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Abstract 
The high-energy upgrade of the Linac Coherent Light 

Source II (LCLS-II-HE) will extend the X-ray energy 
range up to 20 keV.  The goal is to produce low emittance 
(0.1 mm∙mrad) electron bunches (100 pC/bunch) and ac-
celerate 30 μA beams through the superconducting linac to 
8 GeV.  A low-frequency superconducting radio-frequency 
photo-injector (SRF-PI) will be a key aspect of the up-
grade.  An SRF-PI cryomodule with a 185.7 MHz Quarter-
Wave Resonator (QWR) for operation at a cathode field of 
30 MV/m and a cathode system compatible with high 
quantum efficiency photo-cathodes operating at 55-80 K or 
300 K are currently being developed.  We report on the de-
sign and fabrication status of the SRF-PI cryomodule and 
cathode system for LCLS-II-HE. 

INTRODUCTION 
The high-energy upgrade of LCLS-II is oriented toward 

increasing the electron beam energy to produce higher-en-
ergy, higher-brightness X-rays at the end of the supercon-
ducting linac [1, 2].  A new low-emittance injector is one 
of the key technologies to meet this goal.  A low-frequency 
SRF-PI system is the solution of choice, as it allows for 
continuous wave (CW) operation with a high accelerating 
field and a low RF phase advance across the bunch.  An 
SRF-PI cryomodule with a 185.7 MHz QWR and cathode 
system are currently being developed for the project.  The 
scope of the collaborative project undertaken by FRIB, 
HZDR, ANL, and SLAC is to design and prototype a high-
field SRF-PI cryomodule; develop a cathode system com-
patible with high-performance photocathodes operating at 
cryogenic (55-80 K) or warm (300 K) temperatures; and 
test the prototype cryomodule with a metal photocathode 
[3].  The LCLS-II-HE design requirements are technically 
challenging; operation of a QWR SRF-PI with a cathode 
field of 30 MV/m level has never been demonstrated. 

CHALLENGES AND DEVELOPMENT 
STRATEGY 

Three QWR SRF-PI systems have been developed so 
far, for the Naval Postgraduate School [4], the Wisconsin 
Free Electron Laser (WiFE) [5], and the coherent electron 
cooling system at Brookhaven National Laboratory [6].  
The existing systems have demonstrated (1) compatibility 
with semiconductor cathodes; (2) CW operation with a 
cathode field of 20 MV/m; and (3) up to 4 MeV beam en-
ergy.  Challenges for our project include (1) a cathode field 
of 30 MV/m, which is much higher than existing SRF-PI 
systems have reached in operation; (2) avoidance of field 
emission and multipacting (MP), which have been prob-
lematic for existing systems; (3) prevention of cavity per-
formance degradation with cathode exchange; and (4) cath-
ode operation at different temperatures. 

Figure 1 shows a drawing of the SRF-PI cryomodule.  
The cold mass consists of a cathode stalk to support the 
photocathode in the desired position, maintain it at the de-
sired temperature, and interface with the cathode load lock 
system; the SRF-PI cavity with an off-axis fundamental 
power coupler (FPC) and an upstream mechanical tuner; 
and a superconducting (SC) solenoid package, including 
correctors (dipole and quadrupole windings) for emittance 
compensation.  A local magnetic shield surrounds the cav-
ity to shield it from the solenoid’s field and ambient fields.  
The cryogenic circuit is designed to operate the cavity and 
solenoid package at 4 K; the thermal shield will be cooled 
to 55-80 K with helium gas.  The cathode temperature is 
maintained by conduction to the cathode stalk.  The stalk 
cooling circuit will operate with gas either from the thermal 
shield or from a room temperature source. 

The overall design approach is as follows: (a) use past 
experience as the foundation—adapt the FRIB “bottom-
up” cryomodule design [7] with a room-temperature 
strong-back for alignment, decoupling of the cryogenic cir-
cuit from the cavity to minimize cryogen-induced micro-
phonics, and unique 3-D seal for full cold mass assembly 
in the clean room (including cathode stalk installation for 
the SRF-PI cryomodule); adapt the cathode insertion and 
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load-lock system developed at HZDR for their 1.3 GHz 
SRF-PI system and make use of their proven operating ex-
perience with ELBE [8].  (b) Put a strong emphasis on SRF 
technology—using the lessons from existing QWR SRF-
PI systems, the cavity design is oriented toward avoidance 
of MP and ease of access for surface preparation and clean-
ing; the vacuum system and FPC design were made com-
patible with in-situ plasma cleaning for reduction of FE and 
MP in operation. (c) Orient the design toward future oper-
ational needs—considering the cryogenic system, vacuum 
system, cathode system, utilities, and maintenance. 

 
Figure 1: Sectional view of the SRF-PI cryomodule.  1: 
cavity; 2: cathode stalk; 3: solenoid; 4: FPC; 5: tuner; 6: 
baseplate; 7: thermal shield; 8: vacuum vessel. 

 
Figure 2: Technical validation steps. 

Figure 2 outlines the technical validation path for this 
project, from individual components to the full system.  
The cathode system development and cryomodule devel-
opment initially are undertaken in parallel tracks, merging 
into the full system at the end. 

The cryomodule development scope includes the cavity, 
solenoid package, FPC, and tuner.  Two cavities are being 

fabricated: a “blank” cavity and a full cavity; the only dif-
ference is that the blank cavity has no cathode port.  The 
goal is to demonstrate SRF performance via a Dewar test, 
an integrated test with the FPC and tuner, and a cryomod-
ule test using the blank cavity.  The full cavity will be fab-
ricated after validation of the blank cavity in the Dewar 
test.  This approach allows us to address technical risks as 
early as possible. 

The development scope for the cathode system includes 
validation of (1) the cathode stalk design via an “RF/DC 
test” without the cavity; (2) the cathode insertion system; 
and (3) particle-free cathode insertion. 

After the cryomodule test with the blank cavity and com-
pletion of the cathode system development, the full cavity 
will be installed into the cryomodule and tested with a cop-
per cathode and the load lock system. 

PROJECT STATUS 
The project started in October 2021; we expect to com-

plete the final cryomodule tests in early 2025.  The cry-
omodule design is mostly complete with the exception of 
the cathode system, for which the final design review will 
be held in June 2023.  All major cryomodule components 
are in development or fabrication.  The current focus is on 
blank cavity fabrication, SC solenoid fabrication, the 
RF/DC test, and the cathode insertion test. 

Cavity 
The detailed cavity design has been presented elsewhere 

[9].  It is based on the WiFEL cavity design, with optimi-
zation of the anode plane to suppress low-field MP.  The 
cavity length was shortened to facilitate integration with 
the cathode stalk and tuner.  A total of 4 access ports on the 
upstream and downstream walls were added to facilitate 
electropolishing and high-pressure water rinsing; 2 of these 
ports are used for the FPC and pickup antenna.  The tuner 
is interfaced with the cathode stalk flange.  The tuning sen-
sitivity is about −435 kHz/mm.  The cryomodule is de-
signed for 4 K operation to avoid the complications of a 
2 K cryogenic system.  The maximum design pressure at 
4 K is 3 bars for consistency with the rest of the LCLS-II-
HE cryomodules. 

Cavity fabrication is being done by FRIB with support 
from outside vendors.  Figure 3 shows the completed cav-
ity and FPC with cold and warm RF windows.  Jacketing 
of the cavity into the titanium vessel is on-going.  After 
jacketing, the cavity will be electropolished and rinsed at 
ANL and then cold tested at FRIB.  After the Dewar test, 
the cavity, FPC, and tuner will undergo an integrated test 
(approximating the cryomodule environment for system 
validation) at ANL. 

Superconducting Solenoid Package 
The emittance compensation solenoid package contains 

2 independently-energized, identical solenoids plus buck-
ing coils to minimize the fringe field at the cavity [10].  The 
design is oriented toward low downstream emittance over 
a wide range of cathode field levels [1].  The distance be-
tween the cathode and solenoids’ centroid is 187 mm, with 
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40 mm spacing between the centroids of the 2 solenoid 
coils.  Dipole and quadrupole coils are included to com-
pensate for field errors from imperfect fabrication or align-
ment.  The conductor is 0.3 mm NbTi wire to minimize 
winding errors and allow lower operating current.  The 
main solenoid winding is complete, as shown in Fig 4.   
Room temperature mapping and corrector winding are on-
going.  The magnet will be cold test and mapped at FRIB 
before installation onto the cold mass. 

 
Figure 3: Left: Blank cavity.  Right: FPC. 

 
Figure 4 Left: Solenoid package design. Right: Solenoid 
with shield coils. 

Cathode Stalk RF/DC Test 
The cathode stalk is one of the most critical components 

of the SRF-PI system. The stalk must (1) provide mechan-
ical support for the cathode and allow for cathode ex-
change, (2) cool the cathode to the desired temperature, (3) 
minimize RF leakage through the cathode port, and (4) pro-
vide DC bias for the cathode to suppress MP.  The stalk 
design is challenging; its performance and SRF cleanliness 
directly impact the performance of the overall system.  The 
stalk has been identified as a weak point in previous SRF-
PI projects. 

The design [11], shown in Fig. 5, is adapted from the 
HZDR cathode system [8].  The RF short and DC break 
close to a quarter wavelength serve as an RF choke and 
allow the DC bias to mitigate MP in the cathode and stalk. 
The tip of the stalk is cooled by helium gas (at the thermal 

shield temperature or room temperature).  The cathode tip 
is cooled by conduction. 

An RF/DC test setup was designed to match the RF load 
and magnetic field profile in the cavity, as shown in Figure 
6.  The RF/DC test is intended to validate (1) the RF joint 
between the cathode and the stalk, (2) the thermal perfor-
mance of the cooling system, (3) thermal stability in the 
presence of RF heating, and (4) MP suppression.  The ther-
mal test has been completed, with thermal anchoring and 
cooling having performed as expected.  One issue is excess 
stress in the ceramic DC break due to the differential ther-
mal expansion coefficients, which caused cracks in the ce-
ramic during cryogenic testing and necessitates a redesign.  
In the initial high-power RF test, we reached a field level 
equivalent to 34 MV/m; MP appeared above this power 
level.  The stalk test is still ongoing. 

 

 
Figure 5: Cathode stalk sectional view. 

  
Figure 6: Setup for the RF/DC test of the cathode stalk. 

SUMMARY 
The low-emittance SRF photo-injector project for 

LCLS-II-HE is moving from design to development and 
construction.  Validation of critical components is pro-
gressing.  We anticipate cold testing the first cavity in au-
tumn of 2023. 



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-TUPA028

1398

MC2.T02: Electron Sources

TUPA028

TUPA: Tuesday Poster Session: TUPA

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



REFERENCES 
[1] LCLS-II-HE Low Emittance Injector Conceptual Design 

Report, LCLSIIHE-1.1-DR-0418-R0, 14 March 2022. 
[2] J. Lewellen et al., “Status of the SLAC/MSU SRF Gun De-

velopment Project,” in Proc. North American Particle Ac-
celerator Conf. (NAPAC'22), Albuquerque, New Mexico, 
USA, Aug. 2022, pp. 623-626.    
doi:10.18429/JACoW-NAPAC2022-WEPA03 

[3] LCLS-II-HE SRF Gun Technical Specification and SOW, 
LCLSII-HE-1.2-TS-0206-R2, Aug. 2021. 

[4] J. W. Lewellen, W. B. Colson, S. P. Niles, and T. I. Smith, 
“Status of the NPS Free-Electron Laser”, in Proc. 24th Lin-
ear Accelerator Conf. (LINAC'08), Victoria, Canada, Sep.-
Oct. 2008, paper TUP052, pp. 518-520. 

[5] R. Legg, et al., “SRF Photoinjector R&D at University of 
Wisconsin”, in Proc. 45th ICFA Advanced Beam Dynamics 
Workshop on Energy Recovery LINAC Workshop (ERL'09), 
Ithaca, NY, USA, Jun. 2009, paper WG118, pp. 45-49. 

[6] T. Xin et al., “Performance of 112 MHz SRF Gun at BNL”, 
in Proc. 19th Int. Conf. RF Superconductivity (SRF'19), 
Dresden, Germany, Jun.-Jul. 2019, pp. 1223-1227.  
doi:10.18429/JACoW-SRF2019-FRCAB5 

[7] T. Xu et al., “FRIB Cryomodule Design and Production”, in 
Proc. 28th Linear Accelerator Conf. (LINAC'16), East Lan-
sing, MI, USA, Sep. 2016, pp. 673-678.  
doi:10.18429/JACoW-LINAC2016-WE2A02 

[8] R. Xiang et al., “Recent Improvement of Cs2Te Photocath-
odes at HZDR”, in Proc. 5th Int. Particle Accelerator Conf. 
(IPAC'14), Dresden, Germany, Jun. 2014, pp. 642-644.  
doi:10.18429/JACoW-IPAC2014-MOPRI025 

[9] S. H. Kim et al., “Design of a 185.7 MHz Superconducting 
RF Photoinjector Quarter-Wave Resonator for the LCLS-II-
HE Low Emittance Injector”, in Proc. North American Par-
ticle Accelerator Conf. (NAPAC'22), Albuquerque, New 
Mexico, USA, Aug. 2022, pp 245-248.   
doi:10.18429/JACoW-NAPAC2022-MOPA85 

[10] X. Du et al., “Design of an Emittance Compensation Super-
conducting Magnet Package for LCLS-II-HE’s SRF Photo-
Injector,” in IEEE Trans. Appl. Supercond., vol. 33, no. 5, 
pp. 1-4, Aug. 2023, Art no. 3500604.  
doi:10.1109/TASC.2023.3247699 

[11] T. Konomi et al., “Design of the Cathode Stalk for the 
LCLS-II-HE Low Emittance Injector”, in Proc. North 
American Particle Accelerator Conf. (NAPAC'22), Albu-
querque, New Mexico, USA, Aug. 2022, pp. 253-256.  
doi:10.18429/JACoW-NAPAC2022-MOPA87 

 
 



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-TUPA028

MC2.T02: Electron Sources

1399

TUPA: Tuesday Poster Session: TUPA

TUPA028

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


	Introduction
	Challenges and development strategy
	Project status
	Cavity
	Superconducting Solenoid Package
	Cathode Stalk RF/DC Test

	Summary
	References

