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Abstract
Temporal contrast directly affects the interaction between ultraintense and ultrashort pulse lasers with matter. Seed laser
sources with broad bandwidth and high temporal contrast are significant for overall temporal contrast enhancement.
The technique of cascaded nonlinear processes with optical parametric amplification and second-harmonic generation
is demonstrated for high temporal contrast seed source generation. Within 40 ps before the main pulse, the temporal
contrast reaches over 1011. The pulse energy and duration of the high-contrast pulse are 112 µJ and 70 fs, respectively.
Considering its high beam quality and stability, this laser source can serve as a high-quality seed for Nd:glass-based
ultraintense and ultrashort pulse laser facilities.
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1. Introduction

Ultraintense and ultrashort lasers can be used in high-
field physics[1], laser-driven particle acceleration[2] and so
on[3–6]. Nowadays, the peak power of the ultrafast laser
has reached the level of 10 PW (1 PW = 1015 W)[7],
and many ultraintense laser facilities have sprung up[8–10].
Among the gain media used in amplifiers, Nd:glass[11] has
high saturation fluorescence and a long upper-state lifetime,
and facilitates the fabrication of large apertures. Thanks to
these merits, laser systems based on Nd:glass can deliver
extremely high-energy pulses for applications such as inertial
confinement fusion or proton acceleration. For most of the
aforementioned applications, temporal contrast is one of
the key parameters. Nowadays, the focused intensity of the
laser has reached 1023 W/cm2[12]. The ionization threshold of
the solid targets ranges from 1010 to 1012 W/cm2. However,
conventional commercial lasers have a temporal contrast of
106–107 or worse, so the pre and pedestal pulses may cause
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target pre-ionization and affect the interaction between the
main pulse and the targets.

To suppress the pre and pedestal pulses, many meth-
ods have been proposed, such as plasma mirrors[13,14] after
compression, second-harmonic generation (SHG)[15], cross-
polarized wave (XPW)[16–18], nonlinear elliptic polarization
rotation (NER)[19,20], and optical parametric amplification
(OPA)[21]. However, energy loss induced by plasma mirrors
cannot be compensated by further amplification. Although
XPW and NER are simple and can broaden the spec-
trum, wavelength shift or tuning is difficult, and it may
cause optical element damage with higher energy. OPA
has the characteristic of wavelength tuning and can signif-
icantly enhance temporal contrast related to its high gain
factor[21].

Both OPA and SHG can enhance the temporal contrast
and tune the wavelength. In this paper, we demonstrate
the combination of cascaded OPA and SHG processes to
obtain seed pulses with broad bandwidth and high temporal
contrast. In our experiment, an Yb-doped femtosecond laser
is used as the driven source. The output 1053 nm pulse
energy and duration are 112 µJ and 70 fs, respectively.
The measured temporal contrast exceeds 1011, which is
limited by the dynamic range of the measurement equipment.
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As a seed source, the beam stability and quality are adequate.
Compared to other works driven by 800 nm laser[22,23], par-
asitic third-order nonlinear effects can be reduced because
of the scaling of the critical power for self-focusing with
λ2[24]. Despite the narrow bandwidth of the Yb laser, spectral
broadening and wavelength tuning can be achieved by OPA.

2. Experimental setup

The scheme of the high temporal contrast 1053 nm laser
source is demonstrated in Figure 1(a). A commercial laser
source (Pharos, Light Conversion) is used as the driving
laser, delivering a pulse energy of 2 mJ at a repetition rate
of 1 kHz. The central wavelength and the pulse duration are
1036.8 nm and 180 fs, respectively. The apparatus mainly
consists of the white-light generation (WLG) process, OPA
process, and SHG process.

The driving laser pulse is divided into three parts with
two polarization beam splitters (PBSs) and half-wave plates
(HWPs), and the energy can be adjusted precisely. The
fraction of the reflected part of PBS2 is used for WLG.
Through an aperture and a neutral density filter, the pulse
energy and diameter are controlled to a proper level to
generate a stable single filament. For long wavelength pulses
(such as 1036 nm), low-bandgap materials such as yttrium
aluminum garnet (YAG) outperform sapphire for WLG[25,26].
With one 4-mm-thick YAG crystal, the generated white light
has a broad spectral coverage from about 350 to 2200 nm
(inset red area in Figure 2(a)), and the signal pulse of
NOPA1 (noncollinear OPA) is part of it (Figure 2(a) inset
blue line). The transmitted part (~90 µJ) of PBS2 is used as
the pump pulse for NOPA1. Here, we utilize a noncollinear

structure because a collinear structure, which is constrained
by optical coatings, may make it impossible to distinguish
between the signal and the idler pulses. The noncollinear
angle is less than 0.7◦. With lenses L4 ( f = 150 mm) and
L5 ( f = 250 mm), the signal and pump pulses are focused on
the nonlinear crystal 1 (beta barium borate (β-BBO), type
II phase-matching, 8 mm × 8 mm × 4 mm, θ = 29.7◦,
φ = 30◦). To avoid damage to the crystal and ensure pump
intensity, the focal spot of the pump pulse is close to the
crystal. By precise control of the spatial overlap and the time
delay between the signal pulse and the pump pulse, the most
efficient amplification can be achieved, and the energy of
the amplified signal pulse is about 1 µJ. The pump intensity
Ip = 149 GW/cm2 and the corresponding small signal gain
is 2.98 × 106. Then the amplified pulse is collimated by
L6 ( f = 200 mm) and amplified in NOPA2. The reflection
part (about 1.87 mJ) of PBS1 is used as the pump pulse
for NOPA2, which is collimated by L1 ( f = 200 mm) and
L2 ( f = –100 mm) to match the size of the signal pulse.
Both beam sizes are 3.2 mm in diameter. At this stage, the
pump intensity Ip = 116 GW/cm2 and the small signal gain
is 7.8 × 107. Similar to NOPA1, the noncollinear angle of
NOPA2 is also less than 0.7◦ to reduce the negative influence
of the angular chirp of the idler pulse. Figure 1(b) displays
the details of the NOPA. With accurate spatial and temporal
overlap, an amplified signal pulse and a generated idler pulse
can be achieved. By slightly adjusting nonlinear crystal 2
(β-BBO, type I phase-matching, 8 mm × 8 mm × 3 mm,
θ = 21.3◦, φ = 0◦), the central wavelength of the output
pulses can be tuned. In this experiment, the center wave-
length is set at 2106 nm. With one type I phase-matching
BBO crystal (θ = 21◦, φ = 0◦, 10 mm × 10 mm × 0.8 mm),

Figure 1. (a) Scheme of the 1053 nm laser source. PBS: polarization beam splitter; L: lens; NDF: neutral density filter; NOPA: noncollinear OPA. The
linewidth indicates the beam size roughly and the shade indicates the pulse energy. (b) Schematic of the NOPA, where the angle between the signal and the
pump is less than 0.7◦.
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Figure 2. (a) Spectra of NOPA2 output. The orange area is the amplified signal pulse and the green area is the idler pulse of NOPA2. The orange dashed
line (simulated signal) and green dotted line (simulated idler) are the simulated spectra. The red area of the inset is the spectrum of the white light generated
by YAG, and the jitter before 500 nm (gray area) may be caused by stray light of the spectrometer. The blue line of the inset is the amplified signal pulse of
NOPA1. (b) Spectra of second-harmonic generation of the idler from NOPA2. The spectra fluctuate in the red area, and the middle solid line is the average
value.

we achieved SHG at 1053 nm, and the 1053 nm pulses are
separated from the 2106 nm pulses with two dichroic mirrors.

3. Results and discussion

Based on the NOPA and SHG processes, the center wave-
length is successfully transferred from 1036 to 1053 nm.

With nearly degenerate OPA, the achieved amplified pulse
has an energy of 246 µJ and a central wavelength of 2106 nm
(Figure 2(a), green area). A theoretical model[27] based on
the coupled second-order three-wave nonlinear propagation
equations in the plane-wave limit is used to simulate the
OPA progress (Figure 2(a), orange dashed and green dotted
lines). The center wavelength is tuned to 2106 nm to gain
the optimum double-frequency efficiency. After the SHG

Figure 3. Pulse width of the output 1053 nm. (a) Measured FROG trace. (b) Retrieved FROG trace. (c) Retrieved spectral intensity (blue solid line), spectral
phase (orange), and actual spectrum of 1053 nm (blue dashed line). (d) Retrieved temporal intensity (blue solid line), retrieved temporal phase (orange) and
Fourier transform-limited pulse (blue dashed line). The grid sizes are 256 × 256.
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Figure 4. (a) Temporal contrast of the initial 1030 nm (red line) and output 1053 nm (black line) pulses. The blue box indicates the noise level. (b) Details
of the temporal contrast of the initial 1030 nm (red line) and output 1053 nm laser pulses (black line) at ±40 ps time.

process, the energy of the output 1053 nm pulse is 112 µJ and
the spectrum is as shown by the red solid line in Figure 2(b).

According to the SHG efficiency η =
(

5.46 deff
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×L2 ×Iλ0 ×
sinc2 (�kL
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)
and the phase-matching bandwidth λFWHM =

0.44 λ0/L∣∣∣n′(λ0)− 1
2 n′(λ0/2)

∣∣∣ , the trade-off between efficiency and spectral

width should be considered. Therefore, 0.8 mm BBO is
chosen to gain a broad enough bandwidth at optimized

efficiency. The spectral stability is measured over 60 min,
containing 3600 spectra (Ocean Optics). Each spectrum is
the integrated spectra of 100 pulses because the integral time
is 100 ms. As shown in Figure 2(b), the spectral jitter range
(red area) is very small, which guarantees stable operation
of the laser in the future. Because the pump and signal
pulses originate from the same driving laser, the idler is
passively carrier envelop phase (CEP) stable[28]. The CEP of
the second harmonic is related to the fundamental pulses. As

Figure 5. The quality of the output 1053 nm beam. (a) The beam pointing stability. (b) The M2 quality of the output laser beam. (c) The power stability.
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a result, the generated 1053 nm pulse is also passively CEP
stabilized.

The pulse duration of the output 1053 nm pulse is
measured by the frequency-resolved optical gating method
(FROG, GRENOUILE, Swamp Optics). Compensated
by chirped mirrors (UltraFast Innovations, –2400 fs2,
950–1120 nm), the pulse duration is compressed to 70 fs
(Figure 3). The reconstruction error of FROG is about 0.8%.
The calculated Fourier transform limited (FTL) duration
is 68 fs, implying that the focusing in the NOPA does not
introduce disastrous high-order dispersion.

The temporal contrast of the seed laser is key in high-field
laser physics, and we measured it by a third-order autocor-
relator (Sequoia 1000, Amplitude Technologies), as shown
in Figure 4. The pedestal is eliminated and the prepulses
or postpulses are weakened individually. The dynamic range
of the measurement device limits the observed contrast, as
shown in the Figure 4(a) inset, which denotes the noise level.
Within 40 ps before the main pulse, the temporal contrast has
reached 1011. Subsequent amplification in the main amplifier
can be used to verify the high temporal contrast.

The stability of beam pointing and power are measured.
For angular beam pointing, the output 1053 nm pulse is
focused by a lens ( f = 1000 mm). The beam position
at the focal spot is recorded every second within 60 min
(DataRay). The root-mean-square (RMS) error in the
X-direction is 12.78 µrad, and the RMS error in the Y-
direction is 8.54 µrad (Figure 5(a)). The power (Gentec-
EO) is 112 mW for 60 min (Figure 5(b)) with an error of
0.218% (RMS), whereas the power fluctuation of the initial
1030 nm is 0.19% (RMS). Despite the NOPA scheme, the
beam quality is quite good. The M2 values (BeamSquared,
Ophir) in the horizontal and vertical directions are 1.53 and
1.49, respectively (Figure 5(c)).

4. Conclusion

In summary, a high temporal contrast seed source running
at 1053 nm central wavelength and a 1 kHz repetition rate
has been demonstrated. Combined with OPA and SHG pro-
cesses, the temporal contrast reached 1011 within 40 ps before
the main pulse. The output power is 112 mW with stability
of 0.218% RMS. Compared with the initial 1036 nm, the
spectrum has been broadened by OPA, and the pulse can
be compressed to 70 fs. This 1053 nm laser has excellent
beam quality and stability and is a suitable seed for Nd-based
ultraintense laser facilities.
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