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The Shanghai High repetition rate XFEL and Extreme light facility (SHINE) is under
construction and aims at generating X-rays between 0.4 and 25 keV with three FEL
beamlines at repetition rates of up to 1 MHz. The soft X-ray FEL beamline, FEL-II,
will be ready for commissioning in 2025. It is designed to cover the photon energy
from 0.4 to 3keV, in which the baselines of the FEL operation modes are self-
amplified spontaneous emission (SASE), self-seeding, echo-enabled harmonic
generation (EEHG), and polarization control. Therefore, a high repetition-rate
external seed laser, large period length modulator, soft X-ray monochromator,
planar undulator, and elliptically polarized undulator have been adopted in the
FEL-1I beamline. Several potentials such as an ultra-short pulse mode and a multi-
color mode are also foreseeable without significant equipment changes in the
follow-up operation. A dual-period undulator design is suggested for the echo-
enabled harmonic generation (EEHG) commissioning, and it has great potential to
break through the unreachable energy of the fully coherent X-ray in the future.
The FEL-II beamline will deliver SASE radiation and fully coherent radiation in all
the wavelengths of interest.
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1 Introduction

Free-electron lasers (FELs) [1] hold a great capability to generate high intensity, ultra-
short, tunable coherent radiation pulses [2, 3], opening up new frontiers of ultra-fast and
ultra-small science at atomic length scales [4-6]. High gain FELs have been in operation for
users with the great success of several operational facilities around the world, such as FLASH
[7], LCLS [8], SACLA [9], FERMI [10], PAL-XFEL [11], European-XFEL ([12]), SwissFEL
[13], and SXFEL [14, 15]. The spectral range of these FEL facilities is usually operating in the
X-ray regime, which basically chooses self-amplified spontaneous emission (SASE) [16, 17]
and external/self-seeding FELs [18-23] as the baseline operation modes. A SASE FEL has the
advantages of a simple setup, technological maturity, and excellent transverse coherence,
while it typically lacks temporal coherence. External/self-seeding FELs perfectly respond to
the problem and provide nearly Fourier-transform limited pulses in the X-ray regime, which
mainly includes high-gain harmonic generation (HGHG) [18, 19, 24], echo-enabled
harmonic generation (EEHG) [20, 21, 25-30], and soft and hard X-ray self-seedings [22,
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FIGURE 1

Layout of the undulator system at the SHINE (top view). The undulator system, which is 400 m in total length in the underground tunnel, is located
between the upstream switchyard system (shaft 2#) and the downstream beam dump beamline (shaft 3#). The FEL-1and FEL-Il beamlines are in the same
tunnel, while the FEL-IIl is in the other tunnel. The blue boxes are undulator sketches and the grey area denotes a concrete wall. Some areas are reserved

for facility development in the future.
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FIGURE 2

Photon energy coverage of the three undulator beamlines at the SHINE with the nominal beam parameter at the beam energy of 3 GeV, 5 GeV, and

8 GeV, respectively.

23, 31-36]. To further extend the FEL output performance and
increase the flexibility of FEL facilities, more advanced FEL modes,
such as cascading seeding, the fresh bunch technique, and
polarization control have been demonstrated in FEL facilities and
supported FEL user experiments.

The Shanghai High repetition rate XFEL and Extreme light
facility, abbreviated as SHINE, aims to join the exclusive XFEL club
as one of the most advanced user facilities by delivering femtosecond
X-ray pulses with up to one million pulses per second. The SHINE is
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designed to deliver photons between 0.4keV and 25keV at a
repetition rate as high as 1 MHz using a superconducting linear
(LINAC) [37]. of an 8GeV CW
superconducting RF Linac, 3 undulator beamlines, 3 X-ray

accelerator It consists
beamlines, and 10 experimental stations in phase-I, and started
its construction in April 2018. In this article, we briefly describe the
three undulator beamline scheme designs shown in Figure 1, and
mainly focus on the soft X-ray FEL beamline, i.e., FEL-II with several
advanced FEL operation modes and a flexible schematic design.
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In front of the undulator beamlines at the SHINE, the nominal
electron beam properties are as follows: the maximum electron
beam energy is 8 GeV, the peak current is approximately 1500 A
with a bunch charge of 100 pC, the normalized transverse emittance
is 0.4-0.5 mm-mrad, the sliced energy spread is approximately
0.01%, and the maximum repetition rate is up to 1 MHz. For
each undulator beamline of the SHINE, the photon energy
coverage with different operating beam energies is presented in
Figure 2. There are two hard X-ray FEL beamlines, FEL-I and
FEL-IIIL.

The FEL-I is designed to cover the photon energy range of
3-15keV. The baseline FEL operation modes are SASE and self-
seeding with horizontal polarization, in which the normal planar
undulator with a 26 mm undulator period, 1.05T maximum
magnetic peak field, and a 4 m segment length will be used. The
output FEL photon is approximately 1 x 10'° — 5 x 10" per pulse
with a pulse duration of ~30 fs (FWHM) and up to a 1 MHz
repetition rate and will be delivered to the end-stations, including
the Hard X-ray Scattering and Spectroscopy End-station (HSS), the
Coherent Diffraction End-station for Single Molecules and Particles
(CDS), and the Station of Extreme Light (SEL).

The FEL-III is designed to cover the photon energy range of
10-25keV, in which the superconducting planar undulator
(vertical) with a 16 mm undulator period, 1.583 T maximum
magnetic peak field, and a 4 m segment length is the first option.
The baseline FEL modes of the FEL-III are SASE and hard X-ray
self-seeding. It is a challenging task to develop a 4 m-length
superconducting undulator with a maximum 1.583 T magnetic
peak field. Hence, the alternative scheme design of the FEL-III
that adopts an in-vacuum undulator with a 16 mm period length
(IVU16) is also on standby to support FEL performance with a
maximum 1.25 T magnetic peak field. The output FEL photon is
approximately 2 x 10’ — 8 x 10" with a pulse duration of ~30 fs
(FWHM) and a repetition rate of up to 0.1 MHz, and will be
including the Hard X-ray
Spectroscopy  End-station (HXS), the Serial Femtosecond
Crystallography End-station (SFX), the Coherent Diffraction
Imaging-Imaging End-station for Materials (CDE-IEM), and the

delivered to the end-stations,

High Energy Density physics end-station (HED).

The FEL-II is the beamline that delivers the softest radiation of
all FEL beamlines and is designed to cover the photon energy range
from 0.4 to 3 keV. Actually, if required by scientific users, FEL
radiation with photon energy as low as 0.08 keV is also achievable.
The output radiation will be delivered to the downstream four
serial experimental stations, namely, the Soft X-ray Scattering and
Spectroscopy end-station (SSS), the Coherent Diffraction imaging
End-station-Imaging End-station for Biomaterials (CDE-IEB), the
Atomic, Molecular and Optical science end-station (AMO), and
the Spectrometer for Electronic Structure end-station (SES). For
the scientific objectives of the four end-stations, they aspire to
cover the photon energy range from 0.2 to 3 keV, with a pulse
energy of 10-300 uJ, pulse duration of less than 50fs, and a
maximum repetition rate of >100 kHz. The SES hopes to cover
photon energy as low as 0.lkeV for the Angle Resolved
PhotoEmission Spectroscopy experiment (ARPES). The AMO
and IEB have higher expectations for the single-shot pulse
energy and IEB and SES even hope for fully coherent radiation
and circularly polarized radiation.
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The FEL-II is the most diversified FEL beamline of the three FEL
beamlines and includes SASE, self-seeding, EEHG, polarization
control, and several more advanced FEL modes. It is worth
mentioning that some of the advanced FEL modes have been
commissioned and demonstrated at the Shanghai soft X-ray
Free-Electron Laser facility (SXFEL), including HGHG, EEHG,
HGHG-HGHG cascading, EEHG-HGHG cascading, harmonic
lasing, polarization control, and fast-switch [14, 15, 30, 38].
Furthermore, the soft X-ray monochromator for self-seeding has
been also arranged at the SXFEL and online for further testing.
Given the arrangement of the whole project, the FEL-II will be the
first undulator beamline which will start beam transportation and
FEL commissioning in the spring of 2025.

2 Baseline design of the FEL-II

The design of the FEL-II undulator beamline aims to realize and
exceed the regular SASE FEL operation to offer a fully coherent FEL
pulse and several novel modes of operation for scientific users such
as ultra-short pulse, polarization control, and fast switch. The
baseline FEL operation modes consist of SASE, self-seeding,
external seeding, and polarization control. In order to match
these, a unique feature of this beamline is that it selects several
kinds of undulator types, including main radiation undulator,
modulation undulator, dual-period undulator, and elliptically
polarized undulator (EPU). Considering the complexity and
flexibility, the undulator module has been optimized to improve
the performance of the baselines and several advanced FEL modes,
and the layout is shown in Figure 3. The period length of the main
radiator is 55 mm with 32 modules and a module length of 4 m, of
which the first 14 modules are dual-period undulators with a
switchable period of 75mm (abbr. U55 and U75/55). The
modulator period in the front of the beamline is 180 mm, which
satisfies the FEL resonant condition with an approximately 260 nm
seed laser at the electron beam energy range of 5-8 GeV. The EPU
period is 55 mm (EPU55) with the plan of the Apple-X type, which
is located downstream of the main radiators U55s as an afterburner
for polarization control. There are five chicanes inserted, of which
the first three are used for EEHG operation in the modulator section
and the last two are used for self-seeding operation. Beyond the
baseline design above, harmonic lasing, fresh bunch, ultra-short
pulse, and polarization fast switch are also under construction.

2.1 SASE

The standard SASE configuration is the most general and
popular FEL mode and has been adopted widely in the world.
We present the following numerical simulation results using a
Gaussian beam with the nominal beam parameter, a single SASE
pulse spectrum in the time domain, and a frequency domain
evaluated with a representative 1.24 keV photon energy, i.e., the
1.0 nm wavelength in Figure 4. The saturation peak power is nearly
10 GW and the pulse energy is nearly 300 yJ. The pulse length is
about 28 fs (FWHM), and the radiation bandwidth is 0.31%
(FWHM). It corresponds to a time-bandwidth product of 260,
which is 600 times larger than that of the transform-limit pulse
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FIGURE 3

The FEL-Il schematic layout at the SHINE. Three chicanes (black) and two modulators (green) are in the front, the following parts are two dual-period
undulator sections (14*U75/55, claret) and two self-seeding chicanes (ss, black), then there is a long main radiator section (18*U55, red), and the last four

undulators are elliptically polarized (EPUs) for afterburner (orange).
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Simulation results for the SASE scheme at 1.24 keV: radiation pulse in the time domain (left) and single-shot spectrum (right).

TABLE 1 SASE FEL performance of different photon energies in the FEL-II.

Specifications Values

Photon energy (keV) 04 0.6 0.9 1.24 2 25 3
Peak power (GW) 125 11.2 13.0 9.6 8.8 7.6 6.0
Pulse length (fs) 25 29 27 28 27 25 26
Bandwidth (%, FWHM) 0.39 0.41 0.35 0.31 0.24 023 | 022
Pulse energy () 371 412 349 274 203 129 76
Source size 109 94 83 75 65 61 59
(ym, FWHM)

Divergence 27.8 20.0 14.3 11.2 7.4 6.3 6.0
(urad, FWHM)

with a Gaussian profile. The FEL spot size near the saturation point
is 75 ym (FWHM) and the divergence angle is 11 yrad (FWHM),
which means the transverse coherence of the M2 factor is 1.9.
Meanwhile, we can calculate that the FEL pulse contains 2.5 X
10" photons, corresponding to the peak brightness of 8.9 x 10*'
(photons/s/mm?*/mrad®/0.1%BW) and the average brightness of
2.2 x 10** (photons/s/mm?/mrad*/0.1%BW) at 1 MHz repetition
rate. The undulator tapering technique application after FEL
saturation can significantly improve the FEL power and pulse
energy further [39]. For the FEL-II, the undulator module
quantity is enough for the undulator tapering, therefore pulse
energy larger than 500 yJ and even to the 1 m] level is possible
for 1.24 keV. To illustrate the performance in the SASE mode, the
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FEL properties in the SASE mode for 0.4 keV, 0.6 keV, 0.9 keV,
2.0keV, 2.5keV, and 3.0 keV photon energies are also given, as
shown in Table 1. It is worth mentioning that, in order to increase
the delivery and acceptance efficiency downstream for the lower
photon energy radiation, e.g., 0.4 keV, FEL pulse optimization with a
smaller divergence would be a more valuable objective.

2.2 Self-seeding

The X-ray radiation based on the SASE configuration is coherent
spatially but lacks temporal coherence. The temporal and spectrum
profiles exhibit a relatively wide bandwidth at the 0.1% level and a
multi-spike structure characteristic of the SASE process due to the
initial shot noise in the electron beam. The temporal coherence of
SASE can be improved with the seeding technique that generates a
narrow bandwidth pulse that is nearly Fourier transform-limited.
External seeding and self-seeding technologies are configured in the
FEL-II, which are used to cover the different photon energies. The
self-seeding mode of the FEL-II is designed with a photon energy
range of 0.6-1.5keV and output spectral bandwidth of less than
0.02%. The layout of the soft X-ray self-seeding scheme (SXSS) is
shown in Figure 5, which includes a two-stage self-seeding for
sideband elimination, heat loading reduction, and high repetition
rate operation.

Figure 6 illustrates the simulated self-seeding performances of
1.24 keV using a Gaussian beam. The saturation peak power is up to
15 GW with 390 uJ pulse energy. The spectrum bandwidth equals to
0.024% (FWHM), and the temporal duration is approximately 50 fs
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monochromator monochromator
FIGURE 5

Soft X-ray self-seeding schematic design for the FEL-II. The two-stage self-seeding scheme is presented here. The two same self-seeding systems
including an electron by-pass chicane and photon monochromator are inserted in the undulator beamline and separate 32 main radiators into three

sections, i.e., the SASE section, and the 1st and 2nd seeding sections.
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Simulation results for the SXSS scheme at 1.24 keV: the SXSS FEL pulse energy growth along the undulators beamline (left), output FEL pulse in the

time domain (middle), and single-shot spectrum (right).

(FWHM), which gives a time-bandwidth product of 3.6,
approximately 8 times larger than that of the transform-limited
pulse with a Gaussian profile. The typical spot size and diffraction
angle of the X-ray source are approximately 100 ym (FWHM) and
5.5 yrad (FWHM), respectively. With all the numbers, one can
calculate that, the peak brilliance of FEL-II transmission-based
self-seeding is 1.9 x 10°® (photons/s/mm?*/mrad®/0.1%BW), at the
photon energy of 1.24 keV. In order to suppress the side effect and
mitigate the heat-loading on the granting, the two-stage SXSS mode
can be operated.

For the SXSS mode with the granting-based photon
monochromator, the SXSS system combined with a chicane is
inserted in the undulator section with a 4 m length. The system
includes two mirror boxes located at the two wings of the chicane
and uses the configuration of LCLS as a reference [32, 40]. The front
spectral box located between the first two dipoles of the chicane,
consists of a cylindrical VLS grating and a plane mirror. The
incidence of the VLS granting is fixed at 89°. The central
wavelength adjustment depends on the off-axis rotation of the
plane mirror. The rear mirror box located between the last two
dipoles of the chicane consists of two cylindrical mirrors for the
radiation spot focusing and radially optical path returning. The
system is quite compact with a 4 m length, and the maximum delay
time is approximately 1.5 ps, which is a challenge for mechanical
design.

As mentioned above, the resolution is expected to be larger than
5,000 at the range of 0.6-1.5 keV, and we adopt a blazed grating and
an alternative holographic grating, covering the different photon
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energy, respectively. In order to further understand self-seeding,
research and development has carried out on the monochromator
system. At the end of 2022, the front box of the monochromator
system based on the blazed grating has been installed at the beamline
of the SXFEL facility and tested online. The test result presented a
resolution larger than 5,300 at 520 eV. More detailed and systematic
research is still ongoing.

2.3 EEHG

Besides the self-seeding technique, the external seeding
technique is also employed in the FEL-II. The FEL radiation
performances based on the external seeding technique, for
example, temporal coherence, stability, and wavelength, are
usually determined by the UV seed laser. Single-stage HGHG
and EEHG are two basic operation modes. Different from the
HGHG with relatively low harmonic up-conversion, the EEHG
allows the up-conversion to higher harmonics and is capable of
achieving higher than 50th harmonics. Theoretically, the 90th
harmonics and even higher than 100th harmonics are possible to
be produced, but it is difficult to achieve this experimentally due to
the electron beam collective effects such as coherent synchrotron
radiation (CSR), incoherent synchrotron radiation (ISR), and intra
beam scattering (IBS). At the SXFEL facility, the 47th EEHG
harmonic lasing has been demonstrated and passed the national
acceptance, and the 54th harmonic lasing and the 61st harmonic
signal have also been achieved during the commissioning. Thus, the
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TABLE 2 Designed EEHG main parameters of the FEL-II.

Parameter Value Unit
Modulator period length 180 mm
Modulator total length 2.16 m
Seed laser wavelength 240-266 nm
Seed laser pulse duration (FWHM) 150 fs
Seed laser repetition rate >10 kHz
Seed laser pulse energy (rms) >400 uJ
Seed laser spot size (FWHM) 0.2 mm

baseline design for the EEHG mode at the FEL-II is to generate fully
coherent radiation at the photon energy up to 0.25keV (5.0 nm,
54th harmonic), and the realization of 0.4 keV (3 nm, 90th
harmonics) is still desirable in the future.

The modulator and the UV seed laser parameters of the FEL-II
for the EEHG design and simulation are listed in Table 2. The seed
laser is able to induce an energy modulation in beam longitudinal
phase space with a maximum of 8 times the modulation amplitude
of the beam slice energy spread, which basically satisfies the
HGHG and EEHG operation requirements. The modulator has
12 periods with a total length of 2.16 m, which is optimized as
approximately 3 times the FEL gain length of the 266 nm
radiation. The 10fs slippage length within the modulator
ensures that the fresh-slice-based EEHG-HGHG cascading
configuration depending on an ultra-short seed laser is possible
for operation in the future.

Using a Gaussian beam, Figure 7 illustrates the performances of
the 6 nm and 3 nm outputs at the FEL-II for the EEHG mode with

10.3389/fphy.2023.1172368

the harmonic number of 43 and 85, respectively. The EEHG-43
results show that a radiation peak power of up to 9.6 GW can be
reached with a pulse energy larger than 180 yJ. The pulse duration is
approximately 20 fs (FWHM), and the spectrum is quite narrow
with a single spike and bandwidth of 0.065% (FWHM),
corresponding to a time-bandwidth product of approximately
0.64, which is about 1.5 times larger than that of the transform-
limit pulse with a Gaussian profile. In addition, the EEHG-85 results
show that the radiation power can reach 9.8 GW and the pulse
energy is approximately 170 uJ. The pulse duration is approximately
20 fs (FWHM), and the relative spectral bandwidth is 0.033%
(FWHM), corresponding to a time-bandwidth product of about
0.65. It is worth noting that the micro-bunching instability
contributed by the beam collective effects degrades the output
performances partly, which has been analyzed before, but not
presented here [41, 42].

The radiation undulator used for the EEHG operation is mainly
the dual-period undulator U75/U55. As shown in Figure 2, the
relatively lower harmonics operation depends on U75 with lower
beam energy and while U55 is mainly used for the higher harmonics.
It is worth noting that the EEHG source point is much earlier than
the other FEL operation modes inevitably. For the beamline and end
station, increasing the acceptance and tolerance of the optical design
has to be taken into consideration. We also tried to enlarge the
electron beam size in the undulator to reduce the radiation
divergence. Simultaneously, the undulator taper technique which
is usually used to increase the FEL pulse energy, will be used to
stretch the spot waist longitudinally. In order to improve the delivery
efficiency further due to the optical diffraction, the aperture of the
vacuum pipe and the undulator gap are expanded and limited to
larger than the FEL-I design. In addition, the injection and
extraction of the seed laser is also a challenging task that is still
ongoing. Up to now, we have optimized the lattice and shortened the
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EPU afterburner performances at the FEL-II.

distance from laser injection to extraction further facing the
challenge.

2.4 Afterburner

The main undulators adopt the plane-type undulator
technique since it is more mature in terms of short periods,
high magnetic field strength, and magnetic field error control.
This is a benefit for FEL gain and reduces the cost of the device.
However, the plane-type undulator provides a fixed polarization
state which limits the user community. In order to obtain circularly
polarized FEL radiation, a cross-plane undulator or an elliptically
polarized undulator (EPU) might be the representative options.
Consequently, we plan to install several EPU undulators in the
form of afterburners downstream of the plane-type undulator
section, so that the pre-clustered beam can emit near-saturated
FEL radiation through the EPU undulators.

Polarized radiation based on EPU with a 55 mm undulator
period length is designed to cover the same range of the SASE in the
FEL-II with adjustable polarization. In order to ensure a relatively
large photon energy range and flexibility, the advanced Apple-X type
is taken into consideration. Figure 8 illustrates the polarization
switch performances of 1.24keV output, in which the reverse-
taper technique is adopted. The reverse taper undulators are
optimized to get maximum FEL power and high helicity purity.
The maximum circular polarization is achieved with a reverse taper
value of 0.8%, where the pulse energy is 720 uJ with about 96%
degree of polarization.

3 Advanced FEL operation modes

In the previous section, the baseline configurations of the FEL-II
undulator beamline, including SASE, self-seeding, EEHG, and
polarization control were presented. However, our design work
foresees physical and technical solutions which will allow
significant enhancements  without

performance significant
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changes to the infrastructure and hardware. Several potentials
such as ultra-short, coherent X-ray coverage expansion, multi-
color, polarization fast-switch, high-power FEL, and high-
brightness SASE are under consideration for the future. It is
worth noting that different FEL operation modes will require
different beam properties, therefore, more flexibility of the
schematic design at the FEL-II is still under consideration to
allow further development.

3.1 Ultra-short pulse

Besides the baseline configuration of X-ray pulses with several
tens of fs pulse duration, the users also require femtosecond level
(even to attosecond) X-ray pulses for time-resolved studies of atomic
and molecular processes. According to current progress in normal
conducting FELs, the main feasible methods for ultra-short pulse
generation are low charge mode, emittance spoiler foil, dechirper,
and enhanced SASE (ESASE) technique [43-48].

The method of low charge mode has been extensively applied
in many FEL facilities. Due to relaxed space charge effects, the
electron beam can be compressed to the fs level in low charge
mode. For the SHINE, the operation modes based on the 10 pC
beam and 20 pC beam have been taken into consideration. FEL
simulations show that the FEL pulse with a pulse duration of less
than 10 fs and peak power at the GW level is feasible. The second
method uses an emittance spoiler in the second bunch compressor.
It is worth stressing that the thermal loading of the spoiler foil
determines the maximum operational repetition rate. The third
method uses a dechirper in the front of the undulator, where
transverse wake and longitudinal wake would induce the fresh
slices and change the pulse length for lasing. Further, multi-time
slice slippages by utilizing the small chicane in-between undulators
would improve the FEL peak power to 10-100 GW-level after
saturation. In addition, the ESASE technique could also compress
the bunch length to the fs level. ESASE employs an ultra-short
infrared laser pulse to manipulate the beam’s longitudinal phase
space and imprint a very strong current enhancement on a small
fraction of the electron beam. At the SHINE, with a currently
available laser of 15fs (FWHM) duration, 1.6 ym central
wavelength, and 100 GW peak power, the peak current of the
electron beam can be enhanced by approximately 7 times. These
current spikes will generate ultra-short radiation pulses with a
pulse duration of approximately 200 as and a peak power of about
70 GW in a 50 m long undulator in simulation. When using a
shorter laser pulse with a 3 fs (FWHM) pulse duration, we can get a
single spike X-ray pulse from the ESASE. The peak power exceeds
30 GW after a 40 m long undulator. The longitudinal coherence
has also been improved due to the short pulse duration. The ultra-
short ESASE radiation pulse is naturally locked to the optical laser,
thus allowing a pump-probe experiment to be performed with high
temporal resolution.

3.2 Harmonic lasing

The SHINE is constructed to cover the photon energy from
0.4 keV to 25 keV based on SASE mode, which is also capable to be
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FIGURE 9

Advanced FEL configurations for coherent X-ray full coverage at the FEL-II. It mainly consists of the EEHG section (two seed lasers, two modulators,

and three chicanes), U75 section, self-seeding section, and U55 section.

less than 0.4keV for the requirements of scientific research.
However, the energy range of the fully coherent FEL modes is
less than the SASE mode. It should be noted that there are two
energy gaps that can not be covered, one of which is the approximate
1.5-4.5 keV range between SXSS and HXSS modes, and another one
is the approximate 0.25-0.6 keV range between EEHG and SXSS
modes. Several advanced FEL configurations can be attempted in the
FEL-II beamline and are promising to cover the energy gaps. The
higher harmonics up-conversion to 90th of the single-stage EEHG is
relatively difficult to realize.

However, due to the configuration of the different undulator
periods, harmonic lasing is a better way to expand the coherent
X-ray coverage range. Usually, harmonic lasing is used for SASE-
dependent harmonic lasing schemes based on two different
undulator periods [49-51]. In order to expand the coherent
X-ray coverage range, EEHG harmonic cascading can be
operated at 0.25-0.6 keV, and self-seeding harmonic lasing can
cover 1.5-4.5keV [52]. Consequently, the full coverage of the
coherent X-ray FEL can be expected due to the flexible
infrastructure.

As shown in Figure 2, for the 5 GeV operation, the single stage
EEHG with the 75 mm-period undulator easily generates the FEL
output with a wavelength of 5-10 nm (<0.25 keV), and the 2-3rd
harmonic lasing with the 55 mm-period undulator is expected to
cover the wavelength of 2-5nm, ie., 0.25-0.6 keV. For the SXSS
harmonic lasing, the pure 55 mm-period undulator covers the
coherent hard X-ray photon energy gap. Figure 2 tells us that the
55 mm-period undulator can cover photon energy of 0.54-6.0 keV
for the 8 GeV operation. Therefore, the undulators upstream are
used for the SXSS operation and generate the FEL output with a
photon energy of 0.54-1.5 keV, and the 2-3rd harmonic lasing with
the undulator downstream can cover the photon energy of
1.5-4.5keV. In the simulation, we have seen a quasi-coherent
X-ray generation within the two energy gaps connecting with the
reverse taper technique, and the current setup has already offered
the requirement of the harmonic lasing schemes.

3.3 EEHG-HGHG cascading

For the external seeding technique of the FEL-II at the SHINE,
the baseline design is the EEHG operation with the highest
harmonics of approximately 50. For the FEL simulation, higher
harmonics are possible based on single-stage EEHG or EEHG-
HGHG cascading. At the SXFEL facility, the EEHG-HGHG
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cascading scheme has been demonstrated experimentally [38].
For the single-stage EEHG, the 54th harmonics, i.e., 5nm, has
been demonstrated and the higher harmonics commissioning is
ongoing. Therefore, to cover the photon energy between 0.25 and
0.6 keV, and meet the needs of users, the advanced EEHG-HGHG
cascading mode is an option with the fresh bunch technique.
Figure 9 presents the current schematic layout which only
requires a minor improvement for the EEHG-HGHG cascading
operation. The first-stage EEHG will generate the FEL pulse with a
3-9 nm wavelength in U75s, which is the seed of the second-stage
HGHG to generate the FEL pulse with a 1-3 nm wavelength in U55s.
Figure 10 presents the EEHG-HGHG cascading simulation results,
where the wavelength of the first-stage EEHG is 3 nm as a harmonic
up-conversion of approximately 90 and the second-stage HGHG is
1 nm as a harmonic up-conversion of 3. The final output peak power
of the 1 nm wavelength X-ray pulse is approximately 8 GW and the
pulse energy is more than 100 uJ with a spectrum close to Fourier-
transform-limited. For this scheme, a flat-top distribution of the
current profile for the electron beam is required. The key point is an
fs level time jitter which impacts the stability of the output FEL
power significantly [42].

3.4 Multi-color

In the past few years, several techniques for multi-color
operation and spectral control of X-ray FELs have been
developed worldwide. The key to achieving multi-color pulse
generation is easily understood from the basic principles of FEL
operation. The multi-color experiment usually employs de-chirpers,
chicanes, and, of course, the central wavelengths of the FEL pulses
can be independently tuned by simply changing the gaps of the
undulator [53-62]. All the components will be established at the
facility, thus it is very convenient for delivering multi-color and/or
multi-pulse to the experimental stations. Because of the long
undulator, one can display the powerful ability of multi-color
operation at the SHINE.

3.5 HB-SASE

The high-brightness SASE (HB-SASE) technique can be
applied to significantly improve the temporal coherence of
SASE [63]. By inserting a series of small chicanes between the
undulator segments of SASE, the slippage length between the FEL
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FIGURE 10

EEHG-HGHG cascading simulation results. The top two are the first-stage 90th EEHG with 3 nm wavelength and the bottom two are the second-

stage 3rd HGHG with 1 nm wavelength.

radiation and electron bunch can be artificially increased, giving a
corresponding increase in coherence length and a narrowing
output bandwidth. The HB-SASE technique does not require an
external seeding source or X-ray photon optics and is applicable
at any wavelength and repetition rate. In the SHINE design, the
length of each undulator module is 5m, and a delay sequence
based on prime number increases is used. The delay induced by
the first small chicane is approximately 36 nm, which is a little
longer than the slippage length in one undulator module. The
simulation shows that the peak power of the HB-SASE is
comparable with the normal SASE. The longitudinal phase
distribution of the HB-SASE is smoother, which results in a
bandwidth of approximately 0.003%,
approximately 20 times narrower than that of the normal
SASE case.

much narrower

3.6 Others

There are still several other advanced FEL operation modes on
the way one of which is a high-power SASE a high-power SASE
scheme. The basic method adopts the dechirper to kick the beam
slice and generate multi-stage slippage between the beam slice and
the FEL pulse, which could increase the FEL peak power to several
times the saturation power. We are also working on the polarization
fast-switch based on a fast-switch phase shifter. The fast-switch
phase shifter with a length of less than 3 m and a 0.5 MHz switch
frequency will be inserted between the four EPU undulators to
continuously switch between the different polarization states.
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Simulation results show that two different polarization FEL
pulses with higher than 90% polarization degree are theoretically
achievable.

4 Summary

In summary, this article presents the physical design of the
FEL-II undulator beamline at the SHINE, which is the first high
repetition rate based hard X-ray FEL facility in China. The
SHINE completed an international review of the physical
design at the end of 2022, and this work in detail is presented
first as a manuscript. We mainly introduce the FEL-II, which is
the most diversified undulator beamline compared to the FEL-I
and the FEL-IIL.

The baseline design mainly consisting of SASE, self-seeding,
external seeding, and polarization control, will provide X-ray FEL
pulses beyond the photon energy range from 0.4 to 3.0 keV with a
repetition rate up to 1 MHz. Furthermore, the FEL-II is also
designed to provide more flexible FEL output properties towards
ultra-short pulse, coherent X-ray coverage expansion, multi-
color, and so on. This beamline aims to be one of the most
advanced FEL beamlines in the world and meet the needs of more
scientific users. As the softest X-ray beamline of the SHINE, the
commissioning and operation of the FEL-II beamline will be
started firstly, and the comprehensive advance in engineering
construction is urgent and important in the coming years. The
research and development program, including the prototype
construction of the undulator, the magnet device, and the
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beam measurement device, will be completed in 2023. After this,
effective serial production and installation may start by 2024.
After the installation, the FEL commissioning of the FEL-II
beamline will start, and realize the first lasing by June 2025.
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