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Instituto Superior Técnico, Universidade de Lisboa,
1049-001 Lisbon, Portugal

R.A. Cairns
University of St Andrews,
Fife KY16 9AJ, United Kingdom

Abstract

It is shown here that Brillouin amplification can be used
to produce picosecond pulses of petawatt power. Bril-
louin amplification is far more resilient to fluctuations
in the laser and plasma parameters than Raman am-
plification, making it an attractive alternative to Ra-
man amplification. Through analytic theory and multi-
dimensional computer simulations, a novel, well-defined
parameter regime has been found, distinct from that of
Raman amplification, where pump-to-probe compression
ratios of up to 100 and peak laser fluences over 1 kJ/cm2

with 30% efficiency have been achieved. High pulse qual-
ity has been maintained through control of parasitic in-
stabilities.

1 Introduction

Amplification of laser beams via parametric instabilities
in plasma (stimulated Raman and Brillouin scattering)
has been proposed a number of times [1–5], but came
into its own only relatively recently [6–16]. Brillouin
scattering has also been used to transfer energy via the
Cross-Beam Energy Transfer scheme at the National Ig-
nition Facility [17–23]. Raman and Brillouin scatter-
ing are processes where two electromagnetic waves at
slightly different frequencies propagating in plasma ex-
change energy via a plasma wave. For Raman scattering,
this is a fast electron plasma wave, while for Brillouin
scattering it is a slower ion-acoustic wave [24]. When it
comes to laser beam amplification, Raman and Brillouin
scattering have different properties and serve different
purposes. Raman amplification yields the shortest out-
put pulses and the highest amplification ratios, but it is
sensitive to fluctuations in the experimental parameters
and requires high accuracy in the matching of laser and
plasma frequencies. Brillouin amplification yields lower
peak intensities or amplification ratios, but is far more
robust to parameter fluctuations or frequency mismatch,
more efficient (as less laser energy stays behind in the
plasma wave) and more suitable for the production of
pulses with a high total power or energy.

For both Raman and Brillouin amplification, two main
goals can be identified: first, maximising the final power
and energy content of the pumped pulse, and second,
ensuring that the pumped pulse has the best possible
quality, i.e. a smooth envelope and a high contrast (low-
intensity pre-pulse). Production of kilojoule, picosecond
laser pulses of good quality using Raman amplification
has been explored by Trines et al. [13, 15]. Here it will
be shown that a similar approach also works for Brillouin
amplification in the so-called “strong coupling” regime.
The lower compression ratios obtained for Brillouin (as
compared to Raman) amplification work in favour of
this scheme for the production of high-energy picosec-
ond pulses: higher pump intensities can be used to ob-
tain a given probe duration, allowing the use of smaller
diameters of the pulses and the plasma column.

2 Self-similar theory

To explore how the final duration of a Brillouin-
amplified probe pulse can be controlled, we use the
self-similar model of Andreev et al. [9]. We start
from a homogeneous plasma with electron number den-
sity n0, plasma frequency ω2

p = e2n0/(ε0me), ion

plasma frequency ωpi = ωp

√
Z2me/mi, electron/ion

temperatures Te and Ti, electron thermal speed v2T =
kBTe/me, Debye length λD = vT /ωp, and a pump
laser pulse with wave length λ, intensity I, frequency
ω0 = 2πc/λ, dimensionless amplitude a0 ≡ 8.55 ×
10−10√g

√
Iλ2[Wcm−2µm2], where g = 1 (g = 1/2)

denotes linear (circular) polarisation, and wave group

speed vg/c =
√

1− ω2
p/ω

2
0 =

√
1− n0/ncr. Let the du-

rations of pump and probe pulse be given by τpu and
τpr, and define γB = (

√
3/2)[a0(vg/c)ωpi

√
ω0]2/3, the

Brillouin scattering growth rate in the strong-coupling
regime [24]. Then a full expansion of the self-similar
coordinate ξ of Ref. [9] yields:

a0(vg/c)ωpiτpr
√
ω0τpu =

√
2g/ηξB , (1)

where ξB ≈ 3.5 is a numerical constant and η denotes
the pump depletion efficiency. The physical interpreta-
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tion of this expression is that the duration of the probe
pulse is similar to the time it takes the probe to deplete
the counterpropagating pump: for increasing probe am-
plification (i.e. longer τpu) or pump intensity, pump de-
pletion is more rapid and τpr decreases. This allows one
to tune the final probe duration via the properties of the
pump beam, similar to Raman amplification [15].

Using the energy balance a2prτpr = ηa20τpu, we also
find a relation between amplitude and duration of the
growing probe pulse:

a2prτ
3
pr = 2gξ2B [ω2

piω0(1− ω2
pe/ω

2
0)]−1. (2)

We repeat this process for Raman amplification to ob-
tain a similar relation: applying the same energy bal-
ance to the Raman self-similar equation a20ω0ωpτpuτpr =
(2g/η)ξ2M , we find aprτpr =

√
2gξM/

√
ω0ωpe with ξM ∼

5 for a Raman-amplified pulse. This means that the ini-
tial probe pulse duration is not a free parameter: Eq. (2)
dictates the optimal initial probe pulse duration τopt for
a given initial probe pulse amplitude a1. From previous
numerical work on Raman [15, 25] and Brillouin amplifi-
cation [26], it follows that if the probe pulse is too short
for its amplitude initially, it will first generate a much
longer secondary probe pulse behind the original probe
[which does fulfill Eq. (2)] and this secondary probe will
then amplify while the original short probe will hardly
gain in intensity. Thus, trying to produce ultra-short
laser pulses via Brillouin amplification by reducing the
initial pulse duration simply does not work. Earlier at-
tempts in this direction [27, 28] showed no increase in
total pulse power (as opposed to pulse peak intensity),
confirming the results of Ref. [26].

3 Simulations

To further investigate Brillouin amplification, in particu-
lar limiting factors such as filamentation and wave break-
ing of the ion wave, we have carried out a sequence of
particle-in-cell (PIC) simulations using OSIRIS [29–31].
Parameters varied in these simulations are the pump in-
tensity (I0 = 1014, 1015 or 1016 W cm−2) and the inter-
action length. The laser wave length was λ = 1 µm
and the plasma density was set at n0/ncr = 0.3, to
eliminate parasitic Raman scattering. Such scattering
can do great damage to the envelope of the amplified
pulse, as discussed below. The ion-electron mass ratio
was mp/me = 1836 and Te = Ti = 500 eV. The initial
probe pulse intensity was chosen to be the same as the
pump intensity, and the initial probe duration was half
the value predicted by (2), because this yielded a some-
what better performance. The plasma column was given
a constant density, while the plasma length was deter-
mined dynamically as these simulations were conducted
in a moving window with the pump pulse implemented
as a boundary condition on the leading edge [32].

We have performed two-dimensional moving window
simulations, using a spatial resolution of dx = λD/2 and

dy = 0.5c/ω0, with 25 particles per cell per species and
quadratic interpolation for the current deposition. Col-
lisions were not included in the simulations: while colli-
sions do induce an intensity threshold on both Brillouin
and Raman scattering, the intensities we use are too far
above that for collisions to make much of a difference.
We consider equal focal spots for both probe and pump
pulses with W0 = 1000c/ω0 for the 1015 and 1016 W
cm−2 scenarios, and W0 = 1500c/ω0 for the 1014 W
cm−2 scenario; these focal spots are chosen to be wide
enough to contain > 6 filamentation wavelengths at their
respective initial intensity.

3.1 Results for plasma densities above quarter-critical

For n0/ncr = 0.3 there will be no Raman backscatter-
ing from noise by the pump, i.e. no significant prepulse,
and no modulation of the probe pulse envelope by Ra-
man forward scattering. Thus, transverse filamentation
of the probe pulse becomes the limiting factor for ampli-
fication, while self-focusing and wave breaking are found
to be insignificant. The interaction length for each 2-D
simulation was chosen such that the probe envelope fluc-
tuations induced by filamentation did not exceed 10% of
the probe intensity, leading to pump pulse durations of
11.4 ps, 3.8 ps and 1.1 ps for I0 = 1014, 1015 or 1016 W
cm−2) respectively. Results are shown in Figure 1. The
top row shows the 2-D intensity envelopes of the ampli-
fied pulses, while the bottom row shows longitudinal and
transverse intensity profiles. The 2-D plots reveal that
there is no reduction of the probe pulse diameter, allow-
ing amplification to high total powers, not just high in-
tensities. The intensity envelopes are very smooth, with
hardly any fluctuations caused by filamentation or Ra-
man forward scattering. This is in contrast to the results
of Refs. [27, 28], which are strongly modulated by fila-
mentation and Raman forward scattering and exhibit a
fourfold reduction in spot diameter. Filamentation usu-
ally occurs when either the pulse intensities are too high
or the interaction length is too long; a typical example
of out-of-control filamentation, for a pump pulse at 1016

W cm−2 and 2 ps duration, is shown in Figure 2(a).

We define the compression ratio as the duration of
the pump pulse divided by the duration of the ampli-
fied probe, and the amplification ratio as the intensity
of the amplified probe divided by the intensity of the
pump. We then find compression ratios of 40, 60 and
72, and amplification ratios of 24, 56 and 70, for pump
intensities of 1016, 1015 and 1014 W cm−2 respectively.
The increase in these ratios with decreasing pump inten-
sity follows from the fact that the filamentation growth
rate scales faster with pulse intensity than the strong-
coupling Brillouin scattering growth rate (see below),
so using lower pulse intensities allows one to use rel-
atively longer interaction lengths. Of course, using a
longer interaction distance may lead to increased pre-
mature Brillouin backscattering of the pump before it
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Figure 1: Brillouin-amplified probe pulses for pump/probe intensities of a) 1014, b) 1015 and c) 1016 W cm−2 for
n0/ncr = 0.3. Pump pulse durations are 11.4 ps, 3.8 ps and 1.1 ps respectively. The 3D visualizations illustrate
the amplified probe pulses at 10% filamentation level. Frames a1–c1 show the longitudinal intensity profile taken
at the center of the probe, and frames a2–c2 show the average transverse intensity profile along the longitudinal
direction normalized to the average peak intensity.

meets the probe, potentially causing the amplified probe
to have a significant prepulse. However, we have shown
elsewhere [33] that such premature scattering is strongly
damped by collisions, and more so for lower pump in-
tensities that are closer to the collisional threshold for
Brillouin scattering. The pump-probe interaction itself
is well above this threshold, and therefore much less af-
fected by collisional damping.

We find that the absolute duration of the amplified
probe increases with decreasing pulse intensity, as fol-
lows from Eq. (1), emphasizing that Brillouin ampli-
fication works best for longer pulses at lower intensi-
ties. The main peak of the amplified pulse is followed
by a sequence of secondary peaks, as predicted by one-
dimensional theory and simulations [9, 26]. The ampli-
fied pulses have a “bowed” shape, as also seen for Raman
amplification [13, 15, 34]. This can easily be explained
from the self-similar theory: the pump intensity is high-
est on-axis and decreases for larger radius, so the probe
duration is shortest on-axis and increases for larger ra-
dius, leading to the characteristic horseshoe shape. The
energy transfer efficiency is found to be about 30% for
each case.

3.2 Results at sub-quarter-critical plasma density

Since filamentation is the most important limiting factor
to Brillouin amplification at n0/ncr = 0.3, it has been
proposed to reduce filamentation by lowering the plasma
density to n0/ncr = 0.05 [27, 28]. However, stimulated
Raman scattering is possible at this density, and can

be expected to interfere with the amplification process.
We carried out a single 1-D static-window simulation at
n0/ncr = 0.05 and a plasma column length of 0.8 mm,
using pulse intensities of 1016 W/cm2 and a pump pulse
FWHM duration of 2.7 ps, to study the influence of Ra-
man backward and forward scattering on Brillouin am-
plification; results are displayed in Figure 2(b). Raman
backscattering (RBS) was found to generate a large pre-
pulse to the growing probe pulse, spoiling its contrast,
while Raman forward scattering (RFS) causes the probe
pulse envelope to be strongly modulated, making RFS
about as dangerous as filamentation. A Fourier analysis
of the k-spectrum of the pulses, shown in Fig. 2(b2) and
(b3), reveals that the pump pulse mostly suffers from
Raman backward scattering, while Raman forward scat-
tering is dominant in the probe pulse. A close inspection
of all Raman scattering occurring during Brillouin am-
plification found that the growth of the probe pulse sat-
urates due to high levels of Raman forward scattering,
rather than Raman backscattering. If the level of RFS
in the probe pulse becomes non-linear, the coherence of
the probe pulse’s carrier wave, and thus the coupling
between pump and probe, is lost, and probe amplifi-
cation stops; this can be seen in Figure 2(b1). Since
γRBS ∝ a0

√
ω0ωp while γRFS ∝ a0ω2

p/ω0, it follows that
growth of RFS and the saturation of the probe pulse are
strongly affected by the plasma density, and that lower-
ing this density even further, e.g. to n0/ncr = 0.01, will
immediately improve the pump-to-probe amplification
ratio and energy transfer. From this we conclude that
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Figure 2: Main parasitic instabilities associated with Brillouin amplification in a) over-quarter-critical (n0/ncr =
0.3) and b) sub-quarter-critical (n0/ncr = 0.05) density regimes. Examples are shown for pump/probe intensities
of 1016 W cm−2. Distortion of the probe’s transverse intensity profile due to filamentation is shown in a). Pump-
induced RBS/RFS and probe-induced RFS are shown in b); inset b1 reveals the development of incoherence at the
probe tail, and insets b2 and b3 show the spectral signatures of the probe and prepulse regions, respectively.

Brillouin amplification should be conducted at densities
for which RFS is either impossible (n0/ncr > 0.25) or
unimportant (n0/ncr ≤ 0.01). For 0.01 < n0/ncr < 0.25,
the disadvantage of increased pump RBS and probe RFS
is more serious than the advantage of reduced probe fil-
amentation.

4 Scaling laws

As shown by Andreev et al. [9], the Brillouin amplifi-
cation process is subject to the following scaling laws:
apr(t) ∝ (a20t)

3/4 and τpr(t) ∝ (a20t)
−1/2, where a0 is

the pump amplitude and t = τpu/2 the interaction time.
For high plasma densities, where Raman scattering is not
possible, the scaling laws can be extended as follows. For
the filamentation of the probe pulse, we have γf ∝ a2pr,

so
∫
γfdt ∝ a30t

5/2. We can keep the level of filamenta-
tion, and thus

∫
γfdt constant by choosing τpu ∝ I−3/5,

where I denotes the pump intensity. This leads to
τpr(t) ∝ I−1/5 and Ipr ∝ a2pr(t) ∝ I3/5. Thus, the com-
pression and amplification ratios both scale as τpu/τpr ∝
Ipr/I ∝ I−2/5 (under the assumption that the efficiency
is mostly constant). Finally, we find that the pump pulse
energy fluence scales as F ∝ Iτpu ∝ I2/5. All these
scalings are subject to the assumption that one is oper-
ating in the strong-coupling regime for Brillouin scat-
tering, a20 > 4(vT /c)

3(ncr/n0)
√

1− n0/ncr
√
Zme/mi

or Ipu > 1.6 × 1013 W cm−2 for our parameters. Al-
ready it was found that for Ipu = 1014 W cm−2, the
growing probe did not fully conform to the above scal-
ing laws because Ipu is too close to the strong-coupling
threshold. Lowering the ion temperature from 500 to
50 eV appears to lower the strong-coupling threshold

also, bringing the behaviour of the Ipu = 1014 W cm−2

case closer to pure strong-coupling Brillouin amplifica-
tion and improving its amplification and compression ra-
tios. While ion wave breaking has been observed in one-
dimensional simulations [9], with a characteristic time
of twb ∝ I−1/2 [24, 37], it did not play a major role in
the two-dimensional simulations presented above, since
filamentation always emerged earlier for pump intensi-
ties in the strong-coupling regime. From this, it is clear
that, when the pump intensity is decreased, Brillouin
amplification improves on all fronts.

5 Conclusions

In conclusion, we have studied strong-coupling Brillouin
amplification of short (∼ 0.1 ps) laser pulses in plasma.
Amplification factors of up to 40 have been obtained
for moderate pump intensities (1014 W cm−2) and high
plasma densities (n0/ncr = 0.3). We have identified, for
the first time, a parameter regime where the probe pulses
have not only a high peak intensity, but also a large di-
ameter and an excellent quality, ensuring that high final
powers and pulse energies can be obtained, not just high
peak intensities. Probe filamentation and probe RFS
have been identified as the instabilities that limit the
amplification process. Of those, RFS proved to be the
most damaging as it saturates the growth of the probe
pulse, and ruins its envelope more quickly than filamen-
tation does. The best results have been obtained for
n0/ncr = 0.3, since RFS is not possible there. We have
used the self-similar behaviour of Brillouin amplification
to derive scaling laws for initial and final probe intensity
and duration, and the amplification and compression ra-
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tios, versus pump intensity. It has been found that the
probe pulse intensity and duration are not free parame-
ters, but mostly determined by the pump pulse intensity,
the plasma density and the interaction length. This re-
futes two assumptions made in earlier works [27, 28]:
(i) reducing the initial probe pulse duration to produce
shorter final probes does not work, and (ii) varying the
initial probe pulse amplitude and duration, while leaving
the pump intensity and plasma density constant, does
not constitute multiple configurations but merely various
stages of the same configuration. Our results show that,
for the right laser-plasma configurations, Brillouin am-
plification is a robust and reliable way to compress and
amplify picosecond laser pulses in plasma. The time is
now ripe to launch a systematic experimental campaign
to turn our analyitcal and numerical predictions into re-
ality.
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