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Abstract

The Advanced Rare Isotope Laboratory (ARIEL) project
at TRIUMF requires a 50 MeV superconducting electron
Linac consisting of five nine cell 1.3 GHz cavities divided
into three cryomodules with one, two and two cavities in
each module respectively. The cryomodule design utilizes
an unique box cryomodule with a top-loading cold mass.
LHe is distributed in parallel to each cryomodule at 4 K
and at ~1.2 bar. Each cryomodule has a cryogenic insert on
board that receives the 4 K liquid and produces 2 K liquid
into a cavity phase separator. In the cryomodules the natu-
ral two-phase convection loops, i.e. siphon loop, are in-
stalled which supply 4 K liquid to thermal intercepts and
return the vaporized liquid to the 4 K reservoir as a refrig-
erator load. The design of the cryomodule, the simulation
results with Ansys Fluent and the results of the cold tests
will be presented.

INTRODUCTION

The ARIEL [1] is an on-going project at TRIUMF which
will triple TRIUMF's capability of rare isotope production
over the next ten years for the needs of the international
scientific community. ARIEL uses a 50 MeV, 10 mA con-
tinuous-wave (CW) electron linear accelerator (e-Linac) as
a driver accelerator utilizing superconducting bulk nio-
bium technology at 1.3 GHz. The accelerator is divided
into three cryomodules [2] including a single cavity injec-
tor cryomodule (ICM) and two accelerating cryomodules
(ACM) with two cavities each as shown in Fig. 1.
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Figure 1: A schematic of the e-linac showing the installa-
tion stages.

A first phase consisting of an ICM, and an accelerating
cryomodule with just one accelerating cavity on board plus
a ‘'dummy’ cavity that occupies the second cavity space in
the cryomodule (ACMuno) was installed for initial tech-
nical and beam tests to 23 MeV in 2014 [3]. The ACMuno
configuration allows a full cryo-engineering characteriza-
tion of the cryomodule. An upgrade that will add a second
1.3 GHz nine-cell cavity to ACMI is in progress. A 2nd
ICM as part of a collaborative agreement with the ANU-
RIB project at VECC [4] is under testing. The 2nd phase
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will add ACM2 module and a ramp up in beam intensity to
the full 50 MeV, 0.5 MW capability.

CRYOMODULE DESIGN

The ARIEL cryomodule design [5], shown in Fig. 2,
borrows significantly from the ISAC-II cryomodules. The
modular and staged testing/installation sequence of the e-
linac suggests that each cryomodule be self-reliant to con-
vert 4 K atmospheric LHe into 2 K He-II. To this end the
box cryomodule design has sufficient head room that
makes possible the addition of a dedicated 4 K/2 K cryo-
insert on each module. Incorporating features of the ISAC-
II design reduced the engineering design load within TRI-
UMF and takes best advantage of the existing infrastruc-
ture. This finds important savings in both the cryomodule
design, fabrication and testing but also in the cryogenic

system design.
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(b) The ACM cryogenic piping schematic.

Figure 2: ACM top assembly and piping schematic.
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The cold mass is suspended from the lid and includes a
stainless steel strongback, a 2 K phase separator, cavity
support posts and the cavity hermetic unit. The hermetic
unit consists of the niobium cavities, the end assemblies,
an inter-cavity transition (ICT) with a stainless steel HOM
damper, the fundamental power couplers (FPC) and an rf
pick-up. The end assemblies include the warm-cold transi-
tion (WCT), CESIC or stainless HOM damping tubes and
beam-line isolation valves. Other features include a scissor
jack tuner and warm motor, LN2 cooled thermal isolation
box and two layers of mu metal, a warm layer just inside
the vacuum box and a cold layer surrounding the cavity. A
Wire Position Monitor (WPM) alignment monitoring sys-
tem is installed with the hermetic unit.

Each cryomodule is outfitted with an on-board 4 K to
2 K cryogenics insert. The insert consists of a 4 K phase
separator, a 2.5 gm/sec heat exchanger and a JT expansion
valve, a 4 K cooldown valve and a 4 K thermal intercept
circuit in a thermal siphon configuration. During cooldown
the 4 K cooldown valve is used to direct LHe to the bottom
of the cold mass until 4 K LHe is accumulated in the cavity
jacket. Then the cooldown valve is closed, the JT valve is
opened and the sub-atmospheric pumps are turned on. The
level in the 4 K reservoir is regulated by the LHe supply
valve, the level in the 2 K phase separator is regulated by
the JT valve and the 2 K pressure is regulated by the sub-
atmospheric line valve. Piping within the module delivers
the siphon supply to a number of 4 K thermal intercept
points (WCT, ICT and FPC) and then returns the two phase
LHe back to the 4 K phase separator. Depending on the
thermal load, the density mismatch between the liquid side
(supply side) and the two-phase side (return side) can over-
come the head pressure difference between supply and re-
turn pipes. In this case a mass flow will be initiated in the
siphon loops and convective heat transfer will occur from
the load to the helium.

CRYOGENIC TEST RESULTS

The cryomodule static loads are estimated by measuring
the rate of falling level in the phase separators coupled with
details of the phase separator volume and the heat of va-
pourization. The falling level measurements are cross-cal-
ibrated with additional loads from DC heaters attached to
the helium volumes. The tests are completed with the 4 K
and 2 K spaces isolated by closing the JT valve, the 4 K
cool down valve and the 4 K supply valve. The results of
the static load measurements for 1st ICM and ACMuno in
2014 and 2nd ICM are shown in Table 1.

Table 1: Static Load

Load(W) IICM ACMuno 2"ICM
4 K staticload 6.5 6.25 4.55

2 K staticload 5.5 6.9 5

77 K static load <130 <130 <130

The 77 K static load is measured by noting the warmed
GN2 flow required at the exhaust side in order to keep the
LN2 thermal shield cold. In this case the measurement is
an overestimate since it was difficult to regulate the LN2 at
a lower level but the thermal shield was always cold.
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The efficiency of 2 K production is measured by closing
the 4 K supply valve while regulating the JT valve to keep
the level constant in the 2 K space. In this case the falling
level in the 4 K space is a combination of the static loads
of the 4 K and 2 K space load plus the vapour lost due to
expansion from atmosphere to 31.5 mbar. In order to sim-
ulate the dynamic load caused by the RF losses, a series of
different heater power are added to the 2 K space. The 2 K
production efficiency improves as a function of mass flow
as the temperature of the heat exchanger and JT valve de-
creases. An efficiency of 86% 2 K production efficiency
can be achieved for the operating regime with a mass flow
of 1.5 gm/sec for both the ICM and ACMuno which shown
in Fig. 3.
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Figure 3: Measurement of the 2 K production efficiency.

The cryo-insert was initially tested in a vertical cryostat
with a "dummy’ 2 K volume and variable thermal intercept
loads. The tests gave early experience with the thermal si-
phon circuit [6]. In particular the study showed that the de-
sign of the siphon return is important. A schematic of vari-
ous return methods for the siphon circuit are shown in
Fig. 4.

(a) (b) (©)
Figure 4: (a) the initial return loop in 4K/2K insert test; (b)
modified return loop with funnel (c) return loop pass
through reservoir bottom.

In variant (a) the returning 2-phase flow can cause a high
heat load in the 4 K phase separator if allowed to cause
convective mixing in the vapour space while in (b) this
mixing is minimized by funnelling the returning vapour to
the helium return stinger. A third variant (c) passes the re-
turn vapour through the 4 K bath and a lower exhaust po-
sition than (a) and (b). The siphon circuit in the cryomodule
is tested by applying various heater levels to the siphon
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loads and measuring the rate of falling level in the 4 K res-
ervoir with the J-T valve closed. Temperature sensors have
been installed to monitor the siphon circuit mass flow in
(b) and (c), shown in Fig. 4 as a red point. Both variants (b)
and (c) have been used with (c) exhibiting favourable per-
formance.

CFD simulations of mass and heat transfer and the 2-
phase flow in the ICM siphon circuit has been done with
ANSYS-Fluent [7]. In this study hexahedral mesh with 5
layers insulation on the tube wall and Multiphase-Mixture
method have been applied to the model. Based on the sim-
ulation results the Max. Mass flow rate is about 3gm/s as
shown in Fig. 5.
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Figure 5: ICM Ansys-fluent simulation results.

RF TEST RESULTS

The 1st ICM and ACMuno have been tested in 2014 [3].
Now the 2nd ICM for VECC[4] has been installed into the
beam line and the test is in process.

The cavity design considers the use of two CPI couplers
per cavity delivering a total of 100 kW of beam loaded RF
power. This sets a maximum gradient per cavity at
10 MV/m for the maximum beam intensity of 10 mA. The
FPC cold sections are cooled by LN loops, 80 K thermal
links and 4 K siphon loops which will intercept the RF dy-
namic load in the 4K Helium instead of 2 K Helium. Dur-
ing the beam commissioning 12~15 kW RF power is de-
livered through the FPCs in standing wave mode as the
beam loading is very weak. The temperature sensors re-
lated to the coupler siphon loops are which indicates the
siphon loops work well.
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Figure 6: ICM FPC 4 K siphon loops related temperature.

3 Technology
3E Cryomodules and Cryogenics

THPRC022

When Ist ICM run with 10 MV/m with about 12 kW RF
power, the temperature sensors related to the coupler si-
phon loops are about 16 K as shown in Fig. 6.

The RF dynamic load to 4 K Helium through FPCs si-
phon loops has been measured by 4 K Helium falling level
test by closing the 4 K supply valve and JT valve and keep-
ing the RF on. It is about 1.2 W with 10 kW standing wave
RF forward power for 2 FPCs.

The cavities QO factor is measured by closing the JT
valve while running the RF with certain electric field level.
In this case the falling level in the 2 K space is a combina-
tion of the static loads of the 2 K and RF dynamic load on
cavity. The results of on-line QO factor measurements are
shown in Fig. 7. All the cavities meet specifications in
terms of quality factor at the operating gradient.
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Figure 7: Qo measurement results.

SUMMARY

The top loading cryomodules for 1.3 GHz Nb cavities
have been developed and 2 ICM cryomodules and 1st AC-
Muno have been tested in TRIUMF. Early stage of com-
missioning with ICM and ACMuno demonstrates the cry-
omodules meet the performance goals.
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