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Abstract

The Linac Coherent Light Source (LCLS) is an X-ray
science facility at SLAC National Accelerator Laboratory.
The LCLS-II project (an upgrade to LCLS) is in the com-
missioning phase; the LCLS-II-HE (High Energy) project
is another upgrade to the facility, enabling higher energy
operation. An electron beam is accelerated using super-
conducting radio frequency (SRF) cavities built into cry-
omodules. It is planned to build 24 1.3 GHz standard cry-
omodules and one 1.3 GHz single-cavity Buncher Capture
Cavity (BCC) cryomodule for the LCLS-II-HE project.
Fourteen of these standard cryomodules and the BCC are
planned to be assembled and tested at Fermilab. Procure-
ments for standard cryomodule components are nearing
completion. The first LCLS-II-HE cryomodule, referred
to as the verification cryomodule (vCM) was assembled
and tested at Fermilab. Fermilab has completed the assem-
bly of the second cryomodule. This paper presents LCLS-
II-HE cryomodule production status at Fermilab, empha-
sizing the changes done based on the successes, challenges,
mitigations, and lessons learned from LCLS-II; validation
of the changes with the excellent vCM results.

INTRODUCTION

LCLS-II-HE cryomodule (CM) production started at
Fermilab with the assembly and testing of the verification
cryomodule (vCM). Fermilab is responsible for the cry-
omodule design. The vCM design is the same as the LCLS-
IT CM; one major difference is that the superconducting ra-
dio frequency (SRF) cavities are treated with a new pro-
cessing protocol for the required performance specifica-
tions.

With contributions from Fermilab, Jefferson Lab and
SLAC, an R&D effort has been successfully completed to
develop the new processing protocol and transfer the tech-
nology to industry. Ten fully dressed cavities were fabri-
cated and processed with the newly developed treatment in
industry, and successfully tested at Fermilab; performance
exceeded the specification with average Q¢=3.6e10 and
Eacc=25.6 MV/m (specifications are Qo=2.7¢l0,
Eacc=21 MV/m)).

vCM was successfully tested at Fermilab with a 5-month
test program and achieved an acceleration voltage of 200
MYV in continuous wave mode, corresponding to an aver-
age accelerating gradient of 24.1 MV/m, significantly ex-
ceeding the specification of 173 MV. The average
Qo (3.0 x 10'%) also exceeded its specification (2.7 x 10'7).
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After quench processing, no field emission was observed
up to the maximum gradient of each cavity. At Fermilab,
with this world record performance of vCM, we started the
production of series cryomodules.

VCM ASSEMBLY AND TEST

vCM is assembled using eight of the best performing
cavities fabricated with the new processing protocol. R&D
to develop the new processing protocol, transfer the tech-
nology to industry, test and qualify the cavities processed
with the new protocol is the first part of the equation to
declare success. The second part is to assemble these cavi-
ties into the cryomodule and prove that the performance of
the cavities can be preserved. vCM was assembled very
soon after completing the last LCLS-II CM (keeping the
momentum). Based on lessons learned from our successes
and from unwanted outcomes of LCLS-II cryomodules
production, some infrastructure upgrades were done and
validated [1].

vCM cavity string was assembled (Fig. 1) in two months
which is twice the duration of the LCLS-II production CM
string assembly. We had to ensure that the new procedures,
tooling, and infrastructure upgrades were fully understood
and utilized by the team.
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Figure 1: vCM cavity string assembly.

A few of the changes done to the cavity string assembly:

e Beamline slow vacuum pumping & nitrogen gas
backfill / purge systems upgrades

e Leave beamline under active vacuum during CM as-
sembly, pumping with NEG/ion pump

e Eliminate fundamental power cold coupler (FPC)
assembly workstation in the cleanroom and com-
bine the cavity interconnect bellows and cold end
FPC assembly into one workstation. This is mainly
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done to eliminate additional handling of the cavity
with vented beamline and to reduce the opening and
closing cycles for the cavity beamline isolation right
angle valve.

After the string assembly is completed and rolled out of
the cleanroom, cold mass and cryomodule assembly was
assembled in four months. We again had to ensure that the
new procedures, tooling, and infrastructure upgrades are
fully understood and utilized by the team. One of the big-
gest concerns was assembling the beamline under vacuum.
The Fermilab CM assembly team visited JLab to learn and
transfer the knowledge for the beamline assembly. We in-
troduced new tooling and procedures to eliminate any risk
to the cavity string bellows and unintentional collapse due
to beamline vacuum forces. A Failure Mode and Effects
Analysis (FMEA) was written to complement the travelers.
See Fig. 2 for photos of vCM cold mass and CM assembly.
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During the cold mass assembly at WS2 after the 2-phase
circuit welding leak check, a helium vessel leak was found
on an SRF cavity. This non-conformance was not experi-
enced before during LCLS-II CM production at Fermilab.
Helium vessel leak check is done as a part of the SRF cav-
ity incoming QC. This leak opened during cold test at the
vertical test stand. Fortunately, the leak was repaired in situ
thanks to Fermilab welding experts. We were able to keep
the schedule and did not end up disassembling and moving
the cavity string back to the cleanroom to replace the leaky
cavity. See Fig. 3 for repair. As lessons learned, we revised
the production workflow and introduced a new cavity
jacket leak check step post vertical test, prior to SRF cavi-
ties entering the cleanroom for string assembly.
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Figure 3: Helium vessel leak repair in situ on a dressed cav-
ity during cold mass assembly.

The assembly of vCM was completed at the end of
March 2021 and it was transported to the Fermilab CM
Test Stand (CMTS). We used the proven, established on-
site CM transport procedures and experienced team to
transport the CM from the assembly floor to CMTS as seen
in Fig. 4.

Figure 5: vCM at CMTS.

Cavity performance results look excellent. This is a
world record CW CM. Gradient and QO in all eight cavities
exceed the LCLS-II-HE specification [3] and are well
above average compared to LCLS-II production. The CM
is also almost field emission free: only a very minimal level
of x-rays (~1 mR/hr) were detected while powering one
cavity at the operating gradient and this was processed
away during the unit test. We also applied plasma pro-
cessing to this cryomodule even though it was field emis-
sion free. Post plasma processing results showed that no
new field emission was introduced to the CM. One benefit
observed after plasma processing was the elimination of
multipacting quenches [4]. These excellent results prove
that all the work done to prepare for LCLS-II-HE CM as-
sembly, keeping the momentum from LCLS-II and apply-
ing the lessons learned, was an effective strategy. vCM has
successfully shipped and delivered to SLAC in February
2022. See Fig. 6.
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Figure 6: vCM prepped for shipping at Fermilab and stored
at SLAC.

PRODUCTION CRYOMODULES

Procurement of parts for series cryomodules production
is nearing completion at Fermilab, see Fig. 7. SRF cavities
and fundamental power coupler procurements for the pro-
ject will continue at SLAC and JLab’throu hout 2023.

Figure 7: Cryomodule parts received, in quality control at
Fermilab.

The first article CM has been fully assembled and tested
at Fermilab. Excellent results from first article re-affirms
production readiness at Fermilab, this CM will be shipped
to SLAC in September 2022, see Fig. 8.
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SLAC.

We continue to receive dressed cavities from the cavity
vendor and test/qualify them individually with cold verti-
cal test before string assembly. The second production CM
assembly is complete and ready for testing at CMTS. Fer-
milab plans to produce and deliver all series production
CMs by the end of 2025.

BUNCHER CAVITY CRYOMODULE

The LCLS-II-HE project scope includes the construction
of a 100 MeV low emittance injector (LEI). The LEI in-
cludes two SRF cavities: an electron gun cavity and a
1.3 GHz, 9-cell buncher cavity. The latter is housed in the
Buncher Cavity Cryomodule (BCC) that includes a
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solenoid magnet package. The 1.3-GHz dressed cavity is
to be of the same design as that used in the standard eight-
cavity 1.3 GHz CMs including the same FPC and tuner.
The BCC CM will have a BPM identical to the standard
CM and will have a solenoid magnet with corrector and
quad trim windings. See Fig. 9. Fermilab will design, build,
test and deliver the BCC to SLAC in early 2026.

o

Figure 9: BCC design in progress.

CONCLUSION

LCLS-II CM production at Fermilab has brought tech-
nical readiness and important lessons learned for LCLS-II-
HE. We have developed a strong team. We have proven that
our team of people worked well together internally and ex-
ternally and produced excellent results. The Fermilab team
has demonstrated the capability of producing world record
performance cryomodules on schedule and on budget. The
push for even higher performance for LCLS-II-HE is pro-
gressing well with the vCM successful assembly and ex-
cellent test results. The Fermilab infrastructure and team
are fully committed to complete its scope for the LCLS-II-
HE.
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