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Abstract

SHINE is an 8 GeV continuous-wave (CW) free-elec-
tron laser (FEL) facility, mainly composed of an injector,
LINAC, an undulator segment, and experimental beam-
lines. Currently, for the accelerator section, the commis-
sioning of the injector and the L1 segment of the LINAC
has been completed. The RF structures in these two seg-
ments include a VHF electron gun, an L-band buncher, a
dual-feed superconducting cavity, an injection eight-
cavity module, two standard 1.3 GHz cryo-modules, and
two 3.9 GHz cryo-modules. The RF specification of
these accelerating structures have all met the design re-
quirements. This paper will introduce the final parame-
ters achieved through the commissioning of these accel-
erating structures and some problems encountered dur-
ing the commissioning process.

INTRODUCTION

Currently, there are three hard X-ray free-electron laser
facilities based on superconducting acceleration structures:
the European XFEL [1], LCLS-II [2] in the United States,
and the Shanghai Hlgh repetition rate XFEL aNd Extreme
light facility (SHINE) [3]. The first twg'are already.in op-
eration, while SHINE is under construction.

The LINAC of SHINE has a maximum de§ign energy
of 8 GeV and operates in continuous-wave (CW) mode;
It consists of an injector and four linac ‘sections (L1-L4),
as shown in_Figuréih, The injector includes a VHE€lec-
tron gun, an S-band deflecting cavity, a 1.3 GHzbuncher
cavity 4@ single-cavity, eryomodule, and an ABBA-type
8-cawities cryomoduleSection'L1 eomprises two stand-
ard 1.3 GHz 8-cavitigs eryomodules and two 3.9 GHz
harmonie, cryomodules, totaling 16 harmonic cavities.
Section L2'has 18'standard 1.3 GHz 8-cavities cryomod-
ules, L3 has 10, and L4 has 24. The total length of the
accelerator 18 approximately 1.4 km. Commissioning of
the injector and L1 segment has been completed. The in-

Figure 1: Layout of SHINE Facility
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jector output energy is 100 MeV, and the, L1 output en-
ergy is 270 MeV with normalized emittances of
0.5/0.5 pm in the x/y directions.

INJECTOR

The main parameters of thé injector are listed in Table 1,
Figure 2 shows a photograph of the injectonfront-end.Fhe
injector mainly includes,a VHF electron gun, a buncher
cavity, afsingle-cavity eryomodule, and an 8-cavities cry-
omodule.

Tablefl; Main Parameters,of the Injector

Parameter Value Unit
Bunch charge 100 pC
Beam energy 100 MeV
Normalized slice Emittance <0.45  um
Peak current >10 A
Bunch tepetitionrate 0-1 MHz

Figure 2: SHINE injector front-end
VHF Gun

The injector electron gun adopts a VHF gun [4] which
operates at 216 MHz, powered by two 60 kW solid-state
amplifiers, the gun output voltage is 750kV. The low-
level RF (LLRF) system features two up-conversion
channels driving the two amplifiers independently. Am-
plitude and phase balance between the two sources are
adjusted online via FPGA algorithms. Since the VHF
gun is made of copper and requires high power, signifi-
cant frequency shifts occur between cold and warm
states, leading to a long thermal settling time. An auto-
matic power-up procedure is implemented: first, find
resonance at low power in DDS mode with 1% duty



cycle; then ramp power to 70 kW while tracking cavity
frequency; gradually extend pulse width to CW and wait
for thermal equilibrium; close the frequency control
loop and switch to fixed-frequency output; align GDR
phase with DDS phase, switch to GDR mode; and fi-
nally close amplitude and phase loops.

Buncher Cavity

The buncher cavity shapes the continuous beam into
short bunches synchronized with the RF field via velocity
modulation and drift bunching, significantly improving
capture efficiency, peak current, and beam quality. SHINE
uses a 1.3 GHz two-cell copper buncher cavity, designed
to provide 275 kV cavity voltage, powered by a 15 kW 1.3
GHz solid-state amplifier. In order to enable immediate
commissioning and put into operation as soon as possible,
each cavity is equipped with a dedicated tuning rod in the
design. Coaxial insertion/retraction and counter-motion
adjust the cavity’s resonant frequency and field flatness,
respectively, controlled by the buncher LLRF system [5].

Single-Cavity Cryomodule

The single-cavity cryomodule (Inj-s) [6] operates at
1.3 GHz. To preserve emittance, dual-feed coupling is
used. To minimize power-source types, two 5.2 kW ampli-
fiers identical to those for the standard 8-cavity module are
employed. Similar to the electron gun, one LLRF systém
drives two amplifiers via internal amplitude and phase'reg-
ulation, enabling precise field control. Although the maxi-
mum achievable voltage is 15 MV, physics optimization
sets the operating voltage at 6 MV.

8-Cavity Cryomodule

The 8-cavities injector cryomodule/(Inj-8) [6] also oper-
ates at 1.3 GHz, using ABBA coupler arrangemént to min-
imize emittance growth, powered by, 5.2 kW amplifiers.
The design voltage is 90 MV, with individual cavity volts
ages listed in Table 2. Hérizontal tests show that the 8th
cavity exhibifs increased HOM signal and quenches above
12 MV.

Table 2: Cavity Voltages of'the Inj-8 Cryomodule

CavityNo. 1 24 3 4 56 % 8 total
Voltage (MV) 15414 13 13 10 9 6 10 90

During commissioning, radiation from the 6th cavity in-
creased significantly at 12.5 MV during the second
phase of commissioning. Voltage was reduced to 6 MV
for safe operation.

DS

The injector TDS operates at 2997.2 MHz with a 0.5 m
accelerating structure. Maximum repetition rate is 50 Hz,
powered by a 10 MW klystron with 3 ps pulse width. Re-
quired amplitude and phase stability (RMS) are 0.04% and
0.1°, respectively.

LINAC L1 SEGMENT

AIl L1 equipment is installed in the tunnel: cryomodules
are suspended from the ceiling, control racks and power

sources are on the floor, separated by a 30 cm shield. Cir-
culators, dry loads, etc., are mounted on this shield. Figure
3 shows the L1 segment. L1 houses two 1.3 GHz standard
8-cavities cryomodules [7], two 3.9 GHz 8-cavities har-
monic cryomodules [8], and one S-band TDS.

The two 1.3 GHz cryomodules provide >230 MeV gain;
the two 3.9 GHz modules provide ~60 MeV deceleration.
When 3.9 GHz cavities are in acceleration mode, maxi-
mum L1 output energy reaches 430 MeV; under normal
operation, output energy is 270 MeV.

Figure 3: L1 section of SHINE Linac
1.3°GHz Cryomodules

Based onhrequirements and horizontal tests, L1 first
1.3 GHz module (CM1) operates at 120 MV (peak), sec-
ond(CM2) at 110MV (peak). Among 16 superconducting
cavities, 8 showed radiation in horizontal tests; after cool-
down in tunnel, radiation levels were consistent, confirm-
ing proper installation.

3.9 GHz Cryomodules3

Designed for 60 MV total voltage (=4 MV per cavity),
actualcommissioning uses 40 MV (peak). Among 16 cav-
ities, sixycavities showed radiation in horizontal tests; in
tunnel, only the 8" cavities of the first module showed
measurable radiation, consistent with horizontal test per-
formance. The reason why no radiation has been de-
tected in the other cavities is still under investigation.

Cryogenic Losses

During L1 commissioning, a lot of quenches caused by
LLRF loop unlocks degraded Qo significantly. Dynamic
loss measurements were attempted under operation with a
4 kW cryogenic system, which was under-sized for total
dissipation; accurate data were not obtained.

DS

An S-band TDS is installed in the L1 room-tempera-
ture section, powered by a 20 MW klystron in pulsed
mode for bunch-length measurement. It operates at
2997.2 MHz with a 1.5 m structure, 50 Hz max repeti-
tion rate, 1.2 ps pulse width. Amplitude and phase sta-
bility (RMS) are 0.04% and 0.1°, respectively.

LOW-LEVEL RF SYSTEM

The LLRF system uses digital IQ modulation based
on CPCI architecture. Hardware includes digital signal



processing boards, RF front-ends, and auxiliary boards.
The DSP chain uses high-speed ADC + FPGA + DAC,
high-speed Ethernet, and ARM running IOC. The RF
front-end down-converts high-frequency signals to IF
for ADC sampling and up-converts processed IF signals
to drive power sources. Auxiliary boards provide mo-
tor/PZT drive, interlock logic, and timing interfaces.
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Figure 4: SHINE LLRF controller

Each RF structure is equipped with a dedicated LLRF
controller. All IF signals use a common 19.67 MHz fre-
quency for DSP board reuse. Both 1.3 GHz and 3.9 GHz
systems run CW with identical control algorithms. Cur-
rent operation uses GDR mode. For high-Q supercon-
ducting cavities, NANC [9] control mitigates micro-
phonics. Achieved stability is listed in Table 3.

Table 3: Amplitude and Phase Stability of Cryomodules

Module Inj-8 CMI CM2 HCMI HCM2
Amplitude (%) 0.002  0.007 0.005 0.006 <0.003
Phase (deg)  0.009 0.009 0.01  0.008z0.007

Beam commissioning time is typically scheduled
from 18:00 to 24:00, requiring daily warm-up and ther-
mal equilibrium. When power is ramped frofm zero to
normal operation power, water temperatute stabilizes
slowly. Since LLRF and power amplifiers share cooling
water, reference _phase drifts slowly: up tonl.6° atd.3
GHz and 62dat 3.9 GHz from cold to equilibrium. Ret-
erence phiase compensation is under study to reduce drift
to <04 °.

SUMMARY

The injector was commissioned from October to
December 2024, achieving 100 MeV with energy sta-
bility <0.011%. All cryomodules and RF structures
operated normally with required amplitude and phase
precision.

Section L1 was commissioned from August to De-
cember 2025, achieving 270 MeV output energy with

stability <0.011%. Two 1.3 GHz, two 3.9 GHz cry-
omodules, and S-band TDS performed reliably, meet-
ing specifications.
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