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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
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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 MOQ/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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empirical approximate function for the linear thermal ex-
pansion coefficients given by NIST. The cross sectional
drawing of the 2.6-cell m=-mode cold model cavity with the
circular-waveguide RF input coupler is shown in Fig. 1.

The copper material for the 2.6-cell cavity section and
the circular waveguide has been 6N8 oxygen-free copper.
For the end plate and the other parts C1011-6N8 oxygen-
free copper has been used. An MO-type flange [11] plated
with oxygen-free copper has been used for the waveguide
flange.

The design specifications and the RF characteristics of
the cold model cavity expected from the simulations are
listed in Table 1. The Qy, the shunt impedance and the cou-
pling coefficient are the values obtained by the CST Studio
simulation using the surface resistance at each temperature.

MEASUREMENTS ON THE 2.6-CELL
COLD MODEL CAVITY

Experimental Setup of the Cavity

The experiment has been carried out using a cryogenic

cooling system and a vacuum chamber prepared at LEBRA.

The cryogenic cooling system consists of a rectangular
vacuum chamber and a refrigerator unit (SUZUKI
SHOKAN Co., Ltd. 20 K GM type [12]) installed on it at
the base wall. The 2.6-cell cavity has been attached to the
cold head of the refrigerator unit via a copper base plate
and a copper heat sink as shown in Fig. 2.
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Figure 2: Photograph of the cold model 20 K 2.6-cell
cavity. The RF power is fed into the cavity through the
thin-wall stainless steel waveguide to avoid a large ther-
mal flow.

The silicone thermal grease (Apiezon N Cryogenic High
Vacuum Grease [13]) has been applied to both sides of the
base plate to improve the thermal conductance between the
cavity and the heat sink. The cavity temperature has been
monitored using semiconductor temperature sensors (Lake
Shore Cryotronics Inc., DT-670 [14]) attached to the base
plate and each end of the cavity. The resonant frequency
has been deduced from the |Si;| measurements using a net-
work analyser (Keysight Technologies E5071C). The RF
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power from the network analyser has been fed into the cav-
ity through a thin-wall stainless steel thermal gradient
waveguide (approximately 400 mm long) in order to avoid
a large thermal flow, after transmitted with a coaxial cable
(Junkosha, JUNFLON (R) MWXO021 [15]) and converted
to the waveguide mode with a coaxial-waveguide con-
verter. Calibration of the network analyser has been carried
out at the end of the coaxial-waveguide converter using a
Waveguide Calibration Kit.

Resonant Frequency at 20 K

The cavity cooling experiment was begun after the vac-
uum chamber was ready for turbo-molecular pumping.
During the cooling process, the T-mode resonant frequency
was traced and saved automatically to a PC every 30 sec
together with the cavity temperature, the |Sii| spectrum, the
Smith chart and the VSWR around the resonance peak.
Changes in the cavity temperature and the t-mode resonant
frequency measured during the cooling experiment from
the room temperature down to around 20 K are shown in
Fig. 3 as a function of the time elapsed since the refrigera-
tor was turned on.

The cavity was cooled from 293.88 K to 20.20 K spend-
ing approximately 30 hours, then came to a steady temper-
ature. During the period the m-mode resonant frequency
has varied from 5693.120 MHz to 5711.895 MHz. The res-
onant frequency at 20 K is approximately 100 kHz lower
than the result of the CST Studio simulation.
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Figure 3: Plot of the cavity temperature and the n-mode
resonant frequency as a function of the time since the
cooling started. The cooling of the cavity took 30 hours,
then the resonant frequency reached a constant value of

5711.895 MHz.

The Temperature Change of the Q Value

The |S11| spectrum at the lowest temperature (20.20 K) is
shown in Fig. 4. The fitting curve in the figure shows the
resonance curve calculated using the resonant frequency
fo=5711.895 MHz, the coupling coefficient f = 19.4 and
the loaded Q-value Q1= 3300, which is in agreement with
the measured spectrum near the resonant peak. In this pre-
liminary analysis of the |Sii| spectrum, the unloaded Q-
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value Qy is estimated to be approximately 68000, which is
slightly low compared to the designed value. On the other
hand, the coupling coefficient § of 19.4 is in agreement
with the designed value.

The effects of the adjacent modes in the circular wave-
guide or the errors in the waveguide calibration have not
been taken into consideration in the resonance curve fitting.
Precise measurements and detailed analyses are expected
to reproduce the resonance curve and allow to estimate
more accurate properties.
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Figure 4: Reflection coefficient |Si;| spectrum measured
at the cavity temperature of 20 K.The Qo value of ap-
proximately 68000 has been deduced from the spectrum
with the loaded-Q value of 3300 and the coupling coef-
ficient f of 19.4.

CONCLUSIONS

A cryo-cooled 2.6-cell n-mode C-band photocathode RF
electron gun has been developed by the collaboration be-
tween KEK and LEBRA at Nihon University as part of
Photon and Quantum Basic Research Coordinated Devel-
opment Program of the Japanese Ministry of Education,
Culture, Sports, Science, and Technology (MEXT).

Preliminary 20 K cooling tests of the new 2.6-cell cold
model cavity have been performed by the low power RF
feeding through a thin-wall stainless steel waveguide. The
cavity was cooled from 293.88 K down to 20.20 K spend-
ing approximately 30 hours. The m-mode resonance fre-
quency has varied from 5693.120 MHz to 5711.895 MHz.
The resonance frequency at 20 K has been approximately
100 kHz lower than the CST Studio calculation. The Qo
value of approximately 68000 resulted from an analysis of
the |S11| spectrum has been slightly lower than the design
value. More precise experiments and detailed analyses of
the cavity are planned in 2016. On the basis of the cold
model experiment, the design and fabrication of a high-
power model cavity is under consideration.
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