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Abstract
In this paper, we report the recent progress on the 1 PW/0.1 Hz laser beamline of Shanghai Superintense Ultrafast Laser
Facility (SULF). The SULF-1 PW laser beamline is based on the double chirped pulse amplification (CPA) scheme,
which can generate laser pulses of 50.8 J at 0.1 Hz after the final amplifier; the shot-to-shot energy fluctuation of the
amplified pulse is as low as 1.2% (std). After compression, the pulse duration of 29.6 fs is achieved, which can support
a maximal peak power of 1 PW. The contrast ratio at −80 ps before main pulse is measured to be 2.5 × 10−11 . The
focused peak intensity is improved by optimizing the angular dispersion in the grating compressor. The maximal focused
peak intensity can reach 2.7 × 1019 W/cm2 even with an f /26.5 off-axis parabolic mirror. The horizontal and vertical
angular pointing fluctuations in 1 h are measured to be 1.89 and 2.45 µrad, respectively. The moderate repetition rate
and the good stability are desirable characteristics for laser–matter interactions. The SULF-1 PW laser beamline is now
in the phase of commissioning, and preliminary experiments of particle acceleration and secondary radiation under 300–
400 TW/0.1 Hz laser condition have been implemented. The progress on the experiments and the daily stable operation
of the laser demonstrate the availability of the SULF-1 PW beamline.
Keywords: laser amplifiers; lasers; titanium; ultrafast lasers

2017, respectively[6, 7] . In Europe, Amplitude and Thales
also have commercial repetitive PW laser systems[8, 9] .
Moreover, the scalability to higher peak power is another
key issue for strong field physics in ultrarelativistic regime.
The next-generation PW-class laser projects have already
been proposed and constructed worldwide, which include
Extreme Light Infrastructure, Apollon-10 PW laser, Vulcan10 PW laser, and so on[2, 10] . In the near future, the focused
laser intensity will probably exceed 1022 W/cm2 and reach
1023 W/cm2 based on the 10 PW-class lasers above. In
China, although several PW-class lasers were reported by
different laboratories, all of these lasers are working at
single-shot mode[11–13] .
The Shanghai Superintense Ultrafast Laser Facility
(SULF) is a large-scale scientific project located in Shanghai,
China[14–16] . The project was formally launched and funded
in July 2016, which aims to generate the most powerful laser
pulse with peak power up to 10 PW. In 2018, amplified pulse
energy of 339 J from Ti:sapphire amplifiers was achieved
in the 10 PW-class laser prototype, which can support a
peak power of 10.3 PW with a compressed pulse duration

1. Introduction
Significant advances in ultraintense and ultrashort laser
technology have led numerous laboratories around the world
to develop table-top PW-class laser systems as a means
of investigating laser–matter interactions in relativistic
regime[1, 2] . The repetition rate of PW-class femtosecond
lasers is an important issue for their practical applications.
And the development of repetitive PW-class lasers has
attracted a great attention in recent years. For example,
in the United States, the BELLA PW laser working at
1 Hz and another 0.85 PW laser operating at 3.3 Hz were
reported in 2017[3, 4] . In Japan, the J-KAREN-P laser
with PW-level peak power and 0.1 Hz repetition rate was
reported in 2018[5] . In South Korea, the 1.5 PW/0.1 Hz
laser and the 4.2 PW/0.1 Hz laser were reported in 2012 and
Correspondence to: Y. Xu and Y. Leng, No. 390 Qinghe Road, Jiading
District, Shanghai 201800, China. Email: xuyi@siom.ac.cn (Y. Xu);
lengyuxin@mail.siom.ac.cn (Y. Leng)
† These authors contributed equally to this work.

© The Author(s) 2020. This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium, provided the original work is properly cited.

1
https://doi.org/10.1017/hpl.2020.3 Published online by Cambridge University Press

2

Z. Zhang et al.
to be 2.5 × 10−11 . The focused peak intensity is improved
by optimization of the angular dispersion in the grating
compressor. The horizontal and vertical angular pointing
fluctuations in 1 h are measured to be 1.89 µrad (std) and
2.45 µrad (std), respectively. The moderate repetition rate
and the good stability are the desirable characteristics for
laser–matter interactions. The SULF-1 PW laser beamline
is now commissioning, and preliminary experiments of particle acceleration and secondary radiation under 300–400
TW/0.1 Hz laser condition have been implemented. The
progress on experiments and the daily stable operation of the
laser demonstrate the availability of SULF-1 PW beamline.
Figure 1. The layout of the SULF[15] .

of 21 fs[17] . However, the 10 PW-class laser prototype can
only operate at one shot every 3 h. Since then, great efforts
have been devoted to the upgrade of the laser repetition rate.
The SULF will finally consist of two laser beamlines, the
SULF-10 PW beamline operating at one shot per minute and
the SULF-1 PW beamline operating at 0.1 Hz repetition rate.
The SULF will provide repetitive PW-level and 10 PW-level
laser pulses for scientific researches on materials dynamics
under extreme conditions, ultrafast sub-atomic physics and
big molecule dynamics, and extreme-fast chemistry[16, 18] .
The layout of the SULF is illustrated in Figure 1.
In this paper, the recent progress on the 1 PW/0.1 Hz laser
beamline of the SULF is reported. The SULF-1 PW laser
beamline is based on the double chirped pulse amplification
(CPA) scheme, which can generate laser pulses of 50.8 J
at 0.1 Hz after the final amplifier; the shot-to-shot energy
fluctuation of the amplified pulse is as low as 1.2% (std).
After compression, a pulse duration of 29.6 fs is achieved,
which can support a maximal peak power of 1 PW. The
contrast ratio at −80 ps before the main pulse is measured

2. Laser designs of the SULF-1 PW beamline
The SULF-1 PW beamline is a typical double-CPA system,
which consists of two complete CPA stages linked by a
nonlinear temporal filter. The schematic diagram of SULF1 PW beamline is shown in Figure 2.
A commercial Ti:sapphire CPA laser (Coherent, Astrella)
is used as the first CPA stage, which can deliver sub-40-fs
pulses with 7 mJ energy at 1 kHz repetition rate. Initial
seed pulses with energy of 3.9 mJ are injected into the
temporal filter, which is based on the techniques of crosspolarized wave generation (XPWG) and femtosecond optical
parametric amplification (OPA). This novel temporal filter
mainly includes three parts: (1) a stage of XPWG, which
can generate high-contrast and broadband seed pulses with
several microjoule energy; (2) a stage of second harmonic
generation (SHG) pump laser, which can provide pump laser
with ∼400 nm central wavelength and ∼1.75 mJ energy for
femtosecond OPA; (3) a stage of femtosecond OPA, which
can generate ultrahigh-contrast signal pulses and idler pulses
with 100-µJ-level energy simultaneously. A detailed design

Figure 2. Schematic diagram of the SULF-1 PW beamline.
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of the nonlinear temporal filter is described in our previous
work[19] .
The second CPA stage consists of a stretcher, a regenerative amplifier (RA), a pre-amplifier, two power amplifiers,
a final amplifier, an achromatic relay-imaging system and
a grating compressor. Cleaned pulses from the temporal filter are temporally stretched to ∼700 ps (full-width
at half-maximum (FWHM)) duration in the grating-based
all-reflective Öffner stretcher. The transmission efficiency
through the stretcher is 25%, which results in ∼25 µJ seed
pulses for the RA. Before entering the RA, single pulse
at 10 Hz repetition rate is selected by a Pockels cell (PC)
assembly which consists of two high extinction ratio Glan
laser polarizers and a KD*P PC. To save the cost, a common
Nd:YAG laser (Quantel, CFR-400) at 10 Hz repetition rate
is used to pump both the RA and the pre-amplifier. The
RA is pumped at 38 mJ energy, and after about 10 roundtrips, the seed pulses are amplified to 1.5 mJ energy. A
spectral filter (Alpine Research Optics) is inserted into the
RA, which can suppress gain narrowing and pre-compensate
spectrum redshift in the following amplifiers[20, 21] . After
passing through another two PC assemblies for suppression
of nanosecond pre-pulse leaked from the RA, the repetition
rate of the laser pulses decreases to 1 Hz. The 1 Hz pulses are
expanded to 3 mm diameter and injected into the five-pass
Pre-Amp, which is pumped at both sides with a total pump
energy of 180 mJ and can amplify the pulse energy to 50 mJ.
The output pulses of the Pre-Amp are expanded to 18 mm
diameter and then introduced into a five-pass power amplifier
(Power Amp 1), which is designed to produce 2 J of radiation
under pump energy of 5 J. As suffered from optical damage,
the output energy of Power Amp 1 is now reduced to 0.9 J
for safety consideration. The output energy will be recovered
once the spare parts are available. The 0.9 J laser pulses are
then expanded to 35 mm diameter and injected into a threepass power amplifier (Power Amp 2), which uses a watercooled 60 mm diameter Ti:sapphire crystal that is pumped
by four Nd:YAG lasers. Power Amp 2 is designed to produce
11 J of radiation under pump energy of 20 J and injected
energy of 2 J. At present, the output energy of Power Amp 2
is controlled at 7.8 J under pump energy of 16 J and injected
energy of 0.9 J. Both Power Amp 1 and Power Amp 2 work
at 1 Hz repetition rate. In high-energy Ti:sapphire amplifiers
with moderate repetition rate, the thermal lens effect can
degrade the beam spatial quality and decrease the energy
extraction efficiency. At present, the focal length of thermal
lens in Power Amp 1 and Power Amp 2 is 410 and 194 m,
respectively. Utilizing particularly designed beam expanders
before the power amplifiers, specific expanding ratio and
beam divergence are introduced to suppress the thermal lens
effect[22] . The output pulses of Power Amp 2 are expanded
to 65 mm diameter and undergo further amplification in the
three-pass final amplifier (Final Amp), which uses a largeaperture 100 mm diameter Ti:sapphire crystal that is pumped
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by four high-energy glass lasers (Amplitude Technologies,
Constellation). Each frequency-doubled Nd:glass laser can
provide a maximal output energy of ∼30 J with two green
(527 nm) beams at a repetition rate of 0.1 Hz. Image relay
systems are implemented in order to magnify the pump beam
size from 25 to ∼70 mm on the Ti:sapphire crystal. In our
design, the output energy from final amplifier is 60 J under
a total pump energy of 120 J and an injected energy of
11 J. The transverse parasitic lasing is suppressed by using
an index-matching fluid with absorbing dye and controlling
the temporal delay between the seed pulses and the pump
pulses[23] . At present, average output energy of 50.8 J with
0.1 Hz repetition rate is achieved under a total pump energy
of 110 J and an injected energy of 7.8 J. The total B-integral
of the Ti:sapphire amplifiers is calculated to be 0.59.
An achromatic image relay system is designed and installed between the Final Amp and the grating compressor,
which can expand the beam size from ∼65 to ∼213.5 mm.
The image relay system consists of two achromatic lenses
with focal lengths of 5000 and 16,500 mm, respectively. A
spatial filter will be installed at the focus of the two lenses in
the near future, which can improve the spatial quality of the
laser pulses and simultaneously prevent the scattered noise
pulse from the amplifiers. It is worthy to note that an energy
attenuation module (EAM) consisting of uncoated wedges,
high reflective mirrors and a motorized linear translation
stage is installed between the Final Amp and the image relay
system, which is introduced for the measurement of laser
parameters and the alignment of off-axis parabolic mirror
(OAP) under a reasonable energy level[24] . The surface
quality of the optics in the EAM is carefully treated, which
can keep the wavefront quality of the output pulses. Since the
laser pulses before and after EAM share the same near-field
and far-field monitoring systems, the pointing of direction of
the laser pulses after the EAM is also guaranteed.
After the achromatic image relay system, laser pulses are
transported from the ground floor to B2 floor by a largeaperture periscope. The grating compressor is installed on
the B2 floor, which consists of a large-dimension vacuum
chamber, two large-aperture mirrors and four gratings. As
Figure 3 shows, the size of vacuum chamber is 4500 mm
(L) × 1400 mm (W ) ×1000 mm (H ), the first and fourth
gratings are brand new and their sizes are 265 mm (H ) ×
420 mm (W ), and the second and third gratings are the old
ones that have been used in our 10 PW-class laser prototype.
Their size is 360 mm (H ) × 565 mm (W ). The total transport
efficiency of the achromatic image relay system, the largeaperture periscope and the grating compressor is only 58%,
which is affected by the old gratings and the coating of
the achromatic image relay system. Enhancement of the
transport efficiency will be one of our future tasks. After
compression, the pulse duration of 29.6 fs is achieved, which
can support a maximal peak power of 1.0 PW at present.
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Figure 3. Schematic of the grating compressor with a vacuum chamber.

3. Characteristics of the SULF-1 PW beamline
The output energy of the Final Amp is measured by
an energy meter (Gentec-EO, QE95). Under pump energy
of 110 J, the average output energy is 50.8 J which
corresponds to an extraction efficiency of 39.1%. The
low efficiency is probably caused by the energy loss in the
100 mm diameter Ti:sapphire crystal. Without the pumping,
we have found that the incident seed energy decreases from
7.8 to 7.3 J after passing through the Ti:sapphire crystal
once. It indicates that the single-pass energy loss of the largeaperture Ti:sapphire crystal is as large as 6.4%. The energy
loss is caused by both the reflection of the end faces and
the absorption of this large-aperture Ti:sapphire crystal. The
Final Amp is operated near the saturation region and pumped
by four Nd:glass lasers independently. A total of eight pump
beams are delivered to the Ti:sapphire crystal, which can
significantly reduce the effect of pump energy fluctuation by
averaging. Then stable output energy can be obtained after
the Final Amp. The measured energy fluctuation is about
1.2% (std) for 36 successive laser pulses, which is shown in
Figure 4. Affected by the problem of optical damage, Power
Amp 1 and Power Amp 2 are now still operated below the
saturation region. The energy stability should be further
improved after the full-load operation of both Power Amp 1
and Power Amp 2. The beam profile of the output laser after
the Final Amp is also measured by a charge coupled device
(CCD) (Spiricon, BeamGage), with a diameter of 2.6 mm,
as shown in the inset of Figure 4.
The output laser has a near flat-top spatial profile. The
inhomogeneity of the spatial profile is caused by the Nd:glass
pump lasers, which are under in situ tests, and their near-field
profiles are still under improvement.
Gain narrowing and gain redshift are common problems in
high-peak-power Ti:sapphire CPA lasers, which can narrow
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Figure 4. Shot-to-shot energy fluctuation of the amplified pulses. The inset
shows the beam profile measured at the output of the Final Amp.

the spectrum and hence lengthen the compressed pulse
duration[25] . In the SULF-1 PW beamline, gain narrowing
and redshift are suppressed by shaping the spectrum in the
RA and controlling the gain in multi-pass amplifiers, which
have been demonstrated to be effective methods for realizing
broadband spectrum output[20, 21] . The evolution of the
spectra in the amplifier chain is measured by a spectrometer
(Ocean Optics, USB2000+) and the results are shown in
Figure 5. The measured spectral width of the output pulse
from the Final Amp is about 58 nm at FWHM, which can
support a Fourier-transform-limited (FTL) pulse duration of
22 fs.
Though the spectrum determines the FTL pulse duration,
the actually achievable pulse duration is generally determined by the dispersion of the laser system. Before the
measurement of pulse duration, the EAM is inserted between

The 1 PW/0.1 Hz laser beamline in SULF facility

Figure 5. Measured spectra after the RA (black thin solid line), the PreAmp (red dashed line), the Power Amp 1 (green dot-dashed line), the Power
Amp 2 (blue dotted line) and the Final Amp (magenta thick solid line).

Figure 6. The duration and spectral phase of the compressed pulse.

the Final Amp and the achromatic image relay system, which
can decrease the energy of the pulses to be measured. The
pulse duration is measured by a Wizzler (Fastlite). The
typical pulse duration is 29.6 fs, which is shown in Figure 6.
The residual high-order dispersion in the laser system is
still a major limitation for the pulse compression. To compensate the residual high-order dispersion, an acousto-optic
programmable dispersive filter (AOPDF) is being prepared,
which can improve the compressed pulse duration and the
temporal profile in the future. The B-integral of the laser
system is about 0.59. Thus, the nonlinear phase contribution
resulting from self-phase modulation is insignificant for
pulse compression.
To characterize the focused peak intensity of SULF-1 PW
beamline, an OAP with 5655 mm focal length is used for the
laser focusing and the study of laser wakefield acceleration
(LWFA). The long focal length of the OAP is generally
adopted in LWFA, which can be helpful for the self-guiding
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of the laser pulse and can stabilize the generation of the
electron beams. Without pumping the Final Amp, the
alignment of OAP and the measurement of the focal spot are
done under 120 TW/1 Hz laser condition. The EAM is used
to control the energy of the 1 Hz laser pulse. By carefully
controlling the surface quality of mirrors, the aberration of
the beam expanders and the clamping stress of mechanical
components, the wavefront distortion of the laser pulses
can be significantly reduced. Since the residual wavefront
distortion can be partially corrected by the OAP itself, the
angular dispersion of the grating compressor becomes a main
source for distortion of focal spot in SULF-1 PW beamline.
Figure 7(a) shows the focal spot before the optimization
of the grating compressor. The elongation and tilt of the
focal spot are caused by the angular chirp of the grating
compressor, which can be checked and improved by the
method referred to in Ref. [26]. Utilization of the OAP with
a long focal length above will be helpful for the observation
of the angular chirp. After carefully aligning the horizontal
rotation and the groove tilt of the fourth grating, the focused
beam quality is obviously improved. Figures 7(b) and 7(c)
show the 2D and 3D images of the focal spot. The measured
focal spot size is 33 µm × 47 µm at FWHM, corresponding
to 1.1 and 1.6 times of the diffraction limited value in the
horizontal and vertical directions, respectively. The energy
inside the diameter at FWHM is 33.7%. It demonstrates
that the maximal focused peak intensity may reach 2.7 ×
1019 W/cm2 even with the f /26.5 OAP. A deformable
mirror (DM), an f /1.5 OAP and an objective lens are also
in preparation. We aim to achieve ∼1022 W/cm2 intensity
in the SULF-1 PW beamline in the near future.
Apart from the focused peak intensity, pulse temporal contrast is also of crucial importance, especially for laser–solid
interactions. The temporal contrast is measured by a commercial third-order cross-correlator (Amplitude, Sequoia).
Without pumping the Final Amp, the measurement is done
under 120 TW/1 Hz laser condition. The energy of the pulse
to be measured is attenuated by the EAM. Figure 8 shows
the contrast curve of SULF-1 PW beamline; the contrast
ratio at −80 ps before the main pulse is about 2.5 × 10−11 ,
which is limited by the dynamic range of the measurement.
Pre-pulses before the main pulse are generally attributed to
artifacts, which are produced by multiple reflections of the
optical components in the amplifiers and the measurement
setup. However, as real pre-pulses can also be generated
by nonlinear coupling between the main pulse and the postpulses[27] , a detailed investigation of pre-pulses and postpulses is still necessary in our future work. In addition,
plasma mirrors are also designed and planned to be used after
the compressor to improve the temporal contrast further.
Last but not least, the laser pointing stability is also
crucially important for laser–matter interaction, especially
for investigations requiring repeatability and reproducibility.
Laser pointing fluctuation generally results from thermal
drift, random vibration and air turbulence. The temperature
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Figure 7. The focal spot measured in SULF-1 PW beamline (a) before and (b), (c) after optimization of the grating compressor by using f /26.5 OAP.

Figure 9. Beam pointing stability measured after the compressor.
Figure 8. Temporal contrast of the compressed pulses.

of the laboratory is kept at 22 ± 0.5 ◦ C and power supplies
of the laser are located in an isolated room, which reduce the
effect of thermal drift. The building of the SULF is carefully
designed and the vibration of the floor is controlled below
0.5 µm at 1–100 Hz.
Moreover, the laser beam path is covered to avoid air
turbulence. Apart from the passive methods above, a beam
stabilization system (New Focus, GuideStar) is also used
after the Pre-Amp to further improve the pointing stability.
After the compressor, the pointing stability is measured
under 120 TW/1 Hz condition. Figure 9 shows the laser
pointing fluctuation in 1 h. The horizontal and vertical
angular pointing fluctuations are measured to be 1.89 and
2.45 µrad (std), respectively. The excellent stability is a
desirable characteristic for laser–matter interactions.

4. Commissioning of SULF-1 PW beamline
The SULF-1 PW laser beamline is now in the phase of
commissioning, and the long-term reliability of the laser
system will be checked by carefully increasing the pulse
peak power, which can reduce the risk of optical damage.
Meanwhile, preliminary applications on particle acceleration
and secondary radiation have been implemented based on the
SULF-1 PW beamline.
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First, an experiment on LWFA was done under ∼300 TW/
0.1 Hz laser condition. 300 MeV quasi-monoenergetic electrons are repetitively produced with on-target laser intensity
of ∼8 × 1018 W/cm2 . Moreover, high-brightness gamma
rays could be observed based on reverse Compton scattering.
Further experiments of LWFA aimed at ∼10 GeV electrons
are in design and preparation. Second, experiment on proton
acceleration was carried out under ∼400 TW/0.1 Hz laser
condition. Limited by the pre-pulses, Al target with a
thickness of 10 µm is adopted in the experiment. The
maximum proton energy of 14 MeV was obtained with ontarget laser intensity of ∼5×1020 W/cm2 . Nanometer target
will be tested after the elimination of the pre-pulses.
After daily operation under 300–400 TW/0.1 Hz laser
condition, the laser system has not suffered obvious optical
damage yet. The progress on the experiments and the daily
stable operation of the laser demonstrate the availability
of the SULF-1 PW beamline. Pulse peak power will be
gradually increased for test in the next step. The future works
will be focused on the improvement of the pulse spatial–
temporal quality.

5. Conclusions
In conclusion, basic features of the 1 PW/0.1 Hz laser beamline in SULF are presented. The SULF-1 PW beamline

The 1 PW/0.1 Hz laser beamline in SULF facility

is based on double-CPA scheme, which can generate 50 J
energy at 0.1 Hz repetition rate after the final amplifier. The
typical compressed pulse duration is about 29.6 fs, which
can support a maximal peak power of 1 PW. The temporal
contrast was enhanced by implementing the novel temporal
filter combining XPWG technique and femtosecond OPA
technique. The focused peak intensity was improved by optimization of the angular dispersion in the grating compressor.
The measured energy fluctuation is as low as 1.2% (std),
and the pointing stability in 1 h is around 2 µrad (std). The
moderate repetition rate and the good stability are desirable
characteristics for laser–matter interactions. The following
works will be focused on the improvement of pulse spatial–
temporal quality. By utilization of AOPDF and DM, pulse
duration and focal spot issues will be improved in the near
future.
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