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Abstract: We present a new scheme of picosecond optical parametric chirped pulse amplifica-
tion (OPCPA) in which a Fourier-transform-limit 5.0 ps pulse is optically sheared from a single-
longitudinal-mode 1064 nm CW laser. The pulse is amplified and frequency-doubled as the pump in
order to maintain the pump narrow bandwidth and picosecond duration simultaneously, which is
very important to ensure the high temporal contrast for an OPCPA amplifier. Combined with the
cross-polarized wave generation (XPW), a compound frontend for the high-power femtosecond laser
system that delivers a 1 Hz chirped pulse train is established. The experiments provide an output
pulse energy of 17.1 mJ, a spectrum bandwidth 71 nm (FWHM), and a pulse duration 16.4 fs. The
pulse contrast reaches 1:10−12 several picoseconds before the peak of the main pulse, which is the
best value of the available measuring instruments.

Keywords: laser amplifiers; ultrafast lasers; femtosecond pulses

1. Introduction

Petawatt-scale femtosecond lasers are essential tools for research on high-energy-
density physics, laser plasma interactions, secondary light sources, and laboratory astro-
physics. Since the demonstration of the first petawatt-scale laser [1,2], the duration of the
laser pulse has been reduced from a few picoseconds to several tens of femtoseconds, and
many global laboratories are now dedicated to the development of petawatt-scale femtosec-
ond lasers. To date, nearly 200 ultrafast lasers have been completed, are under construction,
or are being scheduled. An example of this is the ELI project, which involves 13 European
countries and intends to build three 10 PW pillars: ELI-NP in Romania [3,4], ELI-Beamlines
in Czech Republic [5], and Eli-Alps in Hungary [6]. Other multi-petawatt lasers, such as
Vulcan-10 PW in Britain and PEARL-10PW in Russia [7,8], are designed to use an optical
parametric chirped pulse amplification technique to deliver 300 J, 30 fs pulses in single-shot
mode; Apollon-10PW in France is designed to use a chirped pulse amplification (CPA)
technique to deliver 150 J [9–11], 15 fs pulses; and OPAL, a femtosecond beamline with peak
power of 75 PW apart from the OMEGA-EP (extended performance) picosecond beamlines,
is proposed at the University of Rochester [12]. In addition, there are three multi-petawatt
pillars under construction in China: the SG-II 5PW laser is an OPCPA system that has
committed 1.76 PW, 21 fs pulses since 2016 [13,14]; the CAEP-5PW in Sichuan province
has reported 4.9 PW peak power and been run at 1 PW level since 2018 [15]; and in the
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same year, SULF-10PW in the Shanghai Institute of Optics and Fine Mechanics (SIOM)
demonstrated chirped pulse energy over 190 J and the ability to bear 5 PW outputs [16]. In
Korea, a 4.2 PW CPA system has been reported, which operates at a petawatt level [17,18].
Petawatt lasers such as the above are large-scale engineering tasks, usually composed
of three parts: a millijoule-level frontend, a hundred-joule-level amplification bay, and a
terminal unit composed of a compressor, a target chamber, a vacuum set, and a diagnostics
suite. Before the output laser pulses are directed onto the target, techniques should be
employed to ensure high beam quality in achieving a diffraction-limited focal spot and a
high contrast ratio to avoid the vaporization of the target surface by pre-pulse. As the first
loop of the whole petawatt laser system, the frontend has been studied and various setups
have been constructed by many laboratories.

By using OPCPA in nonlinear crystals with broad parametric gain bandwidth, there
has been significant progress in developing femtosecond high-power laser systems [19].
The peak power of first PW-class OPCPA femtosecond laser system is 0.56 PW peak power,
which is based on high-energy amplification in large deuterated potassium dihydrogen
phosphate (DKDP) crystals [8]. A single-shot 4.9 PW femtosecond laser system, by using
low-energy picosecond OPCPA in BBO crystals and high-energy nanosecond OPCPA
in large lithium triborate (LBO) crystals in the 800 nm spectral bandwidth, with less
than 20 fs amplified pulse duration and high-intensity contrast, has been reported [15].
Moreover, several 100 PW femtosecond laser projects, based on high-energy noncollinear
OPCPA, have been proposed [20]. In our work, we construct a frontend using a novel
optically synchronized picosecond OPCPA scheme combined with a cross-polarized wave-
generation (XPW) technique. The characteristic of this method is that, in contrast to methods
in the literature, it involves specializing a sub-10-picosecond and a narrow band pulse as
the OPCPA pump to improve the contrast ratio at 10 ps before the main pulse. The reason
is that for the interaction between femtosecond laser pulses and the target, the process
usually experiences three phases: (1) the 100 fs phase, where photons are absorbed by
electrons; (2) the 1.0 ps phase, where energy is transferred from electrons to the lattice of
the target; and (3) the 10 ps phase, where energy is transferred from the lattice to the inner
part of the target and then the target is destroyed. If the intensity of the pre-pulse (10 ps
before the main pulse) is too high to destroy the target, then the physical experiment fails.

As the focused laser intensity has now reached 1022 W/cm2, the requirements for
temporal contrast should be higher than 1:10−11, which entails the intensity of the pre-
pulse not exceeding 1012 W/cm2. Many techniques to improve the pulse contrast have
been developed and used in different parts of the petawatt lasers. A plasma mirror has
been placed at the target area to steepen the edge of the focused laser pulses [21]. In the
nanosecond OPCPA regime, the spatial and temporal profile matching between the signal
and pump are carefully maintained to decrease the fluorescence during the amplification
process. For seed pulses, saturable absorbers [22], self-diffraction [23], XPW [24], and
picosecond optical parametric amplification are usually combined to achieve a contrast
ratio as high as 1:10−11 [11,22,25–29]. It has been assumed that by using a picosecond
OPCPA, the pulse contrast can be improved by as much as five orders of magnitude. In
general, there are two ways of exactly synchronizing the pump pulse with the signal pulse
in the picosecond OPCPA regime. One way described in ref uses a single femtosecond
seed and splits it into two parts [30]: one used as the signal and the other, amplified and
frequency-doubled, as the pump, in which both the pump and the signal are broadband.
However, from reference [31] we see that the broadband pump pulse can result in a higher
amplified spontaneous emission (ASE) base to the signal. However, the chirp carried by
the pump pulse can induce an extra nonlinear chirp to the signal and cause the pulse
contrast to degenerate. Another way uses a narrowband laser pulse as the pump and splits
a portion of it; the portion is used to generate a supercontinuum to form the seed pulse.
In this way, it can produce a spectrum width of more than 400 nm and a narrowest pulse
duration of approximately 11 fs [32]. In fact, this resume usually uses pulses of several tens
or hundreds of picoseconds as the pump. This is not a real picosecond OPCPA; the contrast
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ratio 10 ps before the pulse peak be only improved effectively when the width of the pump
pulse is no more than 10 ps. As mentioned in the previous paragraph, the intensity of the
pre-pulse 10 ps before the main pulse should not be high enough to form a plasma jet to
destroy the target. In obtaining a sub-10-picosecond pump pulse with a narrow bandwidth,
we propose a novel picosecond OPCPA scheme in which pump and signal pulses originate
from separate oscillators and are synchronized through a totally optical approach. The
experimental results show that, as a frontend subsystem, it is suitable for petawatt-scale
lasers, and the temporal pulse contrast ratio is better than 1:10−12.

2. Experimental Setup and Results

Figure 1 shows the setup of the high-contrast frontend seed system for the petawatt-
scale laser system. It commits at 1 Hz, determined by the repetition rate of the pump source.
At first, the femtosecond pulse train from a commercial femtosecond oscillator (Synergy,
7 fs, 500 mW, 80 MHz, 800 nm) is stretched into 250 ps (chirp rate 2.0 ps/nm) by an Offner
stretcher and passes through a two-end-pumped regenerative amplifier pumped by two
50 mJ, 532 nm, and 6.0 ns pulses. The regenerative amplifier also plays the role of a
repetition rate selector. After amplification, the energy of the chirped pulse is increased to
nearly 3.2 mJ and extracted from the cavity by an optical switch composed of a polarizer
(P1) and a Pockels cell (PC1). Another Pockels cell (PC2) lines with P2 and P3 is used to
enhance the pulse contrast after the regenerative amplifier. Thereafter, the chirped pulse
passes through a double-pass grating-pair compressor (total efficiency ~65%), by which the
width is compressed to 5.0 ps and the pulse energy measured to 2.1 mJ. This 1 Hz pulse
train will be used as the original pulse for the entire frontend system.
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Figure 1. Schematic of optically synchronized frontend for petawatt-scale laser. P1–P5, polarizers;
PC1–PC2, Pockels cells; RGA, regenerative amplifier; and MPA, master power amplifier.

At first, the XPW technique is utilized to steepen the pulse edge and eliminate the
sparkles on the pulse-step in our scheme. As shown in Figure 1, after passing through the
double-pass compressor, a beam splitter is adopted and splits the 5.0 ps pulse train into two
parts. The first part weighs 40% of the energy used as the seed for cascading amplification.
A double-pass group-velocity-dispersion compensator is made of a prism pair and an XPW
filter that consists of two cross-placed polarizers (P4 and P5), two reflective telescopes,
and two BaF2 nonlinear crystals. After the compensator, the pulse energy is reduced to
approximately 0.64 mJ and the temporal width is compressed from 5.0 ps to 30 fs, close
to the limit of the Fourier transformation. The entire XPW filter is placed in air. The cut
orientations of the two BaF2 crystals are all [11], and the thicknesses are set at 1.0 mm and
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1.5 mm, respectively. The total efficiency of the XPW filter is approximately 15% (after P5).
Because the spectrum of the laser pulse will be broadened by the third-order nonlinear
process after the BaF2 crystals, the pulse width of the XPW filter is narrowed from 30 fs to
nearly 21 fs, as tested by an auto-correlation trace. Subsequently, it is injected into a time
delay unit, which is an eight-pass geometry setup and provides nearly 90 ns retardation
with fluctuations of ±1 wavelength (~7 fs) to maintain a seed pulse optically synchronized
with the pump pulse at the two consequent lithium triborate (LBO) crystals (the whole
front-end system is settled on a vibration-damped table to maintain a stable experimental
setting). Subsequently, another double-pass prism-pair is used to stretch the pulse width
from 21 fs to approximately 4.9 ps and the final output energy is approximately 75 µJ.

To form a narrowband sub-10-picosecond pulse for the pump of the picosecond
OPCPA system, we used a single-longitudinal-mode Nd-doped YAG continuous-wave
(CW) laser as the seed pulse; the other portion of the 808 nm centered pulse train (5.0 ps,
1.3 mJ), which comprised 60% of the energy from the beam splitter, frequency-doubled
by a type I phase-matching barium borate (BBO) crystal, was utilized to shear the sub-
10-picosecond pulse from this origin. The thickness of the BBO crystal was set to 0.8 mm
to ensure the highest conversion efficiency, and the second-harmonic generation (SHG)
energy obtained was nearly 640 µJ per pulse. In the following optical parametric amplifier
(OPA) process, this SHG pulse train (404 nm) is used as the pump, and the preceding single-
longitudinal-mode CW laser as the signal. The OPA uses two pieces of BBO crystals (18 mm
for each) as the gain media. After the second BBO crystal, a 5.0 ps, 1064 nm pulse train is
sheared from the CW laser beam, and the energy is amplified from 0.6 pJ to approximately
98 µJ with an estimated gain of 108. Considering that linewidth of the Nd:YAG crystal at
1064 nm is nearly 0.45 nm, which means its Fourier transform limit is probably 3.7 ps for
a Gaussian profile, it is certain that 5.0 ps is a reasonable value that fulfills not only the
requirements of the narrow band but also the requirements of the sub-10-picosecond pulse
for a picosecond OPCPA design. Figure 2a shows the calculations of phase matching of the
BBO crystal in the OPA process by a 404 nm broadband pump and 1064 nm narrowband
signal. We see that it is very promising when the phase-matching angle ranges from 28◦

to 30◦. On this occasion, we select the non-collinear angle (alpha in Figure 2) as 3◦ and
the phase-matching angle of BBO crystal as 28.6◦. To boost the energy of the sheared
pump pulse, it is then injected into a homemade regenerative amplifier and being operated
at 1 Hz repetition. After that, the pulse energy is amplified to 1.1 mJ. The beam size is
expanded to 15 mm and enters two consecutive flash-pumped four-pass Nd:YAG master
amplifiers. The first four-pass amplifier achieves a total gain of approximately 22 times
and outputs a pulse energy of approximately 24 mJ. The second four-pass amplifier uses a
concave lens (focal length −25 m) and a six-element deformable mirror to compensate for
the wavefront distortion caused by the thermal effect. It boosts the energy of the sheared
pulse to approximately 85 mJ. To suppress the self-focusing effect of both amplifiers, two
negative-nonlinear-refractive-index GaAs plates (thickness of 0.3 mm) are adopted, and
each is inserted into a four-pass amplifier to compensate for the positive nonlinear refractive
index of the Nd:YAG rods. Assuming that the amplification is saturable and that the laser
intensity is proportional to the length of the gain media, then the B-integral for a Nd:YAG
rod in a four-pass amplifier should be,

B1 =
2π

λ
· n2 ·

4L∫
0

[I0 +
z

4L
(I − I0)]dz =

4πL
λ
· n2 · (I + I0) (1)
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For a GaAs plate set before the gain media,

B2 =
2πd

λ
· n′2 · I0 +

2π · 2d
λ

· n′2 ·
I + I0

2
+

2πd
λ
· n′2 · I =

4πd
λ
· n′2 · (I + I0) (2)

where λ is the wavelength; n2 and L are the nonlinear refractive index and length of
the two Nd:YAG rods, I0 and I; and the input and output laser intensities, respectively,
n′2 and d, represent the nonlinear refractive index and the thickness of the two GaAs plates.
By substituting n2 = 6.9× 10−16 cm2/W, n′2 = −3.47× 10−13 cm2/W [31], L = 15 cm, and
d = 0.3 mm into Equations (1) and (2); I0 = 0.1245× 109W/ cm2 and I = 2.716× 109W/ cm2

for the first amplifier; and I0 = 2.716× 109W/ cm2 and I = 9.62× 109W/ cm2 for the second,
the summation of the B-integral B1 + B2 is calculated as approximately 0.02 and 0.09 for the
first and second four-pass amplifier, respectively. The pulse-to-pulse stability of the energy has
been measured as less than 7% and is mainly determined by the fluctuations of the pump flash
lamps and regenerative amplifiers. Figure 2b,c show the near- and far-field distributions of
the beam out of the last four-pass amplifier, respectively, and the Strehl ratio is approximately
0.7, close to the limit of diffraction. Finally, this sheared pulse is frequency-doubled by a
potassium dihydrogen phosphate (KDP) crystal (thickness 12 mm). Subsequently, a 5.0 ps
green pulse train (532 nm) with a pulse energy of approximately 58.4 mJ is obtained and
optically synchronized with the previous 808 nm centered chirped seed pulse at an accuracy
of a few femtoseconds.

This green pulse is then used as the pump for a picosecond OPCPA. It undergoes a
spatial filter as an imaging relay transferred to maintain a high-quality near-field distribution
at the position of the last nonlinear crystal of the picosecond OPCPA setup, which consists
of two cascaded type-I LBO crystals arranged in an L-structure to avoid the idle beam
reentering the second LBO crystal. The cut orientation of the two LBO crystals is θ = 90◦

and ϕ = 12.71◦, the angles between the pump and the signal at both crystals are set at
1.16◦, and the lengths of the two crystals are chosen as 8 mm and 6 mm, respectively. By
evaluation, the pump power density at the first crystal is 6.6 GW/cm2 and that at the second is
5.95 GW/cm2. The experimental results proved that it can be safely operated under these
amounts at a pulse duration of 5.0 ps. The maximum efficiency achieved for the entire system
is approximately 29%, and the energy of a single pulse measured nearly 17.1 mJ.

3. Discussion and Outlook

The XPW filter and picosecond OPCPA play different roles in the frontend system.
Although the XPW can improve the pulse contrast over the full temporal range of the input
pulses, our primary concern is to use it to improve the near-peak contrast and lower the
on-foot sparkles because the picosecond OPCPA technique is thought to predominantly
improve the contrast out of the temporal range of the pump pulse when not considering
the amplifying magnifications. Figure 3 shows the contrast ratio measured by a commercial
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Sequoia. Figure 3a shows the traces of full temporal range contrast taken before and after
the XPW filter, sampled at a low scan resolution with a data acquisition rate of 20 MHz
(data interval 5 ps). It shows that without the XPW filter, the pulse contrast is ~1:10−8 over a
range of 400 ps and reaches 1:10−6 in the close area of the pulse peak by neglecting the pulse
sparkles, which are assumed to result from surface multi-reflection of the optical elements.
While the pulse passes through the XPW filter, we can see from the blue curve that not
only does the amplitude of the sparkles greatly decrease but also the whole contrast ratio
ranging from 400 ps to near the pulse peak is constantly kept close to 1:10−10. Figure 3b
shows the contrast ratio of the seed pulse measured after the test compressor. By neglecting
the multi-reflection sparkles and assuming the contrast ratio of the exterior region of the
pump pulse is high enough to neglect at nearly 103 times magnification by the picosecond
OPCPA, we then limited the Sequoia scanning range within ±20 ps to ensure a high
scanning resolution, a data acquisition rate up to 200 MHz (data interval 0.5 ps), and a
better understanding of the output contrast ratio. Thus, we can conclude from Figure 3b
that after picosecond OPCPA amplification, the contrast ratio out of the range of 10 ps
before the pulse peak is well below 1:10−12, and that from 10 ps to approximately 2 ps near
the pulse peak is approximately 1:10−11 to 1:10−10.
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Figure 3. Pulse contrast ratio measured using Sequoia scanning apparatus. (a) Contrast ratio
measured before (red curve) and after (blue curve) the XPW filter; (b) contrast ratio at the end of the
entire system.

Figure 4 shows the spectrum measurement results of the entire system. The red curve
is the spectrum profile of the seed pulse after chirped pulse amplification by a regenerative
amplifier and passage through the grating-pair compressor. Owing to the spectrum-
narrowing effect, the interval between the front and rear feet of the pulse is reduced to
approximately 70 nm (775–845 nm) from an initial value of more than 100 nm. After the
XPW filter, according to the green curve, the FWHM of the spectrum is approximately
60 nm (the foot range is slightly broadened and spans 770–847 nm). Compared with the red
curve, Figure 4 shows that the XPW process broadened the spectrum and raised the pulse
edges. The blue curve is the spectrum result after the final picosecond OPCPA amplifier.
Its foot ranges from 760 nm to 850 nm, and the FWHM is approximately 71 nm. The
spectrum width is broadened by the OPCPA process owing to the saturable amplification
and wider temporal width of the pump pulse compared with that of the 808 nm centered
seed pulse. Because the blue spectral component has always been around but the seed
pulse after chirped pulse amplification by a regenerative amplifier, the edge of the spectrum
is amplified more than the middle of the spectrum, so the output spectrum is broader than
the input, with an additional spectral component in the blue part.
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Figure 4. Spectrum measurements of the frontend laser system. The red, green, and blue curves
are the profiles before the XPW filter, after the XPW filter, and out of the final OPCPA amplifier,
respectively.

The energy of the seed pulse after the picosecond OPCPA is measured nearly 17.1 mJ. A
small portion of the pulse is split out and directed into the test compressor. After compression,
it is measured by a single-shot femtosecond auto-correlator. Figure 5 shows an auto-correlation
trace obtained by measurement. The resolution is 1 fs, and the width of the laser pulse is
approximately 16.4 fs.

Photonics 2022, 9, x FOR PEER REVIEW 7 of 9 
 

 

Its foot ranges from 760 nm to 850 nm, and the FWHM is approximately 71 nm. The spec-

trum width is broadened by the OPCPA process owing to the saturable amplification and 

wider temporal width of the pump pulse compared with that of the 808 nm centered seed 

pulse. Because the blue spectral component has always been around but the seed pulse 

after chirped pulse amplification by a regenerative amplifier, the edge of the spectrum is 

amplified more than the middle of the spectrum, so the output spectrum is broader than 

the input, with an additional spectral component in the blue part. 

 

Figure 4. Spectrum measurements of the frontend laser system. The red, green, and blue curves are 

the profiles before the XPW filter, after the XPW filter, and out of the final OPCPA amplifier, respec-

tively. 

The energy of the seed pulse after the picosecond OPCPA is measured nearly 17.1 

mJ. A small portion of the pulse is split out and directed into the test compressor. After 

compression, it is measured by a single-shot femtosecond auto-correlator. Figure 5 shows 

an auto-correlation trace obtained by measurement. The resolution is 1 fs, and the width 

of the laser pulse is approximately 16.4 fs.  

 

Figure 5. Auto-correlation trace of the compressed seed pulse by a single-shot femtosecond auto-

correlator. 

4. Conclusions 

In contrast to existing literature on frontend systems for petawatt lasers using the 

picosecond OPCPA technique, our seeder system achieved a novel way of forming an 

Figure 5. Auto-correlation trace of the compressed seed pulse by a single-shot femtosecond auto-
correlator.

4. Conclusions

In contrast to existing literature on frontend systems for petawatt lasers using the pi-
cosecond OPCPA technique, our seeder system achieved a novel way of forming an optically
synchronized picosecond pump pulse that not only keeps the width sub-10 picoseconds but
also fits the requirement of narrow linewidth. In recent years, several-hundred-petawatt lasers
have been proposed or fabricated in various laboratories, with the supposed focused intensity
reaching 1025 W/cm2, which means that the pulse contrast ratio must be higher than 1:10−13.
This regime, although slightly more complicated, has the potential to realize an even higher
contrast ratio frontend because the noise beyond 10 ps of the pulse peak will not be amplified
and the pulse can be kept very clean at the same range.
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