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Abstract

Most of the high-energy laser systems deliver temporally super-Gaussian-shaped laser pulses. The propagation properties
of this kind of pulses in a nonlinear medium are studied in this paper. There is Stokes component in the sideband spectrum
of super-Gaussian-shaped pulses, and the frequency difference between the Stokes component and the center frequency is
equals to the Brillouin frequency of the nonlinear medium. When the laser is reflected by optical elements in the light path,
Stokes component in the reflected light can be amplified by the subsequent part of the laser pulse and excite stimulated
Brillouin scattering (self-pumped SBS). The self-pumped SBS is studied theoretically and experimentally, and the
experimental results agreed well with the calculated results. The simulation results show that lower-order super-
Gaussian-shaped pulses are more suitable for suppressing the self-pumped SBS and of great benefit to the energy
delivering of the high-power laser pulses. To the best of our knowledge, this is the first time to experimentally
demonstrate the self-pumped SBS of high-power super-Gaussian-shaped laser pulses.
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1. INTRODUCTION

Inertial confinement fusion (ICF) attracts the attention of re-
searchers from all over the world because it can generate
huge energy and should become an important way to solve
the upcoming energy crisis. Fuel gain exceeding unity in
an inertial confined fusion experiment was reported last
year (Hurricane et al., 2014), marking that the research of
ICF has stepped into a new stage. In the research of ICF, to
get good homogeneity of irradiation in the ignition process,
flat-topped (super-Gaussian-shaped) pulses are demanded
for compressing the target (Wilcox et al., 1993; Radha
et al., 2011; Hohenberger et al., 2014).
High-power laser pulses could excite different kinds of

nonlinear effects when propagating in a nonlinear medium,
and stimulated Brillouin scattering (SBS) is most likely to
be excited for its relative lower threshold (Bai et al., 2008;
Gao et al., 2010; Omatsu et al., 2012). The excitation of
SBS may lead to the loss of energy and the damage of optical
elements. According to the Fourier transform, there is a

sideband in the spectrum of pulse with sharp edges. When
the pump is reflected by optical elements in the light path,
Stokes component in the reflected light would act as a weak
seed injected in the opposite direction of the pump (Guo
et al., 2005; Zhu et al., 2012; 2014). The existence of the
weak seed would speed up the initiation progress of SBS,
causing an adverse impact on the propagation of laser pulses.
In recent years, some research groups have reported that

feedback in the opposite direction of the pump could lower
the threshold of SBS and speed up the SBS excitation pro-
cess. It is reported theoretically and experimentally that the
SBS threshold could be reduced by half with the feedback
of reflecting mirror at the output end of the Brillouin
medium (Ajiya et al., 2009; Al-Asadi et al., 2010). They be-
lieved the reason is that the interaction length between the
pump and Stokes light increases with the existence of
pump recycling, so a relatively lower pump power is
enough to excite SBS. Dement’ev et al. studied the influence
of feedback caused by reflecting mirror at the back end of the
medium cell on pulse compression (Dement’ev et al., 2011).
They experimentally compressed 1 ns laser pulses to below
60 ps with counterpropagating pulses of the same carrier fre-
quency and duration. Compared with the traditional SBS
pulse compression, narrower pulse, lower SBS threshold,
better energy stability, and time stability can be obtained
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with this technology. Kong et al. claimed that in the Brillouin
medium the interaction between the forward-propagating
pump and the backward-propagating feedback light can
drive acoustic wave phase grating (Kong et al., 2005,
2007, 2009; Omatsu et al., 2012). The grating would scatter
the pump and result in phase locking of Stokes light, which is
called self-phase-locking SBS. This method could experi-
mentally keep phase error of the scattered light below λ/4.
Nevertheless, none of researches has ever mentioned the re-
lationship between spectral characteristics of the pump and
self-pumped SBS.
In this paper, beginning with spectral characteristics of the

super-Gaussian-shaped laser pulses, we studied theoretically
and experimentally on the self-pumped SBS. Our goal is to
find out an optimum condition for effective delivering of
this kind of laser pulses in a nonlinear optical medium.
The 3 ns super-Gaussian-shaped pulses were chosen to
work as the pump and FC-40 as the nonlinear medium.
Firstly, the Fourier transform was used to study the spectrum
of different-order super-Gaussian-shaped pulses, and intensi-
ty of Stokes component is quantified. Then a theoretical
model was established to describe the self-pumped SBS.
By numerically solving the model we obtained the self-
pumped SBS intensity excited by different-order super-
Gaussian-shaped pulses. Simulation results show that when
super-Gaussian-shaped pulses whose order is lower than
six propagate in a 600 mm medium cell, the self-pumped
SBS effect can be suppressed. At last, we utilize a high-
power Nd:glass laser system to conduct the relevant experi-
ment, and the experimental results agree with calculated
results of 20th-order super-Gaussian-shaped laser pulses.

2. NUMERICAL MODEL AND DISCUSSION

The waveforms and the related spectrum of 3 ns
super-Gaussian-shaped laser pulses are shown in the insert of
Figure 1. According to the Fourier transform, there exist side-
lobes in the spectrum of super-Gaussian-shaped pulses. When
these kind of pulses work as the pump of SBS, there is frequen-
cy component that fulfills Brillouin frequency shift of nonlinear
medium in its sideband. Rayleigh scattering in the medium and
reflection of rear cell window could result in the occurrence of
back-propagating beam, and Stokes component in the back-
propagating beam provides seed for exciting the SBS, this pro-
cess is called self-Stokes seeding (Guo et al., 2005).
To numerically simulate the SBS initiated by Stokes com-

ponent in the spectrum of the pump when propagating in the
medium, we study the following coupled-wave equations de-
scribing this process (Boyd et al., 1990):
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Here A1, A2, and ρ respectively donate the amplitude of the
pump, Stokes light and acoustic wave; n is the refractive
index of Brillouin medium; c is the velocity of light in
vacuum; ω is the angular frequency of the pump; ρ0 is the
medium density without laser injecting; γe is the electrostric-
tive constant; q is the wave vector of acoustic wave;ΩB and Γ
respectively donate the Brillouin frequency shift and Bril-
louin linewidth. With these parameters the gain factor can
be calculated by gB = γ2eω

2/nc3Vρ0Γ, and V donates the ve-
locity of sound in the medium. f represents the Langevin
noise source that describes the random thermal noise in
the medium〈f (z, t)〉= 0, and it follows the relation and
〈f (z, t)f∗(z′, t′)〉=Qδ(z− z′)δ(t− t′), in which Q=
2kTρ0Γ/V

2A, k is the Boltzmann constant, T is the tempera-
ture of the medium and A is the cross-sectional area of the
beam (Boyd et al., 1990).

By numerically the solving coupled-wave equations con-
sisting of (1)–(3), we can model the SBS process when the
pump is injected into the medium cell. Initial conditions of
needed parameters are given below. In the discrete case,
noise source f in Eq. (3) can be presented as (Zeringue
et al., 2012): f j,k =

������������
nQ/ Δt( )2c

√
S j,k, where j and k respec-

tively represent the temporal and spatial grid points, Sj,k is
the Gaussian random matrix whose average is 0 and variance
is 1, Δt is the time-step. Initial conditions of the pump are
A1( j= 0, k)= A0 and A1( j >0, k= 0)= 0; here j= 0 corre-
sponds to z= 0, k= 0 corresponds to t= 0, and A0 is the
waveform of incident the pump. Reflection of rear cell
window should be introduced and we assume that the reflec-
tivity is r, besides, the proportion of Stokes component
among the pump is taken as η, the initial conditions of

Fig. 1. Stokes component’s proportion of total pulse energy of different-
order super-Gaussian-shaped pulses. Insert: waveform and spectrum of
4th- and 20th-order super-Gaussian-shaped pulses.
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Stokes light can be described as:

A2 j = Nj, k
( ) = rηA1 j = 0, k − Tt/Δt[ ]( )

, k > Tt/Δt[ ]
0, others

{

A2 j< Nj, k
( ) = 0

in which Tt represents the propagation time of the laser pulse
in a medium, Nj corresponds to z= L and [ ] represents to
round numbers. At last, initial conditions of acoustic wave
are given as:

ρ j = 0, k
( ) = f0,k

ρ j, k = 0
( ) = f j,0

The parameters used in our numerical calculation are shown
in Table 1, and the Brillouin medium is heavy fluorocarbon
FC-40. In the parameters, the refractive index and gain coef-
ficient are presented in formal articles (Yoshida et al., 2009;
Zhu et al., 2015). Moreover, the phonon lifetime and Bril-
louin shift are calculated from the corresponding parameters
in (Yoshida et al., 2009).
For different order of super-Gaussian-shaped laser pulses,

the ratios (η) between energy of Stokes component and total
pulse energy are shown in Figure 1. When the order is lower
than 20, η increases significantly with the increase of the
order; after the order exceeds 20, η tends to become a constant.
For 20th-order super-Gaussian-shaped laser pulses, η is ap-
proximately 8.9 × 10−4. In the medium cell, reflectivity of
the rear window could be calculated to be approximately
10−3 according to the Fresnel formula; thus, the intensity of
the Stokes component is 8.9 × 10−7 times that of the pump.

3. SIMULATION RESULTS

3.1 Self-pumped SBS of 3 ns, 20th-order
super-Gaussian-shaped pulses

According to the theoretical model and the parameters men-
tioned above, numerical simulation of the reflected light was

carried out with different pump intensities (see Fig. 2). When
the pump intensity is relatively low (below 780 MW/cm2),
there is only one reflected peak near 8 ns in the waveform
of reflected light, and the intensity of this peak increases
with the rise of pump intensity. When pump intensity is
higher than 780 MW/cm2, another reflected peak occurs
about 2 ns ahead of the pre-existing pulse, and the waveform
of the reflected light presents a double-peak structure. Ac-
cording to the model proposed above, in this double-peak
structure the first pulse (pulse between 5 and 6 ns) is the
component initiated by randomly distributed thermal noise
when a 3 ns super-Gaussian-shaped pulse propagates in the
medium, the second pulse (pulse near 8 ns) is the above-
mentioned self-pumped SBS. Waveform of the reflected
light when pump intensity equals 1150 MW/cm2 is shown
as the insert of Figure 2. There exist two reflected peaks in
the waveform, and the delay between the two peaks is
2.35 ns.
Given that the pump pulses are super-Gaussian-shaped

with 3 ns duration, in a non-focusing-pumped scheme the
distance between start position of noise-initiated SBS light
and the front cell window is equal to the spatial length corre-
sponding to half of pump pulse-duration. This distance could
be calculated to be approximately 35 cm with the refractive
index of FC-40. Keep in mind that the length of the
medium cell is 60 cm. The pump that has not been depleted
by noise-initiated SBS continues to propagate and is reflected
by the rear cell window. Then the Stokes component in the
reflected light works as a seed to form the second pulse.
The delay between the two pulses equals the time needed
for the laser to pass twice the medium between the start po-
sition of noise-initiated SBS and the rear cell window. As
shown in Figure 3, time between two pulses increases expo-
nentially with the rising of pump intensity. When pump in-
tensity is near the noise-initiated SBS threshold, the delay
equals to the time needed for laser passing twice
25 cm-long medium in the latter half of the medium cell
back and forth, approximately 2.13 ns. With the increase of
pump intensity, the generation of noise-initiated SBS calls
for a more smaller medium length, such that the distance be-
tween the start position and rear cell window increases, and
the delay between two pulses gradually increases, as seen
in Figure 3.
Energy reflectivity with different pump intensity is calcu-

lated and shown in Figure 4. The chain line is the energy re-
flectivity curve of the first reflected peak (noise-initiated
SBS), the dotted line represents energy reflectivity of the
second reflected peak (self-pumped SBS), and the solid
line is the total energy reflectivity curve (noise-initiated
SBS+ self-pumped SBS). It suggests that when pump inten-
sity is below 780 MW/cm2, there is no noise-initiated SBS
exists, and the self-pumped SBS contributes to the total
energy reflectivity. The energy reflectivity monotonically in-
creases with the increase of pump intensity. When pump in-
tensity is higher than 780 MW/cm2, the noise-initiated SBS
starts to occur and its reflectivity increases nonlinearly with

Table 1. Simulation parameters

Description Parameter

Laser wavelength, λ 527 nm
Pulse-width, tp 5 ns
Beam diameter, D 20 mm
Refractive index, n 1.28
Cell length, L 60 cm
Brillouin gain coefficient, g 2 cm/GW
Brillouin shift, ΩB 2162 MHz
Brillouin bandwidth, ΓB 410 MHz
Phonon lifetime, τB 60 ps
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the rise of pump intensity; energy reflectivity of the self-
pumped SBS increases more slowly, and then starts to de-
crease while the total energy reflectivity continues to rise.
The reason is that after noise-initiated SBS occurs, its inten-
sity increases nonlinearly with the rise of pump intensity and
extracts most pump energy, resulting in the decrease of pump
energy used to generate the self-pumped SBS. When the
pump intensity exceeds 1200 MW/cm2, energy reflectivity
of noise-initiated SBS exceeds that of the self-pumped
SBS. It can be predicted that if pump intensity is high
enough, nearly all of pump energy should be used to form
the first reflected peak, and the second one will disappear.

3.2 Influence of the order of super-Gaussian-shaped
pulses on self-pumped SBS

Figure 5a shows the relationship between self-pumped SBS
reflectivity and pump intensity when different-order
super-Gaussian-shaped pulses propagate in the medium

cell. When pump intensity is fixed, with the increase of the
order, reflectivity of self-pumped SBS gradually increases,
and self-pumped SBS threshold (generally defined as inci-
dent laser intensity corresponding to 1% reflectivity) gradu-
ally decreases. As discussed above, the reason for this
phenomenon is that higher-order super-Gaussian-shaped
pulses contain stronger Stokes component, and provide a
more stronger seed for SBS. The maximum reflectivity of
different-order super-Gaussian-shaped pulses is shown in
Figure 5b. Lower order will lead to lower maximum reflectiv-
ity of self-pumped SBS, and benefits the propagation of laser
pulses in the nonlinear medium. When the order is lower than
6, the maximum reflectivity of self-pumped SBS is con-
trolled below 2%, which means that the influence of this non-
linear effect on laser propagation is negligible, and the
noise-initiated SBS takes hold.

When pump intensity is 660 MW/cm2, for two different
kinds of super-Gaussian-shaped pulses, waveform of inci-
dent pulse and transmitted pulse are illustrated in Figure 6

Fig. 2. Simulated waveforms of the reflected pulses with different pump intensity.

Fig. 3. Delay between two peaks of reflected light waveform. Fig. 4. Energy reflectivity with different pump intensity.
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with solid and dotted lines, respectively. It is shown that for
the 20th-order super-Gaussian-shaped pulses, a great extent
loss of energy takes place at pulse trailing owing to self-
pumped SBS, laser pulse distorts obviously. However, wave-
form of the 6th-order super-Gaussian-shaped pulses remains
nearly unchanged in the propagation process. The waveform
fidelity is well, and the corresponding reflectivity is close to
zero. These also indicate that the 6th-order super-Gaussian-
shaped pulses benefit energy delivering from their time
characteristics.

4. EXPERIMENTAL RESULTS AND DISCUSSION

We carried out an experiment on self-pumped SBS with
frequency-selective amplification of super-Gaussian-shaped
laser pulses, and the experimental setup is shown in Figure 7.
A high-power Nd:glass laser system is used as pump source
in the experiment, the output pulse is flat-top-shaped with a
duration of 3 ns, the beam diameter is approximately 60 mm,
the wavelength is 527 nm, and the single-pulse energy is over
10 J. A 3:1 beam-contracting system is used to enhance the
intensity of laser. By doing this, the beam diameter is re-
duced to 20 mm and the laser intensity is magnified nine

times. Laser near-field pattern after beam contracting is
shown as the insert. Laser pulse outputs from the beam-
contracting system and is sampled by a wedge plate, and
then it is introduced into the medium cell and induces
SBS. A part of the laser is sampled by the first surface of
the wedge plate and irradiates onto the energy detector
ED1 (PE50DIF-ER, Ophir). The energy is recorded as E0,
if the sampling rate of the wedge plate is measured to be k,
pump energy that enters medium cell is Ep= (1− k)·E0. Re-
flected light of the second surface of the wedge plate is de-
tected by a photoelectric (Alphalas, UPD-40-UVIR-D,
risetime <40 ps) and is recorded by a digital oscilloscope
(Tektronix DPO71254, bandwidth 12.5 GHz, sample rate
100 Gs/s). Length of the medium cell is 600 mm, both
quartz windows of the cell are anti-reflection coated on the
outer side, and the cell is filled with FC-40. The pump
passes through the front cell window and propagates in the
medium, and then is reflected by the interface between the
medium and rear cell window. Stokes component in the re-
flected light is amplified by the subsequent pump and is
output from the front window. Then the reflected light is
sampled by the wedge plate again, and its energy and wave-
form are recorded by ED2 and PD2, respectively. The energy

Fig. 5. Reflectivity curves of different order super-Gaussian-shaped pulses (a) and maximum reflectivity obtained (b).

Fig. 6. Waveform of incident pulse and transmitted pulse: (a) 20th-order super-Gaussian-shaped pulse, (b) 6th-order super-Gaussian-
shaped pulse.
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detector and photoelectric detector are the same as those used
for measuring the pump parameters.
Typical waveforms measured in the experiment with dif-

ferent pump intensities are shown in Figure 8, as well as
the energy reflectivity of each peak in reflected waveform
and the total energy reflectivity. Figure 8b illustrates the typ-
ical pump waveform, which is nearly super-Gaussian-shaped
with pulse duration of 3 ns. Figure 8a illustrates typical wave-
forms of the reflected light. When pump intensity is relatively
low, the reflected waveform takes a single-peak structure,
marked as pulse A. When pump intensity reaches
375 MW/cm2, another pulse component appears in front
of pulse A, which is marked as pulse B. With the increase
of pump intensity, the intensities of both of the two pulses
increase gradually. It is also shown in Figure 8 that the
delay between two pulses is approximately 2.5 ns, which is
close to the calculated results. There is still a derivation

because some error exists in the measurement of pulse dura-
tion and medium parameters.

Energy reflectivity of pulse A, B, and total energy reflec-
tivity are shown in Figure 8c. When pump intensity is below
308 MW/cm2, only pulse A contributes to the total energy
reflectivity, which grows monotonously with the increase
of pump energy. Then with the continuously increasing of
pump intensity, pulse B appears and the energy reflectivity
grows nonlinearly. At the same time energy reflectivity of
pulse A increases more slowly and then tends to decrease,
which agrees with the above simulation results.

For large-aperture laser beams, the uniformity of trans-
verse intensity distribution directly affects the SBS process.
Backscattering initiates mainly in the spots with high inten-
sity (hot-spots) in the beam aperture. Thus, estimating SBS
process with the average intensity will get a low accuracy.
Skeldon and Bahr proposed that the practical intensity

Fig. 7. Schematic diagram of the experimental setup. Beam contracting system: 3:1 (1500 & −500 mm); ED1, ED2: energy detectors;
PD1, PD2: photoelectric detectors.

Fig. 8. Typical waveforms measured in the experiment: (a) waveforms of reflected light, (b) waveforms of the pump, (c) energy reflec-
tivity of each peak in waveform of reflected light and total energy reflectivity.
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should be equal to average intensity multiplied by a hot-spot
parameter (Skeldon & Bahr, 1991). According to the near-
field pattern in the insert of Figure 7, the hot-spot parameter
is approximately 1.8. If we multiply the pump intensity in
Figure 8 by 1.8, a reasonable agreement between the exper-
imental results and the numerical calculations, shown in Fig-
ures 3 and 4, would be obtained.

5. CONCLUSIONS

Theoretical and experimental study of self-pumped SBS
caused by a 3 ns super-Gaussian-shaped laser pulse is demon-
strated in this paper. With heavy fluorocarbon liquid FC-40 as
a nonlinear medium and for 3 ns different-order super-
Gaussian-shaped pulses, we calculated the Stokes component
proportion of total laser pulse energy with the Fourier trans-
form. We established a theoretical model to describe the self-
pumped SBS and numerically calculated the evolution process
of SBS when a super-Gaussian-shaped pulse is injected into
the medium cell. The results show self-pumped SBS of lower-
order super-Gaussian-shaped laser pulses is relatively weak,
which benefits the propagation of high-power laser pulses.
A sixth-order super-Gaussian-shaped pulse can traverse the
60 cm medium cell without exciting the self-pumped SBS.
In the experiment, high-power Nd:glass laser system with
527 nm wavelength works as light source, and output 3 ns
super-Gaussian-shaped laser pulses with over 10 J single-
pulse energy. A 600 mm long medium cell was filled with
FC-40. Self-pumped SBS was observed in the experiment,
and the evolution process agreed well with the calculated re-
sults. The results of this paper have guiding significance for
the design of high-power laser systems to avoid energy loss
and elements damage caused by such nonlinear optical effects.
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