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Abstract

A prototype of half-wave resonator (HWR)
cryomodules is fabricated and tested. Cables and tray are
installed for horizontal test. The design and the piping and
instrumentation diagram (P&ID) of the HWR cryomodule
are presented. The HWR cryomodule is tested with
developed programmable logic controller (PLC) and
experimental physics and industrial control system
(EPICS) control systems. The heat loads of the HWR
cryomodule for static and dynamic are measured.

INTRODUCTION

Cryogenic system is required to construct a linear
accelerator when superconducting cavities are used to
accelerate ion beams. The coolants of cryogenic systems
are liquid helium, supercritical helium, liquid nitrogen, etc.

The Stefan-Boltzmann constant for n-dimensional
blackbody radiation [1] and the size effect of thermal
radiation were studied [2]. The effective temperature was
investigated for non-uniform temperature distribution [3,
4]. RAON accelerator system was designed [5], QWR and
HWR  cryomodules were developed [6] and
superconducting radio frequency (SRF) test facility was
constructed [7]. The SRF test facility consists of cleanroom,
cryogenic system, vertical test site and horizontal test site.
Cavity processes and cavity assembles are performed in
the cleanroom. Temperature measurement techniques was
introduced for RAON cryomodules [8] and RF power
couplers for half wave resonator (HWR) were designed [9].
In this research we design, fabricate and test a HWR
cryomodule with developed PLC control system. Tray and
cable information are shown for horizontal test. Design,
feedthrough and radio frequency (RF) amplifier
information are presented for the HWR cryomodule. The
HWR cryomodule is tested, so static and the dynamic heat
loads of the cryomodule are measured.

TRAY AND CABLE INSTALLATION

In order to perform the horizontal test, we develop the
programmable logic controller (PLC) for cryomodules. To
operate the PLC, tray and cables are installed in the
horizontal test site. Figure 1 shows the pictures of tray and
cables for the horizontal test. The PLC racks are located
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outside of the horizontal test bunker. All of the cables are
connected with the PLC and the cables come to the local
box as shown in Figure 1(c). Cables come out of the local
box and are connected to the feedthroughs of cryomodules
with connectors. The bunker consists of tray, local box,
cables with connectors, compressed air distributors, RF
power lines and helium transfer lines.

The cable of 1.5SQ is used for the power line of turbo
pumps, dry pumps and heaters. Solenoid valves are used
with 20AWG shielded pair cable. 22AWG shielded pair
cable is used for gate valves, vacuum gauges, turbo pumps,
dry pumps, control valves, temperature sensors and liquid
helium level sensors. The connectors of 32 PIN are used
for temperature sensors and the connectors of 10 PIN are
used for heaters, pressure gauges and level sensors.
Specific plastic connectors are used for pumps, display
control units (DCUs), gate valves, vacuum valves, vacuum
gauges, heaters, etc. The display control unit (DCU) is a
universal operating unit for the monitoring and control the
Pfeiffer turbo pumps.

Tray sizes are 300X100 (mm?) and 500X100 (mm?)

Figure 1: Pictures of tray and cables for horizontal test. (a)
PLC rack and tray, (b) cables in tray on the roof of the
horizontal test bunkers and (c) cables with connectors, tray,
local box, compressed air distributors, RF power lines and
helium transfer lines inside of the bunker.

HWR CRYOMODULE

A prototype of a HWR cryomodule is designed. Figure
2 represents the design of the HWR cryomodule. The
HWR cryomodule consists of two liquid helium reservoirs,
two cavities, two couplers, two tuners, thermal shield,
magnetic shield, etc. The operation frequency and
temperature of the HWR cryomodule at RAON accelerator
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s site are 162.5 MHz and 2.05 K, respectively. Temperature
g§ sensors such as Cernox-1050 are calibrated in the
-2 temperature range between 1.9 K and 325 K with physical
a property measurement system (PPMS) [8]. The calibration

her,

bli

of this work must maintain attribution to the author(s), title of the work,

« Figure 2: Design of a HWR cryomodule. (a) Liquid helium
g reservoirs, cavities and couplers, (b) top view of cavities,
"3 (c) thermal shield and (d) magnetic shield.

Z data which represents resistance as a function of
%temperature is saved as 340 files for each temperature
< sensor. The calibrated data of the 340 files are uploaded to
% Lake Shore Model 224 temperature monitors using Lake
§ Shore Curve Handler. The calibrated cernox sensors and
© Pt100 temperature sensors are attached on the cryomodule
o to monitor temperature.

§ Feedthrough connectors of 32 Pin are used for
= temperature sensors and tuners. Feedthrough connectors of
«i 10 Pin are used for liquid helium level monitors, heaters,
I pressure gauges and solenoid valves. Special connectors
O are used for cryogenic valves, turbo pumps, dry pumps,
o gate valves, vacuum valves and vacuum gauges.

C
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HORIZONTAL TEST

The PLC program for HWR cryomodules are developed
with compact logix PLC and studio 5000 software of
g rockwell automation. Allen bradley PLC controls pumps,
£ heaters and valves. The PLC communicates with
B temperature monitors through Ethernet cable. The EPICS
5 is developed from the PV lists of the PLC program. The
8 o PLC and EPICS control or monitor pumps, heaters,
E cryogenic valves, solenoid valves, liquid helium levels,
—% temperature sensors, the vacuum pressures of cavity and
B vessel and the vapor pressures of helium reservoirs through
= £ switching hub.

The HWR cryomodule is installed at the bunker after the
fabrication of the cryomodule and the cavities are
assembled to the cryomodule in cleanroom with top-down
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assembly. Magnetic field strength inside of the cryomodule
is measured to be below 15 mG. Figure 3 represents the
HWR cryomodule installed in the horizontal test facility
and the P&ID for the HWR cryomodule. The P&ID of the

SHe supply(d K. 3 bara)

GHe return(8 K. 1.25 bara)
2K return(2 K. 32 mbara)

GHe return(S5 K, 14.5 bara)

Figure 3: Picture of (a) the HWR cryomodule in horizontal
test facility and (b) the P&ID for the HWR cryomodule.

HWR cryomodule is for RAON linear accelerator site.
The prototype of the HWR cryomodule is tested at SRF
test facility, so liquid nitrogen is used instead of helium gas
and liquid helium is used instead of supercritical helium.
The cables from the local box in the bunker are connected
to the feedthroughs and special plastic connectors of the
cryomodule. Compressed air pressure which keeps up to 7
bars in the bunker are needed to control gate valves,
vacuum valves and cryogenic valves. The gate valves and
vacuum valves work around 7 bars and the cryogenic
valves work around 4 bars. Cylindrical type of compressed
nitrogen gas is used to control vacuum valves when the
compressed air pressure is lower than about 6 bars.
Vacuum valves are not closed completely when the
compressed air pressure is lower than the recommended
pressure. The helium transfer line adaptor of the HWR
cryomodule is connected with transfer lines which include
helium inlet, helium outlet, nitrogen inlet, nitrogen outlet
and 2K outlet.

The solid state power amplifier (SSPA) for the HWR
cryomodule and the connection of a coaxial line to a power
coupler are shown in Figure 4. The solid state power
amplifier (SSPA) has the drive frequency of 162.5 MHz,
continuous-wave (CW) operating mode and the maximum
power of 7 kW. The efficiency of the SSPA is higher than
50%. Radio frequency (RF) power is transferred to the
power coupler of the HWR cavity through the coaxial line.
The power coupler can be biased up to 1 KV.

The cavities and vessel of the cryomodule are evacuated
by using dry pumps and turbo pumps. Leak test is
performed for cavity, vessel, helium transfer lines and
thermal shield lines in the cryomodule. To do leak test for
the helium transfer line, the helium leak rate is monitored
from the vessel while helium gas is supplied to the helium
transfer lines while three cryogenic valves are opened. To
do leak test for the thermal shield, the helium leak rate is
monitored from the vessel while helium gas is supplied to
the thermal shield transfer lines.
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Coupler radio frequency (RF) conditioning is performed
for about 8 hours with 400 V DC bias at room temperature.
In order to cool down the cryomodule, liquid nitrogen is
supplied to the thermal shield and then liquid helium is
supplied to the helium reservoirs. The initial liquid helium
path to cool down the cryomodule is from helium inlet to
4 K reservoir, 2 K reservoir and then helium outlet. By

= /1N

Figure 4: RF test of a HWR cryomodule. (a) SSPA and (b)
the connection of a coaxial line to a power coupler in the
cryomodule.

opening fast cooldown cryogenic valve, we can supply
liquid helium to the bottom of cavities and then the liquid
helium goes to 2 K reservoir, after that, the liquid helium
goes out to 2 K outlet. Best superconducting niobium
cavity requires the clean surface which does not have
damages, dust particles and hydrides. Chemical etching
and high pressure rising are performed for the cavities
before cavities are installed to the cryomodule. Fast
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Figure 5: Static and dynamic heat load measurement for a
HWR cryomodule at 2.1 K. The static heat load is 6.6 W.
The total heat loads for 3 MV/m, 5 MV/m and 7 MV/m are
7.0 W, 8.7 W and 14.5 W, respectively.
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cooldown is known to help to prevent Q disease coming
from hydrides formation, so we perform fast cooldown. We
supply liquid helium with high flow rate to cavities when
the temperature of the cavities is decreased from 150 K to
50 K. The fast cooldown time is below 40 minutes in the
temperature range between 150 K and 50 K. Cavity RF
conditioning is performed for about 24 hours at 4.3 K once
liquid helium level is increased at two helium reservoirs.
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After finishing RF conditioning for two cavities, the
cryomodule is cooled down to 2.1 K. In order to measure
dynamic heat loads, we let the level of 4 K reservoir and 2
K reservoirs rise while RF power is supplied to one of the
cavities. The cryogenic valve for the 2 K reservoir is closed
and the liquid helium level of the 2 K reservoir is decreased
as times goes. Here, the liquid helium level of the 2 K
reservoir is measured as a function of time. The
temperature of the cavity is kept by controlling the valve
of 2 K pumps. The temperature of the cavity corresponds
to the vapor pressure of 2 K reservoir. The dynamic heat
loads are measured by considering the evaporation rate of
the liquid helium in 2 K reservoir. The static heat load is
measured without RF power. Figure 5 shows the static and
dynamic heat load measurement for the HWR cryomodule
at 2.1 K. The measurement time for each experiment is
about 30 minutes. The static heat load is 6.6 W. The total
heat loads for 3 MV/m, 5 MV/m and 7 MV/m are 7.0 W,
8.7 W and 14.5 W, respectively.

After finishing experiment, warm-up process is started.
We close the valve of 2 K pump and stop liquid helium and
liquid nitrogen supply. Pumps to make 2 K are stopped.
During warm-up process, the liquid helium in reservoirs
and cavities evaporates rapidly above 4.5 K. Therefore, we
make the evaporated helium go out to either helium outlet
or 2 K outlet while the cryogenic valves are opened.

SUMMARY

We have designed, fabricated and tested the prototype of
the HWR cryomodule. Tray and cables are installed for
horizontal test. The 3D drawing and P&ID of the HWR
cryomodule are shown and the utility information for the
horizontal test at the bunker is also shown. Feedthrough
information are shown for temperature sensors, tuners,
level monitors, heaters, pressure gauges and solenoid
valves. The PLC and EPICS for the cryomodule are
developed to operate the cryomodule. The experimental
procedure for the horizontal test is introduced. The static
and dynamic heat loads of the HWR cryomodule are
measured.
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