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In this research, we report the latest progress in the suppression of nanosecond prepulses from regenerative amplifier and
multipass amplifiers in the SULF-1PW laser. The prepulse generated from the Pockels cell (PC) in a regenerative amplifier is
delay-shifted by enlarging the distance between the PC and the nearby cavity mirror, and then removed by the extra pulse
pickers outside the regenerative amplifier. The prepulses arising from multipass amplifiers are also further suppressed by
adopting a novel amplifier configuration and properly rotating the Ti:sapphire crystals. After the optimizations, the temporal
contrast on a nanosecond time scale is promoted to be better than a contrast level of 10-9. This research can provide
beneficial guidance for the suppression of nanosecond prepulses in the high-peak-power femtosecond laser systems.
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1. Introduction

Since the invention of the chirped pulse amplification (CPA)
technique[1], high-peak-power femtosecond laser systems have
acquired great progress[2–6]. So far, the highest peak power
has reached 10 PW, and the largest focused peak intensity has
exceeded 1023 W=cm2[7–9]. For such high-intensity laser facili-
ties, the temporal contrast has become a crucial parameter for
laser–matter interactions[10–12]. Since the prepulses or pedestals
with intensity over 1011 W=cm2 would inevitably generate
preplasma prior to the main pulse in the laser–matter interac-
tion process[13], the methods and techniques to suppress the
unwanted prepulses or pedestals while maintaining the focused
peak intensity of the main pulse deserve to be taken into consid-
eration. Successful techniques are exerted on the suppression of
the amplified spontaneous amplification (ASE) pedestal, includ-
ing the double-chirped pulse amplification (double-CPA)
scheme[14], the saturable absorber[15], the cross-polarized wave
generation (XPWG) technique[16], and the optical parametric
amplification (OPA) technique[17–19]. Based on the techniques
mentioned above, the temporal contrast ratio of ASE can
reach 10−11–10−12 level in several petawatt (PW)-class lasers.
Meanwhile, the “coherent noise” pedestal extending tens of

picoseconds around the main pulse can be suppressed by apply-
ing a high-order dispersion compensation device and high-qual-
ity optical components[20]. The prepulses on picosecond time
scale can be eliminated by employing optical components with
a small wedge angle. Comparatively, the prepulses on nanosec-
ond time scale (referred to as ns prepulses) have rarely been
investigated by researchers.
In a typical CPA laser system, the ns prepulses mainly origi-

nate from a regenerative amplifier (RA), a multipass amplifier,
and a four-grating compressor[21]. The ns prepulse generated
from the four-grating compressor can be suppressed by blocking
the zeroth-order diffraction of the gratings. The ns prepulses
from the multipass amplifier can be effectively suppressed by
adopting a novel amplifier configuration[22]. However, this
novel amplifier configuration has only been demonstrated in a
four-pass amplifier. For amplifiers with more than four-pass
configurations, the scattered noise of the Ti:sapphire needs to
be further investigated. As analyzed in Ref. [21], the ns prepulses
generated from RAmainly include three types: R1, the leaked ns
prepulses due to the limited extinction ratio of the thin-film
polarizer (TFP); R2, the ns prepulses from the mismatch on cav-
ity length between the oscillator and the following RA; and R3,
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the ns prepulse arising from the Pockels cell (PC) in the RA. The
first type of ns prepulse can be suppressed by adding pulse pick-
ers after the RA, while the second type of ns prepulse can be sup-
pressed by adding pulse pickers before the RA. However, the
third type of ns prepulse is generally close to the main pulse
and is hard to be removed due to the relatively slow rising-edge
time of the pulse pickers.
In this research, the work is mainly focused on the investiga-

tion and suppression of the third type of prepulse in the RA and
the scattered noise in the five-pass Ti:sapphire amplifier. Under
the condition that the whole cavity length of the RA is basically
unchanged, the distance between the electro-optical crystal
located in the PC and the nearby cavity mirror is enlarged.
And then the temporally shifted prepulse from the RA can be
further suppressed by the subsequent pulse pickers. Meanwhile,
applying the optimized multipass amplifier configuration and
rotating the Ti:sapphire crystals in the SULF-1PW laser system,
the temporal contrast on nanosecond time scale can be pro-
moted to be better than a contrast level of 10−9. The techniques
presented here would provide beneficial guidance on the
improvement of temporal contrast in high-peak-power femto-
second laser systems. Asmentioned in Ref. [21], the ns prepulses
were measured mainly by employing a photodiode (ET2030,
Electro-Optics Technology) and an oscilloscope (MSO58,
Tektronix).

2. Optimization of the RA

The SULF-1PW laser system employs a double-CPA structure,
which is composed of two CPA stages linked by a nonlinear tem-
poral filter[23]. A commercial Ti:sapphire CPA laser (Astrella,
Coherent) serves as the first CPA stage, which includes an oscil-
lator and an RA (RA1). The nonlinear temporal filter composed
of XPW and femtosecond OPA supplies relatively clean 100 μJ-
level seed laser pulse. In the second CPA stage, the clean seed
pulses are temporally expanded to 1.4 ns by an Öffner stretcher
and then passed through a pulse picker before RA2, which not
only removes the ns prepulse leaked from the first CPA stage,
but also eliminates the second type of ns prepulse in RA2.
Moreover, cascaded pulse pickers are introduced after RA2 to
suppress the first type of ns prepulse from RA2. Then, the third
type of ns prepulse becomes the major limitation on the tempo-
ral contrast. For the third type of ns prepulse, the distance
between the intracavity PC and the nearby cavity mirror should
be enlarged so it also can be removed by the cascaded pulse pick-
ers installed after RA2.
As shown in Fig. 1(a), the distance between the internal PC

(PC1) and the nearby cavity mirror (M2) is enlarged, while
the whole cavity length is basically unchanged to keep the oper-
ation stability of RA2. The cavity length of RA2 is ∼1.75m. The
positions of the other cavity mirror (M1) and the Ti:sapphire
crystal are changed according to the position of M2. The mode
sizes at M1 and M2 remain unchanged, 0.98 and 1.08 mm,
respectively. The mode size at TFP2 is changed slightly, from
1.03 to 1.00 mm. The modified configuration with unchanged

cavity length lc guarantees the output of the RA without a large
adjustment of pump energy and the time synchronization. The
pulse pickers after RA2 are composed of two PCs (PC2/PC3)
and three Glan prisms (GP1/GP2/GP3). The rise and fall times
of the PCs (5046ER, Fastpulse) are ∼3 ns, corresponding to the
leading and trailing edges of the picking gate shown in Fig. 1(b).
The time interval tp between themain pulse and the third type of
ns prepulse (R3) corresponds to the distance lpm between PC1
and M2[21]. To suppress the prepulse R3 by the pulse pickers
more effectively, the time interval tp should be larger than the
leading edge of the picking gate. With the distance lpm enlarged
by ∼0.4m, the ns prepulse induced by PC1 could be temporally
shifted to −4 ns. The prepulse located at −4 ns before the main
pulse with a temporal contrast ratio of ∼5.1 × 10−7 can be
detected after the following pulse pickers, as shown in Fig. 2(a).
It should be noticed that the −4 ns prepulse still overlaps with
the ASE pedestal[15]. Before the RA is optimized, the prepulse
would easily be covered by the ASE pedestal[21]. With a fine
adjustment on the switching-on time of PC2/PC3, the 4 ns
pre-pulse would decay to an undetectable level, as shown in
Fig. 2(b).

3. Optimization of the Multipass Amplifiers

As analyzed in Ref. [21], the ns prepulses generated in the multi-
pass amplifiers mainly include two types: BS, the ns prepulses
from reflection or backward scattering; and FS, the ns prepulses
from forward scattering. The intensity distributions of backward

Fig. 1. (a) Scheme of the optimized RA2 in the second CPA stage. M1 and M2
are highly reflective cavity mirrors, while M1´ and M2´ represent their original
positions; Ti:Sa and Ti:Sa´ represent the Ti:sapphire crystal and its original posi-
tion; PC1, PC2, and PC3, Pockels cells; GP1, GP2, and GP3, Glan prisms; TFP1 and
TFP2, thin-film polarizers; HWP, half-wave plate; FR, Faraday rotator.
(b) Temporal shift of the third type of ns prepulse (R3) from RA2. tp and tp

0

correspond to the distance lpm and lpm
0 , respectively. tc represents the

round-trip time of RA2, corresponding to the cavity length lc. The dashed tra-
pezium represents the picking gate of the pulse pickers.
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scattering and forward scattering are angle-dependent with the
directions of the reflected and transmitted laser beams[22].
Compared with the forward scattered prepulses, the backward
scattered prepulses could be suppressed by optimizing the laser
incident angles on the Ti:sapphire crystals, i.e., rotating the
Ti:sapphire crystals in the horizontal plane. In this way, the
directions of reflected laser beams can be changed to prevent
the backward scatterings from entering the optical paths to form
ns prepulses. To suppress the forward-scattered prepulses, a
novel four-pass amplifier configuration has been demonstrated,
which has larger angles between the odd passes or even passes
(e.g., the first pass and the third pass) compared with the tradi-
tional multipass amplifier configuration[22]. However, ampli-
fiers with more than four-pass configurations would suffer
more scattered noise, which makes it more difficult to totally
eliminate the ns prepulse induced by the scattering.
The multipass amplifiers in the SULF-1PW laser system

originally consisted of a five-pass pre-amplifier, a five-pass
power amplifier (Power Amp 1), a three-pass power amplifier
(Power Amp 2), and a three-pass final amplifier (Final Amp)[23].
There is no doubt that the scattered noises will increase with the
increasing number of passes in the multipass amplifier. To sup-
press the ns prepulses caused by the scattering, the five-pass
Power Amp 1 was modified to be the novel four-pass configu-
ration with slightly reduced beam sizes for both the seed pulses
and pump pulses, which can keep the output energy almost the
same. Meanwhile, the novel amplifier configuration is also uti-
lized in the three-pass Power Amp 2 and three-pass Final Amp,
respectively. By adopting the novel amplifier configuration and
properly rotating the Ti:sapphire, both the forward and back-
ward scattering can be effectively suppressed in Power Amp 1,
Power Amp 2, and the Final Amp. Then, the five-pass pre-
amplifier would become the major source for the scattering-
induced ns prepulse.
The first type of optimized amplifier configuration [shown in

Fig. 3(a)] has larger angles between the first/third/fifth passes,
while the second type of optimized amplifier configuration
[shown in Fig. 3(b)] has a larger angle between the second
and fourth passes. The larger angles can let less forward scatter-
ing get into the paths of other passes to form ns prepulses.
Though the optimized configurations could suppress the

intensity level of scattering-induced prepulses, the ns prepulses
may still be generated in the optimized five-pass amplifiers, as
listed in Table 1. During the first pass (from M1 to M2), two
forward-scattered prepulses (FS1→10 and FS1→6) would be gen-
erated with the optical paths of M1-Ti:Sa-M10 and M1-Ti:Sa-
M6, and two backward-scattered prepulses (BS1→8 and BS1→4)
may also be formed with the optical paths of M1-Ti:Sa-M8
and M1-Ti:Sa-M4. During the second pass (from M3 to M4),
a forward-scattered prepulse (FS3→8) would be generated with
the optical paths of M3-Ti:Sa-M8, and two backward-scattered
prepulses (BS3→6 and BS3→10) may also be formed with the opti-
cal paths of M3-Ti:Sa-M6 and M3-Ti:Sa-M10. During the third
pass (from M5 to M6), a forward-scattered prepulse (FS5→10)
and a backward-scattered prepulse (BS5→8) would be generated
with the optical paths of M5-Ti:Sa-M10 and M5-Ti:Sa-M8.
During the fourth pass (from M7 to M8), a backward-scattered
prepulse (BS7→10) would be generated with the optical paths of
M7-Ti:Sa-M10.
As seen in Table 1, there are four forward-scattered prepulses

(FS1→10=FS1→6=FS3→8=FS5→10) that may be generated in the
optimized five-pass amplifier configurations. The intensities
of the forward-scattered prepulses (FS1→6=FS1→10=FS5→10) are
related to the angles between the first/third/fifth passes
(∠M2-Ti:Sa-M6, ∠M2-Ti:Sa-M10, and ∠M6-Ti:Sa-M10).
The intensity of the forward-scattered prepulse FS3→8 is
related to the angle between the second and fourth passes

Fig. 2. Detection of ns prepulses after the optimized RA2 and the following
pulse pickers. (a) Without adjusting the switching-on time of PC2/PC3, and
(b) with an adjustment on the switching-on time of PC2/PC3 for 4 ns delay.
The black line represents part of the normalized main pulse, while the red line
shows the corresponding ns prepulses.

Fig. 3. Optimized five-pass amplifier configurations. (a) With larger angles
between the first/third/fifth passes, and (b) with larger angle between the
second and fourth passes. M1 to M10 are highly reflective plane mirrors. Ti:
Sa represents the Ti:sapphire crystal. The blue dashed line and the black
dashed dotted line represent the paths of a backward-scattered prepulse
(BS1→8) and a forward-scattered prepulse (FS1→10) generated during the first
pass (from M1 to M2). The lines are drawn apart for a better view of the differ-
ent paths. The intensity of the forward-scattered prepulse FS1→10 is related to
the angle between the first pass and the fifth pass (∠M2-Ti:Sa-M10).
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(∠M4-Ti:Sa-M8). Each of the forward-scattered prepulses has
different intensities in the two types of optimized configurations.
With a larger corresponding angle, the intensity of the forward-
scattered prepulse would be lower. The detailed paths of the pre-
pulses (FS1→10 and BS1→8) are described in Fig. 3 as examples.
Comparing the corresponding angles �∠M2-Ti:Sa-M10) in
Figs. 3(a) and 3(b), the intensity of the forward-scattered pre-
pulse FS1→10 is lower in the first type of optimized amplifier con-
figuration. The backward-scattered prepulse BS1→8 could be
suppressed by rotating the Ti:sapphire crystal to lower the inten-
sity of backward scattering from the crystal to the mirror M8.
To lower the intensities of the forward-scattered prepulses

(FS1→10=FS1→6=FS5→10), the amplifier configuration with larger
angles (∠M2-Ti:Sa-M6,∠M2-Ti:Sa-M10, and∠M6-Ti:Sa-M10)
is adopted in the SULF-1PW laser, as shown in Fig. 3(a). For
three-pass and four-pass optimized amplifier configurations,
M6 and M8 can be used as the output mirrors, respectively.
Compared with the amplifier configuration shown in Fig. 3(b),
the larger angles (∠M2-Ti:Sa-M10 and ∠M6-Ti:Sa-M10) can
make less forward scattering reach M10 to form the prepulses
(FS1→10=FS5→10) during the first pass and the third pass, and
the larger angle∠M2-Ti:Sa-M6 canmake less forward scattering
reach M6 to form the prepulse FS1→6 during the first pass. By
optimizing the multipass amplifiers [according to Fig. 3(a)]
and properly rotating the Ti:sapphire crystals, no obvious ns

prepulses are observed after the second CPA stage at a contrast
level of 10−9, as shown in Fig. 4.

4. Conclusion

In conclusion, the ns prepulses in the SULF-1PW laser system
are further suppressed. On one side, the distance between the PC
and the nearby cavity mirror is enlarged to suppress the ns pre-
pulses arising from the PC in the RA, while keeping the cavity
length unchanged. On the other side, the optimized multipass
amplifier configuration is employed to suppress the ns prepulses
arising from the forward scattering of the Ti:sapphire crystals,
while the backward-scattered prepulses could be further sup-
pressed by the rotation of the Ti:sapphire crystals. Based on
the above techniques, the temporal contrast on the nanosecond
time scale is promoted to be better than a contrast level of 10−9 in
the SULF-1PW laser. This research can provide beneficial meth-
ods for the improvement of the temporal contrast on the nano-
second time scale in the relevant high-peak-power femtosecond
laser systems.
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