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Abstract

SHINE is a high repetition rate X-ray FEL facility under
construction in Shanghai, China. The facility is based on
an 8 GeV CW superconducting linac and plans to have
3 undulator lines and 10 experimental stations in phase-I,
covering the photon energy range of 0.4-25 keV. Mass
production of the components and installation of the ma-
chine are in course. User experiments are expected to start
in 2027. This paper summarizes the proposed configura-
tion and the status of R&D and production for the critical
components and systems, discussing the key technologies.
The current status of the project and the plans leading to
the completion will be presented, outlining the major sci-
entific goals of the facility.

INTRODUCTION

The Shanghai High Repetition Rate XFEL and Extreme
Light Facility (SHINE) was proposed in response to the
rapidly growing demands from Chinese science commu-
nity on both high peak and high average brightness X-ray
sources, and the plan to develop a photon science research
facility complex, including synchrotron light source, X-ray
free electron lasers and super-intense and ultrashort lasers,
at the Zhangjiang high-tech park of Shanghai. This pro-
posed project was officially launched by the central gov-
ernment of China in April 2017 [1].

SHINE is the largest major science and technology re-
search infrastructure ever built in China to date. It consists
of an 8 GeV CW linac using the advanced superconducting
radio-frequency (SRF) technology, in phase-I three undu-
lator lines, three following beamlines, and ten experimental
end-stations, as well as a 100 PW super-intense and ultra-
short laser. The SHINE facility will be installed in shafts
and tunnels ~30 m underground, placed in north-south di-
rection with total length of ~3.1 km, closely connected to
the campuses of the Shanghai Synchrotron Radiation Fa-
cility, the Shanghai Advanced Research Institute and the
ShanghaiTech University in the east, and the Shanghai
maglev train line in the west. The whole project investment
scale exceeds 10 billion CNY (~1.5B USD).

SHINE has constructed five shafts from north to south,
one accelerator tunnel from shaft #1 to shaft #2, three par-
allel undulator tunnels from shaft #2 to shaft #3, and the
following three beamline tunnels from shaft #3 to shaft #4
and to shaft #5, with each undulator tunnel capable to ac-
commodate two undulator lines and each beamline tunnel
capable to accommodate two beamlines. The three phase-I
undulator lines will be placed in two undulator tunnels. The
layout of the SHINE facility is shown in Fig. 1.
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Figure 1: Layout of the SHINE facility.

The SHINE project started its civil construction in April
2018, and constructions of all shafts and tunnels were com-
pleted by the end of 2023. The utility facility at shaft #1
campus has been constructed and commissioned, it has
been in routine operation for the SHINE linac sub-systems
since March 2023. The rest utility facilities at other shaft
campuses are either in installation or under commission-
ing, they will all be ready for SHINE within a year.

During the same period, the construction of the SRF
technology infrastructures and R&Ds of key technologies
and critical components, such as 1kW@2K helium cryo-
plant, SRF cavity surface processing infrastructures, verti-
cal and horizontal test platforms, prototypes of SRF cryo-
modules (CM), VHF gun, undulators and so on, were car-
ried out under the support of a Shanghai major science and
technology project.

The fabrication of the first pieces and batch manufac-
tures of the SHINE components were almost performed at
the same time, once after their R&Ds met the correspond-
ing specifications. Then the installation of the SHINE in-
jector started in April 2023 from its VHF gun. The single-
cavity cryomodule i1CM and eight-cavity cryomodule
i8CM are under installation now, aiming to complete the
installation and start the beam commissioning of the injec-
tor in July 2024, and then the installation of the linac sec-
tion L1 before the first magnetic compressor within an-
other half year.

FACILITY OVERVIEW

Based on the demands from various research frontiers
and considering state-of-the-art accelerator-based light
source technologies, the overall scope of the SHINE facil-
ity is defined:

(1) The photon energy range is 0.4-25 keV, covering the
soft X-ray (below lkeV), tender X-ray (around 2-5 keV)
and the hard X-ray region (up to 25 keV), and retaining the
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possibility to further extend the photon energy range and
improve the FEL performance through electron beam en-
ergy manipulation and advanced FEL configurations.

(2) The maximum bunch repetition rate can reach 1
MHz, which can be used by multiple undulator lines sim-
ultaneously through switchyard. The repetition rate of a
single beam line is arbitrarily adjustable according to ex-
perimental requirements, and the average brightness
reaches the best performance level that it ever achieved.

(3) A group of tunnels to accommodate five or more un-
dulator lines and ten or more beamlines, including an ultra-
long beamline up to 1 km in length (from the light source
point to the experimental station), and the ability to achieve
advanced intersection of different photon energy X-rays.

(4) The capacity of the SHINE experimental hall can ul-
timately accommodate beyond 20 user experimental end-
stations which will be equipped with various advanced ex-
perimental devices such as terahertz to ultraviolet lasers.

(5) The capabilities required for high demanding exper-
iments are reserved, such as full coherence, femtosecond
level ultrashort pulses, and polarization control. SHINE
also keeps a few promising potentials, such as terawatt
level peak power and attosecond level pulse length, etc.

Overall, the SHINE accelerator facility has a baseline
energy of 8 GeV to provide photon energy of 0.4-25keV.
In phase-I, 3 beamlines and 10 endstations were planned,
with ultra-high peak brightness and average brightness,
and femtosecond ultrafast pulses. At the same time, SHINE
pursues ultra-high spatial resolution at the nanoscale and
ultrafast time resolution at the femtosecond level.

According to the layout shown in Fig. 1, the main linac
increases the energy of the beam generated by the injector
from 100 MeV to 8 GeV, compresses the bunch length to
tens of femtoseconds, and increases the peak current to
over 1500 A, meeting the lasing requirements of X-ray free
electron lasers. Compared to the copper linac based hard
X-ray FELs, superconducting linear linac can effectively
increase the bunch repetition rate of the electron beam,
achieving ~10° pulses per second, greatly improving the
average power of the electron beam and hence the output
free electron laser, and supporting multiple experimental
stations to conduct scientific experiments simultaneously.

Table 1: Main Parameters of the SHINE Facility

Parameters Design/Typical Value
Beam Energy (GeV) 8
Bunch Charge (pC) 100
Repetition Rate (MHz) 0-1
Slice Emittance (mm-mrad) 0.45
Peak Current (A) ~1500
FEL-I Photon Energy (keV) 3.0-15.0
FEL-I Photons (0.1%BW) >10""@12.4 keV
FEL-II Photon Energy (keV) 0.4-3.0
FEL-II Photons (0.1%BW) >102@1.24 keV
FEL-III Photon Energy (keV) 10.0-25.0
FEL-III Photons (0.1%BW) >10"@15.0 keV

TUZN1
968

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-TUZN1

To cover the photon energy range of 0.4-25 keV, the un-
dulator lines select different types of permanent magnet
undulators and superconducting undulators. Multiple FEL
operation schemes such as self-amplified spontaneous
emission (SASE), self-seeding, and external seeding are
used to generate high brightness X-ray free electron lasers.
Table 1 presents the main accelerator and FELs perfor-
mance of the facility.

Considering the demand of the low photon energy below
0.4 keV from the experimental station and the need of some
advanced FEL operation schemes, a low-energy bypass
line for transporting beam with an energy of ~5 GeV will
be added. The beam from the bypass line will be trans-
ported into the FEL-II undulator line, covering the photon
energy range of 0.2-1.4 keV. With the low-energy bypass
line, the SHINE facility can realize better FEL perfor-
mance with external seeding schemes, more flexible oper-
ation of FEL-1, FEL-II and FEL-III lines simultaneously,
and earlier FEL lasing and operation for the commission-
ing of beamlines and end-stations. This also makes the fa-
cility possible for parallel installation and commissioning.

INJECTOR AND MAIN LINAC

The SHINE linac comprises a high brightness injector
and 4 sections of main linac as well as up to three magnetic
bunch compressors. The injector consists of a ~1 MeV
electron source, a single-cavity SRF module (i1CM), an
eight-cavity SRF module (i8CM), a laser heater, a beam
switchyard, and a beam diagnostic section. The electron
source is based on a 216 MHz normal conducting VHF
gun, which is developed by Tsinghua University [2]. The
i1CM and i8CM have symmetric coupler configurations to
eliminate emittance growth from coupler kicks. The elec-
tron source was installed and commissioned in 2023, as
shown in Fig. 2, and the two injector cryomodules were
installed this year. The injector is under integration, and is
expected to start beam commissioning at the end of July
this year.

.' 3 bt —
wonnonnen [

200 pC

24 hour test of 1 MHz beam

Figure 2: The SHINE VHF gun (left) and its 24-hour beam
test at 1 MHz bunch repetition rate (right).

To meet the requirements of X-ray FEL performance,
the 8 GeV SHINE linac needs to provide high brightness
electron beam at up to 1 MHz bunch repetition rate, with
normalized beam emittance of < 0.5 pm at nominal bunch
charge of 100 pC and peak current over 1500 A [3].
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At the exit of the injector, the beam energy is ~100 MeV,
the bunch length is 1 mm and the peak current is about
10 A. In the main linac, the beam will be further acceler-
ated to 8 GeV in four acceleration sections (L1, L2, L3 and
L4) which consist of seventy-five 1.3 GHz SRF cryomod-
ules. To obtain the required peak current, the bunch current
will be compressed to over 1500 A by two or three bunch
compression sections (BC1, BC2 and BC3). Two 3.9 GHz
SRF cryomodules are used before BC1 as linearizer. The
layout of the SHINE linac is shown in Fig. 3.

[ u HL L2 L3 L4
Laser  3CMs | 2CMHs  BC1 18CMs. BC2 24ms BRK 30CMs. Dechirper
(Heater

Dump

Figure 3: Layout of the SHINE linac.

Considering soft X-ray FEL lasing with relatively low
beam energy, a design to extract the electron beam from
the BREAK section between L3 and L4 was made. With
the help of the bypass line, the beam up to 5 GeV can be
delivered into FEL-II undulator line.

To enable more advanced operation schemes at FEL-II
driven through the bypass line, and to ensure baseline de-
sign remain unaffected of FEL-II driven by the main linac,
a three-stage magnetic compression scheme was designed.
The bypass line is used for operating with longer bunch
lengths, typically around 100 fs, with a peak current of ap-
proximately 800 A. While the main linac line operates with
shorter bunch lengths, usually around 30 fs, with a peak
current of about 1500 A. To accommodate these require-
ments, the bunch after BC2 is around 100 fs long, which
can then be directly transferred to the FEL-II undulator us-
ing the bypass line. The remaining bunches can be further
compressed to 30 fs with BC3, ensuring that bunches in
main undulator lines remain unaffected downstream.

Cryomodules have been under developing for SHINE
since 2017. A single-cavity cryomodule (ilCM) and an
eight-cavity cryomodule (i8CM) for the injector, a stand-
ard eight-cavity cryomodule (CMO1-ND, ND denotes N-
doped cavities) for the main linac have been assembled and
passed horizontal tests, all meet their specifications [4]. In
the meantime, many components for the SHINE cryomod-
ules have been developed:

(1) TESLA type 1.3-GHz 9-cell cavities are adopted at
SHINE, which are provided by different suppliers since
prototype development. High-Q recipes, including 3/60 N-
doping and mid-T baking recipes have been studied and
applied on the R&D cavities, resulting in high-Q and rela-
tively high gradient performance, with averaged Qo higher
than 3.0x10! at the gradient range of 16-21 MV/m and the
average maximum gradient larger than 25.0 MV/m in ver-
tical test.

(2) The CW fundamental power coupler (FPC) for the
SHINE cryomodule has been developed based on the TTF-
III pulsed power coupler. To date, 30 FPCs have been man-
ufactured and RF conditioned. All of them have passed the
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RF high power test, including CW operation at 14 kW for
6 hrs in TW mode and 7 kW for 12 hrs in SW mode.

(3) The coarse tuner was made as a double lever tuner.
The fast tuner was realized by piezoelectric ceramic actua-
tor acting directly on the cavity end flange. The fast-tuning
resolution can reach 0.15 Hz, with a step size of 0.5 nm.

(4) The first two HOM absorber prototypes with silicon
carbide and aluminium nitride material have been designed
and fabricated. It has been verified by high power tests that
the absorbed power could reach 100 W at 1.3 GHz.

(5) The SC magnet, consisting of quadrupole coils and
correction coils, was developed and installed in the cry-
omodule. To date, four SC magnets have been integrated
into SHINE cryomodules with qualified performance.

(6) The cold BPM has been developed and passed the
ten-cycle cryogenic leak test, and a beam test under the
warm section shows that the system has a resolution better
than 50 pm@10pC.

The SHINE linac requires cryogenic cooling at 2 K for
cavities, 5 K for cold interception, and 40 K for thermal
shields, respectively. To ensure operation with ample mar-
gins, three helium cryoplants are employed, which are built
in shaft #1 (two sets) and shaft #2 (one set) respectively.
Each cryoplant is designed to deliver a cooling capacity of
4 kW at 2 K. As of now, the installation of all equipment
associated with these cryoplants has been completed.

The SHINE cryogenics system consists of not only the
cryoplant, but also the cryogenic distribution system that
delivers the cryogen to the accelerators, and also the utility
system to serve liquid nitrogen together with the helium
management. The commissioning is underway for the first
cryoplant, including the warm compressor station, a 4.5 K
cold box, a 2 K cold box, and the intermediary cryogenic
transfer line. The construction marked significant mile-
stones with the first acquisition of liquid helium at the end
of 2023 and the achievement of super-fluid helium in the
beginning of 2024. Currently, the cryoplant provider and
SHINE cryogenics team are optimizing the system towards
achieving its nominal performance.

FEL LINES AND BEAM SWITCH YARD

The electron beam with beam energy up to 8 GeV and
bunch repetition rate up to 1 MHz is used in phase-I to feed
three individual undulator lines downstream, either simul-
taneously or separately. A beam switchyard section is used
to efficiently separate the high repetition rate bunches, sub-
sequently delivering the separated beam accurately to each
undulator line [5].

There are three linac-to-undulator deflection branches
(LTU-1/2/3) after the linac exit and a straight branch from
the linac exit to the main dump in the middle of shaft #2
(LTD). For each LTU branch, a set of fast kicker magnets
combining a DC Lambertson septum are used for fast beam
separation. The kicker set consists of 8~10 kicker magnets
with about 0.8 mrad total deflection angle in vertical direc-
tion. The rising edge and falling edge of the kicker magnet
are far less than 1us, which enables bunch-by-bunch beam
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separation with programmable arbitrary separation pattern.
The kicked beam is delivered to the DC Lambertson sep-
tum with ~17 mm vertical offset and then deflected hori-
zontally through a dog-leg deflection line with two identi-
cal double-bend achromatic cells. The optics of the hori-
zontal dog-leg are designed to mitigate various collective
effects in the beam deflection process, such as the emit-
tance growth due to CSR effect and the micro-bunching
instability. The total deflection angles of each LTU branch
and the consequent horizontal offsets to the linac line are:
3.0°for 1.85 m of LTU-2, 3.6° for 8.95 m of LTU-3 and
2.0° for 1.45 m of LTU-1. After the horizontal dog-leg, the
17 mm vertical offset and the vertical dispersion are cor-
rected by a small angle vertical dog-leg. Both the horizon-
tal and vertical dispersion are closed at this point. The
beam is then delivered to the entrance of the corresponding
undulator line by a series of FODO cells with 45° phase
advance.

In phase-I, three undulator lines have been designed to
cover the photon energy range of 0.4 and 25 keV, including
a soft X-ray FEL line (FEL-II) and two hard X-ray FEL
lines (FEL-I & FEL-III), as shown in Fig. 4.
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C:282eV 0:533eV
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Fe:7112ev AS118776V
24716V Ga

1103868V
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Figure 4: Photon energy coverage of three undulator lines.

The FEL-I is a hard X-ray line covering the photon en-
ergy from 3 to 15 keV. The basic FEL operation modes are
SASE and self-seeding with horizontal polarization, in
which the normal planar undulator is adopted with 26 mm
undulator period, 1.05 T maximum magnetic peak field
and 4 m segment length. The output FEL photon number is
about 1x10'° to 510! per pulse with pulse duration ~30 fs
(FWHM) and up to 1 MHz repetition rate.

The FEL-II is a soft-to-tender X-ray line covering the
photon energy from 0.4 to 3keV [6]. The baseline operation
modes of FEL-II consist of SASE, self-seeding, external
seeding and polarization control. The output FEL photon
number is about 5x10'! to 7x10'2 per pulse with pulse du-
ration ~30 fs (FWHM) and up to 1 MHz repetition rate.
According to the research requirements, the newly added
bypass line will send a 5 GeV beam to FEL-II and generate
the FEL pulse with photon energy as low as 0.2 keV. The
bypass line can also be used for operation of EEHG to-
wards higher harmonics, EEHG-HGHG cascades with
fresh slice technology [7], and other advanced operating
modes, such as large bandwidth, ultra-short pulse and two-
color. Typically, the electron beam from the bypass line
will have a bunch length of ~100 fs and a peak current of
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~800 A, which is beneficial for EEHG-HGHG cascading
mode in FEL-II.

The FEL-III is designed to cover the photon energy of
10-25 keV, in which the baselines are SASE and self-seed-
ing. The output photon number is about 2x10° to 8x10!°
with FEL pulse duration of 30 fs and up to 0.1 MHz repe-
tition rate. Due to the relatively high photon energy radia-
tion and wide photon energy tuning range, the supercon-
ducting planar undulator (SCU, vertical) with 16 mm pe-
riod, 1.583 T maximum magnetic peak field and 4 m seg-
ment length became the first option in the initial design,
and a SCU prototype has been developed with achieved
magnetic field at a 3 m long segment. The development
turns out to be extremely challenging now, hence several
optimization or alternative solutions have been or are being
studied, e.g., enlarging the undulator period to 16.5 mm
(decreasing magnetic peak field to 1.503 T), changing the
4 m segment to two 3 m pre-series modules.

Undulators for FEL-I and FEL-II are now in batch man-
ufacturing, based on their protypes developed over last
5 years. In FEL-I line, 42 planar undulators will be used.
In FEL-II line, 32 planar undulators will be installed, in
which 14 upstream undulators are coupled with two differ-
ent period arrays. Downstream of the FEL-II line, four el-
liptic polarized undulators will be used to realize the regu-
lation of output FEL polarization state in the form of "af-
terburner”. The upstream 14 undulators of the FEL-II line
adopt a lateral switching dual-period design, with magnet
arrays switchable in x-direction between 55 mm period ar-
rays and 75 mm period arrays. Combining transverse trans-
lation period-switching with phase shifting, the considera-
ble magnetic force compensation is achieved [8]. The mag-
net materials for these undulators are made of Nd2FeB14,
with a residual magnetic flux density of 1.26 T and coer-
civity value exceeding 2150 kA/m, while the poles material
is made of cobalt-vanadium-iron. The undulators adopts 4
sets of independent motion systems to achieve a smooth
taper or center-height adjustment.

The prototypes of U26 and dual-period U55&75 have
been successfully developed in 2023. The achieved mag-
netic performance is listed in Table 3.

Table 3. Magnetic Performance of Undulator Prototypes

Parameters U26 U55&U75
Location FEL-I FEL-II

Period length (mm) 26 557175
Segment length (m) 4.0 4.0
Minimum/Max gap (mm) 7.4/200 10.4/200
Working effective field (T) [0.4-1.0 0.3-1.25/0.4-1.5
Phase error (°) <6 <5

Trajectory straightness (um) [< 1.0 @ 8GeV |< 1.0 @ 8GeV
First integral (Gs-cm) <50 <100

Second integral (Gs-cm?) <15000 < 30000
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As the main operation scheme, self-seeding can generate
quasi-fully coherent FEL pulse comparing to SASE, this
scheme is also designed for all the three undulator lines,
including grating and crystal based monochromatic
schemes [9]. Developments of the two types of mono-
chromators have been completed in 2022 and 2023 respec-
tively, and the following online tests after overall system
integration are still on going.

BEAMLINES AND END-STATIONS

In phase-I, the SHINE project needs to construct three
X-ray beamlines, one for each undulator line, and 10 end-
stations, as shown schematically in Fig. 5. These beamlines
include the components necessary to filter, attenuate and
collimate the X-ray beam. Ten experimental end-stations,
distributed in the near experiment hall (NEH) and the far
experimental hall (FEH), covering the research fields of
physics, chemistry, materials, life science, and extreme en-
vironment science, are planned.

Near Experimental Hall

Far Experimental Hall

Figure 5: The SHINE initial beamlines and ten end-sta-
tions.

The SHINE scientific instruments will enable the prob-
ing of structural dynamics of materials, including the phys-
ical and chemical behaviours in biomaterials and con-
densed matters, in the fundamental length (~A) and tem-
poral (~fs) scales. The phase-I end-stations include:

FEL-I
HSS: Hard X-ray Scattering Spectrometer;
CDS: Coherent Diffraction end-station for single mol-
ecules and particles;
SEL: Station of Extreme Light.

FEL-II
SSS: Soft X-ray Scattering and Spectrometer;
SES: Spectrometer for Electronic Structure;
CDE-IEB: Coherent Diffraction imaging Endstation-
Imaging Endstation for Biomaterials;
AMO: Atomic, Molecular, and Optical physics;
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FEL-III
HXS: Hard X-ray Spectroscopy;
CDE-IEM: Coherent Diffraction imaging Endstation-
Imaging Endstation for Materials;
SFX: Serial Femtosecond Crystallography;
HED: High Energy Density science.

A variety of advanced experimental techniques are em-
ployed in the initial 10 end-stations, including Coherent
Diffraction Imaging (CDI), time-resolved photoelectron
spectroscopy/microscopy, ultrafast X-ray absorption/emis-
sion/scattering spectroscopy, Serial Femtosecond Crystal-
lography (SFX), etc. These ten end-stations in the first in-
stallation phase are decided as the results of the demanding
from the wide scientific user communities.

The design parameters of beamlines are frozen, tech-
nical and engineering design of FEL-I/II/IIl and 3 end-
stations (include AMO, SES and CDS) have been done,
The engineering design for 5 endstations (include SSS,
HSS, HXS, SFX and CDE) are almost completed. FEL-II
has highest priority, and now the first experiments and sci-
ence cases for the FEL-II endstations are in preparation.

Among these 10 end-stations, the Station of Extreme
Light (SEL), which combines the hard X-ray FEL with a
100 PW laser, aims at pioneering cutting-edge researches
on strong field QED physics.

SUMMARY AND OUTLOOK

The 8 GeV SRF linac based SHINE facility is aiming to
join the exclusive XFEL club as one of the most advanced
FEL user facilities by delivering fs-scale X-ray pulses from
0.4 keV to 25 keV, up to million pulses per second, serving
the scientific research frontiers on physical science, mate-
rials science, energy and environmental science and life
science. In addition, the SEL station of SHINE will com-
bine a 100 PW laser with XFEL for strong field QED phys-
ics research.

The design and construction of the SHINE facility is in
good progress, while the project is still facing challenges
in key technologies, schedule and budgets. R&Ds of key
technologies for this project have been made since 2017
and are still ongoing, while mass production of key com-
ponents started successively according to the schedule. The
civil engineering and utility constructions are proceeded in
good shape, providing timely the conditions for facility
equipment installation and systems commissioning. The
injector installation started in April 2023, aiming to
achieve 100 MeV beam in the coming summer of 2024.
Great efforts have been made to develop cryomodules, un-
dulators and other crucial components for SHINE, and en-
couraging progresses have been achieved. With the help of
a bypass line, first lasing of the FEL-II line at the end of
2025 seems possible, but really challenging.
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