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Abstract
Laser pulses of 200 ps with extremely high intensities and high energies are sufficient to satisfy the demand of shock
ignition, which is an alternative path to ignition in inertial confinement fusion (ICF). This paper reports a type of Brillouin
scheme to obtain high-intensity 200-ps laser pulses, where the pulse durations are a challenge for conventional pulsed
laser amplification systems. In the amplification process, excited Brillouin acoustic waves fulfill the nonlinear optical
effect through which the high energy of a long pump pulse is entirely transferred to a 200-ps laser pulse. This method
was introduced and achieved within the SG-III prototype system in China. Compared favorably with the intensity of
2 GW/cm2 in existing ICF laser drivers, a 6.96-GW/cm2 pulse with a width of 170 ps was obtained in our experiment.
The practical scalability of the results to larger ICF laser drivers is discussed.
Keywords: frequency matching; high-intensity laser pulse; stimulated Brillouin scattering

1. Introduction

Laser pulses with durations of several hundreds of picoseconds, much shorter than nanosecond pulses and much
longer than femtosecond pulses, have attracted the attention
of fewer researchers. Furthermore, amplifying pulses with
widths of several hundreds of picoseconds to generate pulses
of high energy and power is difficult, and suffers from the
limitations of both MOPA and CPA approaches. For MOPA,
because of the damage threshold fluence of the laser system,
shorter pulses require larger-aperture components, and thus
a larger scale of the entire system, which means the output
laser intensity is limited. Moreover, the output intensity must
be modulated to avoid exceeding the B integral limit, to avoid
self-focusing damage and the loss of beam quality. It must
also be noted that the laser energy extraction efficiency is
very low for short pulses. CPA and OPCPA are limited by the
Fourier spectral widths in 100-ps laser-pulse amplification.
A 200-ps laser pulse can only be expanded to 280 ps by a
1740 mm−1 grating at the Fourier transform limit. Meanwhile, the damage threshold of gratings limits their use to
fluences below values of the order of 100 mJ/cm2[17] .
Recently, 200-ps laser pulses have attracted interest in the
field of ICF. Shock ignition[18–21] is an advanced concept
for achieving ICF ignition that promises to provide four
times greater neutron yield than conventional ignition[22] .

Laser pulses with high peak power have made significant
breakthroughs in the fields of high-field physics[1, 2] , inertial confinement fusion (ICF)[3] , and particle beams[4, 5] .
To successfully explore physical phenomena in extreme
conditions, investigations of laser pulses have focused on
achieving higher power and energy. Existing amplification methods have been developed to produce nanosecondlong pulse amplification, via master oscillator power amplification (MOPA) techniques, and femtosecond ultrashort
pulse amplification, using chirped-pulse amplification (CPA)
and optical parametric chirped-pulse amplification (OPCPA)
techniques. Research on MOPA technology has motivated
the development of large-aperture high-power laser systems,
such as those of the National Ignition Facility (NIF)[6, 7] at
the Lawrence Livermore National Laboratory (LLNL) in the
USA, Laser Megajoule[8, 9] in France, and the SG-III laser
facility[10] in China. To date, using CPA[11] or OPCPA[12] ,
femtosecond lasers with peak powers from hundreds of
terawatts to petawatts have been achieved[13–16] .
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Shock ignition proceeds via a two-step process in which the
compression and the ignition parts are separated. Ignition
requires 200-ps laser pulses of high intensity to launch a
strong convergent shock[22, 23] . Theoretical analysis shows
that the required ignition energy is 425 kJ, of which 275 kJ
is compression energy with a pulse width of 5 ns, and
150 kJ is shock energy with a pulse width of 170–230 ps.
Raman amplification in warm plasma has the capacity to
generate 200-ps laser-pulse amplification. However, the
output pulse energy is on the order of millijoules[24–26] . Few
facilities have the ability to provide high-energy laser pulses
of widths around 200 ps. According to the NIF[7] , their
output 200-ps laser pulses can have energies of 100 kJ by
direct amplification in a total of 192 beams. In order to
achieve shock ignition, the beam size needs to be expanded
by 50%.
In this study, we report a novel frequency-matching
scheme for SBS (stimulated Brillouin scattering) amplification to achieve high-power 200-ps laser pulses in existing
ICF laser drivers that already achieve higher energies for
longer pulses. However, it is difficult to efficiently produce
strong amplification for a 200-ps pulse. We have adopted a
method to realize high energies for such pulses, transferring
energy from nanosecond pulses to 200-ps pulses through
Brillouin power amplification (BPA). In this process, the
high energy of a long-pulse-width pump is transferred to
the 200-ps Stokes pulse. Distinguishing it from traditional
SBS amplification, BPA Stokes pulses are downshifted and
modulated in the fiber front end of the laser driver, rather
than generated from the noise.
Experiments have been carried out in an SG-III prototype
system. Our results show that the method can overcome
the temporal instabilities of the Stokes beam, provide high
gain, and thus make it possible to obtain high-efficiency
200-ps laser-pulse amplification in a high-power solid-state
laser system.

2. Methods
The pulse train is amplified first by MOPA, and subsequently
the energy of the nanosecond pulse is transferred to 200ps pulses by BPA. This technique has the potential to
significantly reduce the size and cost of laser systems while
effectively amplifying the laser pulse to the desired intensity.
To ensure that requirements for precision of synchronization
are met, the Stokes pulse in our SBS amplifier undergoes
injection seeding. The 200-ps laser pulse is generated
at the front end. As SBS produces a frequency shift in
the scattered wave spectra, it is necessary for the seed
laser to be downshifted so that coupling between the laser
beams is realized. Thus, the acoustic wave is driven by
the coherence of the Stokes and pump light. Previous
reports presented phase detuning leading to gain reduction in
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Brillouin amplification[27] . Thus, the modulated frequency
shift between the Stokes and pump light should obey its
own acoustic frequency in the SBS medium. A schematic
diagram of the experiment is shown in Figure 1(c).
The shaping of 200-ps and 5-ns square pulses is achieved
by driving an amplitude (Mach–Zehnder) modulator controlled by an arbitrary waveform generator (AWG). These
two pulses are separated into two fibers by a splitter (Figure 1(a)). The 200-ps laser pulse is modulated with a downfrequency shift (Figure 1(b)), which is generated using an
acoustic optical modulator (AOM).
In the experiments, the Brillouin amplification system
is based on a noncollinear structure[28] , because collinear
arrangements introduce complexity to optical systems due to
the need for polarizers and wave plates for beam separation
or coupling. Collinear structures are optimal for amplification of the Stokes seed with low power and small size, for
maximum gain, under the condition that the pump propagates in the opposite direction to the Stokes seed. However,
such an arrangement is not applicable for large-sized highpower lasers. Many optical polarization components are
necessary to separate and couple the beams (pump, Stokes
seed, nondepleted pump, amplified Stokes), resulting in a
high degree of complexity. The requirements of high damage
threshold and efficient isolation for large polarizers and wave
plates are difficult to achieve technically. A noncollinear
Brillouin amplifier is therefore a promising candidate for
high-energy SBS amplification applications, owing to its
simple structure[29] .
The noncollinear structure not only affects the frequency
shift between the Stokes and pump beams, but also has an
effect on the interaction volume of the two beams, which
plays a more important role in energy extraction. Thus,
we designed our noncollinear Brillouin amplification experiment with a 4◦ crossing angle, minimizing the interaction
volume effects with the small crossing angle. One of the
problems of noncollinear amplification is the decrease of the
Brillouin gain coefficient, which can be solved by frequencyshift modulation. Another problem is the decrease of the
interaction region between the Stokes beam and the pump
beam. This can be controlled, as already mentioned, by
optimization of the crossing angle.
The laser beam is narrowed by a factor of 1/3 by two
lenses to increase its intensity. Then, it passes through
two color-separation mirrors to isolate the 1053-nm laser.
Before and after SBS amplification, the energy, near-field
and waveform of the laser are sampled via measurements
using a wedge plate. The cell used in this experiment is
600 mm in length with a cross-section of 100 mm × 80 mm.
The length of the cell is calculated according to L =
cτpump /2n, where L is the length of the cell, c is the speed
of light in vacuum, τpump is the pulse width of the pump, and
n is the refractive index of the SBS medium. After passing
through the cell, the laser re-enters it via reflection from two
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Figure 1. Experimental setup. (a) The 200-ps Stokes pulse and 5-ns pump pulse are generated at the front end. (b) The Stokes pulse is frequency-shifted by
an amount determined by the chosen SBS medium. (c) Block diagram of the experimental setup. (d) Energy is transferred from the pump pulse to the Stokes
pulse in an SBS cell.

mirrors, so that the 200-ps pulse can extract energy from the
5-ns pulse. The crossing angle between the Stokes and pump
light is 4◦ (θ = 4◦ ), and the spot size is 50 mm × 50 mm.
The SBS energy transformation is shown in Figure 1(d); the
acoustic field is produced by Stokes and pump beams that
have been modulation frequency-shifted. Then energy is
transferred from the pump pulse to the Stokes pulse through
the acoustic field.
The medium selected for SBS amplification in this experiment is FC-43, a hydrocarbon fluid with stoichiometric
formula (C3 F7 )3 N. Its refractive index is 1.29. Considering
the medium and the crossing angle between the Stokes and
pump light, the frequency shift between them is 3.1 GHz at
527 nm, with a gain coefficient of 1.3 cm/GW and a phonon
lifetime of 0.2 ns. Thus, the frequency shift modulated at the
front end should be 1.55 GHz at 1053 nm.
Frequency-mismatch conditions will result in a decrease
in the gain. In this case, the frequency of the acoustic wave
changes. The Brillouin gain decreases by half when the
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frequency shift is inaccurate by 500 MHz, and the accuracy
of the frequency shift of the Stokes pulse requires strict
modulation. According to the theoretical modulation, the
accuracy of the frequency shift should be controlled to within
100 MHz.
In our case, the pump and Stokes pulses are coupled
with pulse stacking, so the frequency shift between the
Stokes and pump light should be modulated carefully. The
Stokes pulse is a 200-ps Gaussian pulse and the pump
pulse is a 5-ns eighth-order super-Gaussian pulse. The
measured frequency shift is 1.55 GHz, which is suitable for
amplification experiments.
The pre-shaped pulse should be considered carefully to
compensate the spatial and temporal distortion caused by the
amplification and transmission in the laser system. For convenient experimental analysis, as well as to reduce the risk
of damaging the optical elements, the power for the 200-ps
pulse is set to the same value as that of the 5-ns pulse.
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Figure 2. Experimental results. (a) Output Stokes intensity varies with the input intensity; input Stokes and pump intensities are the same. (b) Probability
distribution of the output pulse width when the output Stokes pulse widths are in the range 150–200 ps. (c) Temporal intensities of the Stokes and pump
pulses for input pump intensity of 150 MW/cm2 . The output Stokes pulse width is 165 ps. The pump is not exhausted. (d) Temporal intensities of SBS
amplification results for an input pump intensity of 398 MW/cm2 . The output Stokes pulse width is 170 ps. Energy is efficiently transferred from the pump
pulse to the Stokes pulse.

In the experiments reported here, the waveform was measured by photodiodes (Ultrafast UPD-50-UP) and displayed
on an oscilloscope (Tektronix DPO71604B). The energy
was measured by an energy meter (Ophir PE100BF-DIF
ROHS). As the Stokes and pump pulses are coupled by pulse
stacking, the measured energy is the sum of the Stokes and
the pump pulses. In order to obtain the exact energy of the
Stokes and pump pulses in Brillouin amplification, we need
to record the integrated area of the pulse. According to this,
the Stokes or the pump energy can be calculated.

3. Experimental results
In order to improve the energy extraction efficiency, the position at which the pump encounters the Stokes seed needs to
be strictly controlled. By modulating the delay time between
the 200-ps and 5-ns pulses and regulating the re-entering
optical path length, this position should be controlled at the
entrance of the cell. Under this circumstance, as soon as the
Stokes light enters into the cell, it can be amplified by the
pump light.

https://doi.org/10.1017/hpl.2019.31 Published online by Cambridge University Press

The output Stokes intensity and waveform are plotted in
Figure 2 as a function of pump intensity, which was varied
from 100 MW/cm2 to 450 MW/cm2 . With higher input
pump intensity, the output Stokes intensity rises continuously, reaching values as high as 7 GW/cm2 . However,
when the input pump intensity is higher than 450 MW/cm2
(Figure 2(a)), the output Stokes intensity rises very little. Under these circumstances, there are significant energy losses
after the SBS interaction. This is because, at high Stokes
intensity, stimulated Raman scattering (SRS) and nonlinear
absorption will occur in this type of medium, limiting the
output intensity of the Stokes light.
According to our measurements, pulse compression occurs in SBS amplification (Figure 2(b)). Compared to the
input 200-ps Stokes pulse, the output Stokes pulse width
mainly lies in the range 170–180 ps. This pulse compression
occurs during amplification mainly because the early part
of the Stokes pulse gets amplified earlier and extracts more
energy, causing the pulse front to steepen, resulting in pulse
compression.
The temporal structure of the pulse for an input pump
intensity of 150 MW/cm2 is shown in Figure 2(c). At this
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low pump intensity, the pump is not exhausted. Some energy
remains in the pump after amplification. When the pump
intensity was increased to 320 MW/cm2 (Figure 2(d)), the
pump was exhausted so that after amplification, no pump
residual was detected. This indicates that almost all the
pump energy was converted to the short Stokes pulse at
high pump intensity, demonstrating that energy is transferred
from the nanosecond pulse to the 100-ps pulse through the
SBS interaction with a high conversion efficiency.
Our work demonstrated the feasibility of this novel
frequency-matching stimulated Brillouin scattering to
achieve high-intensity 200-ps laser pulses in a large-scale
solid-state laser system. In our experiments, via the active
frequency-matching method, the acoustic wave is locked in
the SBS interaction. In this way, energy can be effectively
transferred from the pump pulse to the Stokes pulse.

4. Discussion
4.1. Theoretical analysis and nonlinear absorption
Our method depends on energy transmission between the
pump light and the Stokes light through an acoustic field.
Compared to direct MOPA in Nd:glass, this method has a
higher extraction rate of the stored energy in the amplifier.
However, if the 200-ps laser pulse is directly amplified
in Nd:glass, small-scale self-focusing must be taken into
consideration as the output intensity is limited by the B
integral. For this SBS energy transmission method, because
the medium used is liquid, if the chemical bonds in the
medium remain stable, the entire system can be restored.
However, this experiment also exposes some technical
problems. As the pump intensity varies from 150 MW/cm2
to 250 MW/cm2 , the energy extraction efficiency of the
Stokes pulse is relatively stable. The output Stokes intensity
increases steadily with the pump intensity. However, with
an increase of the pump intensity up to 300 MW/cm2 , the
energy extraction efficiency has a downward trend, which
restricts a further increase of the output intensity. There are
significant energy losses after the SBS interaction. These
energy losses make it difficult to achieve higher intensities.
In an analysis of the lost energy, we transmit a 320 MW/cm2
pump pulse in the medium without seed injection. No
energy loss was observed. At this pump intensity, the Stokes
intensity gets amplified by more than 15 times, and the pump
pulse is exhausted. Considering that the nonlinear absorption
is proportional to the square of the light intensity, we propose
that the energy loss comes from nonlinear absorption of the
amplified Stokes pulse.
The equations describing the pump and Stokes optical
fields are derived from Maxwell’s equations. Moreover, the
acoustic field in the medium is due to the Navier–Stokes
equation. The slowly varying approximation is applied in
solving the equations. As the bandwidth of the acoustic
field is similar to its frequency, the second-order term in the
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acoustic field equation cannot be ignored. Thus, the wave
equations can be described as[30]
∂ EL
n ∂ EL
iωL γ
+
=
ρ ES,
(1)
∂z
c ∂t
2ncρ0
n ∂ ES
iωS γ ∗
∂ ES
+
=
ρ EL,
(2)
−
∂z
c ∂t
2ncρ0
∂ρ
γ 2
∂ 2ρ
− (2iω − ΓB )
− (iωΓB )ρ =
q E L E S∗ . (3)
2
∂t
4π B
∂t
E L and E S are the amplitudes of pumping light and Stokes
light, respectively, ρ is the density amplitude in the medium,
n is the refractive index of the medium, c is the speed of light,
γ is the electrostrictive coefficient, and ΓB is the Brillouin
line width.
Equation (3) can be solved by Fourier transformation;
thus, the wave equations can be expressed as[31]
ρ(z, t) =

γ qB2
1
√
4πΩB 2π

Z

t
−∞

f (t − τ )E L (z, τ )E S∗ (z, τ ) dτ ,

√
− 2πΩB exp[−(ΓB /2)t]
q
f (t) =
exp(iΩB t)
Γ2
ΩB − 4B t
s

ΓB2
× sin  ΩB −
t  , t > 0.
4

(4)

(5)

From above, the coupled wave equation can be expressed as
n ∂ EL
∂ EL
+
= −igυ E S ,
(6)
∂z
c ∂t
n ∂ ES
∂ ES
+
= −igυ ∗ E L ,
(7)
−
∂z
c ∂t
Z t
1
υ(z, t) = √
f (t − τ )E L (z, τ )E S∗ (z, τ ) dτ . (8)
2π −∞
Here, g = γ 2 ω2 /2nc3 υρ0 is the gain coefficient, τB = 1/ΓB
is the phonon lifetime, ΩB is the Brillouin shift, t represents
the time axis, and z is the pump propagation coordinates.
The Stokes signal is generated from spontaneous noise in
the medium. Under the influence of the acoustic field, energy transfers from the pump to the oppositely-propagating
Stokes signal.
Considering both linear absorption and nonlinear absorption in the medium, the equations can be expressed as
n ∂ EL
α
β
∂ EL
+
= −igυ E S − E L − E L2 ,
(9)
∂z
c ∂t
2
4
∂ ES
n ∂ ES
α
β
−
+
= −igυ ∗ E L − E S − E S2 , (10)
∂z
c ∂t
2
4
Z t
1
υ(z, t) = √
f (t − τ )E L (z, τ )E S∗ (z, τ ) dτ . (11)
2π −∞
Here, α represents the linear absorption coefficient and β
represents the nonlinear absorption coefficient.
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Figure 3. Theoretical analysis of Brillouin amplification within nonlinear
absorption: comparison between Brillouin amplification with and without
considering nonlinear absorption.

Compared to the theoretical simulation results shown in
Figure 3 (the brown line), by introducing a nonlinear absorption coefficient of 0.01 cm/GW (measured by a high-power
mode-locking laser system) in the Brillouin amplification
process, the experimental results fit the theoretical simulation at low intensity. But as the injected pump intensity
increases, the agreement between experiment and theory is
lost. Because the nonlinear absorption is proportional to the
square of the laser intensity, at low pump intensity, the output
Stokes intensity is low and the nonlinear absorption effect is
weak. With an increase in the Stokes intensity, nonlinear
absorption increases, resulting in greater energy loss. Thus,
the output Stokes intensity cannot be further improved.
Simulation results obtained by introducing nonlinear absorption into the theoretical analysis are shown in Figure 3.
This result fits well with the experimental data points.
Consequently, we observe that nonlinear absorption prevents
Brillouin amplification from achieving higher Stokes intensities. In the future, we will use another type of SBS medium
with lower nonlinear absorption.

4.2. Phase-modulated light SBS amplification
In high-power solid-state laser systems, to avoid SBS optical
damage in large components, the spectrum is always modulated into a small bandwidth by phase modulation. For high
modulation frequencies, 1ω  ΓB , the Stokes spectrum
modes resulting from the phase modulation are separated
and act independently. The SBS threshold is determined by
the sideband with the highest spectral power. To that end,
the SBS threshold enhancement factor as compared to an
unmodulated wave is given by[32]
1
Pth
=
,
P0
max[Jn2 (γ )]
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(12)

Figure 4. Phase-modulated pump spectrum.

Figure 5. Temporal intensities of the Stokes and pump pulses of the phasemodulated laser.

where Pth is the SBS modulated threshold, P0 is the SBS
threshold for the case of an unmodulated field, and Jn (γ )
is the Bessel function of the first kind corresponding to the
sideband with the maximum value.
When considering a phase-modulated laser in SBS amplification, the pulse should be modulated with a large
frequency shift to ensure that each spectral line acts independently. Thus, the spectral line of the Stokes seed light
should be frequency matched to that of the pump light, so
SBS amplification can be used for phase-modulated lasers.
This has been experimentally tested on a laser system[33] .
The experimental pump spectrum is shown in Figure 4.
1ω is 14.25 GHz (0.13 nm), which is much wider than the
Brillouin gain bandwidth. After frequency-shift modulation,
the Stokes seed will match its spectral lines independently.
The temporal structures of the pulse for an input pump
intensity of 303 MW/cm2 are shown in Figure 5. Compared
with the experimental results of the single longitudinal mode
shown in Figure 2(d), phase modulation results in a decrease
in Brillouin gain due to spectral separation. The power
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amplification is lower than that of the unmodulated case.
Some energy remained in the pump after amplification. For
the experimental results of this shot, the amplified output
of the Stokes pulse has an intensity of 2170 MW/cm2 and
a power amplification of 7.3 times. Therefore, Brillouin
amplification can still be achieved for phase-modulated laser
pulses with high modulation frequencies.

4.3. Noncollinear SBS amplification with large beams
For noncollinear SBS amplification, the interaction volume
between the Stokes and the pump light decreases with an
increase in the crossing angle. Generally, we would calculate
the interaction length in noncollinear SBS amplification[34] .
Taking a square beam as an example, assume that the Stokes
and pump beams have the same diameter d. The equivalent
interaction length in the noncollinear SBS process is denoted
as leff , and is expressed as

d 

,
lm 6 l,

θ

 2 sin h 2
 i2
leff = d−d 1− l sin θ2
(13)

d



,
l
>
l,

m
θ
2 sin

2

where l is the cell length and lm is the length of the
intersection between the Stokes and the pump beams.
The variation of the equivalent interaction length with
crossing angle can be calculated. For an 8th-order superGaussian pulse with a 20 mm × 20 mm beam size, the calculated results are shown in Figure 6(a). For a noncollinear
SBS interaction with a small beam size, the equivalent
interaction length decreases rapidly with increasing crossing
angle. We compared this with the case when we expand the
beam diameter to 370 mm × 370 mm (shown in Figure 6(b)).
Due to the large beam size, the decrease of the interaction
length caused by noncollinearity is clearly slowed down.
This means that when Brillouin amplification is applied with
a large beam, it is possible to increase the crossing angle to
save optical path space.
In shock ignition, it is necessary to use a three-step pulse
that can first achieve compression and then a shock pulse
to achieve ignition. SBS technology does not have the
capability of arbitrary waveform modulation. Therefore, the
spatial domain composite technique can be used to separate
the compression pulse from the ignition pulse, amplified in a
different path, and coupled at the target for ignition.

Figure 6. (a) Variation of the interaction length with the crossing angle at
20 mm × 20 mm. (b) Variation of the interaction length with the crossing
angle at 370 mm × 370 mm.

pulses by accurate frequency modulation. By modulating
stacked pulses and frequency shifting at the front end, this
technology can be applied directly to ICF drivers while
adding the SBS amplifier before target. Moreover, this SBS
amplification can be applied to phase-modulated lasers. In
light of these experimental results, it is suggested that if the
beam size was expanded to 370 mm × 370 mm at the same
intensity, sub-nanosecond laser pulses with energies greater
than 1340 J should be obtained. In future research, we will
attempt to find a more suitable medium for high-power highenergy SBS amplification, which would optimize the present
amplification scheme.
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