
High repetition-rate photoinjector
laser system for S3FEL

Baichao Zhang1†, Xiaoshen Li2†, Qi Liu2, Zexiu Zhu2,
Weiqing Zhang1,2, Zhigang He1,2*, Wei Liu2,3*, Guorong Wu1,2*
and Xueming Yang1,2,4

1State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese
Academy of Sciences, Dalian, China, 2Institute of Advanced Science Facilities, Shenzhen, China, 3School of
Science, Sun Yat-Sen University, Shenzhen, China, 4Department of Chemistry and Shenzhen Key
Laboratory of Energy Chemistry, Southern University of Science and Technology, Shenzhen, China

The photoinjector laser system of Shenzhen Superconducting Soft X-Ray Free
Electron Laser (S3FEL) is reported in this paper. This laser system operates at up to
1 MHz and produces more than 50 μJ infrared (IR) laser pulses. With a customized
fourth harmonic generation (FHG) module, more than 2 μJ ultraviolet (UV) laser
pulses were obtained. The power standard deviations of the IR laser and the UV
laser are 0.093% and 0.395% respectively. While the pulse energy standard
deviations are 1.087% and 1.746% correspondingly. We implemented the pulse
stacking scheme to generate flat-top pulses. With four birefringent uniaxial
crystals, the Gaussian pulses were converted to flat-top shape, featuring 10 ps
pulse width and 0.5 ps rising and falling edges. A cut-Gaussian transverse profile
with very sharp rising and falling edges can be produced after the spatial pulse
shaper.
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1 Introduction

S3FEL is a CW free electron laser facility in plan phase. This high repetition rate soft-X-
ray super-conducting free-electron laser facility consists of a 2.5 GeV CW superconducting
linear accelerator and four initial undulator lines, which aims at generating X-Rays between
40 eV and 1 keV at rates up to 1 MHz. Photoinjectors are often exploited as the initial
electron source for many FEL facilities, like for instance FLASH [1], SPARC [2], LCLS [3],
LCLS-II [4], SwissFEL [5], FERMI [6], SHINE [7] and European XFEL [8]. Photoinjector is a
device that produces high-quality electron beams by using drive laser to extract electrons
from the cathode material. The basic properties of the electron beams, such as the stability of
the produced charge and the emittance of the electron beams, are influenced by the pulse
parameters of the drive laser [9]. Temporally and spatially shaping of the laser pulses should
be performed in order to obtain minimal increase of transverse emittance at acceleration of
electron beams [10–13]. The photoinjector laser system is a very crucial part and has a
significant impact on performances of FELs. In this paper, we describe the S3FEL
photoinjector laser system, including the IR front end laser, UV conversion unit and
temporal-spatial pulse shaping unit. In order to be operating at a high repetition rate
(adjustable up to 1 MHz), Cs2Te photocathode will be used to produce the initial electron
bunches because of high quantum efficiency (~ 10%)[14, 15]. For efficient emission of
electron bunches, UV laser pulses should be exploited to illuminate the photocathode [16,
17], for instance fourth harmanic of Yb:fiber laser [4] and Nd:YLF laser [8]. According to
design specifications of the S3FEL, 0.2 μJ UV laser pulse with sharp temporal and spatial
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edges is required to generate 200 pc charge and its pulse width
should be between 10 and 60 ps. We use a commercial ytterbium-
doped fiber laser (Tangerine from Amplitude) as the front end laser
which can be operating at repetition rate up to 1 MHz and produce
up to 50 μJ pulse energy. After the FHG module, 257.5 nm laser
pulses with 2 μJ pulse energy are produced. For good UV beam
quality, the efficiency of FHG is about 4% by controlling the
thickness of the nonlinear crystals and the pulse width of IR laser.

2 Performance of the laser system

The layout of the photoinjector laser system is presented in
Figure 1. The laser system consists of oscillator, short pulse module
(to cross-correlator), compressor (to Cycle optical synchro module),
slow drift locking module (Amplock), IR fiber amplifier, FHG
module, temporal and spatial pulse shapers and the
corresponding diagnostics setup.

The oscillator is a customized ytterbium-doped fiber laser operating
at 36.11 MHz, which has four output ports. One port serves as the seed
of the IR fiber amplifier, the second one is compressed to transform-
limited pulse and ready for optical-to-optical locking. The third one and
the output from the IR fiber amplifier are launched to the Amplock for
slow drift compensation. The fourth one is nonlinearly amplified and
compressed down to sub-100 fs, so that it could increase measurement
resolution of UV laser pulse duration. The oscillator is phase-locked to a
216.66MHz RF reference signal (6th harmonic of the 36.11MHz). The
integrated timing jitter is 122 fs in the range between 10 and 10MHz
(measured by Keysight E5052B SSA @4188.76 MHz). While the
oscillator is free running, the integrated timing jitter is 558 fs in the
range between 10 and 10MHz. In the future, the oscillator will be
phase-locked to an optical synchro module via two-color balanced
optical cross-correlation (TCBOC). The short pulse module featuring
100 mw output power and 100 fs pulse width is exploited to measure
temporal pulse shape of the UV laser via optical cross-correlation. The
Amplock module is used to control the timing drift between the

amplifier and the oscillator via optical cross-correlation. The
standard deviation of the timing drift is 13.49 fs over 8 h. The IR
fiber amplifier is comprised of fiber stretcher, fiber preamplifier, pulse
picker, programmable spectral phase and amplitude shaper, fiber
amplifier (tangerine). The IR front-end can produce 50 μJ, 1030 nm
laser pulses with adjustable repetition rate up to 1 MHz and adjustable
pulse duration from 267 fs to 10 ps by changing the compression
grating pair distance. Spectrum (measured by Ocean Optics
HR4000) and minimal pulse width (measured by APE PulseCheck
150) of the IR laser beam are shown in Figure 2. Spectral width
(FWHM) is approximately 7.5 nm and minimal pulse width is
about 267 fs. The angular deviation of the IR laser beam, in the
horizontal and vertical direction, were measured to be 8.62 μrad and
5.45 μrad, respectively. The IR laser beam quality factor, M square (M2),
is less than 1.2 (measured by Dataray S-WCD-LCM-UV, Dataray,
America) and spot ellipticity is 94%.

The IR laser beam directly accesses the FHGmodule, as presented in
Figure 1. For efficient IR to UV conversion, two second harmonic
generation (SHG) stages are exploited to convert 1030 nm laser to
515 nm and further to 257.5 nm. The overall conversion efficiency is
strongly dependent on the laser beam diameter and the thickness of
nonlinear crystals. For higher UV conversion efficiency, smaller beam
diameter and thicker nonlinear crystal can be exploited. But this will
deteriorate the UV laser beam quality and result in narrower spectrum.
Meanwhile, high UV power would reduce the FHG nonlinear crystal
lifetime owing to two-photon absorption. According to the design
specifications, around 2W UV laser is sufficient for the S3FEL. So we
take a tradeoff between the UV conversion efficiency and UV beam
quality/crystal damage. The first SHG is achieved via a beta barium
borate (β-BBO) crystal with 2.5 mm thickness. In the second SHG, a
thinner β-BBO crystal with 0.5 mm thickness is employed, which would
reduce thermal load of the FHG nonlinear crystal. When the IR laser is
fully compressed (shown in Figure 2) by changing the distance of
compression gratings, the conversion efficiencies of the two SHG
stages are around 55% and 8%, respectively. The nonlinear crystals
are placed in a closed chamber with a filtered air circulation system to

FIGURE 1
Layout of the photoinjector laser system.
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extend nonlinear crystals lifetime. The spectrum (spectrometer
customized from Ocean Optics with 0.02 nm resolution) and beam
profile (measured by ophir SP920) of the UV laser beam (operating at
1MHz) are shown in Figure 3. Spectral width (FWHM)of theUV laser is
approximately 0.4 nmwhich can support 245 fs transform limited laser
pulse. There is no significant deterioration in the transverse beam
profile due to thinner FHG nonlinear crystal. The beam profile
can be preserved for approximately 3 weeks for 24/7 operation.

Over time, scattering spots would be observed around the beam
spot. The UV laser pulse energy would drop by approximately
20% when the repetition rate is adjusted from 1 MHz to 1 KHz
due to less thermal load. One microjoule is enough for our
application. There is a energy attenuator consisting of a half
waveplate and a polarizer before the electron gun. The laser
energy on the photocathode can remain constant by adjusting the
attenuator when the repetition rate changes.

FIGURE 3
Spectrum (left) and beam profile (right) of the FHG laser beam.

FIGURE 4
The power stability of the IR laser (left) and the UV laser (right).

FIGURE 2
Spectrum (left) and pulse width (right) of the IR laser beam.
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2.1 Power stability and pulse energy stability

In order to measure the power stability of the IR laser and the UV
laser, output powers of the IR front-end and the FHG module were
directly measured (Gentec UP25N-100H-H9-D0) over 12 h,
respectively. The measured results are presented in Figure 4. The
average output power of the IR laser is approximately 50W (at
1MHz) and standard deviation is approximately 0.093% over 12h,
as shown in Figure 4 (left).When the power of the IR laser is set to 45W
by rotating the half wave plate inside the FHG module, the average

power of the UV laser is approximately 2.1W and standard deviation is
approximately 0.395%, as shown in Figure 4 (right). The overall
conversion efficiency from IR laser to UV laser is about 4.67%.

Pulse energy stability of drive laser is also very important for FELs
because electron beam parameters are affected by drive laser pulse
energy. A photodetector (Thorlabs DET10A2), featuring 350MHz
bandwidth and 200nm–1100 nm wavelength, was used to receive
the IR laser or the UV laser. An oscilloscope (Keysight Infiniium
MXR404A), featuring 16GSa/s sampling rate and 200Mpts memory
depth, was exploited to measure the voltage signal from the

FIGURE 5
Relative Intensity Noise (RIN) of the IR (top) and the UV laser beam (bottom).
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photodetector. The capture time of the oscilloscope is 12.5 ms
(200Mpts/16GSa/s), which means 12,500 laser pulses (@1MHz) can
be recorded one time. The pulse energy of every laser pulse can be
obtained by taking peak values of the measured voltage signal. Relative
intensity noise power spectral density (RIN PSD) of pulse energy can be
obtained via scipy.signal.periodogram function [18]. Relative intensity
noise can be obtained by integrating the RIN PSD [19], the results are
presented in Figure 5. From Figure 5 (top), we can know that the
integrated RIN of the IR laser from 100 Hz to 500 KHz is 1.087% and
the RIN is mainly distributed in the 100 KHz–400 KHz domain. This
intensity noise should come from the oscillator because the PSD
changes when another oscillator is used. Relaxation oscillation and
pump power fluctuation of the oscillator may mainly contribute to the
noise in this frequency range [20]. The integrated RIN of the UV laser
from 100Hz to 500 KHz is 1.746%, which is almost twice of the IR laser.
The RIN of the UV laser is mainly distributed in the 300 KHz–400 KHz
domain, as shown in Figure 5 (bottom). When the overall conversion
efficiency from IR laser to UV laser reaches 8%, the integrated RIN of
the UV laser would be reduced to 1.112% due to the saturation effect of
nonlinear processes. But this would deteriorate the UV laser beam
quality and reduce FHG nonlinear crystal lifetime. In the future, the
FHG module will be redesigned and an acousto-optic modulator
(AOM) will be introduced between the two SHG nonlinear crystals
to suppress the RIN of the UV laser. The AOM also acts as the fast
optical shutter to protect the FEL facility when a failure occurs.

2.2 Temporal shaping

Temporal shaping of the laser involves controlling the duration and
temporal profile of the laser pulses, which is important for optimizing
the electron beam properties and FEL performance. In this work, we
employed the typical pulse stacking for temporal shaping. Pulse
stacking is a technique used to generate laser pulses with a flat-top
temporal profile. This is achieved by splitting the amplified pulses into
sub-pulses, delaying each sub-pulse by a controlled amount, and then
recombining them to create a train of pulses with a uniform flat-top

profile [21]. As shown in Figure 1, the temporal pulse shaper consists of
four alpha-barium borate (α-BBO) crystals (with thickness 11.58, 5.79,
2.90, and 1.45 mm) which have large birefringence over a broad
transparent range of 190–3500 nm. These crystals are cut with their
optical axes parallel to their optical surfaces and anti-reflection coated at
257.7 nm. The transmission efficiency of the pulse shaper is
approximately 64% owing to the linear and nonlinear absorption.
The group refractive index for o-wave and e-wave is ngo =
2.071 and nge = 1.823 @257.5 nm [22, 23]. So, the group velocity
mismatch (GVM) is 0.846 ps/mm. The temporal intensity distribution
of the UV laser is measured via optical cross-correlation, as shown in
Figure 1. A β-BBO crystal with 0.1 mm thickness is used as the
nonlinear crystal to generate differential frequency signal (343 nm)
and a PMT is used to receive the signal. A python program was
developed to control the delay line (one step 3 μm) and read
signal from the PMT. The temporal intensity of the UV laser can
be obtained from the recorded positions of the delay line and the
signals from the PMT. The temporal intensity distribution of the
incident UV laser pulse is presented in Figure 6 (left), the pulse
width is approximately 1 ps. The pulse shape is not perfect
Gaussian, possibly due to the presence of second-order and
higher-order dispersion. After the temporal pulse shaper, a
nearly flat-top laser pulse with 10ps pulse width can be
obtained, as shown in Figure 6 (right).

2.3 Spatial shaping

Spatial shaping of the UV pulses involves controlling the intensity
profile of the laser beam in the transverse plane, which is important for
generating a uniform electron beam. The 257.5 nm DUV laser used in
the S3FEL photoinjector incorporates a pinhole that used to generate
apodized beam by the so called hard-cut method. The pinhole would be
imaged onto the photocathode via the image relay system. This ensures
that the laser beam has a uniform intensity distribution across the
photocathode. A camera placed in the equivalent position to the
photocathode plane can be used to monitor laser beam position and

FIGURE 6
Temporal intensity distribution of the incident laser (left) and the output laser (right).
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spatial distribution on the photocathode. The resulted laser beam profile
recorded by the camera is presented in Figure 7. The laser beam has very
sharp rising edge and falling edge which would improve the electron
beam emittance. The position of the pinhole can be adjusted to ensure its
image is exactly on the photocathode.

3 Conclusion

The photoinjector laser system for S3FELwas established and tested.
The main amplifier delivers 1 MHz, 50 uJ IR laser pulses and is tightly
synchronized with RF reference and ready for locking with optical
reference. With fourth harmonic generation, we generate the 257.5 nm
UV laser with more than 2W average power and good long-term
performance. By pulse stacking and apodization method, we generate
flat-top beam both in time and spatial domain. In the future, for longer
UV temporal shaping (> 20 ps), the pulse will be directly stretched by
grating pair. A cut-Gaussian transverse profile was obtained via an
aperture directly which would be improved by using adaptive optics,
such as digital micromirror device (DMD). Particular efforts will be
made to reduce the RIN of the UV laser by inserting an AOM into the
redesigned FHGmodule. This system will be optimized to meet the 24/
7 operation requirements of the S3FEL facility in the future.
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