements can overlap — particularly the
ECR and the first solenoid. Fields of these elements are
calculated in 2D by the finite element codes LORENTZ [4]

* fukushim @frib.msu.edu
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(ECR solenoids) and Poisson [5] (iron solenoids and ES gap)
and imported on a high-resolution r-z mesh.

Table 1: Lattice Element Parameters

Component Length [cm] Aperture r [cm]
Solenoid 29.6 (coil) 7.75 (coil)

0.6 [T]) 39.52 (iron) 8.00 (iron)

ES Gap 27.6 9.921 (upstream)
(50 [kV]) 7.620 (downstream)
Bend 99.7456 (core) 20.5 (horizontal)
0.17 [T]) 63.5 (curvature) 5.0 (vertical)

The iron bending magnet is modeled with Opera [6] (elec-
tromagnetic design software) in 3D. Figure 2(a) shows the
vertical dipole field B, on longitudinal axis (x = 0 and
y = 0) along the center-line of the element, and Fig. 2(b)
shows the variation of By, as a function of the radial coor-
dinate x at the element center (y = 0 and z = 3.047). B,
varies due to slanted iron poles of the magnet. This magnet
has significant nonlinearity and an extended fringe field.

Uranium Beam Emerging from ECR

A multi-species beam beam emerges from the ECR with
U with Q = 25 to 40 and O (from support gases) with Q = 1
to 4 [2]. Two desired “target” species to retain are U33* and
U3**. Table 2 summarizes parameters applied to all species
emerging from the ECR source. This normalized canonical
angler momentum and normalized thermal rms emittance of
U3 corresponding to these parameters are 0.381 mm-mrad
and 0.042 mm-mrad, respectively.

Table 2: Simple Symmetric Ion Distribution

Initial distribution

Ton temperature

Magnetic field at ion birth
RMS size (x, y)
Neutralization factor

Waterbag

3.0 [eV]

1.65 [Tesla]
(2.0, 2.0) [mm]
75 [%]

PIC SIMULATIONS

In our simulations, we assume an initial Waterbag dis-
tribution including space-charge adaption for each charge
state [7]. 2D slice (xy) Warp PIC simulations using the
model described in Ref. [2] are carried out from the ECR
source to before bending magnet. The xy distribution is then
used to continuously inject a 3D distribution into the dipole
to carry out 3D steady state simulations (advanced twice the
~2 us dipole transit time of the slowest species).
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Abstract

Heavy ion accelerator laboratories for nuclear science and
rare isotope research require a wide array of high intensity
heavy ion beams. Due to their versatility and robustness,
Electron Cyclotron Resonance (ECR) ion sources are the
choice injectors for the majority of these facilities worldwide.
Steady improvements in the performance of ECR ion sources
have been successful in providing intense primary beams for
facilities such as the National Superconducting Cyclotron
Laboratory (NSCL). However, next generation heavy ion
beam laboratories, such as the Facility for Rare Isotope Beam
(FRIB), require intensities that are approaching the limits of
current possibility with state of the art ion source technology.
In this proceedings, we present the ongoing low energy beam
transport characterization efforts of a superconducting ECR
ion source injector system at the MSU NSCL.

INTRODUCTION

The Coupled Cyclotron Facility (CCF) at the NSCL [1]
utilizes two superconducting cyclotrons to accelerate pri-
mary ion beams up to 160 MeV/u corresponding to beam
power deposition on production target of up to 1kW for
rare isotope production. The parallel operation of the two
ECR ion source injector systems allow for the delivery of
primary beams, from helium up to uranium, to the CCF
while permitting development on the other source. The
Advanced Room TEMperture Ion Source (ARTEMIS) [2]
operating at 14.5 GHz uses normal conducting solenoids
for axial confinement and permanent magnet hexapoles for
radial confinement, whereas the Superconducting Source
for Ions (SuSI) [2] operating at 18 GHz from a klystron and
24 GHz from a gyrotron uses superconducting solenoids and
hexapoles for confinement of the plasma.

The production of rare isotopes often require expensive
and difficult to obtain stable isotopes as primary beams,
therefore research efforts are focused on improving the un-
derstanding of heavy ion beam transport in the low energy
section of injector systems to minimize systematic beam
loss. In this proceedings, we will focus on the superconduct-
ing SuSI ECR ion source and its corresponding low energy
beam transport line, related beam diagnostics, and beam
transport simulation efforts.

* Research supported by Michigan State University and National Science
Foundation Award PHY-1415462.
 pham@nscl.msu.edu
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Figure 1: (color) Diagram of the SuSI ECR Ion Source
Injector showing (a) the ion source, (b) extraction system, (c)
A/Q spectrometer, (d) solenoid triplet, blue arrow indicate
the location of the HPGe detector, red arrows indicates the
location of emittance scanners and scintillator screen, and
green arrow the direction of the beam.

BEAM LINE MEASUREMENTS

The relevant portion of the SuSI injector system, shown
in Fig. 1, consists of the ECR ion source held at high volt-
age up to 30KV, triode extraction system, an Einzel lens,
solenoids, steerers, and collimation apertures and slits. The
diagnostics on the beam line include Faraday cups for beam
current measurements, a high-resolution 4/Q spectrometer
for ion species separation, an Allison scanner [3] for beam
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Abstract

Self-consistent simulation studies of the FRIB low energy
beam transport (LEBT) system are conducted with the PIC
code Warp. Transport of the many-species DC ion beam
emerging from an Electron Cyclotron Resonance (ECR) ion
source is examined in a realistic lattice through the Charge
Selection System (CSS) which employs two 90-degree bends,
two quadrupole triplets, and slits to collimate non-target
species. Simulation tools developed will support commis-
sioning activities on the FRIB front end which begins early
operations in 2017. Efficient transverse (xy) slice simula-
tion models using 3D lattice fields are employed within a
scripted framework that is readily adaptable to analyze many
ion cases and levels of model detail. Effects from large
canonical angular momentum (magnetized beam emerging
from ECR), thermal spread, nonlinear focusing, and electron
neutralization are examined for impact on collimated beam
quality.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) is designed
to accelerate heavy ions to 200 MeV/u with 400 kW CW on
target [1,2]. The beam is produced by one of two electron
cyclotron resonance (ECR) ion sources at the front end:
ARTEMIS [3] and VENUS [4]. Each ion source is followed
by a charge selection system (CSS) where non-target species
passing the first dipole are removed in a high-dispersion
region between two 90-degree dipoles. Schematics of the
post-ECR and CSS lattices are embedded in Fig. 2 and 1.

Beams emerging from an ECR exhibit complex evolu-
tion because: 1) the high-current, many-species beam has
strong space charge; 2) the beam is born in a high magnetic
field and thus carries large canonical angular momentum;
3) the beam is partially neutralized by electrons from the
ionized residual gas; and 4) the lattice is dispersive, has
strong acceleration, substantial applied field nonlinearities,
and fringe fields overlap for some elements. To better un-
derstand how to preserve beam brightness and optimize the
CSS, a framework of code tools has been developed using
the open-source PIC-code Warp [6]. This paper describes
the Warp simulations (see [7, 8] for more details) and how
an envelope model is employed for beam matching. Simula-
tions contrasting the performance of the CSS under various
initial beam conditions illuminate the impact of canonical

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661 and the National Science
Foundation under Grant No. PHY-1102511.

 wong @nscl.msu.edu

4 Beam Dynamics, Extreme Beams, Sources and Beam Related Technology

4A Beam Dynamics, Beam Simulations, Beam Transport

angular momentum and space charge. Implications for beam
collimation and further transport downstream are discussed.

FRONT END MODEL IN WARP
Initial Conditions & Loading

Table 1 lists beam parameters used in the Warp simula-
tions. An initial axisymmetric waterbag distribution adapted
for space-charge [12] is injected with no centroid offset at the
extraction point of the ECR. Each species’ envelope extent

fills the puller electrode aperture (i.e. Rpuiier = 20« where

o2 = <x2>). The 35kV extraction potential sets the kinetic

energy of each species, and the longitudinal velocity spread
and radial (thermal component) emittance arise from a 3eV
ion temperature. The average canonical angular momentum
of each species is set by assuming all ions are born at the
same magnetic field, i.e. (Py) = g <r2> Byirth /2, where

birth
(peak 2) . .
Byirth = fz Z(pzk n B, (r = 0)dz is the average axial B-field

between the peaks of the solenoidal field of the ECR. Since
the B-field at launch differs from By, for (Pg) = const as
specified, an angular velocity is injected upon each ion of
the species with:

/CLBpD). ey

()
’ birth
90 = | 5v— Bbirth — Blaunch
(r?)
launch

Here, [Bp] is the particle rigidity, and we assume <r2>bmh =

<r2>laumh. Simulated beam species and currents for U oper-
ation are given in Ref. [5].

Table 1: Beam Parameters of U** Based on VENUS

At launch

Temperature 3eV

(Pg) [(mc) 0.305 mm-mrad
E€r—rms-norm 0.015 mm-mrad
or = V20, 2.82 mm

o) =do,/dz 0

& (before/after ES Gap) 5.00/12.00keV/u
[Bp] (before/after ES Gap) 7.13x 1072/1.10 x 10~! Tm

Lattice Design & Matching Methodology

The beam line can be divided into two distinct sections:
the axisymmetric transfer line from the ECR to the CSS,
and the CSS which produces large dispersion for species
selection.
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FINAL ACCEPTANCE TEST OF SRF PHOTO-INJECTOR COLD STRING
FOR THE bERLinPro ENERGY RECOVERY LINAC *

A. Neumann', D. Bohlick, P. Echevarria, A. Frahm, F. Gobel, T. Kamps, J. Knobloch, O. Kugeler,
M. Schuster, J. Ullrich, A. Ushakov
Helmholtz-Zentrum Berlin, Germany
A. Matheisen, M. Schalwat, M. Schmokel
DESY, Hamburg, Germany
E. Zaplatin
Forschungszentrum Jiilich, Jiilich, Germany
G. Ciovati, P. Kneisel
JLab, Newport News, Virginia, USA
A. Burrill
SLAC, Menlo Park, California, USA

Abstract

Helmholtz-Zentrum Berlin (HZB) is currently designing
and building an high average current all superconducting CW
driven ERL as a prototype to demonstrate low normalized
beam emittance of 1 mm mrad at 100 mA and short pulses
of about 2 ps. In order to achieve these demanding goals
HZB started a staged program for developing this class of
required high current, high brightness SRF electron sources.
In this contribution we will present the current status of the
module assembly and testing of the prototype SRF photo-
injector cavity cold string. The steps taken to install the
cathode insert system with the cavity in the clean room
and the following horizontal test of the cold string as final
acceptance test prior installation into its cryostat are shown.
First beam in a dedicated diagnostics test stand called Gunlab
are planned for this winter.

SRF PHOTO-INJECTOR FOR bERLinPro

The high average current all superconducting CW driven
energy recovery linac (ERL) bERLinPro is foreseen as a
prototype to demonstrate low normalized beam emittance
of I mm-mrad at 100 mA and short pulses of about 2 ps [1].
It is currently being constructed at HZB in Berlin. In the
first stage the photo-injector delivering the beam consists of
a 1.4-cell superconducting cavity [2] using a high quantum
efficiency (QE) normal conducting multi-alkali cathode [3]
implementing a modification of HZDR’s cathode insert de-
sign [4]. The medium power prototype cavity fabricated by
JLab [5] utilizes CW-modified TTF-III couplers allowing an
average current up to 5 mA. The purpose of this prototype
is mainly to demonstrate the beam dynamics goals and the
insertion of a high QE semi-conductor cathode in an SRF
cavity. The final high power version is currently in its design
and drafting phase. Table 1 summarizes the main RF figures
of merit and parameters of operation of the first cavity and

* Work supported by German Bundesministerium fiir Bildung und
Forschung, Land Berlin, and grants of Helmholtz Association
T Axel.Neumann @helmholtz-berlin.de
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Table 1: RF Design Parameters and the Values Estimated
for the Prototype Cavity as Produced

Parameter Design  As built
TMy freq. (MHz) 1300 1300
R/Q(Q) B=1 150 132.5
G(Q) 174 154
Prorwara max. (kW) 20 20
Epea/Eo 1.45 1.66
Bpeak/Epeak (MTMV™Im)  2.27 2.18
Eyin (MeV) 3.5 2.5-3

the actually achieved values estimated by combining CMM
based measurements with RF simulation tools as Superfish
and CST [6]. It took quite some effort to reach that stage
as production proved to be challenging. This is described
in several papers and not repeated here [5,7,8]. Here, the
final cold string assembly of the cavity is described and the
acceptance testing in the horizontal cavity test stand HoBi-
CaT [9]. In the next months the module will be completed
and integrated with the diagnostic beamline of Gunlab [10]
to fully study the injector beam’s phase space prior to its
move to the bERLinPro underground accelerator hall.

THE COLD STRING ASSEMBLY

Figure 1 displays the assembly and testing steps for the
gun cavity at JLab and HZB to completely monitor the per-
formance with respect to achievable field level and surface
resistance or unloaded quality factor Q¢ during the different
construction steps. After helium vessel welding the cavity
performed good enough in the final vertical test at JLab,
and the critically coupled horizontal RF tests at HZB, to
be further prepared for cold string mounting. As shown in
the 3D models and pictures below the assembly comes in
several stages, where the first part of cold string mounting is

¥ E is the peak on axis field. The cold string test had an administrative
limit of 29 MV/m.
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Abstract

AWAKE is a proton driven plasma wakefield acceleration
experiment at CERN which uses the protons from the SPS.
It aims to study the self modulation instability of a proton
bunch and the acceleration of an externally injected electron
beam in the plasma wakefields, during the so called “Phase
I until the technical stop of LHC and its injector chain
(LS2) in 2019. The external electron beam of 0.1 to 1nC
charge per bunch will be generated using an S band photo
injector with a high QE semiconducting cathode. A booster
linac was designed to allow variable electron energy for the
plasma experiments from 16 to 20 MeV. For an rf gun and
booster system, emittance control can be highlighted as a
challenging transmission task. Once the beam emittance is
compensated at the gun exit and the beam is delivered to the
booster with an optimum beam envelope, fringing fields and
imperfections in the linac become critical for preserving the
injection emittance. This paper summarises the rf design
studies in order to preserve the initial beam emittance at the
entrance of the linac and alternative mitigation schemes in
case of emittance growth.

INTRODUCTION

The Advanced Wakefield Accelerator (AWAKE) project
offers an experimental program to study proton beam driven
plasma wakefield acceleration (PDPWA). It is currently be-
ing built at CERN with the collaboration of many insti-
tutes [1]. This project aims to use the proton beam from
the SPS accelerator which also serves as the LHC injector
alongside with many other experiments at CERN. Plasma
wakefields will be induced by the 400 GeV SPS beam and
a seeding laser. After establishing the wakefields in a 10 m
long plasma, a second beam, the so-called witness beam
will be injected into the plasma. The witness beam, which
consists of single electron bunch of 0.1 to 1 nC with ener-
gies ranging from 16 to 20 MeV, will be accelerated through
the plasma [2]. An rf gun based electron injector will pro-
vide the witness beam for the AWAKE experiment. The in-
jector system consists of a 3 GHz standing wave (SW) struc-
ture based on the existing PHIN gun and a constant gradient
travelling wave structure as booster linac. Baseline beam
specifications and parameter ranges for systematic plasma
experiments which should be delivered by the injector sys-
tem are summarised in Table 1.

* o.mete @lancaster.ac.uk
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Table 1: Specifications for the Simulation Studies for the
Baseline and the Parameter Range of Interest

Parameter Baseline Range
Beam energy (MeV) 16 10-20
Energy spread (o, %) 0.5 -
Bunch length, (o, ps) 4 0.3-10
Beam focus size, (o, pm) 250 250-1000
Norm. emittance (rms, mm-mrad) 2 0.5-5
Bunch charge, (nC) 0.2 0.1-1

A photo injector is an electron source that uses laser
pulses in order to extract electrons from the surface of
a metallic or a semiconductor cathode (such as Cu and
Cs,Te). Electrons can escape the cathode surface if the
laser pulses provide sufficient energy for electrons to over-
come the potential barrier of the surface. The cathode plug
is placed in one end of an RF cavity. This RF cavity is
used for the rapid acceleration of the electrons after the pro-
duction. Photo injectors can produce high brightness, low
emittance electron beam; this is a mature technology, first
implemented in the 1980s. There have been many improve-
ments since then motivating the photo injectors as versatile
and reliable electron sources. Some historical highlights
and overview of photo injectors can be found in [3-5].

CERN’s Super Proton Synchrotron (SPS) will provide
the proton beam for the experiment, various modifications
were implemented on the corresponding beamline which
previously provided protons for neutrino experiments [6,7].
Commissioning of the experiment and data taking will take
place in 2016-2017 with protons during the so called ‘“Phase
I’ [8,9].

In Phase II of the experiment the electron beam will
be injected into the plasma to be captured and accelerated
by plasma wakefields. The injector consists of an S-band
RF gun and traveling wave booster linac. Photoelectrons
emerging from a semiconductor cathode will be accelerated
to 6.6 MeV by the 2+1/2 cell RF gun with 100 MV/m accel-
erating gradient. Consequently, the electron beam will be
transported to the constant gradient travelling wave booster
linac which allows to span the energy range requested by
the plasma experiments.

BOOSTER DESIGN

An S-band booster linac, ATS, was designed as a trav-
elling wave structure with constant gradient of 15MV/m
through the entire structure (Fig. 1-a). It consists 030 cells

ISBN 978-3-95450-169-4
449



TUPRCO017

Proceedings of LINAC2016, East Lansing, MI, USA

FIELD FLATNESS AND FREQUENCY TUNING OF THE CLARA HIGH
REPETITION RATE PHOTOINJECTOR

L.S. Cowie!, P.A. Goudket, T.J. Jones!, B.L. Militsyn,
STFC, Daresbury Laboratory, Warrington, UK
G. Burt,Cockcroft Institute, Lancaster University, UK
B. Keune, Research Instruments GmbH, Bergisch Gladbach, Germany
lalso at Cockcroft Institute, Lancaster University, UK

Abstract

The High Repetition Rate Photoinjector, designed for the
CLARA FEL at Daresbury Laboratory, was tuned at the
manufacturers for both field flatness and frequency. Due to
the high average power in the gun cavity of 6.8 kW the
cavity requires significant cooling, achieved by water
channels in the cavity body. These channels prohibit the
use of tuning studs to tune the cavity. The cavity was tuned
by taking pre-braze clamped low power RF measurements
and using the data to trim the cavity cells to the optimum
length for both field flatness and frequency. The optimum
field flatness is 100% and the design frequency is 2998.5
MHz. Both cells were trimmed in 4 stages, resulting in a
post-braze frequency of 2998.51 MHz and field flatness of
98%.

INTRODUCTION

CLARA is a new FEL test facility being developed at
STFC Daresbury Laboratory in the UK [1]. The main mo-
tivation for CLARA is to test new FEL schemes that can
later be implemented on existing and future short wave-
length FELs. Particular focus will be on ultra-short pulse
generation, pulse stability, and synchronisation with exter-
nal sources.

The High Repetition Rate Gun (HRRG) was developed
at Daresbury Laboratory to meet demanding requirements
in bunch length and emittance for bunches of up to 250 pC.
For operation at 100 Hz for CLARA FEL experiments the
cathode surface electric field required is 120 MV/m. The
field is lowered for the 400 Hz mode to 100 MV/m. Con-
sequently, the photoinjector must have high power han-
dling capabilities.

The final design is a 1.5 cell normal conducting S-band
RF photoinjector [2]. It has a dual feed RF input coupler
with phase adjustment of each feed to supress any dipole
component in the coaxial coupler line. The cavity sche-
matic can be seen in Fig. 1.

Operation of the CLARA requires a very stable beam ar-
rival time at the FEL. The RF amplitude stability must be
0.1 % and the phase stability 0.1° rms, imposing a temper-
ature stability requirement of 0.009 °C rms [3]. The RF
cavity has a probe in the second cell for feed-forward am-
plitude correction and a thermo-stabilisation system of wa-
ter channels built into the copper cavity structure and fed
by a high resolution control system developed at
Daresbury.
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Figure 1: Schematic of the HRRG cavity showing water
channels, probe, coupler tuning gasket and removable
cathode plug.

Field flatness, which is defined as the ratio of electric
field amplitude in cell 1 to cell 2, is essential to reach the
highest possible beam momentum and evenly disperse the
RF losses in the cavity. Optimum field flatness is achieved
when the maximum field amplitudes are equal in each cell.
Due to the extensive water channels in the cavity structure
there is no scope for the tuning studs typically used to tune
the field profile and frequency of a cavity. It was therefore
proposed to tune the cavity before brazing using clamped
RF measurements and trimming the cell lengths.

TUNING METHOD

The cavity was tuned before brazing at the manufactur-
ers, Research Instruments GmbH [4]. Clamped low power
measurements of the operating mode frequency and field
were performed at 23 °C with a Cu photocathode plug and
the data was used to trim the length of the cells to optimise
both RF parameters. Both cells were manufactured with
extra length to provide a tuning range that would cover the
frequency spread possible due to the radial tolerances. The
extra length for each cell was proportional to its length,
keeping the field amplitude in each cell of the design cavity
equal. The extra length on cell 1 was chosen to be 200 um
and on cell 2 was 422 pm.

Simulations were performed to model the effect of trim-
ming the length of each cell on frequency and field flatness.
An algorithm was developed from the simulation results to
calculate the amount of length to trim from each cell to
reach the target frequency and field flatness from the meas-
ured result.

The trimming was performed over 3 steps covering 1/3
of the required frequency correction each, with CMM di-
mensional measurements and RF measurements taken after
each step. This was done to test the method so that correc-
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Abstract

Accelerator facilities for radioactive beams and low en-
ergy nuclear physics such as FRIB require intense, stable ion
beam currents in order to achieve required reaction rates for
rare and undiscovered isotopes. Presently, the only way to
produce intense continuous wave beams of highly-charged,
medium to heavy-mass ions is with Electron Cyclotron Res-
onance lon Sources (ECRIS). The complex nature of these
devices causes temporal instabilities to occur, most notably:
slow and fast instabilities. Slow instabilities and drifts, oc-
curring over hours, decay the beam current intensity due
to variations in ambient and hardware conditions. These
drifts require beam operators to constantly monitor and tune
ECRIS plasma parameters in order to maintain experimen-
tal beam requirements. Fast instabilities, in the form of
ms oscillations, occur at operational parameters needed for
high-intensity, high-charge state beams. These oscillations
cause sudden drops in beam current of the order of 30%. We
present here initial results of recent measurements to investi-
gate these instabilities. Results for slow instabilities indicate
a linear decay of beam intensity following a sharp current
drop due to a brief source conditioning period. Results for
fast instabilities show a relationship between the frequency
and amplitude of beam oscillations and the electric potential
of the plasma chamber bias disk.

INTRODUCTION

ECR ion sources’ are the principle devices used in ac-
celerator facilities to generate high intensity, high charge
state ion beams. However, instabilities within the system
diminish the reliability of modern accelerator facilities by
introducing unexpected beamline behaviors. We investigate
two types of instabilities: slow intensity drifts and periodic
beam instabilities. The slow intensity drift is characterized
by a steady continuous change in beam current intensity,
typically a decrease, occurring on the order of hours. This
effect usually manifests itself following the initial ignition
of the plasma but can also be seen when changing plasma
parameters. Significant enough drifts lead to increased ex-
perimental uncertainty and dead time in beam applications
as the constantly changing beam must be tuned regularly.
Periodic beam oscillations caused by cyclotron instabilities
within the ion source plasma cause catastrophic losses of
beam intensity on the order of 30%. These instabilities are

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661 and the National Science
Foundation under Cooperative Agreement PHY-1102511.
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characterized by emission of microwave, bremsstrahlung,
and visual light radiation from the plasma and ultimately
a drop in measured beam current [1]. Oscillations of this
type also lead to experimental uncertainties within beamline
systems by interfering with RF technologies. The remainder
of this report is dedicated to an explanation to the beam cur-
rent oscillation phenomenon as well as results from a recent
measurement designed to explore the effects of different
plasma parameters on both instabilities.

THEORY BACKGROUND

While at this time a mathematical description for the slow
drift of the ion beam is unknown, great strides have recently
been made in understanding physical processes behind the
instabilities responsible for the observed beam current os-
cillations. Cyclotron instabilities ignite within the system
when the energy of slow quasi-longitudinal extraordinary
wave modes undergo rapid growth [2]. This process can be
represented by

dE,

I x<y-0>E, (1)
where E,, is the energy of the emitted microwaves and y and
o0 are the growth and decay rates, respectively [1]. As the
system enters a regime where y > §, the plasma will begin
to amplify the intensity of microwave emissions. Electrons
with energies in the range of 10 - 100 keV interact with these
microwaves and escape confinement. As a result the beam
current is diminished while the electron population of the
system recovers.

MEASUREMENT

Measurements were taken using an AECR-U type source,
known as ARTEMIS, powered by a 14.5 GHz klysteron
source [2]. A 90° analyzing magnet steered the beam to a
faraday cup 14 feet downstream of the ion source (Figure 1).

Slow Beam Drift

Several measurements using an argon beam were taken
in order to evaluate this effect, each time the system was
allowed to evolve for several hours following the plasma’s
ignition. A set of 5 semiconductor temperature sensors
(DS1820) were placed on the source and return water coolant
lines for both the plasma chamber and coils as well as the gas
inlet line. These thermal sensors were connected to a wire-
less driver (Embedded Data Systems: OW-SERVER) which
communicated with an external computer. The faraday cup
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Abstract

Within the ARIEL (Advanced Rare IsotopE Laborato-
ry) at TRIUMF, a high power electron beam is used to pro-
duce radioactive ion beams via photo-fission. The electron
beam is accelerated in a superconducting linear accelerator
(linac) up to 50 MeV. The electron source for this linac
provides electron bunches with charge up to 15.4 pC at a
repetition frequency of 650 MHz leading to an average cur-
rent of 10 mA at a kinetic energy of 300 keV. The main
components of the source are a gridded dispenser cathode
(CPI —Y845) in an SF6 filled vessel and an in-air HV
power supply. The beam is bunched by applying DC and
RF fields to the grid. Unique features of the gun are its
cathode/anode geometry to reduce field emission, and
transmission of RF power for the modulation via a dielec-
tric (ceramic) waveguide through the SF6. The source has
been installed and first tests with accelerated beams have
been performed. The complete phase space of the beam has
been characterized for different source conditions.

THE ARIEL PROJECT AT TRIUMF

Within the ARIEL project [1] two additional target sta-
tions to produce rare isotopes via the ISOL method will be
built. Together with the existing ISAC facility (Isotope
Separation and ACceleration) they will allow the simulta-
neous delivery of up to three beams to experiments. One
target station will use an additional proton beam from the
TRIUMF cyclotron, while the other one will produce rare
isotopes via photo-fission of actinide targets or (y,n/p) re-
actions. The photo-fission will be achieved by using
Bremsstrahlung from up to 50 MeV electrons hitting a con-
verter target in front of the isotope production target. The
electron beam will be produced by a superconducting linac
operating at a frequency of 1.3 GHz. For the final beam
power at the converter target of up to 0.5 MW, it will oper-
ate at a continuous beam current of 10 mA.

ELECTRON SOURCE REQUIREMENTS

The electron source should allow continuous beam oper-
ation up to an average current of 10 mA. The minimum
energy for injection into the accelerator has been deter-
mined by electron optics simulations to be 250 keV. In or-
der to operate in a safe regime above this limit, and as it
deemed technically not too challenging, the operating volt-
age of the source has been set to 300 kV.

T email address ames@triumf.ca
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The beam will be modulated at a frequency of 650 MHz.
This is to match to the accelerator structures at half of the
cavity frequency. At an average current of up to 10 mA it
results in a bunch charge of up to 15.4 pC. With an addi-
tional room temperature buncher cavity in front of the in-
jector module the requirement for the pulse length at the
source is <+16° of RF phase at 650 MHz, corresponding to
137 ps. The normalized transverse emittance should be
about 5 pm.

An additional requirement is the capability to change the
duty factor of operation between 0.1% -100% by superim-
posing a macro-pulse structure at Hz to kHz frequency. It
will allow beam tuning and set up at the full bunch charge
but at lower average beam power.

The lifetime of the isotope production targets are ex-
pected to be up to 5 weeks. Thus, to minimize down time,
the maintenance intervals for the source should exceed this
time.

ELECTRON SOURCE
IMPLEMENTATION

General Concept

A thermionic dispenser cathode has been proven in many
applications that it can operate stable and reliable over an
extended period of time and doesn’t require the extreme
vacuum conditions of a photo cathode. Although the
brightness which can be achieved with a thermionic cath-
ode is lower, this is not a limiting factor for our application.

When equipped with a grid in front of the cathode sur-
face the beam can be modulated at high frequency. The
method has been developed by Bakker et al. [2] for the FE-
LIX accelerator already in 1991 and more recently in 2011
it has been considered for future high intensity accelerators
by P. Sprangle et al. [3]. It uses a superposition of DC and
RF voltages at the grid. The negative DC voltage blocks
the electrons from passing the grid and the source becomes
conducting only during a short interval determined by the
RF voltage.

RF Modulation of the Beam

Ideally the electron current emitted from the cathode
should depend on the voltage applied to the grid following
a characteristic curve of a triode. As a good approximation
for the estimation of bunch charge and length a linear de-
pendence has been assumed already in [2]. It can be written
as:

I(t):gZI(Ug_UC)’ (Ug—UC)ZO. (1
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Abstract

Development of a cryogenic C-band photocathode RF
gun cavity has been conducted at Nihon University in col-
laboration with KEK. Improvement of the RF input cou-
pler and the 2.6-cell accelerating structure from the first
cold model has been performed using the 3D simulation
code CST Studio. The high-purity copper cavity was fabri-
cated at KEK with ultraprecision machining and diffusion
bonding technique. The low level RF properties of the cav-
ity measured at room temperature have been in good agree-
ment with the predictions based on the CST Studio calcu-
lation. The experiments of 20 K cooling of the cavity have
begun at Nihon University since the late summer of 2016.
Preliminary 20 K cooling tests have shown the RF proper-
ties consistent with the simulation by CST Studio.

INTRODUCTION

Development of a cryocooled 2.6-cell m-mode C-band
photocathode RF electron gun has been advanced at Nihon
University in collaboration with KEK [1].

In the new cold model cavity, as a major difference from
the one fabricated in 2015, the corners of the new cavity
cells have been modified to be rounded off for increasing
RF power efficiency [2, 3]. Based on the low temperature
characteristics data of high-purity copper materials availa-
ble from NIST [4], the dimensions of the RF input coupler
and the 2.6-cell t-mode cavity were determined by the sim-
ulations using SUPERFISH [5], CST Studio [6] and GPT
[7]. The structure of the input coupler has been modified to
improve the VSWR characteristics and the conversion ef-
ficiency from the rectangular TEjo to the circular TMy,
mode. The cavity was completed at the Mechanical Engi-
neering Center in KEK by ultraprecise machining and dif-
fusion bonding technique. After low power tests at the
room temperature, low temperature cooling experiments of
the cavity down to approximately 20 K have been carried
out at LEBRA in Nihon University since the late summer
of 2016.

PROPERTIES OF THE NEW 2.6-CELL
COLD MODEL CAVITY

The field simulation of the first cold model cavity with
CST-Studio suggested that, in addition to a large reflection
in the coupler, non-negligible TE;; mode electric field was
excited on the circular waveguide axis. As a result of care-
ful coupler dimension search, the TE;;/TMy; electric field

* Work supported by the Photon and Quantum Basic Research Coordi-
nated Development Program of the Japanese Ministry of Education,
Culture, Sports, Science, and Technology (MEXT).

T sakai@lebra.nihon-u.ac.jp
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amplitude ratio on the circular waveguide has been reduced
from 17% to approximately 2% in the new model [8].
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Figure 1: Cross-sectional view of the 2.6-cell m-mode
cold model cavity.

The dimensions of the input coupler have also been mod-
ified to improve the VSWR characteristics and the conver-
sion efficiency from TE;o to TMp; mode. The frequency
separation from the TMy ©/2 mode has been expanded
from 20 MHz to 46 MHz [9]. The low temperature surface
resistance of the copper cavity has been estimated from the
theory of the anomalous skin effect [10]. The linear expan-
sion ratio of copper between 20 K and 296.65 K,
Laos.6sx/Laok = 1.0033529, was deduced from the resonant
frequency shift that occurred at a cooling-test cavity, which
is slightly different from the estimate obtained from the

Table 1: Specifications for the 2.6-cell Cryogenic C-band
Photocathode RF Gun with Input Coupler

RF frequency @ 20 K 5712 MHz
Source peak RF power 4 MW
73029 @ 20 K
Q 13310 @ 297 K
. 603 @ 20K MQ/m
Shunt impedance 113 @297 K MQ/m
. . 193@20K
Coupling coefficient 352 @297 K
Cavity length 68.2 mm
RF pulse duration 2 us
RF pulse repetition rate 50 Hz
Maximum field on axis 95 MV/m
Output beam energy 0.73 MW
RF duty factor 0.01 %
Maximum beam charge 0.5 nC/bunch
Laser pulse repetition rate 357 MHz
Laser pulse length 10-20 ps
Maximum beam energy 3.5 MeV
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UPS STUDY FOR CSK2SB PHOTOCATHODE

Masao. Kuriki®, Lei Guo, Masahiro Urano, A.Y okota, HU/AdSM, Higashi-Hiroshikma, Japan
Taro Konomi, Yuji Seimiya (KEK, Ibaraki), Kentaro Negishi, Iwate University, Morioka, Japan

Abstract

CsK2Sb photo-cathode is one of the ideal cathode for
accelerators requiring the high brightness electron beam. It
can be driven with a green laser which can be generated as
SHG from solid state laser. The QE (Quantum Efficiency)
of photo-electron emission is as high as more than 10%
with 532 nm light. The material is robust and the typical
operational lifetime is more than several months. It is also
vital against the high intensity beam extraction. The photo-
cathode is generated as a thin film in-situ and the material
property and optimized condition for the cathode for-
mation is not understood well. In this article, we present
UPS analysis of CsK2Sb cathode for deeper understand-
ing.

INTRODUCTION

CsK2Sb is a photocathode, which is generated by evap-
oration in a high vacuum environment as a thin film on a
substrate. The initial beam performance is very important
in an accelerator based on a linear accelerator, because the
performance strongly depends on the initial beam. The ma-
terial is paid attention as a high performance photo-cathode
material, because it can be driven with a visible light, quan-
tum efficiency of the photo-emission (QE) is as high as
more than 10% with 532 m laser [1], and it is robust com-
paring to other material.

To achieve the best performance of a photo-cathode ma-
terial, we should understand what determines the cathode
performance. Betes investigated that the property of Cs3Sb
photocathode [2]. He found that the cathode performance
depends on the chemical state, which can be extracted from
XPS (X-ray Photo-electron Spectroscopy) spectrum. The
ratio of cross sections of Cs5s Cs5p states has a correlation
to the cathode performance, QE. The ratio shows the crys-
talline condition of CS3Sb and the result shows that the ion
crystalline Cs3Sb gives a better performance. Ettema and
Groot calculated CsK2Sb’s band structure [3]. It is shown
that Sb 5p band located at top of the valence band and the
cross section of this band has a large influence to the cath-
ode QE. In this article, we perform Ultraviolet Photoelec-
tron Spectroscopy (UPS) experiment for CsK2Sb with
UPS to evaluate correlation between the surface state and
the cathode performance, what Betes did for Cs3Sb. UPS
is one of the experimental way of studying material’s sur-
face electron state [4]. The experimental setup is schemat-
ically shown in Fig. 1. Monochromatic UV light obtained
by a Synchrotron facility with a monochrometer, illumi-
nates the sample and the kinetic energy of the photo-elec-
tron is measured by an electro- static analyser.

fTmkuriki@hiroshima-u.ac.jp
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Figure 1: An image of an UPS system. Generated electrons
are divided its kinetic energy through analysed by static
electrical field in the analyser and counted by CCD.
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Figure 2: This figure shows UPS principle. In the figure,
Ef means Fermi level, Eb means electron’s binding energy.
hv is photon’s energy in the UV. @ is a sample’s work
function.

By sweeping the energy of the analyser, an UPS spec-
trum is obtained. The UPS spectrum reflects the band
structure of the material as shown in Fig. 2.

EXPERIMENT

The experiment was carried out at UVSOR BL2B beam-
line [6]. UVSOR is a synchrotron radiation facility with
750 MeV electron beam energy in Okazaki, Japan. 59eV
UV light was used to take the UPS spectra. The cathode is
generated by evaporation in an evaporation chamber,
which is specially designed for this experiment [5]. This
chamber is connected to UPS chamber where UPS spec-
trum was taken, and the cathode sample is transferred to
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DESIGN AND IMPLEMENTATION OF AN AUTOMATED HIGH-PRES-
SURE WATER RINSE SYSTEM FOR FRIB SRF CAVITY PROCESSING*

1. Malloch”, E. Metzgar, L. Popielarski, S. Stanley, Facility for Rare Isotope Beams (FRIB),
Michigan State University, East Lansing, MI 48824, USA

Abstract

Traditionally, high-pressure water rinse (HPR) systems
have consisted of relatively simple pump and rinse wand
actuator systems intended to clean superconducting radio
frequency (SRF) cavities during processing prior to test as-
sembly. While these types of systems have proven effec-
tive at achieving satisfactory levels of cleanliness, large
amounts of operator touch-labor are involved, especially in
SRF cavities with complex geometries, where several fix-
ture changes and cavity manipulations may be required.
With this labor comes the risk of cavity damage or contam-
ination, and the expense of the operator’s time. To reduce
this operator intervention and maximize cavity cleanliness
and process throughput, a new, fully-automated, robotic
HPR system has been commissioned in the Facility for
Rare Isotope Beams (FRIB) cavity processing facility. This
paper summarizes the design and commissioning process
of the HPR system, and demonstrates improvements to the
FRIB processing facility through the minimization of cav-
ity contamination risk and reduction of technician labor
through system automation. Comparative cavity RF test re-
sults are presented to further demonstrate system effective-
ness.

INTRODUCTION

High-pressure rinsing (HPR) has been performed suc-
cessfully at FRIB for many years on a research and devel-
opment scale. The simple rinse system used previously,
consisting of a rotary table and a rinse wand attached to a
linear actuator, could be adapted for use with a wide variety
of cavities, and served its purpose well. However, though
flexible, this system required a large amount of fixtures to
be used to support and align the cavities.

This reliance on fixtures was detrimental in two ways.
First, the need to frequently change and manipulate fixtures
during the rinse cycles increased the possibility of damage
and contamination to the cavity. Operator error in fixture
assembly and/or improper alignment could easily have
caused cavity damage due to impact from the wand, and
the repeated fastening and unfastening of bolts, dowel pins,
and locking levers, as well as the rotating sprockets, bear-
ings, and chains were a source of particulate contamination
risk.

The second concern was the high labor cost associated
with the operation of this system. The heaviest of the FRIB
cavities weighs more than 90 kg, and, as such, requires
more than one operator to manipulate in the fixture. The

* This material is based upon work supported by the U.S. Department of
Energy Office of Science under Cooperative Agreement DE SC0000661,
the State of Michigan and Michigan State University.

# malloch@frib.msu.edu
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large amount of operator touch labor associated with these
manipulations was not sustainable for the high-volume of
processing required for the FRIB project. For these rea-
sons, an automated rinse system was procured and installed
to improve the efficiency and quality of the cavity rinsing
process. The use of this system is anticipated to save more
than 2500 person-hours of labor over the course of the pro-
ject, as shown in Table 1 below.

Table 1: Labor Savings from New HPR System

. FRIB Production |R&D HPR Hours | Robot HPR Hours | Total Hours
Cavity Type ) .
Cavity Quantity per Cycle perCycle Saved
[=0.041 12 4 1 36
B=0.085 100 4 1 300
B=0.29 72 9 1 576
[=0.53 148 ] 1 1184
Met Labor Savings (hrs) 2096
203 Reprocessing Labor (hrs) 419.2
Total Labor Savings [ hrs) 2515.2

DESIGN AND INSTALLATION

Design and Procurement Process

While proposing designs, three primary concepts were
focused on safety, quality, and efficiency. The most im-
portant of these, safety, would be achieved by minimizing
the handling of the cavities required by the operator, and
by barring the operator from entering any areas containing
stored energy hazards. Quality would be achieved by ana-
lyzing the design for its ability to clean the cavities thor-
oughly, and efficiency by minimizing the amount of oper-
ator labor required to run a rinse cycle.

Figure 1: Robotic high-pressure rinse system, installed.
The HPR system went through several design iterations
before the design was finalized. The initial designs were all
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LOW TEMPERATURE NITROGEN BAKING OF A SRF CAVITY*

P.N. Koufalis*, F. Furuta, M. Ge, D. Gonnellal, J. J. Kaufman, M. Liepe, J. T. Maniscalco, R. D. Porter
Cornell University, CLASSE, Ithaca, NY, USA
I'also at SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract

We present the effects of a low temperature 160 °C ni-
trogen bake on the performance of a single-cell 1.3 GHz
niobium cavity. The cavity demonstrated the same in-
crease in quality factor, Qg, and anti-Q-slope typical of cav-
ities nitrogen-doped at 800°C reaching a maximum Qg of
3.6 x 10" at Eyee = 16 MV/m and T = 2.0 K. Compared to
the doping procedures in the high temperature regime, this
method requires no post-treatment chemical etching.

INTRODUCTION

Impurity doping has been a topic of recent interest in the
superconducting radio frequency (SRF) community, with
much of the current focus on nitrogen as an interstitial im-
purity in bulk-niobium cavities. Previous experiments [1-3]
have shown that nitrogen doping has the potential to increase
cavity quality factor, Qp, by a factor of two or more and gives
rise to the so-called “anti-Q-slope”. Until very recently, ni-
trogen doping has typically been done in the temperature
regime (7" > 800 °C) where niobium nitrides form on the
surface, necessitating post-treatment chemical etching. Our
focus here is on the nitrogen bake of a SRF cavity in the low
temperature regime (7 < 200°C) based on previous work
at Fermilab [4] where nitride formation is not an issue and
post-treatment chemistry is not needed. We show that low
temperature nitrogen baking leads to cavity performance on
par with cavities prepared in the high temperature regime.

CAVITY PREPARATION

A single-cell ILC-shaped 1.3 GHz bulk-niobium cavity,
LTE1-4, received a chemical etching to ensure the removal
of any contaminants or prior dopants, followed by a low
temperature nitrogen bake at 160 °C and subsequently a
long annealing period. The preparation procedure is outlined
below:

1. Outside buffer chemical polish (10 min)
2. Inside vertical electropolish (16 um)

3. 800 °C (12 hr in UHV)

4. 160 °C (48 hr in 35 mTorr N»)

5. 160 °C (168 hr in UHV)

The degassing step (i.e. T = 800°C) removes hydrogen
introduced by the BCP and EP and diffuses the oxygen from
the oxide layer deep into the bulk. The nitrogen baking

* Work supported by NSF Award PHYS-1416318
T pnk9@cornell.edu
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step exposes the the cavity surface to nitrogen gas and the
annealing step allows for any nitrogen taken up by the surface
diffuse further into the bulk

RF TESTING

Following the low temperature nitrogen bake, the cavity
was rinsed on a high-pressure rinsing system before being
assembled and tested. Measurements of cavity Qg vs. Eycc
were taken at 7 = 2.0 K and are shown in Fig. 1. Anti-QO-
slope and improvement in Q are evident. The Qg continued
to rise to a maximum of 3.6x10'? at E,.. = 16 MV/m before
gradually decreasing.

" Quality Factor vs. Accelerating Field
10 | | r

B Standard EP
® 160°C (48 hr)

A 300 °C (20 min) + 12 um EP
¢ 800 °C (20 min) + 24 ym EP

A AddaAdamy AA“

0 5‘ lb 1‘5 2‘() 25 30
Eacc [MV/m]
Figure 1: Cavity Qg vs. E,c at T = 2.0 K. Both the high
and low temperature treatments in a nitrogen atmosphere
produce an anti-Q-slope and increased Q¢ compared to the
baseline test (squares) of a standard niobium cavity.

For comparison, Qg vs. E,.. data taken previously from
two high temperature (800 °C) doped cavities are shown
in Fig. 1. A standard bulk niobium cavity is shown as
well to serve as a performance baseline. The two doped
cavities were treated in a nitrogen atmosphere at 800 °C for
20 min followed by a 30 min anneal at the same temperature
in ultra-high vacuum. Each had a different amount of post-
treatment material removal via vertical electropolishing. The
cavity with the low temperature nitrogen treatment performs
similarly to the doped cavity with the 24 um EP removal
in the medium field region but does not quite reach the
same level of performance as the cavity with the 12 um
of material removal. Both quantitatively and qualitatively,
the low temperature treatment and high temperature doping
produce very similar results.

Figure 3 shows the deconvolution of Rgcs and Ry at 2.0 K
where these are the temperature dependent and independent
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AN ANALYSIS OF FAST SPUTTERING STUDIES FOR ION
CONFINEMENT TIME*

Derek Neben', Guillaume Machicoane, Guy Parsey, Alfonse Pham,
Jeffry Stetson, and John Verboncoeur
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI, USA

Abstract

Existing heavy ion facilities such as the National Super-
conducting Cyclotron Laboratory at Michigan State Uni-
versity rely on Electron Cyclotron Resonance (ECR) ion
sources as injectors of highly charged ion beams. Long ion
confinement times are necessary to produce dense popula-
tions of highly charged ions due to the steadily decreasing
ionization cross sections with increasing charge state. To
further understand ion extraction and confinement we are
using a fast sputtering technique first developed at Argonne
National Laboratory (ANL) [1] to introduce a small amount
of uranium metal into the plasma at a well-defined time. We
present an analytical solution to the coupled ion density rate
equations for using a piecewise constant neutral density to
interpret the fast sputtering method.

INTRODUCTION

ECR Ion Sources (ECRIS) are injectors of choice for many
heavy ion accelerators worldwide. These ion sources can
ionize elements to higher charge states with greater bright-
ness than other source types, and metallic beams such as
uranium or calcium are routinely produced. A pure metal or
a metallic compound is vaporized into a support plasma, typ-
ically consisting of a naturally gaseous element like oxygen.
Well-developed techniques for metal vaporization include
laser ablation, sputtering, and neutral beam ovens. Two
methods, sputtering and laser ablation, have been developed
at ANL to probe ion characteristic timescales in an ECR
plasma [1,2]. Repetitive short bursts of neutral metal vapor
were added to the established stable gaseous plasma and
observed as pulses of extracted metallic beam current. Each
charge state of the metal contaminant was resolved through
a dipole magnet and collected on a Faraday cup. The mea-
sured beam current was sampled with an oscilloscope. We
present an analytical solution that attempts to deconvolve ion
confinement from beam current waveforms. We consider
the following reactions: single electron impact ionization

A+ e = A" 4 2e, (1)
charge exchange

AT+ A= AT+ AT 2
and electron recombination

Alte=A""+E, 3)

* Work supported by Michigan State University and the National Science
Foundation: NSF Award Number PHY-1415462
 neben@nscl.msu.edu
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for our analysis of ion density. In Eq. (1), (2), (3), A denotes a
molecule or atom, i represents the charge state, e the electron,
and EY the radiated photon energy.

ANALYTICAL SOLUTION FOR ION

DENSITY
A reaction rate is defined by
fo-i—y'(E)er(E)dE =Ne <OV > . 4)

(o)
The Electron Energy Distribution Function (EEDF) is as-
sumed to be isotropic in velocity space and rewritten in
terms of energy f.(E). The reaction rate is calculated by
weighting the EEDF by cross section o (E) and center of
mass scalar velocity v. We assume no energy dependence
on the particle location and therefore electron density 7,
may be treated as a scalar and is separated from the EEDF
explicitly. We may write all the source and sink rates for a
single ion species as
dn;/dt = neni—1 < ov>i_15; +
no(DNir1 < TexV >ir1oi eyl < OpV >ip1o; 5)
—NeNy < OV >inip) —No(N; < OexV >ini-i
—ReN; < O3V > =N/ T

wherein: n; is the density of the i’ h jon, o is the charge
exchange cross section between ions and neutrals, o, is the
recombination cross section between ions and electrons, o
without subscript represents an ionization cross section, and
the ion confinement time for the i** species is written as ;.
Since Eq. (5) is cuambersome, it may be simplified to

dni/dt +yin; = aini—y + Bini+ (6)
by creating effective rate coefficients @, 3, and y that are
multiplied to respective ion densities. These rate coefficients
carry units of inverse time and are real and positive. Addi-
tionally, & and f8 act as particle sources into the i’ charge
state while y represents an effective sink from the i’ charge
state.

Expansion in Charge State

Due to cross coupling in ion density within Eq. (5), a
complete analytical solution across all charge states is not
practical. Therefore, we consider here only a small subset of
charge states. We will include the effects of the neighboring
charge states by taking a time derivative of Eq. (6) to produce

d*n;/di* + yidn;|dt = a;ni_/dt + Binis1/dt.  (7)

The ion species n; under analysis, from the beginning, was
assumed to be a sufficiently small perturbation that the rate
coefficients are fixed in time by the more numerous support
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DEVELOPMENT OF 6 MeV EUROPEAN S-BAND SIDE-COUPLED
INDUSTRIAL ELECTRON LINEAR ACCELERATOR AT RTX & KAERI

P. Buaphad"23*, Y. Kim>", K. B. Song!, H. D. Park!, S. Y. Yoo!, S. S. Cha?, and Y. Joo*?
'Radiation Technology eXcellence, Daejeon 34025, Korea
?Korea Atomic Energy Research Institute, Daejeon 34057, Korea
3University of Science and Technology, Daejeon 34113, Korea

Abstract

There are growing demands on low energy electron linear
accelerator (linac) for industrial applications. Most of indus-
trial electron linacs require a compact structure and limited
undesirable neutron production to avoid huge lead shield-
ing. Radiation Technology eXcellence (RTX) and Korea
Atomic Energy Research Institute (KAERI) have developed
a 6 MeV compact side-coupled linac by using 2998 MHz
European S-band RF technology to meet those requirements.
To design the linac structure, the 3D CST MICROWAVE
STUDIO (CST-MWS) was used for various electromagnetic
simulations, and ASTRA code was used for particle beam dy-
namics simulations. After various optimizations, the shunt
impedance of 61 M€Q/m is obtained at 2998.38 MHz. With a
peak RF power of 2.2 MW and a 47 cm-long structure, elec-
tron beam with a peak current of 150 mA can be accelerated
from 25 keV to 6 MeV. For the industrial linac, the electron
beam spotsize at an X-ray target, located 5 cm downstream of
the linac structure exit should be smaller than 2 mm (FW). In
addition, it can supply an X-ray dose rate of 8 Gy/min at 1 m
after the X-ray target. In this paper, we describe the design
concepts and optimization of the 2998 MHz side-coupled
industrial linac structure.

INTRODUCTION

The Non-Destructive Testing (NDT) is an analysis tech-
nique widely used in industry to evaluate the properties
of materials, components without causing any damage [1].
Generally, the NDT method uses ultrasonic, X-ray, gamma,
neutron, or eddy-current to examine a sample. However,
the X-ray NDT can inspect materials with a higher reso-
lution [2, 3]. Recently, the X-ray NDT systems based on
low energy S-band electron linear accelerator (linac) have
been playing more and more important roles in industrial
applications [4]. Therefore, the demands of low energy
electron linac for industrial activities have been increasing
rapidly. The industrial electron linacs are required a self-
shielding system and reasonably compact for easy system
relocation [1].

As shown in Fig. 1, for the NDT system, recently, Radia-
tion Technology eXcellence (RTX) [5] and Korea Atomic
Energy Research Institute (KAERI) have been developing an
industrial electron linac with a nominal energy of 6 MeV and
an X-ray radiation dose rate of 8 Gy/min at 1 m. Our linac

* buappika@kaeri.re.kr
T yjkim @kaeri.re.kr
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is a 47 cm-long standing wave accelerating structure, which
uses the side-coupled coupling technology. It is primarily
aimed to be operated in the 77/2 mode, and it can accelerate
electrons up to 6 MeV. This electron energy can give a suf-
ficiently high yield of the X-ray to penetrate a 30 cm-thick
steel [1]. This paper describes the design of electron linac
with a side-coupled structure, and the beam dynamics of
electrons in the linac structure.

P

-
RTX

Figure 1: The compact industrial NDT system based on the
European S-band electron linac.

AN INDUSTRIAL ELECTRON LINAC

The main components of the European S-band industrial
electron linac are a DC electron gun, a 2998 MHz RF accel-
erating structure based on the side-coupled coupling, and
an RF magnetron. The ALTAIR A102414 electron gun is
used as its electron source, and it can be applied the maxi-
mum gap voltage of 25 kV. This electron gun is connected
directly to the accelerating structure, so the wall of its first
cell acts as the anode of the electron gun. The accelerating
structure is designed by coupling 9.5 cells together through
side-coupled cells. The first 2.5 cells are bunching ones
where their relativistic speeds are less than 0.98. The first
half cell plays an important part of the accelerating structure.
When the DC-injected electron beam from the gun enters
the half cell, it is confronted with the maximum electric field
and receives energy gain effectively. The magnetron that
we have chosen for the NDT systems is an MG6090 tunable
S-band magnetron made by e2v technologies. It can supply
a 3.1 MW RF power at an RF frequency from 2993 MHz up
to 3002 MHz for an RF pulse length of 5 us and an RF pulse
repetition rate of 200 Hz. The RF output power is coupled
to the WR-284 type waveguide with internal dimensions of
72.14 mm x 34.04 mm.

DOSE RATE OF X-RAY RADIATION

The compact industrial electron linac as the X-ray source
works in a pulsed mode, and the dose rate of the X-ray pulses

1 Electron Accelerators and Applications
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LCLS-II CRYOMODULES PRODUCTION AT FERMILAB*

T. Arkan®, C. Grimm, J. Kaluzny, Y. Orlov, T. Peterson, K. Premo,
Fermi National Accelerator Laboratory, Batavia, USA

Abstract

LCLS-II is an upgrade project for the linear coherent
light source (LCLS) at SLAC. The LCLS-II linac will
consist of thirty-five 1.3 GHz and two 3.9 GHz
superconducting RF continuous wave (CW) cryomodules
that Fermilab and Jefferson Lab (JLab) will assemble in
collaboration with SLAC. The LCLS-II 1.3 GHz
cryomodule design is based on the European XFEL pulsed-
mode cryomodule design with modifications needed for
CW operation. Fermilab and JLab will each assemble and
test a prototype 1.3 GHz cryomodule to assess the results
of the CW modifications, in advance of 16 and 17
production 1.3 GHz cryomodules, respectively. Fermilab
is solely responsible for the 3.9 GHz cryomodules. After
the prototype cryomodule tests are complete and lessons
learned incorporated, both laboratories will increase their
cryomodule production rates to meet the challenging
LCLS-II project requirement of approximately one
cryomodule per month per laboratory. This paper presents
the Fermilab Cryomodule Assembly Facility (CAF)
infrastructure for LCLS-II cryomodule production, the
Fermilab prototype 1.3 GHz CW cryomodule (pCM)
assembly and readiness for production assembly.

INTRODUCTION

The LCLS-II main linac 1.3 GHz cryomodule (CM) is
based on the XFEL design, including TESLA-style
superconducting accelerating cavities, with modifications
to accommodate CW (continuous wave) operation and
LCLS-II beam parameters [1]. Two prototype
cryomodules (pCM) were planned for assembly at
Fermilab and JLab to confirm the design modifications.
The 3.9 GHz CM assembly will follow the 1.3 GHz CMs,
for efficiency.

At Fermilab, the pCM was assembled between
September 2015 and June 2016. For the prototype
cryomodule, 8 ILC style bare cavities were processed with
a high-QO0 recipe and then vertical-test qualified at
Fermilab’s Vertical Test Stand (VTS) [2]. The qualified
bare cavities were jacketed in a helium vessel at the CAF
TIG welding glove box [3]. The dressed cavities were
tested and qualified for cavity string assembly at VTS
and/or at Fermilab’s Horizontal Test Stand (HTS) [4].

For the 16 production cryomodules, the cavities will be
fabricated, surface processed, jacketed with a helium
vessel, and assembled (ready to be tested at VTS) at the
cavity vendors. Qualified cavities will arrive at the CAF
for string assembly. To date, Fermilab has received eight
cavities from the cavity vendors, and five of those cavities

*Work supported, in part, by Fermi Research Alliance, LLC under
Contract No. DE-AC02-07CH11359 with the United States Department
of Energy and the LCLS-II Project

farkan@fnal.gov

1 Electron Accelerators and Applications

1E Colliders

were vertical test qualified and delivered to the CAF to
start cavity string assembly of the first production module.

The procurement responsibilities for cryomodule
components for the prototypes and production
cryomodules are divided between Fermilab and JLab.
SLAC is managing the fundamental power couplers
procurement. Each laboratory is responsible for procuring
a specific component for all 35 cryomodules. The
components for 16 and 17 CMs will be drop shipped from
vendor(s) to Fermilab and JLab, respectively. Acceptance
Criteria Strategy (ACS) documents have been jointly
developed for each major component procurement to
establish common incoming QC guidelines. The incoming
QC and acceptance of the component is done by each
laboratory. At Fermilab, an LCLS-II CM supply chain
manager coordinates the life cycle of the procured
components from receipt, acceptance, storage, and kitting,
to delivery to CAF production floors.

CRYOMODULE ASSEMBLY FACILITY

The CAF consists of two assembly/production floors:
CAF-MP9 and CAF-ICB. CAF-MP9 (see Figs. 1 and 2)
houses the cleanroom which consists of a ~250 square
meter cleanroom complex which has Class 10 (ISO 4), 100
(ISO 5) and 1000 (ISO 6) areas. There are two workstations
(WS) setup in the cleanroom: WSO is for coupler cold end
assembly to the qualified dressed cavity and WS1 is for
cavity string assembly. After the string is assembled, it is
rolled to WS2 for cold mass assembly phase-I.

g w care Stageng Area s g
= i . far W52 e
.
g n |} ] B
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Figure 2: CAF-MP9 cleanroom.
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AN ITERATIVE LEARNING FEEDFORWARD CONTROLLER FOR THE
TRIUMF E-LINAC*

M. Laverty, K. Fong, TRIUMF, Vancouver, BC, Canada

Abstract

In the TRIUMF e-linac design, beam stability to within
0.1% within 10 usec in pulse mode is a design require-
ment. Traditional feedback control systems cannot re-
spond within this time frame, so some form of feedfor-
ward control is needed. Even conventional feedforward
may not be sufficient due to differences between the re-
quired feedforward signal and the actual beam-loading
current. For this reason, an adaptive feedforward system
using an iterative learning controller was developed for
the e-linac LLRF. It can anticipate repetitive beam dis-
turbance patterns by learning from previous iterations.
The design and implementation of such a control algo-
rithm is outlined, some simulation results are presented,
and some preliminary test results with an actual cavity are
illustrated.

INTRODUCTION

Some background information on the TRIUMF electron
linac is first outlined. The design of the feedforward sys-
tem is then described. Some simulation results are pre-
sented. Finally some test results using the system with an
actual cavity are detailed.

THE TRIUMF E-LINAC

A diagram of the current e-Linac accelerator showing
the installation stages is shown in Fig. 1.

Smi' 10MeV SOW{ 5| g 30MeV Snkwl - Inkw 50MeV
El 1M ACM1 ¥ ACM2 ¥
i
4 4 t 4
I | ! T 1
S50kW. 50kW 0kW 50kW__ 50kW
2014 2016 2020

Figure 1: TRIUMF e-Linac schematic[1].

The system includes an electron gun biased at 300 kV,
capable of 10 mA CW, and modulated at 650 MHz. A
dielectric waveguide is used to carry the rf to the gun. An
injector cryomodule containing a single 9-cell 1.3 GHz
cavity follows. Next come two accelerating cryomodules
each containing two 1.3 GHz 9-cell cavities. The acceler-
ating cryomodules are each driven by a single klystron
with power splitting and phase adjusters for the four cou-
plers. Each cavity operates at 10 MeV for a total of 50
MeV of acceleration or 0.5 MW of beam power.

* TRIUMF receives federal funding via a contribution agreement
through the National Research Council of Canada
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THE ITERATIVE LEARNING CON-
TROLLER

Figure 2 shows a block diagram of a typical iterative
learning controller[2]. The rf components have been omit-
ted for simplicity. The lower part of the diagram repre-
sents a conventional feedback controller. The upper part
of the diagram includes the ILC controller and its associ-
ated memories for the error signal and output drive.

fixed feed-forward

|

ILC Controller

beam loading

Feedback
Controller

)

Figure 2: Iterative Learning Controller.

The ILC operates on the premise that the beam loading
effect is repetitive from pulse to pulse. This makes it
possible to “learn” the corrections needed to be applied to
the drive for the next beam pulse. The learning function
combines the drive and error signals from the previous
iteration and constructs the correction signal to be applied
to the present iteration. The ILC cannot correct for pulse
to pulse variations in the system, cavity microphonics, or
rf amplifier drive fluctuation. This means the convention-
al feedback controller is still required in the control sys-
tem.

Initially, both causal (time delay <= 0) and non-causal
(time delay > 0) learning functions were examined. The
former yielded results that appeared to converge initially,
but then rapidly diverged and became unstable. This had
been predicted theoretically from stability plots, and was
confirmed in a time domain simulation (Fig. 3).

Figure 4 shows the comparable simulation results for a
simple non-causal learning function. The learning func-
tion converges fairly rapidly without displaying the insta-
bility evident in the previous example. The learning func-
tion used for this simulation is a simple three sample
moving average given by this discrete time equation:

ukH(T):uk(T)+%[ek(T+1)+ek(T+2)+ek(T+3)]
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MEASUREMENTS AND ANALYSIS OF CAVITY MICROPHONICS
AND FREQUENCY CONTROL IN THE CORNELL ERL MAIN LINAC
PROTOTYPE CRYOMODULE*

M. Ge', N. Banerjee, J. Dobbins, R. Eichhorn, F. Furuta, G. Hoffstaetter, M. Liepe, P. Quigley,
J. Sears, V. Veshcherevich, Cornell University, Ithaca, New York, USA.

Abstract

The Cornell Main Linac cryomodule (MLC) is a key
component in the CBETA project. The SRF cavities with
high loaded-Q in the MLC are very sensitive to micro-
phonics from mechanical vibrations. Poor frequency
stability of the cavities would dramatically increase the
input RF power required to maintain stable accelerating
fields in the SRF cavities. In this paper, we present de-
tailed results from microphonics measurement for the
cavities in the MLC, discuss dominant vibration sources,
and show vibration damping results. The current micro-
phonics level meets the CBETA requirement of a 36MeV
energy gain without applying fast tuner compensation.

INTRODUCTION

The Cornell-BNL FFAG-ERL Test Accelerator
(CBETA) [1, 2] is designed and now under construction at
Cornell University to prove the FFAG-ERL concept for
BNL’s future Nuclear Physics facility, eRHIC [3]. One of
the important components in CBETA is the Cornell Main
Linac Cryomodule (MLC) prototype [4-6] which will
provide 36MeV energy gain for a single-turn beam of the
CBETA. The MLC consists of six 1.3GHz 7-cell SRF
cavities. However there are several effects that can limit
the cavity accelerating voltages in beam operation below
their ultimate quench limit. Microphonics, known as
frequency perturbation of SRF cavities, is one of the main
sources of field perturbation, driving the RF power re-
quired for high Q,,; cavity operation in an ERL. If we
only consider the effect of microphonics, the relation
between the required RF forward power (Prorwarq) and
the frequency detuning (Aw = w, — w) at an accelerating
voltage (V,..) is determined by Eq. (1) [7],

2
I/IZ.CC

3 B+1 Aw)?
Pforward = 4-R/Q-0, ' B {1 + (ZQL j) }; (D

where R/Q is the ratio of cavity shunt impedance (R) to
its intrinsic quality factor (Qy), Oy is the loaded quality
factor, f is the coupling coefficient which is defined by

Eq. (2),

B = =Q—L—1, )

and Q. is the external quality factor of the input power
coupler. The Q. for the MLC is ~6 X 107. Comparing

* Work supported by NSF Grant NSF DMR-0807731
+ mg574@cornell.edu
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to Qp~2 x 10%°, gives a S of about 1000. Thus
QL = Qext~6 X 107.

It can be seen from Eq. (1) that the RF power is approx-
imately proportional to the square of frequency detuning
(Aw), i.e. Proryara~(Aw)?, for large detuning. Hence
poor frequency stability demands significantly more RF
power to sustain the cavity at an accelerating voltage. The
maximum output of the High Power RF Amplifiers (HPA)
driving the cavities of the MLC is SkW per cavity; nomi-
nally, the RF amplifiers should work at 2 to 3 kW to leave
sufficient overhead for residual beam loading compensa-
tion.

MICROPHONICS MEASUREMENTS

Experimental Set-up

The location of the MLC and 2K pumping skid in the
testing area (LOE) is shown in Fig. 1. The pumping skid is
about 15m away from the MLC. The position of the six
cavities in the MLC is shown in Fig. 1 (insert). The cavi-
ties #1, #3, and #5 are un-stiffened cavities; and the cavi-
ties #2, #4, and #6 have mechanical stiffening rings be-
tween the cells [8]. The chimney from the 2K two-phase
(2K2P) line to the helium-gas return pipe is located be-
tween cavities #3 and #4.

—
2K Pumping Skid

2K Pumping line

l the chimney on 2K2P line |

Cavity#a Cavity#3

ERL7-4

Cavity#2
ERLT-S

Cavity#1
ERL7-3

Main Linac Cryomodule

Figure 1: Cryogenic operation diagram of the MLC with
the 2K pumping skid and 2K pumping line. The position
of the cavities in the MLC is shown in the middle subplot.

The microphonics measurements were carried out when
the cavities were cooled to temperature of 1.8K with the
resonant frequency tuned to 1300MHz, but without apply-
ing any fast tuner compensation; the accelerating gradi-
ents (Eq.) of the cavities was set to ~1.3MV/m.

1 Electron Accelerators and Applications
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PERFORMANCE OF THE NOVEL CORNELL ERL MAIN
LINAC PROTOTYPE CRYOMODULE*

F. Furuta’, J. Dobbins, R. Eichhorn, M. Ge, D. Gonnella*, G. Hoffstaetter, M. Liepe,
T. O'Connell, P. Quigley, D. Sabol, J. Sears, E. Smith, V. Veshcherevich,
CLASSE, Cornell University, Ithaca, New York, USA

Abstract

The main linac cryomodule (MLC) for a future energy-
recovery linac (ERL) based X-ray light source at Cornell
has been designed, fabricated, and tested. It houses six 7-
cell SRF cavities with individual higher order-modes
(HOMs) absorbers, cavity frequency tuners, and one
magnet/BPM section. Cavities have achieved the specifi-
cation values of 16.2MV/m with high-Q of 2.0el0 in
1.8K in continuous wave (CW) mode. During initial MLC
cavity testing, we encountered some field emission, re-
ducing Q and lowering quench field. To overcome field
emission and find optimal cool-down parameters, RF
processing and thermal cycles with different cool-down
conditions have been done. Here we report on these stud-
ies and present final results from the MLC cavity perfor-
mance.

INTRODUCTION

Cornell University has proposed to build an Energy Re-
covery Linac (ERL) as driver for a hard x-ray source
because of its ability to produce electron bunches with
small, flexible cross sections and short lengths at high
repetition rates. The proposed Cornell ERL is designed to
operate in CW at 1.3GHz, 2ps bunch length, 100mA aver-
age current in each of the accelerating and decelerating
beams, normalized emittance of 0.3mm- mrad, and energy
ranging from 5GeV down to 10MeV, at which point the
spent beam is directed to a beam stop [1, 2]. The design
of main linac prototype cryomodule (MLC) for the Cor-
nell ERL had been completed in 2012. Figure 1 shows the
3D model of the MLC. The key parameters are listed in
Table 1. Table 2 shows the surface preparations of the
MLC 7-cell cavity. The fabrication and testing of MLC
components (cavity, high power input coupler, HOM
dampers, tuners, etc.,) and assembly of the MLC cold
mass had been completed in 2014 [3, 4]. RF tests with

different cool down conditions, including the first cool
down, have been performed in 2015. In this paper, we
summarize the results from these tests.

Table 1: MLC Parameters

Item Parameter
Number of 7 cell cavities 6
Accelerating gradient 16.2MV/m
R/Q (linac definition) 774 Ohm
Qext 6.0 x 107
Total 2K/5K/8K loads 76 W /70 W /150 W
Number of HOM loads 7

HOM power per cavity 200 W
Couplers per cavity 1

RF power per cavity S5kW
Amplitude/phase stability 10/ 0.05°
Module length 9.8 m

Table 2: Surface Preparation of the 7-Cell Cavities

Process Parameter

Bulk BCP 140 pm

Degassing 650 degC, 4days
Frequency tuning Field flatness >90%
Light BCP 10 pm

Baking 120degC, 48hrs

HF rinse 10 min.

HTC STUDIES

In parallel with the MLC fabrication, a one-cavity Hor-
izontal Test Cryomodule (HTC) was also developed. The
HTC is powerful tool to investigate cavity performance in
a horizontal cryomodule with various conditions, espe-
cially under the different cool down protocols. A proto-

Figure 1: The Main Linac Cryomodule (MLC)

* Work is supported by NSF awards NSF DMR-0807731 and NSF
Tf97@cornell.edu PHY-1002467
#Now at SLAC National Accelerator Laboratory

ISBN 978-3-95450-169-4
492

type 7-cell cavity for the Cornell ERL and high-Q 9-cell
cavities for the LCLS-II project at SLAC have been tested
in the HTC [5, 6, 7] and important lessons have been
learned for. The HTC studies revealed two key features
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HOM MEASUREMENTS FOR CORNELL'S ERL MAIN LINAC CRY-
OMODULE*

F. Furuta®, R. Eichhorn, M. Ge, D. Gonnella?, G. Hoffstaetter, M. Liepe, P. Quigley,
V. Veshcherevich, CLASSE, Cornell University, Ithaca, New York, USA

Abstract

The main linac cryomodule (MLC) for a future energy-
recovery linac (ERL) based X-ray source at Cornell has
been designed, fabricated, and tested. It houses six 7-cell
SRF cavities with individual higher order-modes (HOMs)
absorbers, cavity frequency tuners, and one magnet/BPM
section. All HOMs in a MLC prototype have been
scanned in 1.8K. The results show effective damping of
HOMs, and also agree well with simulation results and
previous HOM scan results on one 7-cell cavity prototype
test cryomodule. Here we present detailed results from
these HOM studies.

INTRODUCTION

Cornell University has proposed to build an Energy Re-
covery Linac (ERL) as driver for a hard x-ray source
because of its ability to produce electron bunches with
small, flexible cross sections and short lengths at high
repetition rates. The proposed Cornell ERL is designed to
operate in CW at 1.3GHz, 2ps bunch length, 100mA aver-
age current in each of the accelerating and decelerating
beams, normalized emittance of 0.3mm- mrad, and energy
ranging from 5GeV down to 10MeV, at which point the
spent beam is directed to a beam stop [1, 2]. For this type
of high current machine, the suppression of high order
modes (HOMs) excited by the beam in the SRF cavities is
essential, because HOMs can lead a deflection of the
beam. Especially the dipole modes, which can make a
transverse kick on the beam bunch and start a bunch os-
cillation around the design orbit, need to be damped
strongly to avoid resulting beam break up (BBU).

HOM ABSORBER IN MLC

MLC

Figure 1 (Top) shows an image of the Cornell ERL
main linac cryomodule (MLC) prototype. The design had
been completed in 2012. It is 9.8 m long and houses six
1.3 GHz 7-cell superconducting cavities, three of them
are stiffened cavity, another three are un-stiffened, with
individual HOM beamline absorbers located between the
cavities. Each cavity has a single SkW coaxial RF input
coupler, which transfers power from a solid-state RF
power source to the cavity (the designed Qex: is 6.0x107).
Due to the high beam current combined with the short
bunch operation, a careful control and efficient damping
of higher order modes (HOMs) is essential. Therefore,
HOM beamline absorbers are installed at the beam pipe

* Work is supported by NSF awards NSF DMR-0807731 and NSF
PHY-1002467

T ff97@cornell.edu

* Now at SLAC National Accelerator Laboratory
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HOM absorber assembly

Figurel: MLC prototype (top), and 3D image of a one-
cavity section of the string assembly (bottom).

ends of each cavity (Fig. 1, bottom). The specification
values of the 7-cell cavities in the MLC are Q of 2.0x10'°
for the fundamental mode at 16.2MV/m, 1.8K. The fabri-
cation and testing of MLC components (cavity, high pow-
er input coupler, HOM dampers, tuners, etc.,) and assem-
bly of MLC cold mass have been completed in 2014 [3, 4,
5]. Initial cool down and RF tests have been performed in
2015, and reported in reference [6].

HOM Absorber

Figure 2 shows a cross section view of the production
version of the Cornell HOM absorber. For these produc-
tion versions, the absorbing material is Silicon Carbide,
SC-35® from Coorstek [7]. Two prototypes where initial-

Figure 2: Cornell’s HOM beamline absorber used in the
main linac cryomodule (MLC). The absorbing material
is SC-35 from Coorsteck, shrink-fitted into a Ti cylinder.
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LIFETIME STUDY OF CsK2Sb ROBUST PHOTO-CATHODE FOR A HIGH
BRIGHTNESS ELECTRON SOURCE

Masao Kuriki®, Yuji Seimiya (KEK, Ibaraki), Lei Guo, Katsuhiro Moriya, Masahiro Urano, Atsuki
Yokota (HU/AdSM, HigashiHiroshima), Kentaro Negishi (Iwate University, Morioka, Iwate)

Abstract

CsK,Sb photocathode is one of the ideal cathode for ac-
celerators requiring the high brightness electron beam. It
can be driven with a green laser generated as SHG of a
solid state laser. The QE (Quantum Efficiency) of photo-
electron emission is as high as more than 10% with
532nm light. In this article, the robustness of the cathode
is studied. Two indexes of lifetime regarding to time and
extracted charge density were evaluated experimentally.
The result shows that the cathode is robust enough for a
high brightness accelerator.

INTRODUCTION

Next generation accelerator project based on Linac
such as linear colliders, ILC [1], FEL [2] and ERL [3] are
under being studied and developed in recent years. In the
linac, the electron beam performance can be superior to
what is in a storage ring, but the beam quality from the
electron gun has to be better than that in the storage ring.
In addition, we have to provide a large current beam
which is equivalent to that in the storage ring, too.

Photo-cathode electron gun is a device which generates
electron beam by photoelectric effect by laser light. This
electron gun has superior performance (low emittance,
short pulse, spin polarization, etc.) by high operability
with laser. For example, in a linear colliders (ILC and
CLIC), polarized electron plays an important role and the
photo-cathode is the only way to generate such beam
practically. The photo-cathode with an optimized laser
(spot size, temporal length, and wavelength) gives a min-
imum emittance. To provide such high performance beam
with a required time structure and intensity, quantum
efficiency (QE) of photoelectric effect (ratio of the num-
bers of laser photon and photo-electron) of the cathode
should be high enough and should be maintained for a
reasonable period. Otherwise, we need a huge power laser
and/or frequent cathode replacement. The QE and the
robustness are always practical issues for the photo-
cathode. For example, NEA (Negative Electron Affinity)-
GaAs [4] has a high QE (more than 10% at 530nm), but
the cathode function is easily lost by residual gas mole-
cules such as H,O, O, etc. On the other hand, metal cath-
ode (Cu, Mg, Pb and so on) is much robust, but QE is
typically low (104~10) and need UV light for the excita-
tion. Therefore, they are not suitable to generate high
current electron beam.

Recently, multi-alkali photocathode is paid attention for
the high brightness beam generation. This cathode is
formed by evaporation with more than two kind of alkali
metals. The high robustness is already demonstrated [5]
and QE is as high as more than 10% at 532 nm [6]. Ac-

T mkuriki@hiroshima-u.ac.jp
ISBN 978-3-95450-169-4
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cording to these reasons, this cathode is suitable to gener-
ate a high brightness electron beam for FEL, ERL, and X-
ray source by laser Compton scattering.

In Hiroshima University, CsK2Sb multi-alkali photo-
cathode for the electron source of Linac is studied to
establish the technique to develop the high performance
cathode and understand the property of the cathode [6]. In
this article, the CsK2Sb cathode was evaporated on a
substrate in a high vacuum environment and examined the
cathode performance to evaluate the cathode robustness.

EXPERIMENTAL SETUP
Multi-alkali Test Chamber

In this chapter, we explain the multi-alkali test chamber
in Hiroshima University. This test chamber is made from
SUS and the inner surface was electrically polished. Ul-
tra-high vacuum in order of 10-9 Pa is kept with a NEG
pump and an ion pump. Figure 1 shows the schematic
drawing of the evaporation system in the test chamber [5].
The cathode is evaporated on a 31 mm x 31 mm substrate
made of SUS304 whose surface was finished with the
electrical polishing. The substrate is mounted on a holder
with a ceramic heater for the heat cleaning and tempera-
ture control. The holder is electrically isolated from the
ground and is biased with a DC voltage supply to measure
the beam current. The typical bias voltage is -100 V. The
evaporation head where the sources are mounted, gener-
ates the metal vapour symmetry to the substrate and the
quartz thickness monitor. Owing to this system, we can
monitor the amount of the evaporated metal on the sub-
strate simultaneously. Laser light can be introduced
through a view port to observe photo-electron emission
during the evaporation. To monitor the vacuum environ-
ment, an extractor vacuum gauge and QMS (Quadruple
Mass Spectrometer) are placed.

v 4
/7 Cs,K,Sh

47 sources
v/

Cathodgsu Str

E

]

-> Laser

Figure 1: Layout of inside of the evaporation chamber.
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DESIGN OF A GAMMA-RAY SOURCE BASED ON INVERSE COMPTON
SCATTERING AT THE FAST SUPERCONDUCTING LINAC*

D. Mihalcea', B. Jacobson?, A. Murokh?, P. Piot!?, and J. Ruan®
! Department of Physics and Northern Illinois Center for Accelerator &
Detector Development, Northern Illinois University DeKalb, IL 60115, USA
2 Radiabeam Technologies, Santa Monica, CA 90404, USA
3 Fermi National Accelerator Laboratory, Batavia IL 60510, USA

Abstract

A watt-level average-power gamma-ray source is currently
under development at the Fermilab Accelerator Science &
Technology (FAST) facility. The source is based on the In-
verse Compton Scattering of a high-brightness 300-MeV
beam against a high-power laser beam circulating in an opti-
cal cavity. The back scattered gamma rays are expected to
have photon energies up to 1.5 MeV. This paper discusses
the optimization of the source, its performances, and the
main challenges ahead.

INTRODUCTION

The range of x- and y-ray applications, already impres-
sive, could increase even further pending the availability
of small-footprint sources. High dose, high brightness and
monochromatic x-rays can be generated via synchrotron ra-
diation at large accelerator facilities which are extensively
used for fundamental scientific research. More compact
sources could have a large variety of applications for na-
tional defense industry and medicine. The most promising
process which can be at the base of future compact x- and
y-ray is the Inverse Compton Scattering (ICS) [1,2]. Essen-
tially, ICS consists of head-on collision between an electron
beam and a laser. The energy of the scattered photons [3]
is much higher than of the incident photons because of a
double-Doppler frequency upshift:

4y2

— QWL (1
1+ 3 +y20?

wWg =

where w; and wy, are the frequencies of the scattered radi-
ation and of the laser respectively, y the relativistic factor
of the electron beam, ap the normalized vector potential
(ap = fn—ﬁ) and 6 the observation angle with respect to the
electron beam. Although ICS also needs an electron acceler-
ator, the o y> dependence of the scattered photon energies
makes this technique promising because only a small to
medium size accelerator is needed. For example, at FAST
the electron energy reaches about 300 MeV and after the col-
lision with infrared laser pulses (fiwy, =~ 1.2 eV) the scattered
photon energy is iwy < 1.5 MeV.

* This work was sponsored by the DNDO award 2015-DN-077-ARI094
to Northern Illinois University. Fermilab is operated by Fermi Research
Alliance, LLC. for the U.S. Department of Energy under contract DE-
AC02-07CH11359.
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The other y-ray source properties can be similar to those
produced at large electron facilities. At FAST we expect
that each single electron pulse to produce a y-ray pulse
with brightness in excess of 10?° photons/[s-(mm-mrad)>-
0.1%BW]. In normal operation FAST linac delivers trains
of about 3,000 pulses each second. Under some approxima-
tions [4] valid for most experimental conditions including
those at FAST the y-ray brightness can be expressed in terms
of laser and electron beam parameters:

Byo 2 Ne @)
o7 A€ i
where N, is the number of photons in the laser pulse, oy is
the laser transverse size (rms), y electron beam relativistic
factor, N, number of electrons in the bunch, Af, electron
pulse length and €, , electron beam normalized transverse
emittance. At FAST vy and At, are fixed at about 600 and
3 ps rms respectively.

Under similar approximations [4] the scattered photon
dose depends on the laser and electron beam properties as

N,
e T 3
2n(oz+07)
where N,, N,, o have the same meaning as in Eq. (2), or
is the total Thompson scattering cross section and o is the
electron beam transverse size (rms).

The monochromaticity of the scattered beam, more often
referred as bandwidth is defined as the relative energy spread
of the scattered photons in the observation direction. In
practice bandwidth is heavily dominated by the electron
beam angular spread [3]:

2

€
BW (%) ~ =5 )

In the next section we describe some of the experimental
challenges. The following section contains results of simu-
lations aimed to optimize the performances of the scattered
radiation and the last section contains the conclusions.

EXPERIMENTAL CHALLENGES

The laser beam used for ICS experiment originates from
the IR laser system used to extract the electrons from the
photocathode after conversion to UV (266 nm). The IR-
to-UV conversion efficiency is small (~ 10%) so that most
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SUMMARY OF THE TEST AND INSTALLATION OF 10MW MBKS
FOR THE XFEL PROJECT

V. Vogel, L. Butkowski, S. Choroba, A. Cherepenko, J. Hartung, V. Kachaev, R. Wagner, S.
Wiesenberg, DESY, Hamburg, Germany

Abstract

For the European XFEL project, horizontal multi-beam
klystrons (MBK) which produce RF power up to 10 MW,
at an RF frequency of 1.3 GHz, 1.5 ms pulse length and 10
Hz repetition rate, were chosen as RF power sources. All
MBKs have been manufactured by two companies, 22
tubes from Thales Electron Devices and 7 tubes from
Toshiba Electron Tubes & Devices. In this article we will
give a summary of the tube testing, conditioning and
installation in the underground linear accelerator tunnel.

INTRODUCTION

After the successful test of three horizontal MBK
prototypes [1 and 2] in 2008-2011, two companies started
klystron delivery for the European XFEL project in 2012.
At present all ordered klystrons are manufactured, 26
klystrons are required for first installation. The main
parameters of the MBKSs are given in Table 1.

Table 1: Main Parameters of the L-band MBK for XFEL

Parameters Design Test
Central frequency (MH 1300 1300
RF pulse length (ms) 1.5 L.5
Efficiency (%) > 63 63-68
Average RF power (kW 150 155
Output power (MW) 10 9.9-
10.5
Bandwidth (MHz) 3 >3

After delivery each klystron was connected to a connection
module (CM) [3, 4 and 5], which consists of an oil tank,
filament transformer and diagnostics, and afterwards tested
on one of the MBK test stands at DESY [6, 7, and 8]. The
average time of testing for each MBK was about 320 hours
with the exception of several tubes, which needed more
time for conditioning and retest. The tubes were tested up
to full RF power and full RF pulse length with a repetition
rate of 10 Hz. Figure 1 shows one of the klystrons with the
CM (grey) and HV cable between the CM and the HV
pulse transformer (red) inside the XFEL injector
underground building. Two coaxial cables of the same type
with an additional screen and ferromagnetic cores were
used at the test stands for the test of all klystrons for more
than 13000 hours.

ISBN 978-3-95450-169-4
506

Figure 1: Connection between HV transformer and MBK.

The cables did not show any sign of degradation or
increased level of partial discharge in the HV cables itself
or the connectors.

MBK TEST AND INSTALLATION

At the start of the XFEL klystron design DESY
demanded a mechanical design and interfaces allowing for
fast replacement of the klystrons in the accelerator.

Output power (MW}

14 >

55 80 65 70 75 80 85 20 95 100 105 110 115
U cathade (kV)

Figure 2: Saturated power of the Toshiba E3736H.

Another very important part of mechanical design is the
protection of all sensitive parts of the klystron during
transportation and installation in an underground tunnel.
Since 2012 when the test of the first series MBKs at DESY
site was started no problems occurred during transportation
and installation.
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COMMISSIONING OF THE COMPACT 14MEYV LINAC FOR AN FEL-
BASED THZ SOURCE

Y.J. Pei, L. Shang, Z.X. Tang, Z.M. Wang, Z.Y. Zhao, J. Liu, D.C. Jia, W. Wei, P. Lu, G.R. Huang,
K. Jin, B.G. Sun, X.Y. He, Y.L. Hong
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
T.N. Hu, Q.S. Chen, P. Tang, B. Qin, L. Cao, Y.Q. Xiong, W. Chen, J. Li, Z.Y. Yang, Y.B. Wang,
F. Zhu, Y J. Liang, J.J. Chen, J. Zha, Q. Zhang, B. Tang, S.W. Hu
Huazhong Unversity of Science & Technology, Wuhan 430074, China

Abstract

This paper will describe the commissioning of a compact
LINAC of 14MeV which is used for FEL to produce THz
radiation through 30pm to 300pum. Main design parameters
are given in this paper. The compact LINAC of 14MeV
was composed of novel EC-ITC-RF gun, constant gradient
travelling wave accelerator with a collinear absorbing load,
focusing system, RF power system, beam diagnostic sys-
tem, vacuum system, control system and so on. The
LINAC was installed on November of 2014. Now the
LINAC has been operating and commissioning for THz ra-
diation test. So far, the facility is running well and the main
beam parameters tested are coincident with design param-
eters of the LINAC.

GENERAL DESCRIPTION OF THE
FACILITY

The facility is designed for producing a THz radiation
with wavelength of 30um~300um. In order to satisfy the
strict requirements of high performance of electron beam
for THz-FEL and obtain a more compact layout for the fa-
cility, HUST (Huazhong University of Science and Tech-
nology) and NSRL (National Synchrotron radiation Labor-
atory)/USTC (University of Science and Technology of
China) are cooperating to do R &D work. The facility is
main composed of a novel EC-ITC RF gun, transverse fo-
cusing system, constant gradient travelling wave LINAC
with an input coupler offset and a collinear absorbing load
to improve the electric field to be symmetry. Besides, other
inevitable sub-systems are established either, such as beam
diagnostics system, microwave power system, vacuum
system, control system and so on. The layout of the facility
is shown as Figure 1[1,2,3] .

Table 1: Measuring Parameters of the LINAC

parameter unit value

energy MeV 13.58

Current A 0.665 (macro pulse)
29~47 (micro pulse)

Width of beam us 1~2 (macro pulse)

ps 5~8 (micro pulse)

Repeat frequency pps 2-10

Charge per pulse pC ~230

Energy spread % 0.332

Nor. emittance mm mrad 24.1

Input power MW 24

1 Electron Accelerators and Applications
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The building for the machine was finished in July 2014
and all parts of the LINAC were tested. In August of 2014,
we started to install the machine and got the first beam
from the LINAC, which energy was of 13.4MeV, macro
pulse current was of 1.1A. After that, we started to com-
mission the LINAC, improve diagnostic system and test its
parameters in detail. The parameters of the LINAC we've
measured are listed in Table 1.
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beam dump flegt  T0R3

ITCRF gun Focuscoll  LINAC o1

Mirror

g
e oot
TOR1‘ Tor2 AM.

£ F.Target

attenuaor
shifter

attenuaor
shifter K-Kdystron

SA-solid state amplifier

B-dipole magnet

Q-quadupole

m . signal generator
Figure 1: Layout of the facility.

Modulator

A.M--analysis magnet

F.Target-fluorecent cermaric target

BEAM PARAMETER MEASUREMENT
Energy and Energy Spread Measurement

We employ an analysis magnet, Flagl and a fluorescent
target (F. Target) located at the end of the vacuum chamber
(see Figure 1) to measure the energy and the energy spread.
The transmission matrix of the energy analysis system can
be expressed by Eq. (1),

X m m X
1 1 1 13 0
' _ '
xl - m2| mz: sz xu ( 1 )
Ap Ap
(7)1 mJl mzz mu (7)0

In the system, m,, is designed to 0, and m, should be de-

signed close to 0. Then, by observe the beam spot on Flagl
and F. Target, beam radii at these two positions can be ob-
tained, so that the energy is easy to be obtained by means
of magnet calibration and the energy spread can be calcu-
lated by Eq. (2),

ISBN 978-3-95450-169-4
509



TUPLR022

Proceedings of LINAC2016, East Lansing, MI, USA

PARTICULATE STUDY ON MATERIALS FOR CLEANROOM ASSEMBLY
OF SRF CAVITIES*

L. Zhao, T. Reilly,
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Abstract

Reducing particulates is an important aspect for clean-
room operation. Knowing that it is impossible to com-
pletely eliminate all particulates in a clean room, efforts
have been made to prevent particulates from entering SRF
cavities during high pressure rinsing (HPR) and assembly.
At Jefferson Lab, one practice to achieve this goal has
been clamping covers to cavity open flanges during as-
sembly. Several cover materials that have been used are
examined and alternative candidate materials are under
development. Clamps as a known particulate generator
are carefully examined and cleaning efficiency of differ-
ent methods is studied. Cover tests were done on different
cavity flanges, including an LCLS-II beam pipe flange,
which helps the selection of cover materials for prototype
and production of the project.

BACKGROUND

The battle with field emission has been a long journey
for the SRF community [1-3]. Even with newly developed
facilities and tools, understanding [4] and controlling [5]
particle contamination is still an on-going topic. During
HPR and assembly at Jefferson Lab, open ports on cavi-
ties are covered to prevent particulates entering clean
cavities. The cover material has evolved over time and
with projects. For CEBAF cavities (C50 and C100), stain-
less steel covers with O-ring were used. Screws were used
to keep the covers in place. Figure 1 (left and middle)
shows two examples of these covers. In recent years,
niobium blanks (Fig. 1, right) have been used on various
cavity shapes, attached to cavity openings with stainless
steel spring clamps. This option is much simpler and less
flange dimension dependent than the O-ring design.

Since metal-to-metal contact can generate significant
amount of particles, other candidates such as plastic mate-
rials are being considered.

EXPERIMENT

Investigation of Plastic Covers

Polyvinylidene fluoride (PVDF) and polytetrafluoro-
ethylene (PTFE) are widely used in ultrapure water indus-
try and semiconductor industry. At Jefferson Lab they are
commonly used plastics in cavity processing especially
chemical polishing tools, because of their excellent chem-
ical resistance and reasonable mechanical strength. Our
search for alternatives started with these two materials.

* Work supported by Jefferson Science Associates, LLC under U.S. DOE
Contracts DE-ACO05-060R23177 and DE-AC02-76SF00515 for the
LCLS-II Project

T 1zhao@)jlab.org
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Figure 1: Stainless steel covers with O-ring (left, middle)
and niobium blank (right).

Similar to common plastics, longer time is needed to
blow clean PVDF and PTFE with an ionized nitrogen gun
compared with metals. Bulk PTFE has only moderate
stiffness and low surface friction, which can be a problem
when a large force is applied. Other forms of PTFE prod-
ucts are available commercially, such as expanded PTFE
(Gore-Tex), which preserves the chemical property but is
very stretchable, enabling it to be used as gaskets. PVDF
has higher mechanical strength but is less stretchable.

Figure 2 shows particle counts on PVDF covers of dif-
ferent dimensions. The smaller diameter was 70 mm, and
the bigger diameter was 140 mm. The surface was lathed.
The particle counter was set at 10 seconds/cycle and the
flow rate was 1.0 cfm. The horizontal axis is the clean-up
time needed for a cover, i.e. how long it took to blow
down to zero counts. The vertical axis is the total amount
of particles (>0.3 um) recorded through the clean-up time
of the cover. The two axes are not necessarily functions of
each other. Rather, the plot shows two parameters that
indicate the cleanliness of a part. Points near the upper
right corner indicate the surface has more particles and it
takes longer to clean up. Points at lower left corner indi-
cate the surface has fewer particles and it cleans up quick-
ly. Apparently, geometry and dimension also play a role in
surface particle counts. For the same surface finish, parts
with more corners and holes have larger total counts.

10000 :
1000 -~
[ L] o ’ :
= W i.l
£ 100 - . B + + Big blank with holes
o] : # Big blank without holes
T 10 | . Small blank with holes
= Small blank without holes
¢ Small blank with block

0 100 200 300 400 500
Time (Sec)

Figure 2: Total particle (> 0.3 pm) counts and cleaning-up
time on PVDF covers in two diameters and different
designs.

PVDF Covers with Different Surface Finish

The machined PVDF surface was difficult to blow
clean. Noticing that the as-received manufactured surface
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IMPURITY CONTENT OPTIMIZATION TO MAXIMIZE Q-FACTORS OF
SUPERCONDUCTING RESONATORS*
M. Martinello’, M. Checchin, FNAL, Batavia, IL, USA and IIT, Chicago, IL, USA

A. Grassellino, O. Melnychuk, S. Posen, A. Romanenko, D.A. Sergatskov, FNAL, Batavia, IL, USA
J.F. Zasadzinski, IIT, Chicago, IL, USA

Abstract

Quality factor of superconducting radio-frequency (SRF)
cavities is degraded whenever magnetic flux is trapped in the
cavity walls during the cooldown. In this contribution we
study how the trapped flux sensitivity, defined as the trapped
flux surface resistance normalized for the amount of trapped
flux, depends on the mean free path. A systematic study of a
variety of 1.3 GHz cavities with different surface treatments
(EP, 120 °C bake and different N-doping) is carried out. A
bell shaped trend appears for the range of mean free path
studied. Over-doped cavities fall at the maximum of this
curve defining the largest values of sensitivity. In addition,
we have studied the trend of the BCS surface resistance
contribution as a function of mean free path, showing that
N-doped cavities follow close to the theoretical minimum.
Adding these results together we show that the 2/6 N-doping
treatment gives the highest Q-factor values at 2 K and 16
MV/m, as long as the magnetic field fully trapped during
the cavity cooldown is lower than 10 mG.

INTRODUCTION

Recently, a new surface treatment implemented on super-
conducting cavities, called nitrogen-doping, shows unprece-
dented values of quality-factors (Q¢ > 4 - 10!9) at medium
values of accelerating field (E;.. = 16 MV/m) [1]. However,
it was shown that whenever external magnetic is trapped in
nitrogen-doped cavities, the Q¢ degradation is more severe
than in standard-treated niobium cavities such as 120°C
baked and electro-polished (EP).

To understand this peculiar behavior, it is necessary to an-
alyze the RF surface resistance, Ry = G/Qp. Ry is given by
two contributions, one temperature-dependent called BCS
surface resistance (Rpcs), and one temperature-independent
called residual resistance (R,e;).

Surprisingly, in nitrogen-doped cavities Rpcs decreases
with the increasing of the accelerating field. This results
in an increasing of Q-factor with accelerating field called
anti-Q-slope [1] .

The residual resistance term R, is the one affected by
trapped magnetic flux [2]. The amount of trapped flux de-
pends on both the value of external magnetic field which
surrounds the cavity during the SC transition, and on the
cooldown details, which affects the magnetic flux trapping ef-
ficiency [3-5]. Fast cooldowns, with large thermal gradients
along the cavity length, facilitate magnetic flux expulsion,

* Work supported by the US Department of Energy, Office of High Energy
Physics.
T mmartine @fnal.gov
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while slow and homogeneous cooling through transition
leads to full flux trapping.

In this paper both the trapped flux and the BCS surface
resistance contributions are studied for cavities subject to
different surface treatments: electro-polishing (EP), 120°C
baking, and N-doping with different time of nitrogen expo-
sure and EP removal. Details on the N-doping treatment can
be found elsewhere [1, 6].

The findings here reported allow a better understanding of
which surface treatment is required to maximize the Q-factor
for a certain RF field, taking into account the external DC
magnetic field trapped during the cooldown. More details
of this study may be found in Ref. [7].

EXPERIMENTAL PROCEDURE

All the cavities analyzed are single cell 1.3 GHz Tesla-
type niobium cavities.

In order to estimate the trapped flux surface resistance,
every cavity was RF tested, at least, after two different
cooldowns: i) compensating the magnetic field outside the
cavity in order to minimize its value during the SC cavity
transition, ii) cooling slowly the cavity with about 10 mG of
external magnetic field applied.

After each of these cooldowns, the cavities were tested
at the Vertical Test System (VTS) at Fermilab. Curves of
Q-factor versus accelerating field were always acquired at
both 2 and 1.5 K.

A schematic of the instrumentation used to characterize
the trapped flux surface resistance may be found in Fig. 1
of Ref. [8]. Helmbholtz coils are used to adjust the mag-
netic field around the cavity, Bartington single axis fluxgate
magnetometers to monitor the external magnetic field at the
cavity equator, and thermometers to measure the temperature
distribution during the cooldown.

The residual resistance may be considered as a sum be-
tween the trapped flux surface resistance, Ry, and the "in-
trinsic" residual resistance, Ry, which does not depends on
trapped flux.

At 1.5 K the BCS surface resistance contribution becomes
negligible, therefore R,.; = G/Q(1.5K).

If during the cooldown the amount of trapped flux is suc-
cessfully minimized, then: Ry =~ 0 and R,,; =~ Ry. In
order to obtain very low value of trapped flux, the mag-
netic field outside the cavity was compensated during the
cooldown through the SC transition. Alternatively, the mea-
surement was done after a complete magnetic flux expulsion
(Bsc/Bnc ~ 1.74 at the equator). We have observed that
these two methods gave the same results within the mea-
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ENHANCEMENT OF THE ACCELERATING GRADIENT IN
SUPERCONDUCTING MICROWAVE RESONATORS*

M. Checchin%", M. Martinello™2, A. Romanenko!, A. Grassellino’, S. Posen!
and J. F. Zasadzinski?
! Fermilab, Batavia, IL 60510, USA
2 Illinois Institute of Technology, Chicago, IL 60616, USA

Abstract

The accelerating gradient of superconducting resonators
can be enhanced by engineering the thickness of a dirty layer
grown at the cavity’s rf surface. In this paper the description
of the physics behind the accelerating gradient enhancement
by meaning of the dirty layer is carried out by solving nu-
merically the the Ginzburg-Landau (GL) equations for the
layered system. The calculation shows that the presence of
the dirty layer stabilizes the Meissner state up to the lower
critical field of the bulk, increasing the maximum accelerat-
ing gradient.

INTRODUCTION

The possible enhancement of the accelerating gradient by
meaning of layered structures in accelerating cavities was
introduced by A. Gurevich [1]. He showed that high « (GL
parameter) superconducting layers separated by insulating
layers (SIS structure) deposited at the rf surface can in prin-
ciple enhance the superheating field, and allow for higher
gradients.

In the same direction T. Kubo [2, 3] and S. Posen et al.
[4] explored thoughtfully the behavior of the SIS structure.
T. Kubo in particular, described also the SS structure [3,
5], i.e. a high « (dirty) superconducting layer on top of
a low « (clean) bulk superconductor. He approached the
problem in the high « approximation by meaning of the
London equations as done for the SIS structure, showing
that the dirty layer can in principle enhance the superheating
field even if no insulating layer is present.

In the present paper an alternative description of the SS
structure is presented. The approach here is different since
the calculation is carried out numerically from the GL equa-
tions, where the dirty layer is assumed to behave as a per-
turbation on the magnetic induction profile in the material.
We show that the dirty layer stabilizes the superconductor
against the vortex nucleation, and shifts the lower critical
field of the whole structure up to the bulk’s value, increasing
the magnetic field range in which the Meissner state is stable.

THE BEAN-LIVINGSTON BARRIER FOR
NON-CONSTANT K

Let us assume a semi-infinite superconductor, where the
normal to the surface directed towards the material bulk is %,

* Work supported by the US Department of Energy, Office of High Energy
Physics.
T checchin@fnal.gov
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the external magnetic field is applied along the z direction
and the screening currents are flowing along the y direction.
On top of such superconductor we assume the presence of a
thin superconducting dirty layer with higher « than the bulk
(grown by diffusion of impurities for example), so that the
profile of the system can be described by the analytic form:

Ks — Kb

x(x) = ] 4 e-x—xo)/e

+ Ky, 1)
which corresponds to a sigmoidal function, where « and «p,
are the superficial and bulk GL parameters, c is a constant
that defines the steepness of the function (normally ¢ =
0.018) and xq corresponds to the inflection point assumed
as the thickness of the dirty layer.

Since we are dealing with dimensionless units x =
depth/A, with A the penetration depth 4 = A¢p4/1 + &/,
[ the mean free path, xo = d/4, &g = 38 nm and 19 = 39 nm
[6].

Forces Acting on the Vortex

The forces acting on a vortex penetrating from the surface
can be calculated in first approximation by implementing
the same description of C. P. Bean and J. D. Livingston [7].
The repulsive force (with respect the surface) due to the
interaction of the vortex with the magnetic induction profile
in the material is:

dg O br(x)
—_— X
k(x) Ox ’
where by(x) = a’(x) is calculated numerically from the GL

equations modified in order to account also for the variation
of k with x:

fr(x) = -

@)

v _ 2 _ 3:0
_K2(x)f af+f-fr 3)

a’ - ffa=0,

where f and a are respectively the dimensionless order pa-
rameter and vector potential as defined in [8], while the
boundary conditions are the same assumed in [9].

The attractive force is instead calculated as:

4 0 b,(2x)

fy(x) = o ox X

where b, (r) = a’(r) + (1/r)a(r) is the magnetic induction
of the image-vortex.

In order to maintain the description mono-dimensional,

we calculate the magnetic induction profile from the cylin-

drically symmetric GL equations. Such approach is carried
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OPTIMAL NITROGEN DOPING LEVEL TO REACH HIGH Qy*

D. Gonnella™*, T. Gruber, J. Kaufman, P.N. Koufalis, M. Liepe§, and J.T. Maniscalco

CLASSE, Cornell University, Ithaca, NY 14853, USA

Abstract

New continuous wave (CW) accelerators such as LCLS-II
at SLAC require many SRF cavities operating in the medium
field region at unprecedented high Q. In order to achieve
this demanding goal, nitrogen-doping of the SRF cavities
will be used. Nitrogen-doping has been shown to affect the
BCS resistance both by a lowering of Rpcs at low fields
and by the introduction of an anti-Q slope which enables
the Qg to continue increasing as the RF field is increased.
The exact strength of this anti-Q slope is heavily dependent
on the doping recipe and specifically the mean free path of
the RF penetration layer of the doped cavities. In addition
to its effect on R gcs, the mean free path affects the amount
of residual resistance obtained due to trapped magnetic flux.
We have analyzed nine cavities prepared with different levels
of nitrogen-doping to understand how BCS and residual
resistance are affected by changes in the mean free path.
Here we present a model based on these experimental results
to predict the optimal doping level to reach the maximum Q
at 16 MV/m! based on the ambient magnetic field conditions.
We find that if the cavities can be cooled with small amounts
of trapped flux, moderate nitrogen-doping is better, while if
they will have large amounts of trapped flux, lighter dopings
should be used.

INTRODUCTION

Nitrogen-doping has been shown to dramatically improve
the intrinsic quality factor, Qg, of SRF cavities in the medium
field region [1]. This improvement in Qg is due to two
effects: a lowering of the low field temperature dependent
BCS resistance, Rgcs, by a lowering of the electron mean
free path, and an introduction of an anti-Q slope which
allows R pcs to decrease further by resulting in a decreasing
R s as the electric field is increased [2]. These two effects
have resulted in cavities repeatably reaching Q¢’s higher
than 4x10'° at 2.0 K and 16 MV/m compared with less
than 2x10'? in cavities prepared with standard methods. In
addition to these benefits on R gcs however comes a higher
sensitivity of residual resistance to trapped magnetic flux,
R es,B/ B rapped [3]. That is the amount of residual resistance,
R (s, that a cavity will have for a given amount of trapped
magnetic flux in its walls.

* Work supported by the US DOE and the LCLS-II High Q¢ Program and
NSF Grant PHY-1416318

* gonnella@slac.stanford.edu

¥ Now at SLAC National Accelerator Laboratory, 2575 Sand Hill Road,
Menlo Park, CA 94025 USA

§ mul2@cornell.edu

116 MV/m and 2 K were chosen to study due to this being chosen as the
operating temperature and gradient for LCLS-II.

3 Technology
3A Superconducting RF

Both of these effects, a lowering of R gcs, and an increase
in R s from trapped flux are heavily dependent on the exact
doping level of the cavity. This doping level can be quantified
with the electron mean free path: nitrogen-doping directly
leads to a lowering of the mean free path [2]. Here we
summarize the experimental data measured on single-cell
cavities at Cornell which represent a large spread in doping
level in order to combine these two effects and find the
optimal nitrogen-doping level to minimize the total surface
resistance for a given amount of trapped magnetic flux.

CAVITIES TESTED

A total of nine single-cell cavities of varying levels of
nitrogen-doping were tested. For each cavity the BCS resis-
tance at low and high fields and R es B/ B trapped WETre mea-
sured. The mean free path was also extracted for each cavity.
For a full description of the experimental methods used to
measure these properties and a table listing them see [2].

DEPENDENCE OF BCS RESISTANCE ON
MEAN FREE PATH

The temperature dependent component of surface resis-
tance is called the BCS resistance, denoted Rgcs. At low
fields its behavior is well-explained by standard (non-field
dependent) BCS theory [4]. At higher fields however there
does not exist a theory that fully encompasses the parameter
space. Nitrogen-doped cavities have been shown to pos-
sess an anti-Q slope which is a result of a decreasing R gcs
with increasing E,... A few theories have been proposed,
aiming at explaining this anti-Q slope. A promising the-
ory by Gurevich is discussed in comparison to experimental
data in [5]. At low fields, R gcs for nitrogen-doped cavities
closely follows the mean free path dependence predicted by
BCS theory [2]. At high fields however there is a deviation.
This is shown in Fig. 1 which shows Rpcg at 16 MV/m and
2 K for the cavities tested. Also shown is the low field BCS
prediction and an adjusted BCS prediction. This adjustment
comes from assuming a logarithmically decreasing Rpcs
with E,.. which has been shown to approximate the anti-Q
slope well [2]. In addition to this logarithmic dependence on
field, the strength of the anti-Q slope is heavily dependent
on mean free path with larger anti-Q slopes corresponding
to lower mean free paths [2]. It can be seen that this ad-
justment shows very good agreement with the experimental
data suggesting that R gcs at higher fields is still governed
by BCS theory with a small correction. The Gurevich theory
which provides this correction results in the same qualita-
tive behavior. For full details see [5]. While low field BCS
theory predicts a minimum in R gcs at mean free paths of
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MAGNETIC FIELD MANAGEMENT IN LCLS-II 1.3 GHZ
CRYOMODULES"

S. K. Chandrasekaran®, A. Grassellino, C. Grimm, G. Wu, Fermilab, Batavia, Illinois, USA

Abstract

The ambient magnetic field at the SRF cavity surface of
the LCLS-II 1.3 GHz cryomodules is specified to be less
than 0.5 uT (5 mG). Multiple methods were designed to
lower the magnetic fields inside the prototype cryomodule.
The resulting ambient magnetic field components in this
cryomodule just prior to its first cool down was <0.15 uT
(1.5 mG), as measured using fluxgates inside and outside
the cavity helium vessels.

INTRODUCTION

Trapped magnetic fields on the RF surface of a SRF cav-
ity can limit the quality factors (Q) achieved, due to in-
creased RF surface resistance. The LCLS-II 1.3 GHz cry-
omodule specifications [1] therefore require the ambient
magnetic fields to be less than 0.5 uT (5 mG), to obtain a
Q of 2.7x10'" at 16 MV/m. The methodologies used to
meet this specification include a 2-layer passive magnetic
shield, an active longitudinal compensation scheme, and a
strict magnetic field control program. The effectiveness of
these methods are evaluated in the two prototype cryomod-
ules (pCM), one at Fermi National Accelerator Laboratory
(Fermilab) and one at Thomas Jefferson National Acceler-
ator Facility (JLab). The Fermilab pCM is fully assembled
and currently installed at the Fermilab Cryomodule Test
Stand 1 (CMTS1). The JLab pCM is currently being as-
sembled, and the results from this prototype shall be pre-
sented by JLab colleagues in a later publication.

MAGNETIC INSTRUMENTATION

The two pCMs are populated with 13 Bartington® Instru-
ments Mag-F fluxgates each [2, 3]. Of the eight cavities in
the pCM, four are instrumented with 2 fluxgates each in-
side the helium vessels, attached to the outer surface of the
cavity, as illustrated in Figure 1. The first fluxgate is placed
perpendicular to the cavity axis, in a vertical plane perpen-
dicular to the cavity axis, and close to the bottom equator.
The second fluxgate is placed at 45° to the cavity axis, in a
vertical plane parallel containing the cavity axis.

45° fluxgate

Transverse fluxgate

Figure 1: The two fluxgate locations within the cavity he-
lium vessel. These fluxgates are mounted on the outside
surface of the cavities.

An additional 5 fluxgates are placed external to the cav-
ity helium vessels, between the two layers magnetic
shields, parallel to the cavity axis and close to the vertical
plane containing the cavity axis. The locations of these 5
fluxgates in the pCM are illustrated in Fig. 2.

The fluxgates inside the helium vessel have three func-
tions: (1) to monitor the magnetic fields during assembly
of the cryomodule and qualify the magnetic control pro-
gram, (2) to quantify magnetic flux expulsion of the cavi-
ties during cool down, and (3) to monitor magnetic field
generated by thermoelectric currents at the superconduct-
ing critical temperature of the niobium cavity at 9.2 K.

MAGNETIC SHIELDING

The magnetic shielding design for these cryomodules
was optimized computationally [4] to reduce the ambient
magnetic field at the cavity to less than 0.5 uT (5 mG).
This shield scheme assumes a low carbon steel vacuum
vessel is used for the cryomodules. These calculations as-
sumed a relative permeability (ur) of 12,000 for the mag-
netic shielding material. The shields were designed to en-
velope the outside surface of the helium vessels of the cav-
ities, but also had to accommodate several components at-
tached to the cavities, including the fundamental power
coupler, the cavity support bearing brackets, the end lever
tuner to cavity attachment arms, beam tubes, etc. A 3-di-
mensional CAD model of the resulting magnetic shield
used in the pCM is illustrated in Figure 3.

Ca\;-i

Cav3 Cav4

Cav5 Cav 6 Cav7

Figure 2: The locations of the five fluxgates external to the cavity helium vessels.

* Operated by Fermi Research Alliance, LLC under Contract No. De-
AC02-07CH11359 with the United States Department of Energy.
T saravan@fnal.gov
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ALTERNATIVE DESIGN FOR THE RISP PRE-STRIPPER LINAC”

B. Mustapha', P.N. Ostroumov, Z.A. Conway, M.P. Kelly, and A. Plastun,
Argonne National Laboratory, Lemont, IL, USA,
J.-H. Jang, H. Jin, J.-W. Kim and H.J. Kim, RISP, IBS, Korea

Abstract

In a collaborative effort between Argonne's Linac De-
velopment Group and the RISP project team at the Kore-
an Institute for Basic Science, we have developed an
alternative design for the pre-stripper section of the RISP
driver linac. The proposed linac design takes advantage of
the recent accelerator developments at Argonne, namely
the ATLAS upgrades and the Fermilab PIP-IIl HWR Cry-
omodule. In particular, the state-of-the-art performance of
QWRs and HWRs, the integrated steering correctors and
clean BPMs for a compact cryomodule design. To simpli-
fy the design and avoid frequency transitions, we used
two types of QWRs at 81.25 MHz. The QWRs were op-
timized for p ~ 0.05 and ~ 0.11 respectively. Nine cry-
omodules are required to reach the stripping energy of
18.5 MeV/u. Following the lattice design optimization,
end-to-end beam dynamics simulations including most
important sources of machine error were performed. The
results showed that the design is tolerant to errors with no
beam losses observed for nominal errors.

INTRODUCTION

The baseline design for the RISP pre-stripper linac [1],
named SCL3, uses QWRs and HWRs with room-
temperature quadrupole focusing between cryostats con-
taining one or two cavities. In this alternative design, we
propose long cryomodules containing 7 or 8 cavities each
with SC solenoid focusing. This design has the potential
of significantly reducing the length and construction cost
of the linac while satisfying the same beam requirements.

QWR CHOICE & EM DESIGN

Based on the frequency and the velocity range of the
RISP pre-stripper linac, QWR type cavities are an ideal
match for this section. In addition, using only QWRs will
avoid a frequency transition in the middle of the linac if
HWRs are used. At ANL, we have successfully devel-
oped and operated QWR resonators in the same frequency
and velocity ranges as the ones required for the RISP pre-
stripper linac [2]. Therefore, the design and fabrication of
the RISP QWRs will require little to no R&D.

Two QWR types are required for the RISP pre-
stripper linac, a low-p and a high-p, with § ~ 0.05 and
0.11, respectively. Both cavities are designed for 81.25
MHz frequency with 40 mm diameter aperture. The EM
design of the two QWRs was performed based on the

* This work was supported by the work-for-other grant WFO8550H
titled “Pre-conceptual design, cost and schedule estimate of the
18.5 MeV/u Pre-stripper linac for the RISP/IBS.

Feorresponding author: brahim@anl.gov
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design optimization procedure developed at ANL [3]. The
main RF parameters, such as the shunt impedance and
peak fields, were optimized by varying the geometry
parameters of the cavities. The proposed geometries have
tapered inner and outer conductors spreading the magnet-
ic field over a larger area which helps reduce the peak
surface magnetic field. It is important to note that tapering
the outer conductor does not add to the real-estate of the
linac but uses the available space between elements.

Table 1 lists the RF parameters of the optimized de-
signs for both QWRs while the geometry and the EM
field distributions are shown in Figure 1.

Table 1: RF Design Parameters of the Two QWRs

Parameter Low-p High-p
Bopt 0.05 0.11
Lesr 18.5 40.5
Epeak/Eace 5.6 5.6
Bpeak/Eace 7.7 7.3
R/Q (Q) 493 552
G 23 32

Following the design optimization of the cavities, the EM
fields were extracted and used for beam simulations of the
linac. This step is important to study the beam steering
effects expected from these QWRs and apply the steering
corrections by tilting the faces of the drift tubes. For the
low-B, the required angle is 1 deg, while it is 4 deg for the
high-p QWR.

Low-p

High-p

Figure 1: Geometries and EM field distributions for both
types of QWRs.

LINAC LATTICE DESIGN

Ion beam acceleration from 500 keV/u to 18.5
MeV/u requires 2 types of QWRs as discussed in the
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FRIB HWR TUNER DEVELOPMENT*

S. Stark®, A. Facco', S. Miller, P. Ostroumov, J. Popielarski, K. Saito, B. Tousignant, T. Xu
FRIB, Michigan State University, East Lansing, MI, USA
S. Gerbick, M. Kelly, Argonne National Laboratory, Argonne, IL, USA
l'also at INFN-Laboratori Nazionali di Legnaro, Legnaro (PD), Italy

Abstract

During the last two years the HWR pneumatic tuner de-
velopment at FRIB evolved from the first prototypes to the
final production design. A lot of warm testing and several
cryogenic integrated tests with cavity were performed to
optimize the tuner features. The main challenges included
the bellow bushings binding and very tight space limita-
tions for the assembly on the rail. The final design, based
on the acquired experience, was prepared in collaboration
with ANL and entered the preproduction phase.

FIRST PNEUMATIC TUNER PROTOTYPE
AT FRIB

First pneumatic tuner prototype was prepared in spring
2014 (Fig.1). The design followed ANL guidelines [1]. We
started the systematic study of the tuner in June 2014 using
a HWRS53 cavity.

.

Figure 1: Pneumatic tuner prototype.

We used FRIB LLRF controller interfaced with PC to
drive the valve system and acquire helium gas pressure and
frequency data. For evaluation purposes we developed 3
types of sequences:

e  Full range scanning with frequency and pressure
registration up to 15 cycles per hour (can be exe-
cuted in superconducting state and nearly critical
coupling at room temperature)

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661, the State of Michigan
and Michigan State University

1 stark@frib.msu.edu
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e Full range scanning up to 150 cycles per hour with
pressure registration
o Small range (1-2 psi) scanning 1800 cycles per
hour with pressure registration. The pressure floor
could be changed using the pressure regulator
During the first warm testing runs the main part of tuning
mechanism including frame, arms and cables seemed to
work fine and to be under control. We only had to reinforce
the planes as they were flexing and enlarge the spacing for
frame to move without touching the arms. We had to con-
centrate on the bellows lifetime as the most critical param-
eter for FRIB project. We started with the bellows with 3
guides for the movable flange (Fig. 2).

Figure 2: Initial bellows model.

We have got one of the bellows broken in the first con-
volution after 500 full cycles. After that all new bellow
flanges are EB welded instead of TIG to reduce the over-
heating and bellows damage probability, and the profile for
welding had been modified.

The main problem we encountered was the friction and
binding between the guides and the flange.

Used testing sequence consisted of about 200-300 full
range cycles and about 2000 each small range cycles in at
least 3 pressure regions.

Several guide bar-bushing combinations and solutions
were tested (Fig.3).

Nitronic bar and bushing

Nitronic bar and Bronze bushing

Nitronic bushing and Bronze bar (ANL style)
Nitronic bushing and Bronze bar of larger diame-
ter

Nitronic/Dicronite bushing and Bronze bar
Nitronic/Dicronite bar and bushing
Nitronic/Dicronite bushing and Nitronic bar
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FIRST FRIB B = 0.53 PROTOTYPE COLDMASSS BUILD*

D. Victory”, K. Elliott, B. Oja, J. Popielarski, M. Wilbur,
Facility for Rare Isotope Beams (FRIB), Michigan State University, East Lansing, MI 48824, USA

Abstract

The B =0.53 coldmass consists of eight Superconducting
Radio Frequency (SRF) f =0.53 cavities, eight Fundamen-
tal mode Power Couplers (FPC), and one 8 T solenoid.
This is the first coldmass with this version of cavity and it
has brought new challenges to overcome. The Facility for
Rare Isotope Beams (FRIB) contains 18 cryomodules with
B =10.53 cavity coldmasses, and this type of coldmass is the
highest power and most produced ones in FRIB. During the
final cleaning stage and the cavity assembly, particle de-
tection equipment is used to verify the cavity cleanliness
levels for cavity certification test and for coldmass assem-
bly. This method allows for cleanliness detection of spe-
cific areas inside the cavity at any time a vacuum flange is
off. The fixtures, techniques and procedures used to build
the § =0.53 coldmasses will be presented.

INTRODUCTION

The FRIB linear accelerator consists of 3  =0.041 cold-
masses, 11 B =0.085 coldmasses, 12 § = 0.29 coldmasses,
and 18 B =0.53 coldmasses. Coldmasses of each type have
been assembled except for the f = 0.29 variant at this time.
All of the B = 0.041 coldmasses have been assembled and
are being installed into cryomodules. Three B = 0.085 cold-
masses have been fully assembled with two tested. The last
B = 0.085 cryomodule was tested with no field emission
increase from vertical test.

The = 0.53 coldmass took over a year to complete from
the first cavity arrival. The design and process were based
on a prototype cryomodule previously built, but new fix-
tures and procedures were developed with new designs to
successfully build the coldmass.

FRIB BASELINE CAVITY PROCESS

Incoming Cavity Process

All cavities and coldmass components are subject to in-
spection through an Acceptance Criteria List prior to pro-
cessing. Critical dimensions are measured with a Coordi-
nate Measurement Machine. Machined mounting surfaces
are measured to ensure proper placement of the cavity on
the alignment rails. Other inspection includes surface fin-
ish quality test, and detection of scratches, dings, and in-
clusions.

Cavities are degreased after inspection to remove any re-
sidual grease and oil from the fabrication process. A 1%
solution of Micro-90'™ detergent is used in an ultrasonic
cleaner at 100°F for 60 mins.

* This material is based upon work supported by the U.S. Department of
Energy Office of Science under Cooperative Agreement DE SC0000661,
the State of Michigan and Michigan State University.

# victory@frib.msu.edu
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Cavity Etching and Heat Treatment

The B = 0.53 cavity is etched with buffered chemical
polish to remove 120 microns. This process is also used to
tune the cavity. For this purpose, the process is divided into
several steps [1]. A final etch cleans up the surface by re-
moving 30 microns of material. After etching the cavity
goes into the cleanroom and 150 minutes high pressure
rinsing takes place with 93 bar water. The high pressure
rinse robot manipulates a wand that enters into the 7 ports
on the cavity.

After the bulk etch process is completed, the cavity is
placed in a vacuum furnace. This furnace operates at 600°C
for 10 hours to remove the deposited hydrogen on the sur-
face of the niobium.

Cavity Assembly

After the high pressure rinse, the cavity is dried over-
night in an ISO 5 cleanroom. The cavity ports are covered
with clean plastic caps to prevent particles from entering
during assembly. The assembly starts on the bottom of the
cavity and goes up to reduce the contamination from han-
dling hardware above open ports. The vertical test setup
includes a matched radio frequency power coupler and the
cryomodule diagnostic pickup loop coupler. Cavities and
vacuum components are verified to be clean with a surface
particle detector to less than 0.2 0.3um particles/cm?.

The cavity is mounted on a vertical test insert with a flex-
ible coupling to make the vacuum connection (Fig. 1). The
vacuum system on the insert allows for manual slow pump
and purge processes to pump out and purge at 1 mbar/s. A
helium mass spectrometer is used to verify the seal and
weld leak rates before cooled down to 2 K with liquid he-
lium.

e

-y = .
Figure 1: B = 0.53 cavity for vertical test on test insert
with Fundamental mode Power Coupler (FPC).
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FIRST FRIB p=0.041 PRODUCTION COLDMASS BUILD*

K. Elliott?, S. Miller, B. Oja, J. Popielarski, L. Popielarski, D. Victory, M. Wilbur, T. Xu,
Facility for Rare Isotope Beams, East Lansing, USA
M. Wiseman, Thomas Jefferson National Accelerator Facility, Newport News, USA

Abstract

Three f=0.041 cryomodules (CMs) are required for the
Facility for Rare Isotope Beams (FRIB) accelerator. Clean-
room assembly of all three coldmasses for these cryomod-
ules has been completed. The cleanroom assembly in-
cludes; the superconducting radio frequency (SRF) cavi-
ties, the superconducting solenoids, fundamental-mode
power couplers (FPC), beam position monitors, alignment
rail, and transport cart. This paper will provide an overview
of the techniques and procedures used to assemble this cav-
ity string to be put to practical use in the FRIB accelerator.

INTRODUCTION

The f=0.041 cryomodules (CMs) are the lowest B CMs,
being the first superconducting accelerator components of
the FRIB accelerator. There will be three of the $=0.041
CMs. The core of the CM is referred to as the coldmass.
Generally speaking, the lowest B coldmass is the most dif-
ficult to manufacture and to assemble for its tight space.
The coldmass assembly is done in an ISO 5 cleanroom. The
coldmass is considered complete once the physical assem-
bly matches the assembly drawing, and is under vacuum
and leak checked.

COLDMASS COMPONENTS

The completed = 0.041 coldmass is shown in Figure 1.
It can be seen from the figure that four § = 0.041 supercon-
ducting RF (SRF) cavity vessels and two superconducting
(SC) solenoid vessels are mounted on the alignment rail.

*This material is based upon work supported by the U.S. Department of
Energy Office of Science under Cooperative Agreement DE
SC0000661, the State of Michigan and Michigan State University.

#elliott@frib.msu.edu
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Alignment Rail and Cart

The alignment rail is a stainless steel structure on which
the cavities are mounted and aligned along the beam axis.
The cart is a simple assembly which the alignment rail is
mounted on to allow easy transportation and manipulation
of the entire coldmass. The alignment rail undergoes nu-
merous inspections upon arriving from the vendor. The
cooling lines, which are welded to the rail, are leak
checked. A coordinate measurement machine (CMM) ver-
ifies that the alignment features of the rail are within toler-
ance. The alignment rail is measured for residual magnetic
field. Once the rails are accepted they are cleaned with a
high pressure solution of ultra-pure water and Micro90 de-
tergent, then brought into the cleanroom. Surface particle
counts are taken on the rails after they enter the cleanroom
to confirm that the rails are adequately clean and will not
risk contaminating the SRF cavities.

SRF Cavities

The SRF cavities are of quarter wave resonator (QWR)
structure with a resonant frequency of 80.5 MHz. They un-
dergo a similar battery of acceptance tests as the rails, with
the notable addition of a cavity surface inspection by bo-
rescope, and frequency measurement. After the cavities are
accepted they will receive a bulk etching of 120 um by
buffered chemical polish (BCP). Then they are heat treated
in a vacuum furnace at 600°C for 10 hours, and precision
machined for beam line alignment. The cavities can be
fine-tuned by preferential etching [1]. After all of the afore-
mentioned steps are completed the cavity proceeds through
the final processing steps, including an ultrasonic cleaning,
light etch of at least 30 um, and high pressure rinse with
ultrapure water (UPW) for 150 minutes at a pressure of 93
bar [2].

The cavity typically dries overnight following the high
pressure rinse. It is then assembled and installed to the test-
ing insert. The beam line space is evacuated to ultrahigh
vacuum and leak checked, then the test insert is removed
from the cleanroom and prepared for cryogenic testing.

The test insert provides a platform which mimics actual
CM operation. Liquid helium is supplied to the cavity he-
lium vessel to make the cavity superconducting. A friction
mass damper is installed to the cavity’s inner conductor,
just as it would be in the CM. During the cryogenic testing
numerous performance parameters are measured to con-
firm that they are within specification. The cavity should
not have any leaks from the helium jacket. The cavity fre-
quency should be within the tuneable range provided by
the stepper motor. In particular, the cavity quality factor, Q,
should meet or exceed FRIB specification of 1.4 x 10° at
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RF ANALYSIS OF ELECTROPOLISHING FOR EXFEL CAVITIES
PRODUCTION AT ETTORE ZANON SpA

A. Sulimov, DESY, Hamburg, Germany
A. Gresele, M. Giaretta, A. Visentin, Ettore Zanon S.p.A., Schio, Italy

Abstract

After successful finishing of superconducting cavities
mass production at Ettore Zanon S.p.A. (EZ) for the
European XFEL (EXFEL), the authors had the possibility
to provide a detailed analysis of the electropolishing (EP)
process. The analysis of EP material removal is based on
specified RF measurements and was used for the
determination of both, the ratio between cavity’s iris and
equator and uniformity in different cells. A comparison of

the RF measurements results with mechanical
measurements is presented.
STATISTICS

The measurements of cavity weight before and after the
EP process during serial cavity production at EZ allowed
us to calculate the average value of removed material
from the cavity surface on the level of (154 + 6) um. The
minimal and maximal values are correspondingly 143 um
and 183 pm.

The results of the statistical analysis of more than 300
cavities are presented on Figure 1.

The relative errors of frequency changes (8F,) and
frequency sensitivity determination (8(dF,/d R)) are about
15 %. It means that the average value of removed material
from the cavity surface can be determined with relative
error of 30%, which corresponds to the values
(153 £44) um.

The usage of additional RF measurements helps to
estimate also the average values in different cavity
regions (irises and equators) [1].

One can notice that the pi-mode frequency change
(dFpi) not only depends on the average amount of
removed material from the inner cavity surface but also
on the ratio of removed material between iris and
equator — dRi/dRe. Extra material removal from the iris
reduces the pi-mode frequency deviation due to EP and it
has to be taken into account in the analysis of the mean
removal value along a cavity.

ALGORITHM OF ANALYSIS

The three calculation methods will be described in this
part:

- removed material along one cell;

- mean removal along a cavity;

- removed material in different cavity cells.

Removed Material Along One Cell

The amount of removed material along one cell is a
function:

dRcey = f(2), (L.1)

Lo S Le L
which is determined in the range z € [— 7‘,?], where L

is the length of a cell.
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Figure 1: Deviation of EXFEL cavities parameters during EP at E.ZANON (for 300 cavities).
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THE DTL POST COUPLER - AN INGENIOUS INVENTION TURNS 50

S. Ramberger*, CERN, Geneva, Switzerland
M. R. Khalvati, School of Particles and Accelerators, IPM, Tehran, Iran

Abstract

In September 1967, the patent for "A method and device
for stabilization of the field distribution in drift tube linac"
has been filed by Edward A. Knapp, Donald A. Swenson,
and James M. Potter of Los Alamos National Laboratory [1].
It is this invention which to a good part led to the success
of highly efficient Alvarez drift tube linacs (DTLs) in that it
considerably reduces field errors. The explanation for why
the post coupler when tuned correctly has such a strong sta-
bilizing effect has been given at the time in an accompanying
paper by describing the modal confluence of the accelerat-
ing mode band with the post-coupler mode band, turning a
comparatively sensitive 0-mode structure into a stable x/2-
mode like structure. As ingenious as the invention of the
post coupler appears, as poor has been the way of finding its
optimum length by relying mainly on trial and error. With
the design of the Linac4 DTL at CERN, a new technique
has been derived by a DTL equivalent circuit model. Under-
standing stabilization on an almost cell by cell level provides
a new way of optimizing post couplers of an entire structure
with few measurements and even without the extraction of
the circuit model itself. Previous approaches to post-coupler
stabilization are reviewed and the new, straightforward and
accurate technique is described and demonstrated in the
stabilization of the Linac4 DTL structures.

INTRODUCTION

Within two years after WWII, Luis Alvarez developed
the first Drift Tube Linac (DTL) based on ideas of Ising and
Widerge [2]. While beams of ions had been accelerated by
RF power before, it was with the availability of strong RF
sources at 200 MHz that had been developed for radar appli-
cations during the war that such a structure could be built
with reasonable dimensions as necessary for the acceleration
of proton beams. In order to achieve sufficient acceleration,
high gradients were required, that could only be maintained
in cavities. Alvarez had the idea to attach one cavity to the
next and to suppress end walls in order to reduce losses. He
built the first DTL empirically from model cavities that he
excited in the TMy;¢9 mode and he adjusted the dimensions
in order to find the proper drift tube and resonator length.

In the following years, the theory of RF acceleration was
further developed and beams of ever higher intensity could
be accelerated. The invention of strong focusing in the early
1950s sorted out the issues with grid focusing [3] and soon af-
ter, new drift tube geometries were found analytically which
lead to higher shunt impedances [4]. Already at that time,
permanent magnet quadrupoles have been considered as fo-

* Suitbert.Ramberger @cern.ch
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cusing elements and computers were used to optimize the
RF design.

EQUIVALENT CIRCUIT MODEL

For the injection into synchrotrons, effective beam trans-
port and beam quality were of particular importance and in
the 1960s with new machines just having come on-line, it
became clear that field stability and beam loading needed
to be better understood. It turned out that beam loading not
only had an influence on the absolute field level but also on
the variation of fields within the cavity. Modal analysis and
equivalent circuits were used for a better understanding of
the cavity behavior [5].

The equivalent circuit of yet unstabilized drift tube cells
has been developed in [6] that topologically is that of a trans-
mission line with series resonators Z, and shunt elements
Y, (Fig. 1):

1
Z, = jwL,+—— 1
n JwLhp jwC, (D
Y, = jwC + 2
R )

where L,, and C,, represent the equivalent circuit elements for
drift tube n, and L;, and C,, are the elements of the stem and
the shunt capacitance between drift tubes and tanks respec-
tively. Certainly, the elements when extracted do not fully
scale with cell lengths as they are the result of a quasi-static
approximation and also contain other stray contributions.
Note that losses have been neglected.

Infinite circuit structures can be analyzed by transmission
line theory in order to get an idea about the average wave
transmission on fully distributed elements or more correctly
by Floquet’s theorem thus representing an infinite chain of
equal basic cells (Fig. 1) [7]. The propagation constant and
thus the dispersion diagram can be directly extracted from
Z and Y’. When using transmission line theory, the 7-mode
is not represented.

L S Ly L
n Cn L','n nﬁ‘I Cn+1 n+1

'
L n+l

|
|

Figure 1: DTL equivalent circuit without post couplers.

ISBN 978-3-95450-169-4
547



Proceedings of LINAC2016, East Lansing, MI, USA

TUPLR040

THE RF SYSTEM OF THOMX*

M. El Khaldi, H. Monard, R. Marie, F. Wicek
LAL, Orsay, France
M. Diop, R. Lopes, A. Loulergue, M. Louvet, P. Marchand, F. Ribeiro, R. Sreedharan
SYNCHROTRON SOLEIL, Gif-sur-Yvette, France

Abstract

The RF system of the ThomX electron storage ring
consists in a 500 MHz single cell copper cavity of the
ELETTRA type, powered with a 50 kW CW solid state
power amplifier (SSPA), and the associated Low Level RF
feedback and control loops. The low operating energy of
50/70 MeV makes the impedances of the cavity higher
order modes (HOMs) particularly critical for the beam
stability. Their parasitic effects on the beam can be cured
by HOM frequency shifting techniques, based on a fine
temperature tuning and a dedicated plunger. A typical
cavity temperature stability of £ 0.05°C within a range
from 30 up to 70 °C can be achieved by a precise control
of its water cooling temperature. On the other hand, the
tuning of the cavity fundamental mode is achieved by
changing its axial length by means of a motor-driven
mechanism. A general description of the system and the
state of its progress are reported together with some
considerations of the effects of beam cavity interactions.

INTRODUCTION

ThomX is a Compton source project of hard X rays
(45/90 keV). The machine is composed of a 50/70 MeV
injector Linac and a storage ring where an electron bunch
collides with a laser pulse accumulated in a Fabry-Perot
resonator. The final goal is to provide an X-rays average
flux of 10''-10'3ph/s. The ThomX project [1] was recently
funded and a demonstrator is being built on the Orsay
university campus.

The proposed RF system for the ThomX storage ring is
described in [2]. It consists in a 500 MHz single cell cavity
of the ELETTRA type [3], powered with a 50 kW CW
solid state power amplifier (SSPA), and the associated
Low Level RF feedback and control loops [4].

When a bunch traverses a high Q resonator like a RF
cavity, it excites its higher order modes (HOMs). The
induced long term electromagnetic wakefields act back on
the bunch over many revolutions and therefore can cause
beam instabilities resulting in degradation of the beam
quality or even beam losses.

In a low energy ring like ThomX, the natural damping
time is so weak (~ 1 s) that a stationary stable condition can
never be reached during the beam storage time, which is as
short as 20 ms. On the other hand, it is sufficient to
maintain the instability growth time larger than the beam
storage time in order to keep at tolerable level the effect on

*Work supported by the french "Agence Nationale de la Recherche" as
part of the program ‘"investing in the future" under reference
ANR-10-EQPX-5, and also by grants from Région Ile-de-France.
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the beam. That requires very strong attenuation of the
cavity HOM impedances, typically by a few 10°.

There are essentially two methods of coping with such
HOM impedances, either a strong de-Qing of the HOM
resonances [5, 6] or a tuning of their frequencies away from
the beam spectral lines to prevent resonant excitations [7].
With the former it is difficult to reach attenuation factors
larger than a few 10% over a wide frequency range. The
latter, which consists in controlling the HOM frequencies,
is better suited to a small circumference machine like
ThomX, where the beam spectral lines spacing (16.7MHz)
is very large as compared to the HOM bandwidth. As far
as the HOM density is not too high and that they can be
tuned far enough from the beam spectral lines
(0f>>fyom /Q,), it should be possible to reduce their
effective impedances, Rer (“as seen” by the beam), down
to tolerable levels:

Retr = Ry/ (2Q0.8f /fiom)*<<Rs (1)

That led us to choose the ELETTRA type cavity which
allows applying this technique in combining three tuning
means. The HOM frequencies are precisely controlled by
proper setting of the cavity water cooling temperature
within a range from 30 up to 70 °C with a stability of
+ 0.05 °C, while the fundamental frequency is recovered
by means of a mechanical tuner which changes the cavity
length. Besides, a movable plunger provides another
degree of freedom for tuning the HOM frequencies.

In order to insure a fine control of the HOM frequencies,
a good knowledge of their characteristics is mandatory.
The main parameters of the fundamental and the HOMs
have therefore been calculated using the Eigenmode solver
of the 3D Electromagnetic HFSS [8] and CST MWS [9]
codes and compared with the measured values on the
cavity [10]. As it will be hard to cope with all these modes
only by applying the tuning technique, one relies on the
longitudinal and transverse feedbacks in order to bring
additional damping.

STORAGE RING RF SYSTEM

The selection of 500 MHz as RF frequency leads to a
quite good compromise in terms of cavity fundamental and
HOM impedances, space requirements as well as the
availability of RF power sources and other components.

500 MHz RF Cavity
One 500 MHz single cell cavity of the ELETTRA type,
powered with a 50 kW CW SSPA, will provide the
required RF voltage of 500 kV. It is made out of OFHC
ISBN 978-3-95450-169-4
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MANUFACTURING, ASSEMBLY AND TESTS OF THE LIPAC MEDIUM
ENERGY BEAM TRANSPORT LINE (MEBT) *

I. Podadera T, P. Abramian, B. Braiias, J. Calero, J. Castellanos, J. M. Garcia, D. Gavela, A. Guirao,
J. L. Gutiérrez, D. Jiménez-Rey, M. Lafoz, D. Lopez, L. M. Martinez, E. Molina, J. Molla,
C. de la Morena, C. Oliver, D. Regidor, A. Soleto, F. Toral, R. Varela,
V. Villamayor, M. Weber, CIEMAT, Madrid, Spain
O. Nomen, Institut de Recerca en Energia de Catalunya, IREC, Barcelona, Spain

Abstract

LIPAc [1]is a 9 MeV, 125 mA CW deuteron accelerator
which aims to validate the technology that will be used in the
future IFMIF-DONES accelerator [2]. The acceleration of
the beam will be carried out in two stages. An RFQ will in-
crease the energy up to 5 MeV before a Superconducting RF
(SRF) linac made of a chain of eight Half Wave Resonators
bring the particles up to the final energy. Between both
stages, a Medium Energy Beam Transport line (MEBT) [4]
is in charge of transporting and matching the beam between
the RFQ and the SRF. The transverse focusing of the beam is
controlled by five quadrupole magnets with integrated steer-
ers, grouped in one triplet and one doublet. Two buncher
cavities surrounding the doublet handle the longitudinal dy-
namics. Two movable scraper systems are also included to
purify the beam optics coming out the RFQ and avoid losses
in the SRF. In this contribution, the final integrated design
of the beamline will be shown, together with the auxiliaries.
The manufacturing of all the components and the integration
in the beamline will be depicted. The final tests carried out
to the beamline prior to the installation in the accelerator
will be also reported.

MANUFACTURING & TESTS

The challenging requirements from beam dynamics [3]
due to the high space charge along the MEBT causes a very
compact and complex mechanical design [4]. In less than
two meters, the MEBT contains five combined magnets,
two movable scrapers, two re-buncher cavitities and four
beam position monitors, as main components. Moreover,
due to the activation, the time required for maintenance of
the components should be minimized with easy access to
the most delicate pieces.

Magnets

The mechanical design and the manufacturing was per-
formed by the company ANTEC from an electromagnetical
design [5]. The main challenges of the design were the lim-
iting longitudinal space, which complicates the design of
the coils and the electrical and hydraulical connections. Fur-
ther information of the manufacturing can be found in [6]
(see Fig. 1). Each magnet has followed a complete set of

* This work has been funded by the Spanish Ministry of Economy and
Competitiveness under the Agreement as published in BOE, 16/01/2013,
page 1988 and the project FIS2013-40860-R

ivan.podadera@ciemat.es
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tests in the company: water cooling tests, insulation, coils
impedance at several frequencies, metrology. All the mag-
nets passed the tests prior to the magnetic analysis. Later,
the magnets were tested in two magnetic test benches in
ALBA-CELLS [14]. The analysis showed slightly higher
harmonics in some magnets. However, after redoing some
beam dynamics analysis it was seen there was no influence in
the beam, therefore the magnets were accepted for assembly
in the beamline.

Figure 1: Picture of one of the MEBT combined magnets.

Re-buncher Cavities

Two re-buncher cavities with an EoLT of 350kV are nec-
essary to match the beam with the SRF LINAC. The design
was really challenging due to the limited space and the high
voltage required. It was necessary to search for a special
design of 5-gap IH resonant cavity with less than 10 kW
dissipation power and low power density in the walls [8].
The re-buncher cavities were manufactured and integrated
mainly by the Spanish company DMP (Fig. 2). The two
re-buncher cavities have been tested following the same pro-
cedure. A complete set of tests (vacuum, water cooling,
metrology) was performed in factory after each fabrication
step [9]. Later, a smooth RF conditioning up to full power
was carried out successfully at ALBA-CELLS RF labora-
tory [10]. The final Solid State Power Amplifer (SSPA)
-developed by bTESA- was used as RF supply [11].

Scrapers

The mechanical design, manufacturing (see Fig. 3) and
integration were performed by the company AVS from the
thermomechanical and cooling design of the blades [12].

3 Technology
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DESIGN AND OPERATION OF PULSED POWER SYSTEMS
BUILT TO ESS SPECIFICATIONS

Michael Kempkes, Marcel Gaudreau, Matthew Munderville, [an Roth, Diversified
Technologies, Inc., Bedford, MA, USA
Julien Domenge, Jean-Luc Lancelot, SigmaPhi Electronics, Vannes, France

Abstract

Diversified Technologies, Inc. (DTI), in partnership
with SigmaPhi Electronics (SPE) has built three long
pulse solid-state klystron transmitters to meet spallation
source requirements. Two of the three units are installed
at CEA Saclay and the National Institute of Nuclear and
Particle Physics (IN2P3), where they will be used as test
stands for the European Spallation Source (ESS). The
systems delivered to CEA and IN2P3 demonstrate that the
ESS klystron modulator specifications (115 kV, 25 A per
klystron, 3.5 ms, 14 Hz) have been achieved in a reliable,
manufacturable, and cost-effective design. There are only
minor modifications required to support transition of this
design to the full ESS Accelerator, with up to 100 klys-
trons. The systems will accommodate the recently-
determined increase in average power (~660 kW), can
offer flicker-free operation, are equally-capable of driving
Klystrons or MBIOTs, and are designed for an expected
MTBCEF of over ten years, based on operational experi-
ence with similar systems.

INTRODUCTION

Diversified Technologies, Inc. (DTI), in partnership
with SigmaPhi Electronics (SPE), has designed and in-
stalled advanced, high voltage solid-state modulators for
European Spallation Source (ESS)-class klystron pulses
(Figure 1). These klystron modulators use a series-switch
driving a pulse transformer, with an advanced, patent-
pending regulator to maintain a precise cathode voltage as
well as a constant load to the external power grid. The
success of the design in meeting the ESS pulse require-
ments (Table 1) is shown in Figure 2.

Figure 1: DTI’s prototype solid-state ESS-class klystron
modulator, developed under a DOE SBIR grant.
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Table 1: ESS Klystron Modulator Requirements

Specification

Voltage -115kV

Current 25 A per Klystron

Pulse Width 3.5ms

Frequency 14 Hz (max)

Average Power 160 kW (per Klystron)

Droop <1%

Pulse Repeatability <0.1%
TekRun_| e —— Trig'd

Ch2 ampl
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Figure 2: Modulator pulse at 108 kV, 3.5 ms, 0.07% flat-

top into a Thales TH2179A klystron during site ac-
ceptance testing at IN2P3, 18 December 2015.

18 Dec 2015
11:23:19

The DTI/SPE klystron modulator is now a fully proven
design, delivering significant advantages in klystron per-
formance through:

e Highly reliable operation, demonstrated in hundreds
of systems worldwide, and predicted to significantly
exceed ESS requirements

e  Flicker- and droop-free operation over a range of
operating parameters

e  All active electronics in air for easy maintenance

With the delivery of these initial modulators, the transi-
tion to production for the ESS system itself is straightfor-
ward.

DESIGN

The heart of the DTI/SPE modulator design is a high
voltage solid-state switch driving a pulse transformer. The
switch is made of seven series-connected IGBT modules,
and operates at 6.7 kV. This design enables a measured
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THYRATRON REPLACEMENT

Dr. Ian Roth, Dr. Marcel Gaudreau, Michael Kempkes, Matthew Munderville,
Diversified Technologies, Inc., Bedford, MA, USA

Abstract

Semiconductor thyristors have long been used as a re-
placement for thyratrons in low power or long pulse RF
systems. To date, however, such thyristor assemblies have
not demonstrated the reliability needed for installation in
short pulse, high peak power RF stations used with many
pulsed electron accelerators. The fast rising current in a
thyristor tends to be carried in a small region, rather than
across the whole device, and this localized current con-
centration can cause a short circuit failure. An alternate
solid-state device, the insulated-gate bipolar transistor
(IGBT), can readily operate at the speed needed for the
accelerator, but commercial IGBTs cannot handle the
voltage and current required. It is, however, possible to
assemble these devices in arrays to reach the required
performance levels without sacrificing their inherent
speed. Diversified Technologies, Inc. (DTI) has patented
and refined the technology required to build these arrays
of series-parallel connected switches. DTI is currently
developing an affordable, reliable, form-fit-function re-
placement for the klystron modulator thyratrons at SLAC
capable of pulsing at 360 kV, 420 A, 6us, and 120 Hz.

BACKGROUND

The Stanford Linear Collider (SLC) has used thyratrons
in its klystron modulators since its inception in 1963.
While the thyratrons function, they need replacement
every 10,000 hours at a cost of $13,000 each, plus labor.
Furthermore, periodic maintenance is required to adjust
their reservoir heater voltage over the thyratron lifetime.
As the Stanford Linear Accelerator Center (SLAC) con-
tinues to run its accelerator over the next two decades,
replacing the thyratrons with a solid-state switch that
would last 25 years or more, and does not need mainte-
nance, would provide significant savings — both in the
avoided cost of thyratrons as well as the labor in replacing
and adjusting them.

SLAC is presently funding the development of a solid-
state switch, based on thyristor technology to replace the
thyratrons (Figure 1), meeting the requirements of exist-
ing klystron modulators (Table 1). The difficulty is that a
fast rising current in a thyristor tends to be carried in a
small region, rather than across the whole device, and this
localized current concentration can cause a short circuit
failure.

Work supported by DOE under contract DE-SC0011292
3 Technology
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Figure 1: DTI solid-state replacement for the L-4888
thyratron used at SLAC. The switch, which operates at 48
kV and 6.3 kA, fits in the same location as the legacy
thyratron assembly.

Table 1: ESS Klystron Modulator Requirements

Specification

Voltage 48 kV
Current 6.3 kA
Pulse Width 6 s
Risetime 1 us, 10 A/ps
Frequency 120 Hz

DESIGN

An alternate solid-state device, the insulated-gate bipo-
lar transistor (IGBT), can readily operate at the speed
needed for the accelerator, but commercial IGBTSs cannot
handle the voltage and current required. It is, however,
possible to assemble these devices in arrays to reach the
required performance levels without sacrificing their
inherent speed. Diversified Technologies, Inc. (DTI) has
patented and refined the technology required to build
these arrays of series-parallel connected switches. DTI
has shipped more than 500 systems leveraging this tech-
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DESIGN, FABRICATION, INSTALLATION AND OPERATION OF
NEW 201 MHZ RF SYSTEM AT LANSCE*

J. T. M. Lyles”, W. Barkley, R. Bratton, M. Prokop, D. Rees
AOT Division, Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract

The LANSCE RM project has restored the proton linac
to high power capability after the RF power tube
manufacturer could no longer provide devices that
consistently met the high average power requirement.
Diacrodes® now supply RF power to three of the four DTL
tanks. These tetrodes reuse the existing infrastructure
including water-cooling systems, coaxial transmission
lines, high voltage power supplies and capacitor banks.
Each final power amplifier (FPA) system uses a combined
pair of LANL-designed cavity amplifiers using the
TH628L Diacrode® to produce up to 3.5 MW peak and 420
kW of average power. A new intermediate power amplifier
(IPA) was developed using a TH781 tetrode. These
amplifiers are the first production of new high power 200
MHz RF sources at accelerators in three decades. Design
and prototype testing of the high power stages was
completed in 2012, with commercialization following in
2013. Each installation was accomplished during a 4 to 5
month beam outage ecach year starting in 2014.
Simultaneously, a new digital low-level RF control
(dLLRF) system was designed and tested, and placed into
operation this year, meeting the stringent field control
requirements for the linac. The rapid-paced installation
project changed over from old to new RF systems while
minimizing beam downtime to the user facility schedule.

BACKGROUND

The LANSCE drift tube linac (DTL) uses four Alvarez
cavities powered at 201.25 MHz, to accelerate both protons
(H") and negative hydrogen ions (H) from 0.75 to 100
MeV before injection into a 805 MHz coupled-cavity linac
(CCL). Pulsed RF power must be capable of 15% duty
factor (DF) and as high as 3.3 MW of peak RF power, with
corresponding average power capability of 480 kW per
cavity. This is in contrast to the high-peak/low-average
power proton injector linacs at 200 MHz used at Fermilab,
CERN, RAL and BNL. Over the past 25 years,
manufacture of reliable RF amplifier triodes operating at
this average power has been unpredictable. Both premature
loss of cathode emission and ceramic cracking have
occurred in numerous tubes run at our power levels. In
2006, the operating point of the power amplifiers (PA) had
to be reduced in order to hold operating costs on budget
(for all-too-frequent tube replacements). This led to the
decision to operate LANSCE at half of its design original
duty factor, until a solution was ready. This report discusses

* Work supported by the United States Department of Energy, National
Nuclear Security Agency, under contract DE-AC52-06NA25396
# jtml@lanl.gov
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the solution from the LANSCE Risk Mitigation project - to
double the linac duty factor by replacing the original
201.25 MHz amplifiers with modern power amplifier
circuits and to modernize the low level RF controls for
these amplifiers.

RF SYSTEM IMPROVEMENTS
Power Amplifiers

A previous report explained the reasoning behind the
choice of the TH628L Diacrode® from Thales Electron
Tubes as the active device for this application [1].
Combining the outputs of two FPAs (Fig. 1) provides
suitable headroom in peak and average power, allowing the
tubes to operate well within their rating. Increased
amplifier reliability and tube lifetime results from this
pairing.

A matching cavity amplifier circuit was developed with
technical assistance from the Thales tube product
engineering team. The common-grid circuit configuration
uses a full wavelength double-ended coaxial line output
circuit. This enables the Diacrode® to double the RF power
available over a traditional single-ended tetrode [2]. The
mechanical and electrical design and testing of the FPA,
IPA and supporting electronics were discussed elsewhere
[31[4]. Continuous RF testing in 2012-13 demonstrated 2.5
MW peak power at 12% duty factor and up to 3 MW at
lower average power to validate the design and test the
cathode emission capabilities of the tube. Each FPA
operates at less than 1.85 MW in the DTL RF Stations.

Figure 1: Dual final power amplifiers.

Continental FElectronics Corporation manufactured
seven PAs per our design in 2013-2015 [5]. Four IPAs were
produced by Betatron Electronics, Inc. These units use a
Thales TH781 tetrode and matching TH18781 cavity
amplifier. One IPA drives two FPAs at each RF station. All
amplifiers conveniently reuse the same cooling water plant,
the HV power supplies, capacitor banks, crowbar
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COMMISSIONING OF XBOX3: A VERY HIGH CAPACITY X-BAND RF
TEST STAND

N. Catalan Lasheras, C. Eymin, G. McMonagle, S. Rey, I. Syratchev, B. Woolley, W. Wuensch,
CERN, Geneva, Switzerland
J. Giner Navarro, D. Esperante Pereira, T. Argyropoulos,
Instituto de Fisica Corpuscular (IFIC), Valencia, Spain
M. Volpi, Melbourne University, Australia
J. Tagg, National Instruments, Switzerland

Abstract

The Compact Linear Collider (CLIC) beam-based accel-
eration baseline uses high-gradient travelling wave accel-
erating structures at a frequency of 12 GHz. In order to
prove the performance of these structures at high peak
power and short pulse width RF, two klystron-based test
facilities have been put in operation in the last years. The
third X-band testing facility at CERN (Xbox3) has recently
been commissioned and has tripled the number of testing
slots available. Xbox3 uses a novel way of combining rel-
atively low peak power (6 MW) but high average power
klystron units whose power is steered to feed four testing
slots with RF to the required power with a repetition rate
of up to 400 Hz. Besides the repetition rate, peak power,
pulse length and pulse shape can be customized to fit the
test requirements. This novel way of combining pulsed RF
high power can eventually be used for many other applica-
tions where multiple test slots are required.

INTRODUCTION

The performance target for the normal conducting acceler-
ating structures of a 3 TeV final energy version of CLIC is
a maximum breakdown rate of 3x1077/(pulse-m) at the
nominal average gradient of 100 MV/m in order to limit
luminosity loss to less than 1% [1, 2]. An extensive pro-
gram aiming at testing 40 structures by 2019 is being car-
ried out to understand and control the RF breakdown rate
in prototype CLIC accelerating structures. The original
klystron-based test facilities in Japan and the US are being
complemented by the construction of three new test facili-
ties at CERN called Xbox 1, Xbox2, and Xbox3 [3, 4]. Ra-
ther than using high peak voltages and currents in the klys-
trons as the previous two facilities, Xbox3 uses a combina-
tion of low peak power klystrons. The average power is
recovered by increasing the pulse width and repetition rate.
The required peak power is achieved by combining the out-
put power of multiple klystrons and through pulse com-
pression [5]. This process allows the production of
60 MW, 200-300 ns pulses at much higher repetition rates
than would be possible with the single XL5 klystron used
in previous Xboxes. In this paper, we will describe the
combination scheme used in Xbox3. The two following
sections will deal with the testing and commissioning of
LLRF and control system. The last section will be dedi-
cated to describe our experience during the global commis-
sioning of the facility.
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COMBINATION SCHEME

To recreate the power produced by the drive beam and
Power Extraction Transfer Structure (PETS) into the CLIC
accelerating structures, we require a rectangular pulse
longer than 180 ns with a peak power of 60 MW. We use
as in the previous test facilities pulse compression which
can multiply the peak power by a factor four, when com-
pressing a 3.5 us pulse down to 300 ns [6]. The original
Xbox3 layout combined four 6 MW power klystrons
through a chain of hybrids to reach the required power for
a test bench [7]. The phase into the klystrons is changed
every pulse to direct the power to any of the four branches
after the chain of hybrids. The high repetition rate (400 Hz)
is used to feed the test benches sequentially with a final
repetition rate of 100 Hz. However, given the good perfor-
mance of the klystron/modulator system and the pulse
compression obtained in Xbox2, we decided to separate the
four-in-four system into two independent test facilities
combining two-in-two. By construction, if any of the
power sources fails, the operation of the full test facility is
compromised. By building the Xbox3 as two separate fa-
cilities, we can double the general availability of the
benches. The geometry and location of the elements in the
waveguide network has been kept so that going back to a
four-in-four operation is possible in the future by installing
the two additional hybrids. The devices under test (DUT)
are then placed after the pulse compressors with a stainless
steel RF load at the output to terminate the waveguide net-
work. Directional couplers, pumping ports and vacuum
gates complete the network. A layout of the final Xbox3
configuration is shown in Fig. 1.

[
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Figure 1: Schematic of the high power RF network of half
the Xbox3 in two-in-two mode.
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STATUS AND LESSON LEARNED FROM MANUFACTURING OF FPC
COUPLERS FOR THE XFEL PROGRAM

S. Sierrat, C. Lievin, C. Ribaud, Thales Velizy, France
G.Garcin, G.Vignette, THALES, Thonon les Bains, France
M.Knaak, M.Pekeler, L.Zweibaeumer, RI Research Instruments, Bergisch Gladbach, Germany
A.Gallas,W.Kaabi, LAL, Orsay,France

Abstract

For the XFEL accelerator, Thales, RI research
Instrument GmbH and LAL are working on the
manufacturing, assembly and  conditioning  of
Fundamental power couplers (FPC), 670 couplers have
been manufactured. The main characteristics of these
couplers are remained at 1.3 GHz.

The paper describes the full production activity from
the starting of the program, lessons learned from a mass
production and different steps necessaries for obtaining a
rate up to 10 couplers a week.

We propose also some other way to be optimized for a
future possible mass production of such components.
With comparison of processes and adaptation which could
benefit to an increase rate, if needed, including some of
them which could be studies from the coupler definition
to the manufacturing process in order to obtain a stable
and possible increased rate or lower cost of production by
decreasing the risks on programs.

INTRODUCTION

Fundamental coupler main parameters are [1]:
o RF frequency: 1.3 GHz
e Peak Power: 150 kW
o Pulse length: 1.3 ms
e Repetition rate 10 Hz
e Tuning : £ 10 mm
¢ Coupling (Qext) 2x10 ¢ — 2x10 7
o Two ceramics windows
The main metallic sub-assemblies of a coupler are the
Warm External Conductor (WEC), Warm Internal
Conductor (WIC), The Cold External conductor (CEC)
and the antenna, see Fig. 1.

Cold External Conductor

Warm External
Candustor WEC

Warm Internal

Canductar WIC

Figure 1: Coupler general layout.
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COUPLER MANUFACTURING

Main steps in the coupler fabrication, already described
[2], consist in parts assemblies, copper coating of RF
surfaces, TiN coating of ceramics windows then all parts
are EB welded and clean in an ISO 4 room before being
sent to LAL for RF conditioning at 1 MW peak before
assembly on cryomodule at IRFU.

Thales Production

The XFEL couplers sub-assemblies are based on a
brazing technology. This technology allows having a
better reproducibility than a welded one, which is more
operator dependant and also could be performed by
batches, which is useful for a mass production.

Once the sub-assemblies are brazed and prepared, the
three main one (WEC, WIC and CEC) are copper coated,
as illustrated in Fig. 2.

Figure 2: Warm and Cold External conductor.

Thickness and tolerances on WEC and CEC are of
10 pm £20 % on tubular parts and + 30% on bellows, For
WIC thickness is of 30 um £20 % on tubular parts and
+30% on bellows. RRR value initial specification was
from 30 to 80.

For copper coating acceptance on visual criteria a
special document have been establish on order to have
common and objective criteria [3].

This document defines the tooling for control and
objective criteria on what is acceptable and what is not
acceptable. These criteria are illustrated by pictures
giving examples of parts of pieces with real cases
observed during inspection of subassemblies.

This is a major document for common understanding
on acceptance of pieces during the program. This
document is of particular interest for the gap existing
between perfect pieces and enough good ones to be used.
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DESIGN OF 4-VANE RFQ WITH MAGNETIC COUPLING WINDOWS FOR
NUCLOTRON INJECTOR LU-20

V. Koshelev, G. Kropachev, T. Kulevoy'?, D. Liakin, A. Plastun,
Institute for Theoretical and Experimental Physics of NRC Kurchatov Institute, Moscow, Russia,
S. Vinogradov, Moscow Institute of Physics and Technology, Dolgoprudniy,
Moscow Region, Russia
S. Polozov, - National Research Nuclear University - Moscow Engineering Physics Institute,
Moscow, Russia
A. Butenko, Joint Institute for Nuclear Research, Dubna, Moscow Region, Russia
lalso at National Research Nuclear University - Moscow Engineering Physics Institute,
Moscow, Russia

Abstract

Alvarez-type linac LU-20 is used as Nuclotron injec-
tor. In the framework of NICA project the high voltage
electrostatic pre-injector for LU-20 has been replaced by
RFQ linac. The RFQ was designed by the team of ITEP
and MEPhI (Moscow, Russia) and was manufactured in
VNIITF (Sneginsk, Russia). The engineering design of
the 4-vane RFQ linac with magnetic coupling windows
and details of its manufacturing are presented and dis-
cussed.

INTRODUCTION

The new accelerator complex Nuclotron-based Ion
Collider fAcility (NICA) is under development and con-
struction at Joint Institute for Nuclear Research [1].
New complex is assumed to operate with two injectors:
Alvarez-type DTL LU-20 as injector for light ions
(mainly polarized deuterons) and new linac HILAc for
heavy ions. To provide polarized deuterons acceleration,
the modernization of LU-20 was carried out. The old
700 kV electrostatic for-injector was replaced by an
RFQ with coupling windows (see Fig.1) [2]. The RFQ
has been developed by a team of specialists from Insti-
tute for Theoretical and Experimental Physics (ITEP)
and Moscow Engineering-Physics Institute (MEPhI).
The RFQ was designed to accelerate ion beams with
charge -to-mass ratio > 0.3. It has to accelerate polarized
deuteron beam with current up to 15 mA. The RFQ in-
jects beam into Alvarez-type DTL LU-20 for following
acceleration. The RFQ resonant frequency is
145.2 MHz, the same as LU-20 one. The RFQ has to
provide the operation mode with RF pulse length of
150 ps and pulse repetition rate not higher than 1 pps.
The RFQ was fabricated, assembled and aligned at
Zababakhin All-Russian Scientific Research Institute of
Techinical Physics (VNIITF). The design of the RFQ as
well as the fabrication procedures are presented and dis-
cussed.

femail: kulevoy@itep.ru

2 Proton and Ion Accelerators and Applications
2C RFQs

RFQ DESIGN

The RFQ cavity has a length of 2230 mm and consists
of three nearly identical segments of 695 mm length and
input/output flanges. A complete design of the central
segment as well as the cutaway view showing the rela-
tive location of electrodes is given in Fig. 1.

b)

Figure 1: Design of RFQ tanks.

Electrodes

Each electrode line is divided into three sections,
therefore twelve electrode units were fabricated for the
RFQ. Eight of them have the identical design (except
modulation at the tip). Two pairs of electrodes differ
from each other in geometry of open half-windows at
front and rear end of the resonator. The adjacent elec-
trodes are installed in the tank as it is shown in Fig. 1b.
One can see that their half windows are located at the
opposite ends of the tank.
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DEVELOPMENT AND MEASUREMENTS OF A 325 MHz LADDER-RFQ*

M. Schiitt, M. Obermayer, U. Ratzinger
Institut fiir Angewandte Physik, Johann Wolfgang Goethe Universitit, Frankfurt, Germany
A. Schnase, GSI, Darmstadt, Germany

Abstract

In order to have an attractive alternative to 4-Vane RFQs
above 200 MHz, we study the possibilities of a Ladder-RFQ.
The 325 MHz RFQ is designed to accelerate protons from
95 keV to 3.0 MeV according to the design parameters of the
p-Linac for the research program with cooled antiprotons
at GSI-FAIR, Darmstadt, Germany. Therefore a dedicated
70MeV, 70 mA proton injector is required. In the low en-
ergy section, between the ion source and the main linac an
RFQ will be used operating at 325.224 MHz. This particular
high frequency for an RFQ creates difficulties, which are
challenging in developing a cavity. In order to define a satis-
fying geometrical configuration for this resonator, both from
the RF and the mechanical point of view, different designs
have been examined and compared. Very promising results
have been reached with a ladder type RFQ, which has been
investigated since 2013 [1,2]. Due to its geometric size the
manufacturing as well as maintenance is not that complex
compared with brazed cavities. The manufacturing, copper-
plating and assembly of a 0.8 m prototype RFQ has been
finished. We present recent measurements of the rf-field,
frequency-tuning, field flatness as well as results from power
measurements.

upper half-shell

upper ladder

minivane

inter-part
lower ladder
ring

lower half-shell

pumping flange

Figure 1: Isometric view of the Ladder-RFQ. The copper
carrier-rings (coloured in blue) guarantee the electrode po-
sitioning as well as the RF contact. The ladder structure
consists of bulk copper components. Any brazing or weld-
ing processes were avoided on the copper structure.

INTRODUCTION

The idea of the Ladder-RFQ firstly came up in the late
eighties [3,4] and was realized successfully for the CERN
Linac3 operating at 101 MHz [5] and for the CERN antipro-
ton decelerator ASACUSA at 202 MHz [6]. Within the 4-

* Work funded by BMBF 05P12RFRB9, 05P15RFRBA
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Rod design the challange is to minimize dipole components
and to have geometrical dimensions which are suitable for a
mechanical manufacturing and assembling.

Figure 2: Front view of the Ring-System. The steel-tank
and the upper half-shell are removed.

At frequencies above 250 MHz the 4-Vane-type RFQ is
used so far. Many versions for low and high duty factors
have been realized successfully until now. Draw backs are
the high costs per meter, the complexity as well as the chal-
lenging RF tuning procedure of that structure: The dipole
modes tend to overlap with the quadrupole mode. Safe beam
operation conditions result in ambitious mechanical vane
tolerances. In the proposed ladder-RFQ version, the ladder
spokes show an extended width b which increases the res-
onance frequency and results in an homogeneous current
flow towards the mini-vanes. The mini-vanes are embed-
ded via precisely machined carrier rings into the copper
shells (s. Fig. 2). It is even possible to exchange the ring-
mini-vane-structure completely by an improved electrode
system as demonstrated successfully at the GSI High Cur-
rent RFQ [7, 8]. To proof the mentioned advantages and the
realizability of the Ladder RFQ a prototype was designed
and built. The results of the measurements are shown in this

paper.
MECHANICAL LAYOUT

The mechanical design consists of an inner copper ladder
structure mounted into an outer stainless steel tank. The
tank is divided into a lower half-shell carrying the inner
resonating structure, an inter-part and the upper half-shell
(s. Fig. 1). The lower half-shell will carry and adjust the
position of the resonating ladder structure. All parts are
metal-sealed. The rf features are mainly determined by the
resonating structure, while the dimensions of the tank have
no significant influence on the frequency. Further details
of the mechanical layout can be seen in [9]. Based on the
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RFQ VANE SHAPES FOR EFFICIENT ACCELERATION

Y. Iwashita, Y. Fuwa, ICR, Kyoto Univ. Uji, Kyoto
R. A. Jameson, IAP, Frankfurt am Main

Abstract

RFQ vane shapes for efficient acceleration are under
investigation by introducing more terms in addition to the
two-term potential. They can incorporate the feature of the
trapezoidal shape modulation with less multipole
components, while higher acceleration efficiency is
expected. A series of electrostatic calculations was carried
out for a new 7-term potential ones. They are compared
with the two-term scheme and the trapezoidal scheme. The
new one exhibits a higher accelerating efficiency with less
multipole components.

INTRODUCTION

Design of RFQ has been based on the so-called two-term
potential scheme [1]. The two-term potential has the min-
imum terms of acceleration and focusing in the lowest or-
der:

v -
U,(r./,z)= > {X%;E cos 207+ Al (kr) cos(kz)}
where
e m’ 1
N m’I (ka)+1,(mka)

and a is the minimum radius at z=0 (see Fig. 1)[2]. The
vane surface profile can be defined by the equipotential
surface of U, at the vane voltage //2. These parameters
are independently defined at each cell, which may make
discontinuities between cells if no care is taken for it.

The acceleration term 4 and the focusing term X are the
functions of only m and Lc/a. A contour plots of 4 as
function of m and Lc/a is shown in Fig.2. Since the
acceleration term 4 does not increase monotonicaly with m
in the short cell length region when the minimum aperture
a is kept constant, m is usually limited up to 2 or 3 for
practical cases. This can be comprehended by observing
the vane surface profiles in such regions, where the
ridgeline of the equipotential surface breaks [3]. The
practical m values is a function of Lc/a, which can be
roughly expressed by m < 1.3+0.6(Lc/a-0.75) and is
expressed by a red line in Fig. 2.

While the set of Lc/a and m is simple to define the
potential, the set of Lc¢/rg and m is often used. In this case,
the potential is rewritten as follows:

, k=1/1/Lc

U(rz) =7 ol 207+ Al (kr) cos(k
z(r,g,z)—z{%za cos 207+ A (kr) cos(kz)}
where

m* 1
=a/\10Al (ka), A= k=0/L
e (k) A= k) + 1y mka)” ‘

Figure. 3 shows the same contour plot but as a function
of Le/rg and m. The large m at short Lc region not for use
is expresed by the red curve in Fig. 3.
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Figure 1: Definitions of vane parameters.
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Figure 2: Contour plot of the acceleration term A as a func-
tion of L¢/a and m for the two-term potential.
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Figure 3: Contour plot of the acceleration term 4 as a func-
tion of L¢/ry and m for the two-term potential.
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RESULTS OF OPERATION OF 162.5 MHZ RFQ COUPLERS*

S. Kazakov', J.P. Edelen, T.N. Khabiboulline, O. Pronitchev, J. Steimel,
Fermi National Accelerator Laboratory, Batavia, USA

Abstract

Two couplers for RFQ of PIP-II Injector Test facility
were designed and manufactured. Each coupler is designed
to deliver 70 KW, CW to RFQ at 162.5 MHz. First results
of couplers’ operation are reported.

INTRODUCTION

The PIP-II Injector Test is the prototype front end of the
Proton Improvement Project II (PIP-1I) linac beign devel-
oped at Fermilab. A key element of front end is a 162.5
MHz, continuous wave (CW), normal conducting, radiof-
requency quadrupole (RFQ). This is RFQ designed to ac-
celerate up to 10 mA H- ions beam from 30 keV to 2.1
MeV.[1] A photo of the RFQ in the beam line is presented
in Fig. 1. The total RF power required for operation is less
than 130 kW, CW or pulsed. RF power is delivered through
two couplers placed at opposite sides of RFQ cavity. We
describe first experience of coupler operation in this paper.

COUPLER DESIGN

Coupler cut view is presented on the Fig. 2 and require-
ments are listed in Table 1.[2] Each coupler has one ce-
ramic RF window made of alumina, with an outer diameter
of 79 mm and inner diameter of 28.6 mm. The thickness
of the ceramic is 6 mm. The end of the antenna loop is not
grounded and allows a high voltage DC bias to suppress a
multipactor. The coupler is designed to operate at 70 kW
power level in continues wave (CW) mode and is cooled
with forced air. Coupling can be adjusted by rotating the
loop relative to the RFQ field.

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy.
fskazakov@fnal.gov
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Figure 2: Cut view of RFQ coupler.

Table 1
Parameter Value
Frequency 162.5 MHz
Operating power 70 kW
Coupling type Loop
Input diameter 3-1/8 inch
Output port diameter 3-1/8 inch
Input impedance 50 Ohm
HISTORY OF OPERATION

Two couplers were installed in the RFQ cavity. Low
power measurements confirmed computer simulations.
The orientation angles of loops were close to 45° with zero
being orthogonal to beam direction as it was designed.

The first CW run occurred in May 2016. Conditioning
began on the 4™ of May followed shortly by an amplifier
failure that occurred on May 6. After the repair we con-
tinued CW operation for a week. Conditioning started at 17
kV (voltage between vanes) and continued up to 63 kV. We
were able to achieve up to 65kV however more condition-
ing time would be needed in order to operate stably. CW
operation was stopped in order to continue pulsed beam
operations.

The next attempt to return to CW mode operation was
made on August 24-25, 2016. During the conditioning, the
behavior of “vacuum” was not as stable as the first run.
Pressure bursts were observed periodically during power

2 Proton and Ion Accelerators and Applications
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ADVANCED DESIGN OPTIMIZATIONS OF A PROTOTYPE FOR A
NEWLY REVISED 4-ROD CW RFQ FOR THE HLI AT GSI*
D. Koser', H. Podlech, IAP University of Frankfurt, 60438 Frankfurt am Main, Germany

P. Gerhard, L. Groening, GSI Helmholtz Centre, 64291 Darmstadt, Germany
O. Kester, TRIUMF, Vancouver, BC, Canada

Abstract

Within the scope of the FAIR project (Facility for An-
tiproton and Ion Research) at GSI Helmholtz Centre for
Heavy Ion Research in Darmstadt, Germany, the front end
of the existing High Charge State Injector (HLI) is upgraded
for cw operation. The dedicated new 4-Rod RFQ struc-
ture is currently being designed at the Institute for Applied
Physics (IAP) of the Goethe University of Frankfurt. The
overall design is based on the RFQ structures that were orig-
inally developed for FRANZ and MYRRHA. Regarding
the HLI-RFQ the comparatively low operating frequency of
108 MHz causes a general susceptibility towards mechani-
cal vibrations especially concerning the electrodes because
of the necessarily larger distance between the stems. Be-
sides RF simulations and basic thermal simulations with
CST Studio Suite, the key issues like mechanical electrode
oscillations as well as temperature distribution from heat
loss in cw operation are investigated with simulations using
ANSYS Workbench. At first instance a dedicated 6-stem
prototype is currently being manufactured in order to vali-
date the simulated RF performance, thermal behavior and
structural mechanical characteristics.

INTRODUCTION

In general 4-Rod Radio Frequency Quadrupole (RFQ)
structures for lower operating frequencies are prone to me-
chanical oscillations because the usually larger distance be-
tween the stems facilitates the bending of the inter-stem
electrode segments as well as of the levitating electrode ex-
tensions. In case of the currently existing HLI-RFQ, which
was originally designed within the scope of an intended HLI
cw upgrade, the mechanical vibrations cause strong modu-
lated RF power reflections that severely limit the achievable
pulse length and amplitude [1]. Measurements of the veloc-
ity profile of the electrode vibrations using a laser vibrometer
revealed two main types of vibrational modes at approxi-
mately 350 Hz and 500 Hz, respectively [2]. Both mode
types could later be confirmed and further investigated by
structural mechanical eigenmode and resonance response
simulations using ANSYS [3]. Thereby the higher modes
at 500 Hz could be identified as radial (relating to the beam
axis) oscillations of the electrodes that are easily excitable by
the radial electric forces associated with the RF pulse. The
lower modes at 350 Hz correspond to tangential (relating
to the radial axis) oscillations of the electrodes that are ex-
cited by asymmetrically acting forces, e.g. originating from

* work supported by GSI, BMBF Contr. No. 05SP15SRFRBA
T koser@iap.uni-frankfurt.de
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the design inherent uneven voltage distribution between the
electrodes caused by the intrinsic asymmetries of a 4-Rod
RFQ, leading to an electric dipole field component.

In addition to the difficulties with mechanical vibrations
the existing structure is also highly sensitive to changes in
thermal load which have a significant and nearly immediate
effect on the resonance frequency, thus substantially impair-
ing operational stability.

Overall the existing HLI-RFQ which was commissioned
at GSI in 2010 [4] fails to fulfill the requirements for the
upcoming cw linac. A completely newly revised 4-Rod
RFQ is currently being designed with particular attention on
structural mechanical stability regarding the susceptibility to-
wards vibrations, especially the severely RF affecting radial
electrode eigenmodes, as well as thermal deformations.

RF- AND STRUCTURAL MECHANICAL
DESIGN OPTIMIZATIONS

Starting from the basic FRANZ/MYRRHA-RFQ design
the crucial geometric parameters were analyzed regarding
their influence on the mechanical electrode mode frequen-
cies as well as on the shunt impedance with the aim to yield
maximum mechanical rigidity while still obtaining a tolera-
ble overall power loss and moderate local heat loads.

Dipole Compensation

In principle the RF cells of 4-Rod RFQs are capacitively
shortened A/4-resonators. The voltage distribution on the
stems is an almost linear function of the stem height, leading
to a higher voltage on the upper electrodes than on the lower
ones [5].

cutting angle

arm offset

Figure 1: Dipole compensation methods.

One way to compensate the resulting dipole effect is to
increase charge transport to the undersupplied electrodes
by providing more space for the magnetic field around the
stem arms eventually introducing a steeper stem cutting.
Another method is to increase the length of the current path
to the lower electrodes e.g. by introducing a stem arm offset
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PROGRESS OF A 162.5 MHz HIGH-CURRENT RFQ WITH COUPLING
WINDOWS *
Qi Fu, Kun Zhu', Yuanrong Lu', Zhi Wang, Shuli Gao, Fangjian Jia, Pingping Gan, Haipeng Li,
State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

Abstract

A 162.5 MHz, four-vane RFQ with magnetic coupling
windows has been designed by the RFQ group of Peking
University. Clear frequency separation of the resonant
modes and smaller transverse dimension are the ad-
vantages of the window-type RFQ. The electromagnetic
simulations have shown that the average power loss of this
1.809 m long RFQ is about 50 kW in continuous wave
mode. Consequently, a water cooling system was designed
via the multi-physics analysis. The mechanical design and
assembling technology were also presented in this paper.

INTRODUCTION

The copper prototype of a four-vane RFQ with coupling
windows, which combines the characteristics of traditional
four-vane RFQ and that of four-rod [1], is ready to be man-
ufactured. It will accelerate deuteron from 50 keV to 1 MeV,
and operate at 162.5 MHz of mode TE; ;o with Af of 3.144
MHz from mode TE o [2]. At present, the aircraft alumin-
ium model has been finished and tested. It confirmed the
results calculated by either CST MWS or HFSS [3].

The multi-physics analysis is a complete loop of coupled
numerical simulations, as shown in Fig. 1 [4]. Surface cur-
rent induced by magnetic field is simulated in CST MWS,
and it is used to calculate the thermal losses, which can be
imported to MPS for thermal analysis. Then, the structure
stresses and deformation field can be obtained by coupling
the optimized temperature field to the Mechanical Solver.
Finally, sensitive analysis in CST MWS realizes the esti-
mate for frequency shift caused by structure deformation.

CST MICROWAVE STUDIO
Eigenmode Solver

=

lThermaI Losses

Deformation
Field

CST MPHYSICS STUDIO
Thermal Stationary Solver

1Temperature Field

CST MPHYSICS STUDIO
Mechanical Solver

Figure 1: The multi-physics analysis scheme based on CST.

* Work supported by NSFC, Grand No. 2014CB845503
T Corresponding author: zhukun@pku.edu.cn; yrlu@pku.edu.cn
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Figure 2: Power loss distribution.

RF ANALYSIS

The electromagnetic performance of this RFQ, calcu-
lated by CST MWS, has been shown in earlier paper. For
improving the field flatness affected by the vane modula-
tion, the tuners and some optimizations of the coupling
windows were considered in recent RF study. The new pa-
rameters of this RFQ are summarized in Table 1. The reso-
nant frequency of the RFQ was tuned to 162.522 MHz and
Q value nearly 9000 with electric conductivity of 5.0x107
S/m. The total power losses of the cavity were 46.5kW,
while the inter-vane voltage was normalized to 60 kV.

Table 1: The Main Parameters of the RFQ

Parameters Value
Frequency [MHz] 162.522
Nearest mode (TE110) [MHz] 165.666

Mode separation [MHz] 3.144
Quality factor 8999.0

Power loss [kW] 46.523
Special shunt impedance [kQ-m] 69.991
Inner cavity diameter [mm)] 340.00

Length of the RFQ vanes [m] 1.809

Loss distribution indicated that the maximum loss ap-
pears in the corners of the windows on both cavity ends, as
shown in Fig. 2. Thus, a water cooling system was needed
to control the temperature in the cavity, especially around
the coupling windows.
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ASYMMETRIC FOUR-VANE RFQ*

A. Kolomiets, D. Liakin,
Institute for Theoretical and Experimental Physics NRC “Kurchatov Institute”, Moscow, Russia
A. Plastun’, Argonne National Laboratory, Lemont, USA

Abstract

A four-vane resonator is widely used in Radio Fre-
quency Quadrupole (RFQ) accelerators. The field distribu-
tion in a long four-vane resonator can be easily perturbed
by nearest dipole modes which are excited due to the local
geometry errors. This paper describes the electromagnetic
properties of a four-vane resonator with an introduced
asymmetry between neighboring chambers. The asym-
metry provides necessary separation of dipole modes keep-
ing losses and field uniformity of the quadrupole mode
similar to those in a conventional four-vane resonator. This
feature of an asymmetric resonator is confirmed by analyt-
ical results from transmission line model as well as by CST
Studio simulations.

4-VANE RESONATOR

A 4-vane resonator was the first radio frequency (RF)
structure proposed for an RFQ. This structure is presented
in the description of the RFQ invention and in the first pub-
lication [1]. The 4-vane resonator is a suitable choice for
RFQs used for acceleration of high-intensity beams and for
continuous wave accelerators due to the highest RF power
efficiency and the most precise distribution of the quadru-
pole focusing electric field.

Most of RFQ resonators are long regular structures of
several operating wavelengths. The properties of the reso-
nators are defined by the properties of a multi-mode trans-
mission line with proper boundary conditions. Both a
lumped-circuit model [2] and a 3D computer simulation of
a 4-vane resonator show the presence of three propagation
modes. These propagation modes (an operating quadrupole
mode TE»; and two dipole modes TE;) have close critical
frequencies, and the main drawback of the conventional 4-
vane resonator is that the frequencies of the operating
quadrupole mode and dipole modes are close to each other.
Usually, the frequency of TEijo modes are getting even
close to TE»io due to the field equalizing undercuts at the
ends of the electrodes.

This rapprochement makes the field distribution very
sensitive to machining and alignment errors and causes the
redistribution of RF power between the operating quadru-
pole TE» o and parasitic TE;i» modes. It leads to disturb-
ance of voltage distribution in each chamber of the resona-
tor and unbalance of electrode potentials over its cross-sec-
tions.

The separation of long 4-vane structures into short reso-
nantly coupled sections decreases the disturbance effect
caused by higher quadrupole TE»1, modes [3], but not by
the nearest dipole TE i, field. Also the resonant coupling

* This work was supported by the U.S. Department of Energy, Office of
Nuclear Physics, under Contract No. DE-AC02-06CH11357
7 on leave from Institute for Theoretical and Experimental Physics
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of several 4-vane sections makes the mechanical design of
an RFQ linac more complicated.

The ref. [4] explains the need for dipole-free frequency
region around the operating frequency in order to provide
stable operation of the resonator. This gap is defined as the
difference between the operating frequency and the fre-
quency of the closest dipole mode. The gap should be as
wide as several percent of the operating frequency. In order
to shift out dipole modes’ frequencies suppressor loops [4]
and stabilizing rods at the ends of the 4-vane resonator [5]
are used. These methods allow changing of the boundary
conditions at the end of the resonator differently for the di-
pole and quadrupole modes. It has also been argued that the
installation of rods decreases the dipole perturbations con-
siderably.

ASYMMETRIC 4-VANE RESONATOR

Let us consider a conventional cloverleaf 4-vane resona-
tor with cylindrical chambers of radius R.;, and quadrupole
tips, which is studied in ref. [2]. The spectrum of the reso-
nator (frequencies of quadrupole and dipole modes) can be
managed if one makes the equivalent inductances of the
adjacent chambers not equal. This could be realized by us-
ing different radii for adjacent chambers, while keeping the
radii of opposite chambers the same (see Fig. 1). Introduce
a coefficient of asymmetry kqzm > 0, so the radii of the pair
of large resonator chambers are R = Ren - (14kagym). The
size of the another pair of chambers should be modified in
such a way to keep the quadrupole mode frequency unaf-
fected. Assuming that chamber specific inductance is line-
arly proportional to the cross-section area of a chamber, we
get the radii of the small chambers:

Ry =R, 14k, )1 144k, +2(k,,, ) - (D

Figure 1 presents cross-sections of the resonators with
kasym = 0 and kusym = 0.30. Computer simulation of the test
resonator in the range 0.0 < kusm < 0.30 has been per-
formed with CST Studio Suite [6]. The frequencies of the
dipole modes (black and blue curves) and the quadrupole
mode (green line) are shown in Fig. 2. The quadrupole
mode is kept at the frequency of 350 MHz in the whole
range of kuym. The calculation was done for the test reso-
nator with the following parameters: average radius
Ro =4 mm, width of quadrupole tips 2R, = 6.4 mm, length
of the vanes Lyae = 3000 mm. All results presented in the
paper correspond to this test resonator.

It should be mentioned, that the asymmetry coefficient
is not limited by 0.30 as shown in Fig. 2. For the asymp-

totic value kasym —> o0, we get Reno/ Ren —> 4/ 1/2 and the
4-vane resonator is transformed into the well-known
2H-resonator [7].
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RF DESIGN OF THE NUCLOTRON-NICA 145.2 MHz RFQ

A. Plastun’, V. Andreev, V. Koshelev, T. Kulevoy', V. Kuzmichev, D. Liakin, A. Sitnikov,
Institute for Theoretical and Experimental Physics of NRC Kurchatov Institute, Moscow, Russia,
A. Butenko, Joint Institute for Nuclear Research, Dubna, Moscow Region, Russia
lalso at National Research Nuclear University - Moscow Engineering Physics Institute, Moscow,
Russia

Abstract

ITEP has designed the Radio-Frequency Quadrupole
(RFQ) linac for the JINR NICA Complex (Dubna, Russia)
to provide ion beams (¢/4 > 0.3) with energy of 156 keV/u
for further acceleration by existing Alvarez-type linac. The
RFQ is based on a 4-vane structure with magnetic coupling
windows in order to avoid a risk of excitation of dipole
field components inherent in a conventional 4-vane reso-
nator. The paper presents results of the radio-frequency
(RF) design and capabilities used for coarse and fine tuning
of the field distribution and resonant frequency during
manufacturing and finalizing of the RFQ.

INTRODUCTION

In a framework of the Nuclotron-based Ion Collider fA-
cility (NICA) project [1] at Joint Institute for Nuclear Re-
search (JINR, Dubna, Russia) upgrade of the accelerating
complex front-end is being performed [2]. The upgrade in-
cludes replacement of the 700-kV accelerating tube for the
LU-20 drift-tube linac (DTL) with an RFQ [3] and devel-
opment of a brand new heavy ion injector based on a 4-rod
RFQ and IH-DTL sections [4].

LU-20 is a conventional Alvarez-type DTL used for ac-
celeration of proton and ion (g/4 > 0.3) beams at the fre-
quency of 145.2 MHz. The RFQ designed by ITEP pro-
vides 156 keV/u ion beams for following acceleration by
the DTL at 2BA-mode to the energy of 5 MeV/u [3].

The 145.2-MHz RFQ is based on a 4-vane resonator with
magnetic coupling windows [5]. The structure provides
both reliable dipole-free range and compactness compared
to a conventional 4-vane. Higher RF power losses of the
structure is not an issue for the RFQ injector since it oper-
ates in a pulsed mode at RF pulse width less than 150 ps
and repetition rate not higher than 1 Hz.

RESONATOR DESIGN

The 2-meter long RFQ is built from 3 segments (see Fig-
ure 1) or 4.5 periods of the RF structure (see Figure 2).
Each segment has a length of 690 mm and tank inner di-
ameter of 400 mm. The average aperture radius
Rp=6.5 mm and the vane tip radius R, =5.2 mm remain
constant along the resonator. The cost-effective mechanical
design of the RFQ has assumed vanes made of carbon steel
and fastened to stainless steel tanks with screws. The whole
resonator (except the vane tips) has been copper-plated af-
ter the fine machining. Photograph of the resonator seg-
ment #1 with installed vanes is shown in Figure 3.

T email: asplastun88 @ gmail.com
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Figure 2: 3D model for the RF period of the 4-vane reso-
nator with coupling windows.

Coupling Windows

Dimensions of the coupling windows have been adjusted
in order to provide both reliable frequency range between
the operating and nearest dipole modes, and convenient
mechanical design. The dipole-free frequency range is re-
quired to get proper distribution of the electric field com-
ponents in the accelerating channel. Dipole field compo-
nents are suppressed by moving dipole modes of the reso-
nator far away (about 10 MHz higher) from the band of the
operational quadrupole mode [6]. This task as well as the
whole RF design of the RFQ has been done with CST STU-
DIO SUITE [7].

Frequency Adjustment

The mechanical design assumed the resonant frequency
adjustment during the manufacturing by whittling down
the surfaces of coupling windows (surfaces A in Figure 2)
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CRYOMODULE AND POWER COUPLER
FOR RIKEN SUPERCONDUCTING QWR

K. Ozeki®, O. Kamigaito, H. Okuno, N. Sakamoto, K. Suda, Y. Watanabe, K. Yamada,
RIKEN Nishina Center, Wako, Japan
E. Kako, H. Nakai, K. Umemori, KEK, Tsukuba, Japan
K. Okihira, K. Sennyu, T. Yanagisawa,
Mitsubishi Heavy Industries Mechatronics Systems, Ltd., Kobe, Japan

Abstract

We report a general description of the cryomodule for
the RIKEN superconducting quarter-wavelength resona-
tor, the construction of which is now in progress and is
aimed to be completed within this fiscal year.

OVERVIEW

At the RIKEN Nishina Center, the construction of an
accelerator system based on the superconducting quarter-
wavelength resonator (QWR) is underway with the goal
of developing basic technologies for the low-beta super-
conducting linear accelerator for ions [1]. A cryomodule
that can mount two QWRs is now being constructed as a
prototype. The fabrication of one QWR has been com-
pleted and a performance test has been carried out. The
result of the performance test is reported in Ref.2 [2].

The overall structure and the design parameters of the
cryomodule are shown in Fig. 1 and Table 1. Detailed
design parameters of the QWR are described in Ref. 2.
The vacuum vessel has a cylindrical shape. The vacuum
of the QWR is separated from that of the whole system.
As the first step, one actual QWR and one dummy cavity
will be mounted in the cryomodule. The general descrip-
tions of the components of the cryomodule other than the
QWR are given in the following section.

Table 1: Design Parameters of the Cryomodule

Resonant freq. of QWR 75.5 MHz
Inner diameter of QWR 300 mm
Cavity height of QWR 1055 mm
Gap length of QWR 60 mm
Beam aperture 40 mm¢
Operating temperature 45K

5.0/ 15.0 W/resonator
(Cavity / Thermal shield)

10 kW

Estimated heat flow

Assumed Max. RF power

COMPONENTS OF CRYOMODULE

Helium Jacket

The QWR is enfolded in the helium jacket. The helium
jacket is made of titanium, which has a coefficient of
thermal expansion similar to that of niobium, which is the
material of the QWR. The space between the QWR and
the helium jacket is filled with the liquid helium to cool

* email address: k_ozeki@riken.jp
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Figure 1: Overall structure of the cryomodule.
down the QWR.
4-K Cryocooler

The liquid helium is stored in the helium jacket and the
helium buffer tank, and the evaporated helium is re-
condensed using 4-K GM-JT cryocoolers. The GM-JT
cryocooler adopted here is a V316SLCR, manufactured
by Sumitomo Heavy Industries, Ltd. (SHI). This GM-JT
cryocooler has a cooling power of 4.2 W/5.0 W at 4.3 K
(50 Hz/60 Hz). Three GM-JT cryocoolers will be installed
to obtain a cooling power of 12 W at 4.5 K (See Table 1).

Thermal Shield

In order to reduce the heat flow into the QWR, the
thermal shield is installed in the cryomodule. In the de-
sign stage, two types of the thermal shield were com-
pared: the twofold thermal shields (20 and 80 K) cooled
down by the double-stage cryocooler and the onefold
thermal shield (40 K) cooled down by the single-stage
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IMPACT MODEL FOR REA AND ITS BENCHMARK WITH DYNAC#*

T.Yoshimotof, and M. Ikegami
FRIB, Michigan State University, East Lansing, Michigan, USA

Abstract

A new online model for the ReAccelerator 3 (ReA3) [1]
has been developed for machine tuning using the IM-
PACT tracking code [2, 3]. A DYNAC [4-6] model was
originally applied for REA3 optics analysis. However this
model is limited to symmetric cavities, not asymmetric
ones such as superconducting Quarter-Wave Resonators
(QWRs), which are installed in ReA3. This limitation
renders it difficult to effectively tune the ReA3 beamline
with DYNAC. To address this situation, a new and more
precise model of IMPACT is under development which
more closely reflects the actual lattice.

This paper reports benchmarking results of IMPACT
and DYNAC model for ReA3 acceleration line from just
after RFQ exit to a transport line with a symmetric cavity
as a first step before more precise simulations including
non-axisymmetric cavities and the RFQ.

INTRODUCTION

Reaccelerator3

ReA3 is a post-target accelerator at the National Super-
conducting Cyclotron Laboratory (NSCL) and Facility for
Rare Isotope Beams (FRIB). It reaccelerates beams of
heavy ion isotopes with kinetic energy ranging 3 MeV/u
to 6 MeV/u for nuclear experiments. First, an ion bunch is
produced up-steam of the transport line and stored in an
Electron Beam Ion Trap (EBIT) charge breeder [7], where
an electron beam strips electrons. Bunches with higher
charge state are extracted from the EBIT and selected by a
90 degree bending magnet in a mass-to-charge separator.
A subsequent Multi-Harmonic Buncher (MHB) [8] with a
fundamental frequency of 80.5 MHz compresses the
beam longitudinally before entering a Radio-Frequency
Quadrupole (RFQ) [9, 10]. The RFQ has a frequency of
80.5 MHz and is capable of accelerating 600 keV/u inci-
dent ions with O/A ranging from 0.2 to 0.5.

Figure 1: ReA3 beamline at NSCL/FRIB.

+ email address: yoshimot@frib.msu.edu
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Ion beams extracted from the RFQ are accelerated by
three super-conductive CryoModules (CM). CM specifi-
cation are summarized in Table 1. These cavities are
QWRs. Non- axisymmetric electromagnetic field com-
ponents can kick the beam in vertical direction. In order
to correct beam orbit errors caused by this effect and
initial beam misalignments, several horizontal and verti-
cal dipole correctors are installed within focusing sole-
noids. The design relativistic beta S of the CMs vary
corresponding to the increasing beam velocity.

Table 1: Components of ReA3 Cryomodule

CM No. Cavity No Solenoid/Collector No
CM1 1 (=0.041) 2/2
CM2 6 (£=0.041) 3/3
CM3 8 (/=0.085) 3/3

Beam tuning

For usual lattice tuning, intercepting monitors such as
scintillation detectors and Faraday cups are located out-
side of CMs because typical beam current is a few hun-
dred pA. Each CM has several cavities and induces ac-
cumulated orbit errors. A more precise beam simulation
model is required to estimate the beam orbit error along
the CMs. In addition, different species with various ener-
gies are required to be provided to experimental lines in a
short period. This requires effective procedures to change
ion species with different charge to mass ratios.

SIMULATION

Single-particle tracking simulations after RFQ section
in both case of IMPACT and DYNAC are carried out with
eight thousand macro particles. The ion beam species is
He'* with 600 keV/u kinetic energy. The Root Mean
Square (RMS) measure beam size and angle are 1.25 mm
and 1 mrad (both horizontal and vertical) with
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Figure 2: Projections of the initial distribution for the
IMPACT and DYNAC simulations.
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HIGH CURRENT BEAM INJECTOR FOR CANCER THERAPY*

L.Lu*, L.yang', W.Ma!, T. He!, L.P. Sun, X.B. Xu, L.B. Shi, C.X. Li, Y. He, H.W. Zhao,
Institute of Moden Physcis (IMP), CAS, Lanzhou, China
lalso at University of Chinese Academy of Sciences, Beijing, China

Abstract

A hybrid single cavity (HSC) type linac was developed
as high current beam injector for cancer therapy. A
prototype HSC machine had accelerated 5.2 mA C6+ ions
up to 25.7 MeV (2.1MeV/u) with a laser ion source (LIS).
sthe ion injection method adopted a direct plasma
injection scheme (DPIS). In beam testing, we found the
measured beam parameters agreed with simulations. More
details of the measurements and the results of the high
power test are reported in this paper.

INTRODUCTION

In the last decades, accelerator-driven cancer therapy
has considered as a remarkably effective treatment [1].
However, the injection accelerators at existing facilities
are large in size and expensive to run [2]. Our team
proposed HSC type injector with DPIS as a way to reduce
the cost of the cancer therapy facilities, and it was also
proposed to use as injector for neutron source[3]. The
HSC linac is an interdigital-H (IH) cavity combined a 4-
rod type radio frequency quadrupole (RFQ) and a drift
tube (DT) structure. The HSC cavity has both merits of
RFQ and DT such as a better emittance in transverse, a
higher transmission for low energy region in RFQ

structure and a better shunt-impedance in DT [4-5], and
the power source for HSC acceleration is only one.

The design goal of the prototype HSC linac was to
accelerator C°" ions up to 2.1 MeV/u from 25 keV/u in
the 1800 mm, the designed resonator frequency was 100
MHz. In the beam conditioning, the linac operated in a
pulsed mode, the duty was limited to 5%o because of the
maximum limit of the power source. The input current
was designed as 20 mA and the transmission of whole
cavity was calculated as 30%. The measured Q and
frequency are 91% and 100.49 MHz, respectively. And
the calculated shunt impedance based on perturbation
measurements is 111.2 MQ/m, which is 91% of the MWS
simulated value of 122.2 MQ/m. The shunt impedance
value of 111.2 M/m for the HSC structure cavity is quite
high compared to other linac structures within the same
beam velocity region, as shown in Figure 2 [1][6].

Comparing to existing injection systems of cancer
therapy facilities, the HSC injector can make the charge
stripper (mainly change C*" or C3* ions to C°* ions) and
the multi-turn injection useless, moreover, the useless of
the multi-turn injection make the synchrotron magnets
downsize.

The high power acceleration system of the prototype
HSC is shown in Figure 1.

2m

Power coupler HSC linac

Target chamber

Figure 1: High power acceleration system for prototype HSC linac.

* Work supported by NSFS and Youth Innovation Promotion
Association of CAS
# Juliang@impcas.ac.cn
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SOLENOID/MAGNETIC SHIELDING TEST RESULTS IN FRIB-1&2
CRYOMODULES*

D. Luof, H. Ao, E. Burkhardt, J. Casteel, A. Ganshyn, W. Hartung,
M. Holcomb, J. Popielarski, K. Saito, S. Shanab, E. Supangco, M. Thrush
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, USA

Abstract

Recently we tested the first two cryomodules for FRIB,
which contain 8 = 0.085 superconducting quarter-wave
resonators and superconducting solenoid packages. Their
performance was successfully validated under realistic con-
ditions. This paper reports the solenoid package tests results.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) is under
construction on the campus of Michigan State University
(MSU) [1]. It is a joint project supported by the US Depart-
ment of Energy and MSU for cutting-edge research in nu-
clear physics. FRIB requires a 200 MeV per nucleon driver
linac with a total of 332 superconducting radio-frequency
(SRF) cavities of 4 different types: S = 0.041 quarter wave
resonators (QWRs, 12 cavities), 8 = 0.085 QWRs (100
cavities), 8 = 0.29 half wave resonators (HWRs, 72 cavi-
ties) and B = 0.53 HWRs (148 cavities). The cavities are
housed in a total of 48 cryomodules, including 4 matching
cryomodules [2]. The construction started in early 2014 and
is expected to be completed in 2022.

In the FRIB cryomodules, superconducting solenoid pack-
ages for transverse focusing and steering are interspersed
with the cavities. Because of the close proximity, the in-
fluence of the solenoid fringe field on cavity performance
is a major concern. An example is shown schematically in
Figure 1: the § = 0.085 QWR cryomodule (CM) contains
8 cavities and 3 superconducting solenoid packages. This
cryomodule is similar to the cryomodules fabricated for the
MSU re-accelerator, ReA3 [3]. An important feature of the
cryomodule design is the local magnetic shielding around
the SRF cavities [4]. The shields operate at cryogenic tem-
perature (= 25 K).

The cavities and solenoid packages are certified individ-
ually via Dewar tests prior to assembly onto the cold mass.
After assembly of the cold mass into the cryomodule, the
cavities and solenoids are tested again in situ. Two FRIB
cryomodules have been tested so far (CM-1, CM-2). For the
solenoid packages, the goal is to make sure that all of the
coils can reach the FRIB design requirements (Table 1), can
operate stably and robustly, and do not adversely impact the
SRF cavity performance.

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661, the State of Michigan
and Michigan State University.

T Luo@frib.msu.edu
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Shield \ / Shield
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C#1 S#1 CH2  (#3 CH4  S#H2 CH#5 CH#6 CH#7 SH3 C#8

Figure 1: Layout of FRIB-1 Cryomodule (CM-1). C: cav-
ity (green); S: solenoid package (blue). Cavities 1-4 are
shielded by mu-metal (black) and Cavities 4-8 are shielded
by A4K (red).

Table 1: FRIB 50 cm Solenoid Package Design Requirements.
The Fringe Field Requirement Applies at the Magnetic Shield.

Operating temperature 45+05/-00K

Solenoid nominal current <909 A
[ B2dz > 13.6 T>m
Peak solenoid field on beam axis >80T
Fringe field < 270 gauss
LOCAL MAGNETIC SHIELD

As discussed above and illustrated in Figure 1, the SRF
cavities are enclosed by local magnetic shields. This ap-
proach has two benefits: lower material cost for the shields,
and better shielding of the cavities from the remnant mag-
netic field in the cryomodule.

The need to mitigate the fringe field’s effect on the SRF
cavity performance sets the shield requirements. For the
FRIB QWRs, the magnetic field at the cavity must be <
15 milligauss. Fringe fields higher than ~ 300 gauss cannot
be screened by the shield, hence they will produce a drop in
the cavity quality factor after a cavity quench. The magnetic
shield requirements are summarized in Table 2.

For the ReA3 cryomodules, the local shields were made
of A4K material, with ¢ > 10 000 even at cryogenic tem-
perature (=~ 25 K). However, a recent analysis [5] showed
that mu-metal of thickness 1 mm with ¢ > 9000 at ~ 25 K
can meet the shielding requirements for the FRIB QWRs.
Since cryogenic magnetic shields such as Cryoperm and
A4K are very expensive compared to mu-metal, switching
to mu-metal is economically advantageous, if mu-metal can
provide adequate shielding. To evaluate the shielding perfor-

Table 2: FRIB Magnetic Shield Parameters.

> 10000 at 25 K
1 mm for QWR

Magnetic permeability u
Thickness

ISBN 978-3-95450-169-4
607



TUPLRO068

Proceedings of LINAC2016, East Lansing, MI, USA

PROGRESS AND DESIGN STUDIES FOR THE ATLAS
MULTI-USER UPGRADE’

B. Mustapha', and P.N. Ostroumov, Argonne National Laboratory, IL, USA
A. Perry, SOREQ-NRC, Israel

Abstract

With the recent integration of the CARIBU-EBIS into
ATLAS for more pure and efficient charge breeding of
radioactive beams, more effort is being devoted to study
the design options for a potential multi-user upgrade. The
proposed upgrade will take advantage of the pulsed nature
of the EBIS beams and the cw nature of ATLAS, in order
to simultaneously accelerate beams with very close
charge-to-mass ratios. In addition to enhancing the nucle-
ar physics program, beam extraction at different points
along the linac will open up the opportunity for other
possible applications. Different beam injection and ex-
traction schemes are presented and discussed.

INTRODUCTION

In the past few years, the requested experimental beam
time significantly exceeded the 5000-5500 hours that
ATLAS can deliver every year. With the Californium
Rare Isotope Beam Upgrade (CARIBU) online, the de-
mand for beam time has more than doubled. Low intensi-
ty radioactive beams from CARIBU requires longer ex-
perimental run periods which further reduced the number
of users served. We believe that there is an immediate
need for multi-user capabilities at ATLAS. An analysis of
ATLAS operation, when CARIBU beams are accelerated,
shows that such an upgrade could deliver ~ 50% more
beam time if certain experimental areas were appropriate-
ly equipped with instruments. Figure 1 shows the ATLAS
floor plan with the possibility of serving two experimental
areas simultaneously, namely Area Il with beam energies
of 4-7 MeV/u and Area III/IV with beams up to the full
ATLAS energies.

—» = 4-7MeV/ubeamsto Area ll,
= 4-15 MeV/u beam to Area lll or IV

Fragment
Mass Analyzer

Gammasphere

Target

HELIOS.

Pulsed
Injection
EBIS / ECR

Pulsed
Extraction /

Switchyard , /@ 3

CARIBU

Soprommate Scan

Figure 1: ATLAS floor plan showing the possibility of
serving different experimental areas simultaneously.

* This material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics, under Contract
number DE-AC02-06CH11357. This research used resources of ANL’s
ATLAS facility, which is a DOE Office of Science User Facility.
fbrahim@anl.gov
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The recently commissioned CARIBU-EBIS [1] will pro-
duce pulsed radioactive beams with ~ 3% duty factor. It
will be possible to simultaneously inject stable beams
from the ECR ion source in the remaining 97% of the
cycle and take advantage of the cw nature of ATLAS. The
two beams will have to be within 3% in charge-to-mass
ratio. Figure 2 shows the expected time structure of the
two beams and their combination.

Radioactive ions from CARIBU-EBIS H H H

Up to 3% Duty Factor t

Stable ions from ATLAS-ECR | | | | |
96 % Duty Factor t

Combined beam structure I:l | ||:| | H:I | |
t

Figure 2: The expected time structure of the CARIBU-
EBIS beam, the ECR beam and their combination for
injection into ATLAS.

More details about the potential overlap of radioactive
and stable beams that could be simultaneously accelerated
as well preliminary design solutions for the upgrade were
reported earlier [2]. We here report on the progress made
in these design studies for both the beam injection at the
LEBT and extraction of one of the beams at the Booster.

MODIFIED BEAM INJECTION
IN THE LEBT

In order to combine two beams with very close
charge-to-mass, one stable from the ECR and one radio-
active from EBIS, the LEBT section has to be modified as
shown in Figure 3. For the ECR line, an additional 90 deg
bend and a 75 deg magnet are used to bring the beam to a
15 deg pulsed electrostatic deflector on the EBIS line. In
addition, two sextupoles are required for second order
corrections in the dispersive section between the dipoles.

/& ]—%ﬁ

[T |
ECR-2

A e

A

EBIS

[0 00)]

Pulsed
E-Deflector

Achromatic LEBT
includes 2 sextupoles

Figure 3: Modified LEBT to combine one stable beam
from ECR and one radioactive beam from LEBT.
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SIMULATION STUDY ON THE BEAM LOSS MITIGATION IN THE 1ST
ARC SECTION OF FRIB DRIVER LINAC*

T. Maruta’, KEK / J-PARC, Tokai, J apan
M. Ikegami, F. Marti, Facility of Rare Isotope Beams, Michigan State University, MI 48824, USA

Abstract

For a high power superconducting (SC) accelerator like
FRIB, the extinction of the beam loss inside the cavities is
the most important issue for a stable operation. The charge-
exchange reaction is unique to heavy ions and potentially
generates a loss. Recently we conducted the simulation
study to evaluate this loss in the beam transport after 1st
linac segment, and then the necessity of one collimation is
identified. This paper introduces this study details.

INTRODUCTION

The Facility of Rare Isotope Beams (FRIB) is a high power
heavy ion accelerator facility currently being constructed
in Michigan State University under cooperative agreement
with United States Department of Energy [1]. The driver
linac will operate in continuous wave (CW) mode and deliver
more than 200 MeV/u all stable heavy ions to the target with
beam power of 400 kW.

For a high intensity accelerator, the beam loss mitigation
is essentially important. Especially, FRIB intensively em-
ploys SC RF cavities after the 0.5 MeV/u Radio Frequency
Quadrupole (RFQ), and it is well known that the beam loss
inside a SC cavity significantly deteriorates its operable RF
voltage. Moreover, the beam loss power density of heavy
ions is more severe than proton with same velocity. The en-
ergy deposit per unit length is proportional to Q% /A where Q
and A are charge number and mass number, respectively [2].
For example, this density of uranium is 36 times higher than
proton. Therefore FRIB must considerably pay attention to
potential loss source and distinguish a loss, especially for
inside RF cavities for stable operation.

In this paper, we discuss the beam loss originated by
charge-exchange reaction in the 1st folding segment (FS1).
Since this reaction exchanges a electron with residual gas,
the beam ion charge-state, g, varies after the reaction. Then
it also varies the magnetic rigidity because it is dependent
on the charge-to-mass ratio, ¢/A. The charge-exchanged
ion orbit is distorted and then it could be lost somewhere in
downstream. The reaction probability depends on the resid-
ual gas pressure. The FS1 is a beam transport connecting
Ist and 2nd linac segments (LS1 and LS2). A high power
load collimator, namely charge selector, is located in the arc
section and pressure level around the selector is estimated to
be the worst in the entire driver linac. Therefore significant
amount of charge-exchange reaction could occurs around
the charge selector. A new collimator position and aperture

* Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661
T tomofumi.maruta@kek.jp
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are optimized by using 3D Particle-In-Cell (PIC) simula-
tion. The simulation studies a charge-exchange reaction of
uranium beam. We track the orbits of charge-exchanged
ions and loss location in the arc section. Then a new colli-
mator position and aperture size are optimized also by the
simulation.

In this paper, the outline of FS1 is explained in the next
section. The total power of charge-exchanged ions are esti-
mated from the cross-section and residual gas pressure in 3rd
section. The loss location and aperture study by simulation
is shown in 4th section. Then we conclude this study in the
last section.

FOLDING SEGMENT 1

The FS1 is a 57 m long beam transport connecting par-
allelly placed 1st to 2nd linac segments (LS1 and LS2) as
shown in Fig. 1. The injection beam energy is 16.6 MeV/u
for uranium. A charge stripper is placed upstream of the arc
section in order to increase effective acceleration gradient at
LS2 and later linac section. In the stripper, beam ions are
stripped off their electrons by passing though a thin liquid
lithium film. The ¢g/A of heavy ions such as uranium in-
creases more than twice. Meanwhile, the beam ions deposit
their energy about 0.2 MeV/u on average in the stripper. In
the charge stripper, heavy ions with unwanted charge states
are also generated. A horizontal movable collimator, namely
charge selector, extinguishes these unnecessary ion. This
collimator locates after the 1st 45-degree bending magnet in
arc section as shown in Fig. 1. The bending radius of each
ion differs by their own g/A due to the magnetic rigidity,
which is inversely proportional to g/A. Therefore horizon-
tal position at the bending magnet exit depends on each
q/A. Moreover, B, at the selector is minimized to realize
a good ¢g/A separation. The arc section is 11 m long, two
fold achromatic and isochronous lattice and each of them is
comprised from two 45-degree bending, two quadrupole and
one sextupole magnets. The beta functions and momentum
dispersion along the arc are shown in Fig. 2.

(top right) to LS2 (bottom right) passing through 180-degree
arc.
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EFFICIENT HEAVY ION ACCELERATION WITH IH-TYPE
CAVITIES FOR HIGH CURRENT MACHINES IN THE ENERGY RANGE
UPTO 11.4 MEV/U

H. Hihnel®, U. Ratzinger, R. Tiede
Institute of Applied Physics, Goethe University Frankfurt, Germany

Abstract

We propose an efficient design for heavy ion accelera-
tion from 1.4 to 11.4 MeV/u with a design current of
15 emA for a U%* beam as a possible injector for FAIR.
The proposed linac is based on IH-DTL cavities and quad-
rupole triplet focusing. The KONUS beam dynamics con-
cept [1] is used to achieve high acceleration efficiency. By
optimization of the transverse focusing scheme and the
longitudinal bunch center motion, low emittance growth
for the entire linac is achieved. Beam dynamics simulations
were performed along with 3D rf simulations of all cavi-
ties. The cavities are designed for 108.408 MHz, reaching
an effective shunt impedance of 100-200 M€)/m. The over-
all length of the linac is just 22.6 m which is almost a third
of an alternative Alvarez layout. A mechanical realization
concept employing a modular tank design is presented. The
proposed design is a viable option for the GSI UNILAC
poststripper linac replacement, leaving free space in the
UNILAC tunnel for future energy upgrades.

LAYOUT AND COMPONENTS

The whole linac structure was developed with LORASR
and CST Microwave Studio. The design comprises five
108 MHz IH-DTL cavities and seven quadrupole triplet
lenses [2]. The linac is divided into three mechanically
rigid secti;)ns (see Fig. 1).

eam Cavity 1

Figure 1: Layout of the IH-DTL linac.

Additionally, the cavities are divided into short modules
(as shown in Fig. 2) to allow copper plating and easy align-
ment of the modules with drift tubes and lenses. The layout
features phase probes for all lenses except L1 and L2 and
beam steerers between L4 and L5 to ensure optimal beam
transport. The power requirements of the cavities were es-
timated using CST simulations of all sections. The overall
consumed power per cavity is 0.82 MW at the beginning
of the linac and reaches 1.22 MW towards the end of the
linac (see Table 1). At a duty factor of 0.2 % the thermal
losses are in the order of 2 kW and could be managed with

* Work supported by BMBF 05P15 RFRBA
T haehnel@jiap.uni-frankfurt.de

ISBN 978-3-95450-169-4
616

simple cooling techniques. Significantly higher duty fac-
tors are also possible, but would require extensive cooling
of the structures.

Modules | ' 2 '
=) :
p _dl: : nnJLIFE‘-',‘- WYY wes

Figure 2: Mechanical design of the modular sections for
the first IH-DTL cavity (courtesy of D. Bénsch

At 108.408 MHz the IH-cavities are 0.7-0.8 m in diam-
eter. The design limits were chosen to be state of the art
values to provide a reliable and durable machine. On axis
electric field in the IH-cavities is at maximum just above
11 MV/m which is a value considered safe for an IH-struc-
ture at this frequency. The quadrupole magnets are now
limited by < 1.1 T at the pole tip. This provides some op-
erational margin, since tip fields of 1.3 T are possible using
current magnet technology. The average accelerating gra-
dient of the whole linac is 3.76 MV/m.

Table 1: Cavity Properties

Cav. Lo, [m] Viot [MV] Pior IMW]
1 4.9 19.6 0.8
2 2.8 17.2 1.0
3 3.6 18.7 1.2
4 3.7 18.7 1.2
5 3.9 16.8 1.2
BEAM DYNAMICS

The beam dynamics design was developed using LO-
RASR and is based on the KONUS beam dynamics con-
cept. The combination of a negative synchronous phase
section (rebunching) followed by a longer section with a
phase close to zero degrees allows for more efficient accel-
eration. The zero-degree section allows higher accelerating
voltages and a significant reduction of radial E-field defo-
cusing of the beam. Meanwhile the rebunching sections en-
sure longitudinal matching between the different sections.
This way the drift length between two succeeding triplet
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FABRICATION AND LOW TEMPERATURE TEST PLAN FOR RARE
ISOTOPE SCIENCE PROJECT*

Wookang Kim, Mijoung Joung, Yoochul Jung, Heetae Kim', Jongwon Kim, Youngkwon Kim,
Ilkyoung Shin, Rare Isotope Science Project,
Institute for Basic Science, Daejeon 34047, Republic of Korea

Abstract

Quarter-wave resonator (QWR), half-wave resonator
(HWR) and single-spoke resonator (SSR) cryomodules
are used for RAON accelerator. The layout of RAON
accelerator and three types of cryomodules such as QWR,
HWR and SSR are shown in the linac. SRF test facility
which consists of cryoplant, cleanroom, vertical test
facility and horizontal test facility is constructed.
Cleanroom has high pressure rinsing (HPR), ultrasonic
cleaning (USC), buffered chemical polishing (BCP), high
vacuum furnace and cavity assemble place. The test plan
for cavity and cryomodules is presented.

INTRODUCTION

N-dimensional thermal radiation was studied [1] and
the size effect of the thermal radiation was predicted [2,
3]. Properties of superfluid helium fog were studied [4-6]
and RAON superconducting radio frequency (SRF) test
facility was designed [7]. The RAON SRF test facility
consists of cryogenic system, cleanroom, vertical test
facility and horizontal test facility. Cavity process and
assemble can be performed in the cleanroom. Residual
resistivity ratio (RRR) of Nb was measured and the
conditions of e-beam welding (EBW) for Nb were studied
[8, 9]. Helium leak detection techniques were shown for
cryogenic system [10] and a half-wave resonator (HWR)
cryomodule was test in low temperature [11].

In this paper, we show the layout of RAON accelerator
in which QWR, HWR and SSR cryomodules are
installed. Progress of the cryomodules’ development is
presented and SRF test facility is shown. Cleanroom,
vertical test facility and horizontal test facility can be
used in the SRF test facility.

RAON ACCELERATOR

RAON accelerator consists of SCL1, SCL2, and SCL3.
The layout of the RAON accelerator and the cross-
sectional view of cavities are shown in Fig. 1. The types
of cavities are QWR, HWR, SSR1, and SSR2. Radio
frequencies to drive QWR, HWR, and SSR cavities are
81.25, 162.5, and 325 MHz, respectively. Beta is 0.047,
0.12, 0.30, and 0.51 after QWR, HWR, SSR1, and SSR2
cryomodules from SCL1 through SCL2. Beam energy for

* This work was supported by the Rare Isotope Science Project of
Institute for Basic Science funded by the Ministry of Science, ICT and
Future Planning (MSIP) and the National Research Foundation (NRF)
of the Republic of Korea under Contract 2013M7A1A1075764.
fkim_ht7@yahoo.com
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Figure 1: Layout of RAON accelerator.

H" is about 600 MeV and beam energy for U is about
200 MeV. Power on target is about 400 kW. It is expected
to construct the RAON accelerator in 2021.

TYPES OF CRYOMODULES

Prototypes of cryomodules are fabricated and tested.
Fabricated prototypes of the cryomodules are quarter-
wave resonator (QWR), half-wave resonator type 1
(HWR1), half-wave resonator type 2 (HWR2), single-
spoke resonator type 1 (SSR1), and single-spoke
resonator type 2 (SSR2) cryomodules. The types of the
cryomodules are shown in the layout of RAON
accelerator in Fig. 2. SCL1 and SCL3 are the same, which
have QWR, HWR1, and HWR2 cryomodules. SSR1 and

SCL1(HWR)

SSR)
&= -

S‘CI..Z"(
B :

SCL3(QWR)

SCL3(HWR)

Figure 2: Types of cryomodules in RAON accelerator.
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DEVELOPMENT OF RAON QWR CRYOMODULE FOR LINAC
DEMONSTRATION*

Heetae Kim, Jong Wan Choi, Yong Woo Jo, Yoochul Jung, Wookang Kim?,
Youngkwon Kim, Min Ki Lee, Rare Isotope Science Project,
Institute for Basic Science, Daejeon 34047, Republic of Korea

Abstract

Quarter-wave resonator (QWR) cryomodule is
developed for linac demonstraction. The plan and layout
of the linac demonstration are shown. 3D drawing and
P&ID are shown for the quarter-wave resonator (QWR)
cryomodule. The QWR cryomodule consists of cavity,
coupler, tuner, liquid helium reservoir, thermal shield and
magnetic shield. PLC rack is fabricated to control the
QWR cryomodules. The PLC controls and monitors
pumps, heaters, cryogenic valves, solenoid valves, gate
valves and temperature sensors.

INTRODUCTION

Superfluid helium fog was studied below the critical
temperature of superfluid, 2.172 K [1-3]. Thermal
radiation from n-dimension [4] and the size effect of the
thermal radiation [5, 6] were investigated. RAON
superconducting radio frequency (SRF) test facility was
designed [7]. The RAON SRF test facility consists of
cryogenic system, cleanroom, cavity test and cryomodule
test. The cleanroom is used for cavity processes and
assembles. Residual resistivity ratio (RRR) test of
niobium was performed and the conditions of e-beam
welding (EBW) were studied [8]. A half-wave resonator
type 1 (HWRI1) cryomodule was test in low temperature
[9].

In this research, we develop QWR cryomodule for
linac demonstration. Layout of linac demonstration is
presented. In order to control the cryomodules, PLC rack
is fabricated and PLC program is developed.

LINAC DEMONSTRATION

Superconducting linac (SCL) demonstration consists of
ECRIS, LEBT, RFQ, MEBT, QWR cryomodule, warm
section, RF system and cryogenic system. Figure 1 shows
the layout of the linac demonstration. The linac
demonstration is located in RAON SRF test facility. The
SRF test facility includes cleanroom, cryogenic system,
vertical test bench, horizontal test bench, etc. Oxygen
beam having A/q~3 is used initially and then metal ion
such as Bismuth having A/q~7.2 will be used in future.
ECRIS beam energy is 10 keV/u, RFQ beam energy is
500 keV/u, and QWR beam energy is 530 keV/u.

* This work was supported by the Rare Isotope Science Project of
Institute for Basic Science funded by the Ministry of Science, ICT and
Future Planning (MSIP) and the National Research Foundation (NRF)
of the Republic of Korea under Contract 2013M7A1A1075764.
Tkwko11045@jibs.re kr
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Figure 1: Layout of linac demonstration.

QWR CRYOMODULE

Prototype of QWR cryomdoule was fabricated and the
QWR cryomodule is modified for linac demonstration.
Figure 2 shows the 3D drawing of the QWR
cryomodules. The QWR cryomodule consists of cavity,
coupler, tuner, liquid helium reservoir, thermal shield,
magnetic shield, etc. The cavity is made of Nb and is
operated at the temperature of 4.3 K and the frequency of
81.25 MHz. The Residual resistivity ratio (RRR) value of
Nb shows the purity of niobium, which is related to heat
transfer during welding process. The RRR degrades
during electron beam welding process due to impurity
incorporation. Thus, e-beam welding is very important
process to fabricate the Nb cavity. In order to improve the
quality (Q) factor of Nb cavity, the conditions of e-beam
welding which include vacuum level, welding speed, and
power were studied [10] and were applied to the cavity
fabrication.

SRF test facility has cryoplant, cleanroom, vertical test
bench and horizontal test bench. Cleanroom has high
pressure rinsing, buffered chemical polishing, ultrasonic
cleaning, high vacuum furnace and cavity assemble place.
The classes of the cleanroom are 10, 100, 1000, and
10000. The class of cavity assemble place is 10 in which
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MAGNETIC FIELD MEASUREMENTS IN A CRYOMODULE WITH
NEARBY WARM-SECTION QUADRUPOLE MAGNETS OF RAON HEAVY
ION ACCELERATOR

H.J. ChaT, M. K. Lee, I. Chun and J. W. Choi, IBS/RISP, Daejeon, South Korea

Abstract

In order to increase the quality factor of a supercon-
ducting cavity, a shielding mechanism against geomagnet-
ic fields in a cryomodule is required. In this paper, we
introduce the magnetic properties of Mu-metal specimens
for global shielding in the cryomodule. Dramatic reduc-
tion of the geomagnetic fields in a real Mu-metal shield-
ing structure is also reported.

INTRODUCTION

The superconducting linac of the RAON is composed
of a number of cryomodules in which include niobium
cavities and intermediate warm section modules for heavy
ion beam collimation and diagnostic [1]. For the accelera-
tion performance of a superconducting cavity, ambient
magnetic fields around the cavity should be minimized as
possible. In our case, the ambient fields are based on two
magnetic factors: one is geomagnetic fields which can be
trapped in the cavity surface during a cool-down process
and the other is fringe fields from a warm-section quadru-
pole magnet which can be partially trapped at the cavity
quench location [2]. In this study, we focus on the mini-
mization of geomagnetic fields at the cavity position with
the global magnetic shielding of a QWR cryomodule.

MAGNETIC PROPERTY MEASURE-
MENTS OF MU-METAL SPECIMENS

We prepared two kinds of Mu-metal samples: one was
processed by just thermal annealing and the other was
done by annealing again in hydrogen atmosphere.

Figure 1: Preparation for magnetic property measure-
ments of Mu metal specimens.

T hjcha@ibs.re.kr
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A magnetic analyzer was used for measuring the B-H
characteristics of the Mu-metal samples. Yellow arrows
in the left-side photograph of Fig. 1 indicate the pressed
and stressed spots which can degrade the shielding prop-
erty of the Mu-metal structure.

Figure 2 shows measurement results for the two kinds
of samples. The magnetic property for shielding of the
H,-processed sample (red curve) is superior to that of the
just thermally annealed sample (black curve). The treat-
ment for shielding performance of Mu-metal is known to

be annealed in the cooling rate of 200 °C/hr after 1150 °C
baking in H, atmosphere for 4 hours [3].

Reannealing w/ H,

0.60-|

Annealing

0.40-
0.20-|

-0.00

J.B [tesla)

020~

-1.00 T T T T T T T T
-75.00 60.00 -45.00 -30.00 -15.00 0.00 15.00 30.00 45.00 60.00 75.00

Figure 2: Comparison of measurement results for an an-
nealed sample and a reannealed one with hydrogen supply.

We could also obtain a relative permeability curve for
the H,-processed sample as shown in Fig. 3. Supposed

that the geomagnetic field is around 0.5 Oe (50 pT), the

permeability of the Mu-metal sample corresponds to be
approximately 18,000 in that field. However, it is possible
to increase the relative permeability by optimizing the
thickness and dimension of a Mu-metal structure as the
following equation:

B = 1.25DHy/t ()

where B is a magnetic flux density induced to a shielding
structure, D and ¢ are a diameter and a thickness of the
structure (cylinder), respectively, and H, is an external
magnetic field [4]. The resultant permeability can con-
tribute to improving a shielding factor of the Mu-metal
structure.
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STATUS OF RRR ANALYSIS FOR RAON ACCELERATOR*

Yoochul JungT, Heetae Kim, Wookang Kim, RISP, IBS, Daejeon, South Korea
Jonghwa Lee, Jiwon Seo, Vitzrotech, Ansan, South Korea

Abstract

Residual Resistance Ratio, which is called RRR, is an
important parameter representing the purity of supercon-
ducting material. Since a thermal quench, which means the
superconductivity no longer exists, is induced by thermal
accumulation when a local spot exceeds a critical temper-
ature, the purity control near superconducting surface as
about nano meter level is critical. Analyzing RRR charac-
teristics is a key to check out how e-beam welding is carried
out. Therefore, optimization and analysis of electron beam
welding is very important as the first step to produce su-
perconducting cavity. RISP has been producing low beta
cavities including half-wave, quarter-wave, and spoke type
cavities to construct heavy-ion accelerator, "RAON". We
have conducted series of e-beam welding tests and confirmed
that RRR is strongly dependent on the vacuum level, weld-
ing power, and welding speed. In this paper, we report RRR
results from various welded samples for producing niobium
superconducting cavities.

INTRODUCTION

Low-beta cavity requires complicated processes such as
cavity part forming by using a pressing machine, part weld-
ing by e-beam welding, chemical polishing of a cavity [1],
heat treatment, high pressure rinsing for cleaning the inner
surface of the cavity [5] [3]. Because the superconductivity
is strongly dependent on the surface state of the supercon-
ducting cavity, the surface of the cavity should be carefully
treated. Welding, which is carried out to assemble two or
more parts, is basic process to fabricate the superconducting
cavity. However, this welding process must be performed sys-
tematically and elaborately as well for successful result. In
principle, the welding occurs between liquid metals. There-
fore, this moment is very vulnerable for a material to be
easily contaminated from environment. According to previ-
ous studies [4], vacuum level, welding power and welding
speed are known as critical factors to determine the success
of the welding, needless to say the clean surface of parts to
be joined. We performed various welding of niobium by
using electron-beam with the same condition as used for
producing prototype niobium cavities. And we analyzed the
results of the residual resistance ratio with physical property
measurement system (PPMS). In this paper, we will discuss
the characteristics of RRR measurement as a function of the
vacuum level, welding speed, and welding power.

* This work was supported by the Rare Isotope Science Project of Institute
for Basic Science funded by the Ministry of Science, ICT and Future
Planning (MSIP) and the National Research Foundation (NRF) of the
Republic of Korea under Contract 2013M7A1A1075764

T sulsiin@ibs.re.kr
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EXPERIMENTAL

Sample Preparation and E-beam Welding

RRR 300 grade niobium sheets (Nb,41) were purchased
from ATI, Wah Chang Inc. (Albany,USA). Each Nb sheet
has the size as 3 X 635 x 1200 mm? (thickness x width x
length). Purchased niobium satisfied the mechanical and
chemical specifications for producing Nb superconducting
cavity [?]. Successfully welded niobium sheet for preparing
samples has the size as 200 x 200 mm?, which means two
identical niobium parts of 100 x 200 mm? were butt-joined
by e-beam welding. Welding conditions are summarized in
Table 1. Nb samples for RRR measurement have the size
as 0.5 X 0.5 X 9 mm?, and they were cut from the welded
Nb sheet perpendicular to the welding line. All dimensions
of niobium are summarized in Table 2. Each distance of
cut sample was 0, 2, 4, 6, 8, 10, 15, 20, 25, 50 mm from
the welding line. This is shown in Figure 1 and Figure 2.
Cutting samples was carried out by electrical discharge ma-
chining (EDM). Samples were cut from bottom, middle and
top part along the welding direction. For instance, twenty
samples were cut from the bottom part including both the
weld side (front side) and bead side (back side). Ten samples
were obtained from one welded sheet. Therefore, sixty Nb
samples in total were prepared from the welded Nb sheet.

Table 1: Welding Conditions for Sample Preparation

Items Values
Voltage (kV) 60 - 120
Current (mA) 30 - 60
Power (kV) Max. 9
Welded Speed (mm/s) 3-20

Vacuum (Torr) 2%x107° ~5%x107°

Table 2: Nb Dimensions for RRR Measurement

Items Dimensions
Nb Sheet 3 X 635 x 1200mm?> (T xW x L)
Welded Sheet 200 x 200 mm?
Part for Welding 100 x 200 mm?
Nb Sample 0.5 % 0.5 %9 mm?
RRR Experiment

RRR measurement by using physical property measure-
ment system (PPMS) was performed with no magnetic field.
Among many definitions of RRR, we defined RRR by mea-
suring the resistance of niobium sample just above 9.2 K, the
critical temperature at niobium turns into superconducting
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VERTICAL TEST RESULTS ON ESS MEDIUM BETA ELLIPTICAL
CAVITY PROTOTYPE

Enrico Cenni”, Guillaume Devanz, Xavier Hanus, Franck Peauger, Juliette Plouin, Dominique
Roudier, Luc Maurice, Fabien Eozenou, Christophe Servouin, Stephane Berry, Pierre Bosland,
CEA Saclay, Gif-sur-Yvette, France
Christine Darve, ESS, Lund, Sweden
Gabriele Costanza, Lund University, Lund, Sweden

Abstract

The ESS elliptical superconducting Linac consists of
two types of 704.42 MHz cavities, medium and high beta,
to accelerate the beam from 216 MeV (spoke cavity Linac)
up to the final energy of 2 GeV. The last Linac
optimization, called Optimus+ [1], has been carried out
taking into account the limitations of SRF cavity
performance (field emission). The medium and high-beta
parts of the Linac are composed of 36 and 84 elliptical
cavities, with geometrical beta values of 0.67 and 0.86
respectively. This work presents the latest vertical test
results on ESS medium beta elliptical cavity prototypes.
We describe the cavity preparation procedure from buffer
chemical polishing to vertical test. Finally, magnetic
probes (Fluxgate) were installed on the cavity to determine
magnetic field background during vertical test. The latest
vertical test results showed that the cavity design
performance is beyond requirements.

INTRODUCTION

CEA-Saclay is in charge of developing and
manufacturing six medium beta elliptical cavities [2] for
the superconducting section of ESS Linac. Four of these
cavities will be installed in a cryomodule prototype used as
demonstrator [3]. Next, 5 high beta cavities [4] will be
manufactured and installed (4 of them) into a cryomodule
for testing.

As of September 2016, all 6 medium beta cavities have
been manufactured, 2 were tested and are ready for helium
tank integration. The remaining 4 will be soon delivered to
be polished by means of acid etching (buffer chemical
polishing). Figure 1 shows a section of a medium beta
cavity equipped with the helium tank.

Figure 1: Medium beta elliptical cavity equipped with
helium tank (section view).

#enrico.cenni@cea.fr
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Table 1 presents all the relevant parameters concerning
medium beta cavities design and working conditions.

Table 1: Medium Beta Cavity Design Parameters

Parameter Value
Frequency 704.4 MHz
Length 1258.8 mm
# cells 6
Operating temperature 2K
Beta 0.67
Nominal Ecc 16.7 MV/m
Qo at nominal By >5x107
Epk/ Eacc 2.36
B/ Eace 4.79 mT/(MV/m)
G 196.63 Q
Cell to cell coupling 1.2%

CAVITY MANUFACTURING AND
PREPARATION

Six cavity prototypes have been manufactured following
a dedicated procedure [5].

In Table 2 are shown the average deviations between the
measured and simulated length and fundamental mode
frequency, for the 6 manufactured cavities.

Table 2: Cavities Manufacturing Deviation Summary

Average deviation respect
Parameter
computed values
Length 0.767 mm
n-mode frequency 0.292 MHz

Preliminary results on accelerating mode frequency and
length show that the manufacturing process is accurate and
reliable, especially into evaluate the welding shrinkage.
This allowed us to have a precise estimation of the cavity
frequency and length. On the other hand, field flatness
measurements just after welding, showed to be different
among the two first cavities. P01 had a 56.8% field flatness
while P02 had 89.1%. Our goal is to tune all cavities with
a field flatness of 95% before the helium tank integration.
A dedicated tuning machine was designed to achieve this
task, each cell can be tuned independently during the same
tuning process.
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RESULTS OF INTENSITY UPGRADE PHASE I FOR 200 MeV H- LINAC AT
BROOKHAVEN*

D. Raparia®, B. Briscoe, C. Cullen, T. Lehn, V. Lodestro, A. McNerney, J. Ritter, A. Zelenski,
Brookhaven National Laboratory, Upton, NY, USA

Abstract

The 200 MeV H- Linac has been operational for the
last 45 years providing beam to the physics and isotope
programs. There is eight folds increase in yearly-
integrated intensity delivered to Brookhaven Linac Iso-
tope Producer (BLIP) in the past decade. Recently we
have finished intensity upgrade phase I, which resulted
48% more intensity for BLIP and reduced losses along the
linac and transfer line to BLIP by several fold. We will
present detail of the upgrade and future upgrades plan to
further increase in the intensity by factor of two.

INTRODUCTION

The Brookhaven National Laboratory (BNL) 200 MeV
drift tube linac (DTL) was built in 1970 [1] with follow-
ing design parameters for proton: input energy 0.75 MeV,
output energy 200.3 MeV, frequency 201.25 MHz, peak
beam current 100 mA, beam pulse length (max) 200 ps,
RF pulse length 400 ps, pulse repetition rate (max) 10 Hz.
Over the 45 years of linac operations, it has gone through
several improvements. The major upgrades were; (a)
switch to 5 Hz operation [2], (b) change proton to H™[3],
(c) addition of polarized H™ source [4], (d) replacement of
the Cockcroft-Walton by Radio Frequency Quadrupole
(RFQ) [5], (e) new timing system [6], (f) new 12 inches
pressurised coax system [6], (g) RF system improvements
[6], new 50 kV power supply, eliminating of DC charge
control at 60 kV, new RF control system, phase and am-
plitude servo redesign, (h) new polarized source OPPIS
source and its upgrade, and [7,8], (i) reconfiguration of 35
keV and 750 keV transport lines [9,10,11,12,13].

At present linac provides H beam at 200 MeV to polar-
ized proton program for Relativistic Heavy lon Collider
(RHIC) and 66-200 MeV to Brookhaven Linac Isotope
Producer (BLIP). The RHIC program needs two pulses
every AGS cycle (~4-6 sec), one for injection into the
AGS booster and other for 200 MeV polarization meas-
urements located in the High Energy Beam Transport line
(HEBT). The rest of the pulses from high intensity source
are delivered to BLIP. Requirements for these programs
are quite different and are following. (1) RHIC: 200
MeV, 600 pA beam current, up 400 ps pulse length, po-
larization as high as possible and emittance as low as
possible, (2) BLIP: 66-200 MeV, 450 ps pulse length,
current as high as possible (~55 mA), uniform beam dis-
tribution at the target, and beam losses as low as possible.
Many of subsystems of the linac are 45 years old and
need to be replaced. Three upgrade programs; reliability,
intensity, and beam raster [14, 15], are in progress. Here,
we will discuss only intensity upgrade program for BLIP.

*Work performed under Contract Number DE-AC02-98CH10886 with
the auspices of the US Department of Energy
#raparia@bnl.gov
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INTENSITY UPGRADE

The average current delivered to BLIP is steadily in-
creasing over the years as shown in Fig. 1. To increase
the isotope production, there is strong desire to increase
the linac current by factor of two. An Accelerator Im-
provement Plan (AIP) was approved for Phase I of inten-
sity upgrade in 2014. Phase I includes 15 % (5 % in the
peak current and 10% in the beam pulse length) increase
in average current and evaluations of the linac subsystem
for doubling the current [17]. Table 1 summarizes linac
parameters for intensity upgrade Phase I (2014), operating
2016 and proposed to increase the intensity by factor of
two, Phase II. Both the goals of Phase I, (1) increase in
15% current, and (2) evaluation of the linac subsystem for
delivering 250 pA average beam current, were successful-
ly completed on time and within the budget. We have
concluded that the linac can deliver 250 pA with upgrades
of subsystem describe in section below.
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Figure 1: The average current delivered to BLIP for last
15 years (2002-2016).

Table 1: Linac Parameters for Intensity Upgrade Phase I
(2014), Operating 2016 and proposed Phase I1.

Parameter Phasel Operation  Phase I1
(Goal) 2016 (Goal)
In. Energy (MeV) 0.75 0.75 0.75
Out. Energy (MeV) 200 200 200
Peak Cur. (mA) 45 55 45
Beam PL (us) 490 470 900
RF PL (ps) 650 620 1100
Frequency (MHz) 201 201 201
Rep. Rate (Hz) 6.67 6.67 6.67
Ave. Current (LA) 140 165 250
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OPTIMIZING CAVITY CHOICE FOR FRIB ENERGY UPGRADE PLAN*

S. Shanab', K. Saito, and Y. Yamazaki,
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, USA

Abstract

Isotope production yield rate is directly proportional to
beam power, especially for heavy ions. Higher beam ki-
netic energy on target drives more isotope yield. FRIB has
an energy upgrade plan up to > 400 MeV/u for Uranium
and already prepared a vacant space in the design stage and
cryogenic capacity that accommodates for the energy up-
grade plan [1]. This upgrade requires an optimized linac
design and challenging technology for cavity performance
improvement. In this paper, we will approach this issue
concerning; maximizing final energy, optimum beta, cavity
operating frequency, cryogenic power, fabrication and cost
in order to develop a cavity that is suitable for the energy
upgrade plan.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) is a heavy
ion linac under construction at Michigan State University.
FRIB is a unique linac in such a way that it accelerates
multi-species ions. FRIB baseline design will accelerate
ions to energies > 200 MeV/u. It will accelerate all stable
ion beams from Proton to Uranium. FRIB has an energy
upgrade plan [1] and prepares a vacant space of approxi-
mately 74 meters in the design stage and cryogenic capac-
ity to accommodate the plan. Cavity class choice is im-
portant for the energy upgrade due to the dependence of
transit time factor curve width (velocity acceptance) on
number of gaps. For multi-species linac such as FRIB, less
gaps increase velocity acceptance as shown in Figure 1
where Transit Time Factor (TTF) versus beta geometry is
plotted for varies number of gaps for elliptical cavity. For
instance, in FRIB elliptical cavities with high number of
acceleration gaps will be inefficient for Protons due to the
Proton’s beta will fall in the transit time factor curve tail.

Transit time factor model equations are below [2].

3 ﬁ ' N (_1)(N+2)/2

= (7) " Grrm ) v
for odd number of gaps

_(BY N\ (D)W
"= (5) « (Gm) wamr— @

for even number of gaps

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661.
fshanab@nscl.msu.edu
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Figure 1: Transit Time Factor (TTF) vs. beta with varying
number of cells (gaps) for elliptical cavities.

POSSIBLE CAVITY CLASSES

FRIB energy upgrade linac design has to choose an op-
timized cavity class: cavity frequency, number of cells for
the cavity, and beta geometry for multi-species in order to
maximize the benefits for FRIB upgrade. Table 1 compares
potential cavity classes where the crucial cavity parameters
are quantitatively presented. One can note that the higher
operating frequency can allow the higher accelerating gra-
dient. In contrast, compared to elliptical cavities the FRIB
beta=0.53 Half Wave Resonator (HWR) has higher transit
time factor at beta optimum. Whereas, elliptical cavity has
higher acceleration efficiency (R/Q). The cavity aperture is
kept the same as the FRIB HWR aperture (40 mm). For
elliptical cavity classes, a small aperture lowers cell to cell
coupling. FRIB beam current is very low (several mA).
This parameter won’t play an important role in the energy
upgrade plan. An overview of potential cavity classes for
FRIB energy upgrade are discussed in next page to see their
advantages and disadvantages.

o  FRIB beta = 0.53 Half Wave Resonator (HWR)

No R&D is needed in this case. FRIB already uses the
0.53 HWR. Eight 0.53 HWR cryomodules will be utilized
for the upgrade.

e Spoke cavity

Spoke cavity has benefits for low frequency and heavy
beam loaded cavities, however these benefits are not so im-
portant for FRIB energy upgrade because of the low cur-
rent machine. Due to the complexity of the cavity shape,
cavity production cost is a concern.
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PIP-II INJECTOR TEST: CHALLENGES AND STATUS*

P. F. Derwent', J.P. Carneiro, J. Edelen, V. Lebedev, L. Prost,
A. Saini, A. Shemyakin, J. Steimel
Fermi National Accelerator Laboratory, Batavia IL 60510, USA

Abstract

The Proton Improvement Plan II (PIP-II) at Fermilab is a
program of upgrades to the injection complex. At its core
is the design and construction of a CW-compatible, pulsed
H- superconducting RF linac. To validate the concept of
the front-end of such machine, a test accelerator known
as PIP-II Injector Test is under construction. It includes a
10mA DC, 30 keV H- ion source, a 2 m-long Low Energy
Beam Transport (LEBT), a 2.1 MeV CW RFQ, followed by
a Medium Energy Beam Transport (MEBT) that feeds the
first of 2 cryomodules increasing the beam energy to about
25 MeV, and a High Energy Beam Transport section (HEBT)
that takes the beam to a dump. The ion source, LEBT, RFQ,
and initial version of the MEBT have been built, installed,
and commissioned. This report presents the overall status
of the Injector Test warm front end, including results of the
beam commissioning through the installed components, and
progress with SRF cryomodules and other systems.

THE PIP-I1 PROJECT

The Proton Improvement Plan-II (PIP-II) is a high-
intensity proton facility being developed to support a world-
leading neutrino program over the next two decades at Fer-
milab. PIP-II is an integral part of the U.S. Intensity Frontier
Roadmap as described in the Particle Physics Project Priori-
tization Panel (P5) report of May 2014 [1]. PIP-II is focused
on upgrades to the Fermilab accelerator complex capable of
providing a beam power in excess of 1 MW on target at the
initiation of Long Baseline Neutrino Facility [1,2] operations
and is a part of a longer-term concept to achieve multi-MW
capabilities at Fermilab. PIP-II is a Department of Energy
project following the critical decision (CD) process and
guidelines of DOE Order 413.3b [3]. The project does antic-
ipate in-kind contributions from international partners, with
significant contributions from India. At the present time,
PIP-II received designation of CD-0 ("Mission Need") in
November 2015. A Reference Design Report was completed
in 2015 [4].

R&D STRATEGY

The R&D Strategy is designed to mitigate technical and
cost risks by validating the choices made in the facility de-
sign and by establishing fabrication methods for major sub-
systems and components, including the qualification of sup-
pliers. There are 5 key aspects to the strategy:

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy.
T derwent@fnal.gov
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1. Development and operational test of PIP-II Front End
covering the first 20 MeV.

2. Development and demonstration of cost effective su-
perconducting radio frequency acceleration systems
at three different frequencies (162.5 MHz, 325 MHz,
650 MHz) and with RF duty factors ranging from 10%
to 100%.

3. Development of a Booster injection system capable of
accepting beam pulses from the SC Linac.

4. Development of system designs capable of supporting
a 50% increase in the proton beam intensity accelerated
and extracted from the Booster/Recycler/Main Injector
complex.

5. Development of requisite capabilities at international
partner institutions to successfully contribute to SC
Linac construction.

In this paper we will describe the first step in this strategy,
the development and operational test of the front end (PIP-II
Injector Test or PI-Test).

The PI-Test program will develop and perform an inte-
grated system test of the room temperature front end [5, 6]
and the first two superconducting cryomodules [7]. The
hardware layout is shown in Figure 1.

PIP-II INJECTOR TEST

PI-Test will install and test hardware with the following
scope:
* A H™ source capable of up to 10 mA at 30 keV
* A Low Energy Beam Transport (LEBT) using un-
neutralized transport in the downstream part of the line
and beam chopping
¢ A Continuous Wave RadioFrequency Quadrupole
(RFQ) operating at 162.5 MHz and capable of deliver-
ing 5 mA at 2.1 MeV
* A Medium Energy Beam Transport (MEBT) with an
integrated wide band chopper capable of generating
arbitrary bunch patterns at 162.5 MHz
* Two low S superconducting cryomodules, utilizing half
wave (HWR) and single spoke resonators (SSR1), ca-
pable of accelerating 2 mA of beam to 25 MeV
* Beam dump capable of accommodating 2 mA at full
beam energy
* Associated utilities and shielding
The Ion source and LEBT were commissioned in 2015.
The RFQ was commissioned during 2016 [9], with the full
Medium energy beam transport to follow in 2017. Initial
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ASSEMBLY OF XFEL CRYOMODULES: LESSONS AND RESULTS

S. Berry®, O. Napoly
CEA, IRFU, SACM, Centre d'Etudes de Saclay, 91191 Gif-sur-Yvette Cedex, France

Abstract

The industrialized string and module assembly of 103
European XFEL cryomodules has been performed at CEA-
Saclay between September 2012 and the July 2016. The
general features and achievements of this construction pro-
ject will be reviewed, including lessons learned regarding
organization, industrial transfer, quality control and assem-
bly procedures. An overview of the cryomodule perfor-
mance and RF test results will be presented.

INTRODUCTION

The accelerator of the European XFEL is assembled out
of 101 superconducting accelerator modules being contrib-
uted by DESY (Germany), CEA Saclay, LAL Orsay
(France), INFN Milano (Italy), IPJ Swierk, Soltan Institute
(Poland), CIEMAT (Spain) and BINP, Russia. The
17.5 GeV Linac is made of 808 9-cells cavities at 1.3 GHz
and 25 RF stations of 5.2 MW each.

The CEA was in charge of assembly of 103 accelerator
modules on the Saclay site and with CEA infrastructure
while the workforce is given by an industrial contractor Al-
syom. The very challenging delivery rate was to produce
one module per week. The performance goal is an acceler-
ating gradient E,.c > 23.6 MV/m and a quality factor Qo >
1'9at2 K.

In this paper, the preparation phase of this construction
project will be briefly reminded, then the achievements in-
cluding lessons learned regarding organization, industrial
transfer, quality control are presented, finally the cryomod-
ules performance are analysed regarding the assembly pro-
cedures. Some cryomodules repair activities will also be
presented.

Due to their good performances 96 modules are enough
to meet the energy goal with some margins. These 96 mod-
ules have been installed in the tunnel. More details on the
status of XFEL are presented in [1].

PREPARATION PHASE

A set of three building have been refurbished and assem-
bly halls were organised in 7 workstations (WS). The so-
called XFEL Village consists of 200 m? clean room com-
plex with 112 m? under ISO4 allows assembling the cou-
plers to the cavity and two cavity strings in parallel; the
cryostating will be held on the 1325 m? of assembly plat-
forms and 400 m? are dedicated to storage [2]. During the
preparation phase, many automated or demi-automated test
benches have been developed. DESY lent CEA nine pump-
ing systems (with mass-spectrometers) and one laser-
tracker. INFN developed for the Saclay site two piezo tuner
control racks, CEA bought a washing machine to enter
parts into ISO4 clean room, and three pumping units (slow-
venting) with leak detector in the cleanroom dedicated to
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non-vacuum experts. CEA developed four RF crates for
automatized RF measurements namely RF spectra, trans-
mission and field flatness measurements and Time Domain
Reflexion. This crates have been used at different work-
stations to: control the HOM coupler rejection filter, mon-
itor the cavity tuner installation, tune the HOM and check
RF cable integrity.

The breakdown of the total assembly work over 7 work-
stations aims at:

e balancing almost equally the occupancy of each WS,

e bringing the longest WS occupancy below 5 days, it

impacts directly the throughput

Preparation phase was also used to qualify the providers
of the parts CEA had in charge: beam vacuum gaskets and
fastening, multi-layer insulation and magnetic shielding.
For one module, there are 9 422 individual components in-
tegrated and over 12 400 individual parts manipulated per
cycle time. The use of reliable Enterprise Resource Plan-
ning ERP is highly recommended.

PRODUCTION PHASE

Cryomodule Production

A detailed presentation of the cryomodule mass produc-
tion is given in [3]. The modules delivery to DESY ends on
2016 July the 28™. In total 103 modules were delivered to
DESY (including the so-called pre-series cryomodules
XM-3, XM-2, XM-1).

Figure 1 shows the number of cryomodule produced as
a function of the delivery dates. As indicated in Figure 1,
in 2015, one cryomodule was delivered every 4 working
days, 52 in total. The Cold Linac will also include two pre-
series cryomodules: XM-2 and XM-1.

// 2016:
2014: 25 modules
24 modules
XM-2 2015:
= XM-3 / 52 modules
MJ‘

e <

Figure 1: Number of cryomodules delivered vs. the deliv-
ery dates, from XM-3, XM-2, XM-1 and XM1-XM100.

Figure 2 shows the production throughput over time. The
throughput of one module every 5 days have been reached
mid-October 2014 with XM15 confirming that the design
of the Assembly Infrastructure was correct.

Thanks to organisational efforts, the 4-day throughput
was reached in January 2015 with XM25 and maintained
till the completion.

3 Technology
3E Cryomodules and Cryogenics
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Abstract

The European Spallation Source requires a pulsed linac
with an average beam power on the target of 5 MW, which
is about five times higher than the most powerful spallation
source in operation today. Over 97 % of the acceleration
occurs in superconducting cavities. ESS will be the first
accelerator to employ double spoke cavities to accelerate
beam. Accelerating gradients of 9 MV/meter is required in
the spoke section. The spoke section will be followed by
36 elliptical 704 MHz cavities with a geometrical 3 of 0.67
and elliptical 704 MHz cavities with a geometrical  of
0.86. Accelerating gradients of 16.7 and 20 MV/m are re-
quired in the medium and high-f elliptical cavities, respec-
tively. Initial gradient test results will be presented in which
results exceed expected requirements.

THE ESS LINEAR ACCELERATOR

The ESS new facility is composed of a 5 MW proton lin-
ear accelerator (linac), a tungsten target to produce neu-
trons by spallation reaction and experimental neutron beam
lines [1]. The ESS Superconducting Radio-Frequency linac
has been designed to deliver to the target a time averaged
proton beam power of 5 MW at the completion with a nom-
inal current of 62.5 mA with a stage at 1| MW in 2019. The
proton linac is a long pulse machine with 2.86 ms beam
pulse length and 14 Hz pulse repetition rate giving a duty
cycle of 4 %.

Figure 1 shows the layout of the ESS linac, Optimus +
[2]. The superconducting linear accelerator lattice redesign
has permitted to optimize the layout of the linear accelera-
tor using a transition energy of 90 MeV with the normal
conducting linac and reaching 2 GeV at the target. It accel-
erates a high intensity proton beam using a 50 m long warm
linac, which increases the beam energy up to 90 MeV and
a 312 m long cold linac to reach the final energy of 2 GeV.

Warm linac

The choice of Superconducting Radio-Frequency (SRF)
technology is a key element in the development of the ESS
accelerator. The SRF linac is composed of three families of
cavity strings, which operate at 2 K [3-5].

In the framework of the ESS-CEA-CNRS cooperation
agreement, signed in 2009, IPN Orsay and CEA Saclay are
intensively involved in ESS project by leading the design
of the whole spoke (WP04) and elliptical cryomodules
(WPO05) of the linac, respectively. Technology demonstra-
tors are being designed, fabricated and tested for the spoke
and the elliptical cavities and cryomodules. Those demon-
strators will validate the technologies to be implemented
for the ESS SRF linac series production.

According to the agreed In-Kind Contributions the series
spoke cavities and cryomodules are fabricated and tested
in IPN Orsay before being tested at high power in Uppsala
University, then shipped to Lund.

The production of the elliptical cavities is distributed be-
tween LASA and STFC, who provide the medium- 3 and
high- B elliptical cavities, respectively. Then, the elliptical
cavities are assembled with their fundamental power cou-
plers and cold tuning systems, before being assembled into
cryomodules in CEA Sacla