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Abstract

Recent improvements in Nb;Sn cavity and commercial
cryocooler performance have made conduction-cooled cry-
omodules for SRF cavities feasible, which drastically ex-
pands SRF applications, e.g., to medical imaging, water
purification, and security. Cornell has developed a turnkey,
conduction-cooled cryomodule to operate a 1.3 GHz Nb;Sn
SRF cavity by optimizing the cooling output of two com-
mercial cryocoolers. The cryomodule, cavity, and RF input
coupler have been designed for very high continuous wave
(CW) beam current operation (>100 mA) and high RF power
(100 kW per coupler). We present the design, optimization,
and assembly process of this conduction-cooled cryomodule
as well as performance during initial cool down tests and
low power RF testing.

INTRODUCTION

Cryocooler technology provides an alternate cooling
scheme for SRF cavities to modern cryoplants that takes
advantage of Nb;Sn’s relatively high operating temperature
of 4 K [1-9]. Without using liquid cryogens, operating these
machines requires minimal cryogenic knowledge and exper-
tise, which vastly expands the pool of potential operators
outside of academic settings. With lower operating costs,
easier and infrequent maintenance, and turnkey capability
compared to cryoplants, cryocooled SRF technology offers
solutions to small-scale operations that may not warrant the
commissioning of full-scale cryoplants. This new branch of
SRF technology can then be applied to water purification,
soil decontamination, medical isotope production, security
imaging, biofuel production, and many more non-academic
fields [10,11]. However, it is important to note that the beam
demands of small-scale SRF operation are typically high for
one cavity to produce: MEC-scale beam energy, >100 mA
of beam current, and MW-scale of average beam power.

Despite the draw of cryocooled SRF cryomodules, techno-
logical developments in the past decade have only recently
allowed for progress in these cryomodules. 1.3 GHz Nb;Sn
cavities now reliably dissipate <1 W of heat per cell when
operated at accelerating gradients of 10 MV/m with quality
factors on the order of 1010, Likewise, cryocoolers now
reliably extract >5 W of heat at 4K [12], which provides
a tight but usable cooling power budget with which to de-
sign a conduction-cooled cryomodule for small-scale op-
eration. Moreover, a proof-of-principle demonstration of
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a cryocooled 2.6 GHz Nb;Sn cavity at Cornell concluded
that a cryocooled cavity can achieve accelerating gradi-
ents of 10 MV/m [13]. This experiment also showed that
cryocooled cavities require well controlled controlled cool
downs when cooled through 7', to minimize thermoelectric
currents, which may eventually be automated with heater
PID loops for full turnkey capabilities.

This project focused on the design, assembly, and testing
of Cornell’s first conduction-cooled cryomodule (C4M for
short). C4M uses two pulse tube cryocoolers — 1 Cryomech
PT420 and 1 Cryomech PT425 — which output a combined
cooling power of 4.15W at 4K and 100 W at 45K. The
design phase emphasized ways to reduce static and dynamic
heat loads across a newly fabricated conduction-cooled cav-
ity during >100kW operation. The assembly phase details
the process and challenges associated with the first ever
assembly of C4M starting in the clean room. Finally, the
testing phase concerns the thermal and RF performances
of C4M’s first cool down along with development of a con-
trolled cool down procedure for maximizing the cavity’s RF
performance.

CRYOMODULE DESIGN

Conduction-Cooled Cavity

Contemporary SRF cavity designs do not readily facil-
itate conductive thermal links, so the Cornell cryomod-
ule team carefully considered their approach to fabricate
a new conduction-cooled cavity. This 1.3 GHz Nb;Sn cav-
ity’s equator and beam tube transitions were modeled af-
ter the two-cell ILC cavity for Cornell’s Energy Recovery
Linac [14]. Four Nb rings — two welded to the cavity and
one welded to each beam tube transition — allow for surface-
surface coupling between the cavity and thermal transporting
pieces [15] as seen in Fig. 1. Two forward power coupling
ports were installed along the small beam tube for future
coupler operation. The cavity was designed to perform with
Q =100 with E,.. = 10MV/m at 4K.

The cavity’s heat intercepts and thermal links are opti-
mized to minimize thermal gradients both across the cavity
and between the cavity and cold heads during high power op-
eration. All simulations were performed with 1.5 W of heat
dissipated at the high magnetic field region on the cavity’s
equator: 1 W of heat for typical dissipation on a 1.3 GHz
cavity and 0.5 W as a safety factor. Notably, the tempera-
ture gradient across the cavity was kept below 50 mK [15].
Detailed results from these simulations are compared to
measured values in Table 1 within the "Thermal Links” sub-
section.
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Nb Intercept Rings

Figure 1: Cornell’s first newly-fabricated conduction-cooled
cavity, with Nb rings and forward coupler ports highlighted.

RF Coupler

A conduction-cooled RF coupler capable of transferring
100kW CW RF power into the cavity was developed to
contend with high power demands for small scale SRF appli-
cations [16]. Its base design drew inspiration from Cornell’s
ERL injector [14], and the RF shield design was based on
work from Fermilab [17]. Each coupler is designed to dis-
sipate 1.11 W at 4K and 37.90 W at 45 K when applying
100 kW of power into the cryomodule. One such coupler
is currently being manufactured with assembly on the cry-
omodule slated for late 2026.

Cryostat

Along with the highly optimized cavity and couplers, ev-
ery remaining mechanical connection to the cavity and cold
heads was scrutinized to minimize additional heat loads [18].
To address remaining static and radiative heat loads in partic-
ular, an Al space frame was placed around the cavity to aid
with beam line suspension and installing a thermal shield.
Four G10 rods attached to each beam tube suspend the cavity
from the space frame, and an additional eight rods suspend
the space frame within the vacuum vessel. G10 was chosen
for its high tensile strength but low thermal conductivity
compared to stainless steel, decreasing the static heat load
to approximately 0.25 W.

Moreover, an Al thermal shield was installed around the
space frame, which conductively couples to the beam tubes
as well as the cold head first stages via copper thermal straps.
With both couplers operating at 100 kW, the thermal shield is
expected to maintain a temperature of 45 K to cool the beam
tubes and couplers in future experiments. The radiative heat
load on the cavity is predicted to decrease from ~10W to
~0.1 W while the thermal shield is cold.

ASSEMBLY PROCESS

C4M’s assembly process can be partitioned into three
main parts: the clean room assembly (where the cavity and
beam line are placed inside the cryomodule vacuum vessel),
the 4 K assembly (which deals with connections made on
the cavity), and the 45 K assembly (which largely involves
the outer-lying Al thermal shield).
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Clean Room Assembly

After the cavity received its workup and tin coating [18],
stainless steel beam tube extensions were attached to the
cavity. A low power, high external Q input antenna was
installed at one of the RF input ports, and a pickup probe
was placed on the large beam tube. Then, the cavity was
suspended from the space frame via the G10 rods before the
space frame was placed inside of the vacuum vessel. The
thermal and magnetic shield panels that intersect the beam
line were installed at this stage. The beam tube extensions are
then coupled to the vacuum vessel via bellows to complete
the beam line. An overhead view of the complete clean room
assembly is shown in Fig. 2.

Figure 2: Full cavity and beam line suspension in vacuum
vessel using Al space frame and G10 rods.

4 K Assembly

The first portion of post-clean room assembly deals with
conductively coupling the cold heads’ second stages to the
cavity via the Nb rings. Each Nb ring has two 5N Al split
rings fastened transversely along their lengths to form one
complete thermal link per Nb ring. Two high-conductivity
copper thermal straps are fastened to each equator split ring,
and one strap is attached to each beam tube split ring. Then,
on either transverse side of the cavity, each set of six thermal
straps is bolted to a SN Al plate, upon which the cold head
second stages will be secured to deliver cooling power to
the cavity as shown in Fig. 3. An additional high conductiv-
ity copper thermal strap with a copper antenna clamp was
run from the 5N plate to the antenna feedthrough. All 4K
conductive connections use indium foil as a surface-surface
intermediate, except the antenna clamp connection which
uses thermal grease.

RTD Cernox sensors are placed along the cavity, beam
tubes, and 5N Al plates for added resolution of system tem-
peratures and gradients. Attached to each split ring set is a
heater consisting of two resistors that allow for longitudinal
temperature control. Where necessary, all instrumentation
surface contacts use thermal grease to establish thermal con-
tact, but the 4 K copper RF cable thermal anchors use indium
foil between itself and the 5N plate.
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Figure 3: Post-clean room assembly of SN Al split rings and
5N Al plates to be coupled to cold head second stages.

45 K Assembly

This section of the assembly deals with coupling the cold
heads’ first stages to the higher temperature intercepts along
the beam tubes and the Al thermal shield. Four copper ther-
mal straps were bolted from the beam tubes to the thermal
shield. Once all of the second stage instrumentation was
finalized, the remaining side and upper thermal shield pan-
els were secured to the space frame, followed by magnetic
shield panels on the aforementioned surfaces. Multilayer
insulation was then fixed to the inner and outer surfaces of
the space frame, with a picture of the complete internal view
displayed in Fig. 4.

Four thermal straps per cold head were secured to the
upper thermal shield to later be attached to copper heat sink
mounts on the cold head first stages. Then, after placing
the top vacuum plate for added support, the cold heads are
lowered into the cryomodule, where the first stages are cou-
pled to the upper thermal shield and the second stages are
bolted to the SN plates with an indium foil intermediate.
Cernox sensors were placed along the upper thermal shield
panel for first stage temperature readings, and the RF cables
were thermally anchored to a heat sink mount. One heater
was secured to the upper thermal shield. Finally, the bottom
panels for the space frame shielding were attached along
with MLI, and the rest of the vacuum vessel was closed to
complete the assembly. On the 45 K assembly, all thermal
and instrumentation connections use thermal grease as an
intermediate.
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Figure 4: Internal view from below of cavity and full thermal
and magnetic shielding.

COOL DOWN TESTING
First Cool Down

The primary goal of the first cool down was to character-
ize the baseline cold temperatures along the cavity, beam
tubes, and first stage as well as the time required to cool to
baseline cold. Thus, the first cool down began by turning on
both cryocoolers and not interfering until the system reaches
its baseline cold temperatures. The first 10 hours of cool-
ing are shown in Fig. 5. The top two curves represent the
beam tubes, which cooled down the slowest since they have
the shortest thermal path to room temperature through the
bellows. Their final temperature lied just above the largest
group of sensors in the figure representing second stage
pieces across the cavity and the SN plates. Finally, the lone
curve that cooled down the quickest at first was on the first
stage. The cavity reached 4 K at the 19.3 hr mark, and the
system reached its baseline cold temperature after roughly
24 hr. Also of importance: the temperature gradient across
the cavity when crossing through 7. = 18K was 890 mK,
which is greater than the maximum gradient used in most
Cornell Nb;Sn RF tests. Therefore, a controlled cool down
was required to optimize cavity performance.

Controlled Cool Down

To decrease the temperature gradient across the cavity as
it was cooled through 7., we attempted a slow controlled
cool down using heaters present along the cavity to control
the gradient. The heaters placed along each split ring allow
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Figure 5: First 10 hours of C4M’s first cool down. Three ma-
jor groups of sensors are the beam tubes (top initial group),
second stage/cavity (middle group), and first stage (bottom
initial curve).

for longitudinal gradient tuning. Using these heaters, the
longitudinal gradient was decreased below 100 mK. How-
ever, the transverse gradient could not be reduced to less than
300 mK. This was likely due to the different efficiencies of
the cryocoolers, each of which were conductively coupled
to either side of the cavity transversely. Due to the cold
thermal shield surrounding the cavity as well as the isolation
vacuum, cycling the more efficient cryocooler on and off
changed the temperatures of each split ring by roughly 5K
in 30's, so creating a slow controlled cool down procedure
proved challenging given the short time frame before the
conference.

We instead attempted a fast controlled cool down through
T. by taking advantage of this added sensitivity from cy-
cling cryocooler power. Using Fig. 6 for reference: starting
with both cryocoolers turned off, temperatures across the
cavity increased with minimal gradient. Once the cavity
reached 20.5 K, the weaker cryocooler was turned on to give
its half of the cavity a head start, and the equator heaters
were activated to prevent the equator from cooling down
much quicker than the beam tubes. Then, after waiting 15,
the stronger cryocooler was turned on, focusing the cavity
temperatures as the cavity cooled from 18.5K to 16.5K
in 15s. Finally, after a satisfactory cool down through 7,
the equator heaters were turned off to allow the system to
reach baseline cold temperatures again. Using this method,
the temperature gradient across the cavity was reduced to
140 mK, which was acceptable for this first cryomodule test.

Thermal Links

The first row of Table 1 details the baseline temperatures
longitudinally across the cavity as well as the beam tubes
and cold head second stage. The baseline cavity and cold
head temperatures were lower than the target temperature
of 4 K, which is an important milestone in the development
of the conduction-cooled cryomodule. The beam tube tem-
peratures — especially on the large beam tube — were higher
than the simulated values of ~4.6 K, but these recorded tem-
peratures were still close to cavity temperatures near 4 K.
Using the cryocooler efficiency curves for both cryocoolers
as well as the temperatures of both cold head stages, the
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Figure 6: Fast controlled cool down characterization for
current C4M setup. Cavity temperature gradient stays within
140 mK when cooled from 18.5K to 16.5 K.

total static heat loads on the second and first stages were
calculated to be < 2W and < 40 W respectively, which are
sufficiently small static loads for this system and another
massive milestone reached in C4M’s development.

To compare cavity temperatures and gradients during op-
eration with the earlier simulated values, we applied 1 W of
heat load across the cavity equator using the equator split
ring heaters and compared the same set of temperatures to
simulations with a 1.5 W heat load. Rows 2 and 3 of Table 1
correspond to the measured 1 W temperatures and simulated
1.5 W temperatures respectively. The measured tempera-
tures and gradients align with the simulated values, which
is another success for the first cool down. Though the tem-
perature measured on the large beam tube ring was slightly
higher than expected, we hope to address this discrepancy
by modifying the beam tube extensions to lower the static
heat load.

RF PERFORMANCE

QO vs E data was taken before and after the controlled
cool down to compare to both each other and the baseline
vertical test. Results from all three tests are presented in Fig.
7. As expected, Q increased after the controlled cool down
was performed by roughly a factor of 3 since there was less
trapped flux present in the cavity. The cavity performed on-
par with the baseline vertical test after the controlled cool
down. Thus, the cavity RF performance did not degrade
from the vertical test to installation in the cryomodule, which
is a success for the cryomodule’s first assembly and cool
down.

Multipacting bands were discovered during the cavity’s
baseline vertical tests, appearing at 3MV/m and 7MV/m
after the tin coating was applied [18]. In C4M, multipact-
ing began at roughly 3.5 MV/m during both RF tests, which
prevented the acquisition of Q values at higher fields. Due
to limited time to take data before the conference, we did
not process through the first multipacting band to acquire
Q vs E data above 3.5 MV/m. Processing will commence
after the conference at low power to protect the sensitive
RF cables for this setup. Likewise, fabrication of a new
conduction-cooling cavity will begin later this year to pre-
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Table 1: Second stage temperatures with various heat loads on beam tube (BT) and equator split rings, beam tubes, and
cold heads. All reported values are averages from both sides of each section, the true values which differed by no more than

100 mK for each presented value.

Measurement Type Large BT Ring Equator1 Equator2 Small BT Ring Beam Tube Cold Head
Baseline 3.85K 352K 3.54K 3.67K ~5.05K 346K
1 W Dissipated 445K 435K 438K 433K ~6.41K 405K
1.5 W Simulated 436 K 437K 437K 436K ~4.60K 420K
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Figure 7: Q vs E plot comparing the cavity vertical test to
cryomodule RF tests before and after thermal cycle.

vent multipacting issues in future cryomodule assemblies.
Previous studies have shown that increasing the radius of
curvature at the large beam tube transition may eliminate
multipacting for this cavity geometry [19].

CONCLUSION AND FUTURE WORK

Ultimately, the first assembly and cool down of C4M met
or exceeded expectations for thermal and RF performance.
We carefully documented the cryomodule assembly process
to facilitate quicker assemblies in the future. We extensively
measured temperatures across the system to identify places
of high heat loads to be addressed later, and we demonstrated
that C4M’s cavity performance aligned with the cavity’s ver-
tical test results. In the near future, the beam tube extensions
will be scrutinized for modifications that can potentially de-
crease their static heat load; a new conduction-cooled cavity
will be fabricated to eliminate multipacting; and prepara-
tions are under way to install the RF coupler for operation
in early 2027.
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