
Eur. Phys. J. D (2023) 77 :53
https://doi.org/10.1140/epjd/s10053-023-00625-5

THE EUROPEAN
PHYSICAL JOURNAL D

Regular Article – Optical Phenomena and Photonics

Stimulated Brillouin scattering in an inhomogeneous
amplifier cell: a self-consistent solution approach
M. Jaberi1,a and S. Panahibakhsh2,b

1 Plasma and Fusion Research School, Nuclear Science and Technology Research Institute, Tehran, Iran
2 Photonics and Quantum Technologies Research School, Nuclear Science and Technology Research Institute, Tehran, Iran

Received 23 July 2022 / Accepted 28 February 2023 / Published online 4 April 2023
© The Author(s), under exclusive licence to EDP Sciences, SIF and Springer-Verlag GmbH Germany,
part of Springer Nature 2023

Abstract. In this paper, the amplification of the injected Stokes wave in inhomogeneous media has been
studied. Numerical calculations based on a self-consistent solution of the Maxwell equations for the electric
fields and the Navier–stokes equation for the acoustic fields are used to explain the amplification of the
Stokes waves. To consider inhomogeneous media, the SBS amplifier cell is divided into several parts by
transparent thin surfaces with uniform density distribution. This process was applied to several configu-
rations of SBS gain factor changes in the cell, including exponential and linear changes in Brillouin gain
factor according to the subdivision within the cell, and the results were compared. The results show that
the length of the medium plays an essential role in the growth of SBS performance. Also, by the optimum
selection of the gain profile, a non-uniform gas pressure distribution in the SBS cell can improve the energy
reflectivity and the optical breakdown threshold.

1 Introduction

In recent decades, Stimulated Brillouin scattering has
resulted in high-efficiency phase conjugate back scat-
tered mirrors (PCM) production [1–6]. An interesting
application of PCM is the correction of the aberrations
caused by optical elements in the system that would
improve beam quality and performance of high-power
lasers over wide laser wavelength ranges. [7–14]. PCM
of laser beam based on the SBS is used to pulse com-
pression by backward-wave amplification [15–22], slow
light [23–25], Orbital angular momentum (OAM) [26,
27], Brillouin spectroscopy[28, 29], microscopic imaging
[30] and beam combinations [31–35].

Some important parameters that characterize the
Brillouin Scattering efficiency are material parameters
such as steady state gain coefficient (gB), acoustic decay
time (τB), acoustic velocity (νB), and also cell configu-
rations such as focused single cell, compact generator-
Amplifier cell [36–40] and cell length [6, 20]. SBS has
been observed in pressurized gases in many applica-
tions [41–45]. The high-pressure gases are preferred
as SBS gain media in phase conjugation because of
their optical quality and low-frequency Shifts. Also,
due to their high transparency throughout the ultra-
violet to infrared regions of the electromagnetic spec-
trum are very attractive. By increasing the pressure

a e-mail: mohammad.jaberi@gmail.com (corresponding
author)

b e-mail: panahi.spb@gmail.com

(and hence density) of the gas, very high gain coeffi-
cients can be achieved, although the decay time of the
sound increases.

At high laser powers, the high-pressure homogeneous
gasses can limit the SBS performance due to low opti-
cal breakdown threshold and high absorption rate. Both
can result in decreasing the SBS performance in terms
of PC fidelity, stability, and energy reflectivity (ER) or
Energy conversion efficiency. Also, the optical break-
down can occur in the low threshold high-pressure gas
when the pump is strong. On the other hand, in low-
power systems that require a high Brillouin gain, it is
preferable to use a medium with a short acoustic decay
time (τB) for work with short pulses [45].

In most theoretical and experimental research, the
homogenous (uniform) medium in the SBS cells has
been demonstrated. In this paper, we introduce a
method to investigate the SBS process in a non-uniform
media and compare it with a uniform one. Compressed
xenon gas was selected because of its superior optical
qualities, high SBS gain, and small stokes shifts. Xenon
is a well-known SBS medium that has been character-
ized and many of its important parameters had been
investigated [45, 46]. Also, a two-cell system was consid-
ered in which the generator cell has a uniform gas distri-
bution, while the amplifier cell has a non-uniform xenon
gas distribution at a pressure between 1 and 50 (atm)
and was seeded by a phase-conjugated stokes beam of
the generator cell. The calculations are concentrated on
the amplifier cell. Two approaches were considered for
the amplifier cell. First, the non-uniform distribution
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within the cell was produced by dividing the cell into
several subdivision parts with uniform density distribu-
tion,

Second, the length of the SBS cell was changed
as an important parameter in geometrical factors to
obtain maximum energy reflectivity. This procedure
was applied to several configurations of SBS gain fac-
tor changes in the cell, including exponential and lin-
ear changes in gain factor according to the subdivision
within the cell, and the results were compared.

It was found that the SBS performance could be
improved by the choice of the non-uniform medium in
the amplifier cell. In addition, it was found that choos-
ing the type of inhomogeneity inside the cell makes
another advantage, such as increasing the optical break-
down threshold inside the cell by increasing the pump
energy, and also in low pressure that the phonon life-
time is small, it allows the use of short laser pulses in
the steady state.

2 Numerical method

To describe the SBS process the equations derived
from the Maxwell equations for the electric fields and
Navier–stokes equation for the acoustic fields are used.
By using the slowly varying envelope approximation
(SVEA) for the electric and acoustic fields, the descrip-
tion of the incident and reflected light waves and their
coupling to the sound wave is simplified, i.e., the ampli-
tude of the fields is assumed to vary slowly in time
(t) and space (z) as compared with their temporal
and spatial frequencies. Transverse field variations are
neglected. The SBS equations describing the acoustic,
Stokes, and pump field propagating along the z direc-
tion are given as:
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where the derivative in transverse directionsx andy are
neglected, g1andg2 are coupling constants given by
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ρ denotes the density of the nonlinear medium and v
represents the velocity of the acoustic waves. γe and
n are the electrostrictive coefficient and the refractive
index, respectively. c is the speed of light and ΓB is the
SBS spontaneous bandwidth equal to the inverse of the
acoustic lifetime τB.

By introducing the following conditions:
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where α is the linear optical loss in the material,
IpandIS are the pump and stokes intensity at the

entrance of the cell, and gB = ω2
pγ2

eτB
c3nvρ0

is the optical
gain associated with the SBS process. In these equa-
tions the intensity depleted and medium absorption is
considered. Let us consider a single longitudinal mode
laser pulse with length lP corresponding to the pulse
width tp, and the phonon lifetime in nonlinear media is
τB. The maximum interaction length between the opti-
cal and acoustic fields within the nonlinear medium is
lc and defines the characteristic length:

lc =
{ ctp

n , tp < τB
cτB
n , tp > τB

}

The definition of lc is related to the interaction time
of the pump and acoustical waves. So, the acoustic
decay time cause to characterize the Brillouin parame-
ters such as interaction length in the steady state regime
(tp � τB) and SBS gain coefficient.

To obtain the steady-state solution of presented equa-
tions, a self-consistent method is introduced. In this
method, we can obtain a steady-state solution for inho-
mogeneous media that has different gain and absorption
coefficients due to changes in gas pressure or density of
the media in the cell.

In this paper, the pump laser enters at Z = 0 and
the injected stokes field enters at Z = L as shown in
Fig. 1. The SBS equations in (2) can be solved by a self-
consistent iterative procedure. In the SBS amplifier the
values of Is(L), Ip(0) are specified. To find the unknown
variable Is(0), we follow the steps below:

1. An initial guess for Is(0) is assumed.
2. SBS steady-state equations are calculated based on

the guess and initial value of IL(0) by a normal
initial value method.

3. If the difference between the computed value of
Is(L)cal and the real value of Is(L)measure is lesser
than the accuracy error, the computation is fin-
ished, else:

4. The initial guess value for Is(0) is repaired by the
following equation

Is(0)new = Is(0)old + β(Is(L)measure − Is(L)cal)

Where β is a normal and positive number to pre-
vent diverging computed value Is(L).
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Fig. 1 Schematic picture of the SBS Amplifier-Generator cells, in this pattern we suppose gas pressure in the Amplifier
cell uniformly increases or decrease in the z-direction which is divided into 3 or 11 part by transparent thin surfaces with
uniform pressure

5. Steps 2 to 4 are repeated until step 3 is satisfied.
The method can be considered for both the SBS
amplifier and the SBS generator systems.

We were particularly attentive to the influence of the
non-uniform gain coefficient in the amplifier cell. For
this purpose considered an inhomogeneous medium in
different Brillouin gain coefficient profiles is described
below:

a. Constant gain coefficient to comparison (uniform
pressure).

b. Non-uniform medium by linear changes in gain
coefficient in the Z direction (Fig. 2a,c).

c. Non-uniform medium by the exponential gain coef-
ficient in the Z direction (Fig. 2a, c).

d. Different permutations of three selected gain coef-
ficients as a non-uniform environment (g1 g2 g3
(cm/MW)) by equal subdivision length.

The variation of the Brillouin gain coefficient can be
explained by changing the gas pressure (and hence den-
sity) in the cell, the Xenon gas at a pressure between 1
to 50 atmospheres selected for this purpose.

For obtaining the steady-state solution of the SBS
process by the self-consistent method, it is assumed that
the cell can be divided into several parts having thin
and transparent surfaces with uniform density distri-
bution, hence the non-uniform distribution within the
cell can be produced by increasing the number of sub-
divisions. This method can be considered for both the
SBS amplifier and the SBS generator systems. Here,
the laser pulse is injected into the system from z = 0
whereas, the Stokes pulse is inserted from the last point
of the system (z = L) with an intensity lesser than
the laser beam (Is(L) = 0.05 ∗ Ip(0)). We assume the
laser pulse width equals 30 ns which is larger than the
phonon lifetime for Xenon gas, (τB = 14.6 ns inP =
45atm andλp = 694 nm). The SBS cell length was cho-
sen at 140 mm, the laser beam radius is w = 1.6 mm,
hence the laser intensity becomes less than the opti-
cal breakdown threshold in 694.3 nm wavelength. The
material parameters were chosen from Fig. 2a–c for the
gain and phonon lifetime, as a function of the pressure
of Xenon gas in the cell. In [45], it is given a formula

τB = 0.65λ2
pP for Xenon gas in which P is in (atm) and

laser wavelength λp is in (μm).

3 Results and discussion

In this section, the different gain profiles presented in
the previous section are investigated and compared.
Equations (2) are solved numerically and the obtained
results are shown below:

(i) Selection of constant gain coefficient (uniform
pressure) in amplifier cell.

In this configuration, it is assumed that cell was filled
by uniform pressure gas at three selected pressures
(29–38-45(atm)). The results are compared with each
other. The gain coefficient induced by these pressures
is equal to (0.021, 0.041, and 0.061 (cm/MW)), respec-
tively. Figure 3a shows the energy reflectivity (ER) of
the selected pressure of gas versus input energy. The
result shows that high Brillouin performance in the high
gain coefficient and high input power can be extracted.
Figure 3b shows the exchange energy of the laser pulse
to the Stokes pulse in the medium. The input pump
intensity is depleted exponentially, and the Stokes beam
grows exponentially up to the input intensity. In this
diagram, the input energy is 50 mJ and the cell pres-
sure is 45 atm.

(II), (III) Non-uniform distribution of gas inside the
cell by linear and exponential changes in gain coefficient
in the Z direction.

For this profile of the gas distribution inside the cell,
the cell is divided into 11 equal parts by thin and
transparent surfaces with the gain coefficient compati-
ble with Fig. 2c. In each section, the xenon gas pressure
is uniform and the Brillouin gain increases (decreases)
in the entire cell. We assume the first part of the cell,
which is beginning from z = 0, has the minimum (max-
imum) gain coefficient.

Our numerical method was applied to this configu-
ration of the SBS cell and the results are plotted in
Figs. 4 and 5. The exchange energy of the laser pulse
to the Stokes pulse in the medium is shown in Fig. 4.
When the gain profile decreases to the minimum value
from the beginning part at z = 0 to the end part at
z = L, the input pump intensity is depleted exponen-
tially, and the Stokes beam grows exponentially up to
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Fig. 2 (a) Brillouin gain coefficient Profile and (b) Phonon lifetime in λ = 694nmand1064nm for versus Xenon gas Pressure
extracted from experimental setup in [45] (c) The trend of changes in the Brillouin gain according to cell division exponential
and linearly is shown along with the corresponding pressure values for comparison

the input intensity. But when the gain profile increases
to the maximum pressure in the cell during the parti-
tion arrangement, the laser intensity has a low exchange
energy to the Stokes pulse because of the low SBS gain
value and low acoustic decay time. So the variation of
laser and stokes pulse energy in the medium is illus-
trated in Fig. 4. This trend has the same behavior
in both linear and exponential changes of gain coeffi-
cient in the cell deviations from each other. In this dia-
gram, the input energy is 50 mJ and the cell pressure
is 45 atm.

In this case, we expect that the SBS performance will
be changed when the gain value decreases compared to
when it increases in the cell. The Energy reflectance of
both arrangements of partitions in the cell is depicted

in Fig. 5. The result shows that decreased pressure in
the amplifier cell has higher Brillouin performance due
to the higher gain and exponential exchange energy
between laser and stokes pulse in the entrance of the
cell. On the other hand, a low phonon lifetime in the end
section of the cell and linearly exchange energy in low
stokes amplitude resulted in a decrease in high absorp-
tion rate and high stokes energy losses in that part.

In high-power laser systems, the optical breakdown
threshold is low when the high-pressure gas is in
the cell. So in the focused geometry, the laser power
increases at the endpoint of the cell, and the SBS pro-
file discussed above has an advantage in decreasing the
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Fig. 3 (a) Energy reflectivity versus input energy in three selected pressure- b) Changes in the laser and backward Stokes
Intensity in the cell length for 50 mJ input energy in 45 atm pressure in the uniform gain coefficient configuration

Fig. 4 The variation of the laser and backward Stokes intensity during the cell when the SBS gain in the medium decreases
or increases along the cell length with (a) linear gain profile and (b) exponential gain profile (for 50 mJ input energy is
45 atm)
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Fig. 5 Energy reflectance of SBS cell as a function of the incident laser energy for non-uniform distribution of gas inside the
cell by linear and exponential changes in gain coefficient in the Z direction as a decrease or increase Brillouin gain coefficient
in the cell (b) Comparing Energy reflectivity for Non-uniform distribution of gas inside the cell by uniform distribution of
selected pressures

Fig. 6 (a) The Energy Reflectivity for linear increasing of gain in cell versus the number of partitions at 40 mJ input
energy. (b) Energy reflectance of SBS cell as a function of the incident laser Energy for different permutations of three
selected gain coefficients by a different length in the last partition as a non-uniform environment (g1 g2 g3) and compare
this configuration to the uniform and constant pressure in the cell

optical breakdown that deteriorated the SBS perfor-
mance in terms of phase conjugate (PC) fidelity, stabil-
ity, and Energy conversion efficiency. However, the two
configurations of SBS gain in the medium have similar
behavior, but the linear gain profile in the cell gives
higher SBS performance with respect to the exponen-
tial change of the gain coefficient in the cell.in Fig. 5a
the ER value of both profiles is illustrated. The linear
profile of gain in the cell is slightly larger than the other
configuration.

In Fig. 5b, the Energy reflectivity for the non-
homogeneous distribution of gas inside the cell by linear
and exponential changes in gain coefficient are com-
pared with the results of uniform distribution of three
selected pressure (29, 38, and 45 atm) whose gain coef-
ficients are (0.021, 0.041, and 0.061 cm/MW), respec-
tively. The result shows that the linear decreases of gain
in the cell have higher energy reflectivity with respect
to the others except for the uniform pressure in 45 atm,
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Fig. 7 Simulation result: distribution of Energy reflectance as a function of (a) cell length and incident laser pulse at
pressure 20 atm, (b) cell pressure and incident laser pulse for cell length 20 cm, (c) pressure and length of the cell for the
energy of incident laser pulse; 21 mJ and (d) pressure and cell length for the energy of incident laser pulse; 46 mJ, which
is higher than 100% when the pressure and cell length are above 30 atm and 40 cm respectively

so the benefits mentioned before (in the below Fig. 4)
are confirmed.

The effect of the number of partitions on ER value
and comparing them together was studied and the
results are shown in Fig. 6a. In this figure, the ER
for linear increasing of gain in a cell at 40 mJ input
energy versus the number of sub deviations are illus-
trated. The results show that by increasing the number
of partitions the ER increases. The ER in 11 partitions
approximately reaches a stationary state, so it is a good
election to describe the phenomenon in an unhomoge-
nized medium and compare it to the uniform one.

(IV)- Different permutations of three selected gain
coefficients as a non-uniform environment (g1 g2 g3)
by unequal subdivision length.

Let us consider SBS cell was divided into three parti-
tions with uniform density distribution, filled by xenon
gas at three selected pressure (29, 38, and 45 atm) by
unequal subdivision lengths whose gain coefficients are
(0.021, 0.041, and 0.061 cm/MW), respectively. Hence

we have 6 permutations of three selected gain coeffi-
cients. In Fig. 6b the energy reflectivity for these per-
mutations is shown and compared by constant and uni-
form pressure.

Here, the partition lengths are respectively (40 mm,
40 mm, and 60 mm) to identify the effect of cell
length as the end partition size for PC performance.
The result shows that all permutations have the same
performance approximately and the permutation by
P = 29 − 45 − 38(atm), has the maximum value. Fur-
thermore, it is observed the ER is different for some con-
figurations resulting from the changes in the cell length
and pressure on Brillouin efficiency. Therefore, one has
to change the cell length or the number of partitions
to obtain clearer results. In Fig. 6b, the optimal per-
mutations are compared to the configurations having
uniform pressure in the whole cell. The results show
that the reflected energy obtains a larger value com-
pared to the condition where the cell pressure is equal
to the average pressure of the indicated permutations
(Approximately 40 atm). In most reports, there are
usually deviations between numerical and experimental
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results. Due to density changes and sound wave pro-
duction in the environment due to the electrostriction
effect, the deviation between the experiment and simu-
lation can be compensated by considering non-uniform
pressure.

As researchers have shown the cell length has an
important role to obtain maximum energy reflectivity
from the amplifier cell [6, 45], in our consideration we
assume that the interaction length lc = (cτB)/n is var-
ied in interval {0–1.1 m}. The dependence of Energy
reflectance on pressure and cell Length as a function
of the energy of the incident laser pulse is shown in
Fig. 7a,b,c. Results show that the ER value increases
by increasing cell length, and the slope of ER versus
input energy increases.

When the cell length is increased the interaction
length of the laser and stocks pulse reaches to charac-
teristic length lc in the steady-state regime. We found
when the length cell is larger than 40 cm, the maxi-
mum energy reflectivity in high-pressure reaches a value
over 100% (See Fig. 7d), the results that the impor-
tant parameters that characterize a Brillouin Scatter-
ing efficiency are its steady-state gain coefficient (gB),
cell length, input energy, and acoustic decay time (τB).
By increasing the pressure (and hence density) of the
gas, it is also possible to achieve very high gain coeffi-
cients when the cell length was selected in the optimum
value. However, this is accompanied by an increase in
the acoustic decay time. In many applications such as
SBS pulse compression, the correct choice of optimum
length and gas pressure is very important due to their
relation to the phonon lifetime (and hence the Brillouin
gain) in the medium. Therefore, choosing the optimum
length of each part according to its pressure could help
to increase the reflectivity of energy and the system’s
advantage relative to the use of a high-pressure cell with
low breakdown energy.

4 Conclusion

In this paper, we introduced a method to investigate
the SBS process in a non-uniform medium and to com-
pare the SBS performance with the uniform medium.
An amplifier SBS cell is considered in which the stokes
pulse is injected into the amplifier from the endpoint of
the cell. We assume the generator cell has a uniform gas
distribution, while the amplifier has a non-uniform gas
distribution. The calculations are concentrated on the
amplifier cell. This method can be considered for both
the SBS amplifier and the SBS generator systems. The
results show that the choice of the non-uniform medium
in the amplifier cell leads to the improvement of SBS
performance. Also, choosing the type of inhomogeneity
inside the cell makes other advantages, such as increas-
ing the optical breakdown threshold inside the cell by
increasing the pump energy, and allowing the use of a
short laser pulse in the steady state in low pressure that
the phonon lifetime is small. In addition, by decreas-
ing the pressure from the entrance point to the end

point of the amplifier cell, the reflected energy increases
compared to the case where the pressure inside the
cell is uniform and equal to the average pressure of
the previous state. In this type of non-uniformity of
gas in the cell, for the focal geometry and with strong
input energy, the threshold of optical breakdown at the
end of the cell increases due to the low gas pressure
in the selected partition of the cell. Selecting an opti-
mum non-uniformity of gas pressure in the SBS cell can
increase the optical breakdown threshold and increase
the energy reflectivity, by decreasing the pressure at the
focal point of the lens and increasing the pressure at the
entrance of the laser to the cell.
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