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The principle of a lidar based on Brillouin scattering is introduced. The basic physics of the Brillouin

lidar is discussed. The applications of the Brillouin lidar in remote sensing of the ocean, such as

measurement of the sound speed and the bulk viscosity of water and detecting submerged objects

are investigated. An actual Brillouin lidar system is developed. Also, several basic problems related

to Brillouin lidar are studied in detail. The attenuation coefficient of a pulsed laser beam with high

pulsed energy in water is investigated; it is helpful to reveal the propagation property of a laser beam

in water. The investigations on the threshold value of SBS are made theoretically and experimentally.

Finally, a novel phenomena is investigated experimentally, in which Stimulated Raman scattering can

be enhanced by stimulated Brillouin scattering.
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1 Introduction

In the past three decades, the lidar system based on Bril-
louin scattering for remote sensing of the ocean has at-
tracted attention [1–8] because of its special properties
and high precision. Current authors have made lots of
efforts in developing a Brillouin lidar [9–15]. Recently,
researchers have greatly improved the characteristics of
the Brillouin lidar [16–18] by using stimulated Brillouin

c©Higher Education Press and Springer-Verlag 2009
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scattering (SBS). In this work, several basic problems
were encountered, such as, the attenuation and propaga-
tion of powered laser beam in water, the threshold value
of SBS, the relationship between SBS and stimulated Ra-
man scattering (SRS), etc., which influence significantly
the characteristics of the Brillouin lidar. Therefore, un-
derstanding clearly these mentioned fundamental prob-
lems has become important in Brillouin lidar. On the
other hand, SBS [19–21] is an important topic in the
study of non-linear optics. The studies in this area will
be helpful for deeply understanding the physical mech-
anism of powered laser beams. In this article, several
problems related to SBS are studied in detail. In Section
2, the attenuation and propagation of a powered laser
beam in water are discussed. The effect of SBS on the
attenuation of a laser beam in water is studied experi-
mentally. Based on this study, a new method for accu-
rately measuring the threshold value of SBS is suggested.
In Section 3, the theoretical threshold value of SBS is de-
ducted rigorously without any empirical assumption; the
threshold values of steady state and transient SBS are
obtained theoretically. In Section 4, a novel experimen-
tal phenomenon in which backward SRS (BSRS) can be
enhanced by SBS is reported. Further, this phenomenon
is discussed and analyzed in detail.

Part I Brillouin lidar for remote sensing of
the ocean

2 Concepts and techniques in Brillouin lidar

2.1 Basic physics of Brillouin scattering

The physical process responsible for Brillouin scattering
is the fluctuation in density and concentration. The den-
sity fluctuations are composed of two parts. One part
is the isentropic pressure fluctuations (phonons) which
are propagating in all directions in the water with a ve-
locity VS, and the other part is due to the isobaric en-
tropy fluctuations which are frozen and do not propa-
gate. The former is the source of Brillouin scattering.
We denote the wave vector of the phonons by q, where
|q| = 2π/λS = 2πΩ/VS, λS, VS and Ω are the wavelength,

speed and frequency, respectively, of the sound wave.
Consider a fluid of refractive index n that is irradi-

ated by a parallel light beam with wave vector k, where
|k| = 2πn/λ and λ is the vacuum wavelength. If the
scattered light in the direction of the scattered wave vec-
tor k′ is observed, then a maximum in the intensity will
occur when the wave vectors of the elastic wave q, to-
gether with the wave vectors k and k′ satisfy the Bragg
condition (see Fig. 1):

k′ = k ± q (2-1)

Of course, this is just a statement of the conservation
of momentum, the incident wave k either gains or loses
momentum from the elastic wave q to produce the scat-
tered wave k′. A direct consequence is that for a given
wavelength and direction of the incident wave, there is
only one wavelength and direction of propagation of the
sound that will give rise to a scattered wave in a partic-
ular observation direction. Using Eq. (2-1) and the fact
that |k| ≈ |k′|, we have

q2 = |k − k′|2 = k′2 + k2 − 2k · k′

≈ 2k2(1 − cos θ) = 4k2 sin2 θ

2
(2-2)

Here, θ is scattering angle with respect to the direction
of the laser beam. Finally, we get

q =
4πn
λ

sin
θ

2
(2-3)

Since the electromagnetic wave is scattering off a mov-
ing sound wave, the frequency of the scattered wave will
be Doppler shifted. The component of sound velocity in
the observation direction k′ is VS sin(θ/2), and the image
of the incident light source moves at twice that speed.

V = 2VS sin
θ

2
(2-4)

The resulting Brillouin frequency shift νB, due to the
Doppler effect is then

νB = ±V
ν

c/n
= ±V

n

λ
(2-5)

the scattered wave is both “red” and “blue” Doppler
shifted relative to the incident wave. From Eqs. (2-4)
and (2-5), we obtain the Brillouin shift

Fig. 1 schematic of the scattering of an incident electromagnetic wave from an elastic wave. k, k′, and q
are wave vectors of incident, scattered and sound wave, respectively.
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νB = ±2n

λ
VS sin

θ

2
(2-6)

Comparing Eqs. (2-3) and (2-6), and using the fact
that q = 2πΩ/VS, we find νB ≡ Ω , thus the Brillouin
shift is precisely the frequency of the sound wave which
satisfies the Bragg condition. Substituting the following
typical parameters in Eq. (2-6): θ = π (backscatter-
ing), λ = 532 nm, VS = 1500 m/s, n = 1.33, we find
νB = 7.5 GHz. Such a small shift imposes stringent re-
quirements on measurement techniques that can be used
to determine it to sufficient accuracy. Figure 2 shows an
idealized Brillouin spectrum. The FWHM of the Bril-
louin lines (due to acoustic absorption/attenuation) is
ΓB = 0.5 GHz at 20◦C.

Fig. 2 Idealized spectrum of the Brillouin lines. The two
Lorentzians are centered at ±νB, their FWHM is ΓB = 0.5 GHz,
and they are normalized to unit integrated intensity. A central
Rayleigh peak due to elastic scattering is also shown.

The Brillouin width ΓB is also very important for the
spectrum of Brillouin scattering. Through some deduc-
tions, we obtain [14]

ΓB =
1
ρ

[
4
3
ηs + ηb +

κ

CP
(γ − 1)

]
q2 (2-7)

where, ηs is shear viscosity, ηb is bulk viscosity, and κ is

the thermal conductivity of the liquid, q =
4πn
λ

sin(θ/2),

γ =
CP

CV
. For water, the third term at the right side of

the equation is usually two orders of magnitude smaller
than the first or the second term, so we have

ΓB =
1
ρ

(
4
3
ηs + ηb

)
q2 =

1
ρ

(
4
3
ηs + ηb

)
4π2ν2

B

V 2
S

(2-8)

2.2 Remote sensing of the ocean based on Brillouin
scattering

2.2.1 Measurement of sound speed of water [15]

From Eq. (2-6), the sound speed of the water can be mea-
sured by measuring the Brillouin shift. Figure 3 shows
the optical layout. An injection seeded Q-switched Nd:
YAG laser was employed as the source. It operates in a
single longitudinal mode with a bandwidth of 90 MHz

and provides 300 mJ at 532 nm with a repetition rate
of 20 Hz, the pulse width is 10 ns. A horn shaped water
cell was used to minimize back reflection. The water is
circulated through a constant temperature bath that pro-
vides an adjustable temperature setting between 0◦C and
50◦C. The horn was wrapped with fiberglass insulation
in order to efficiently cool and stabilize its temperature.
The laser used was a scanning Fabry–Perot (Burleigh
RC-110), driven by a Burleigh RG-93 ramp generator.
The F–P consists of two flat mirrors with a reflectivity of
99.5% and its free spectral range is 18.54 GHz. The pho-
tomultiplier tube used was a Hamamatsu R446 operating
in the analog mode. The signal is integrated and aver-
aged over 10 laser shots by a gated integrator and boxcar
averager (Stanford Research System SR-250). Backscat-
tered light is collected at an angle of 170◦ to the laser
beam direction. The critical point for obtaining good
frequency discrimination is to provide a very well col-

Fig. 3 Schematic for the Brillouin spectrum measurement. L1,
L2, and L3 are biconvex lenses with focal lengths 50 cm, 20 cm
and 8 cm, respectively. P1 is a 15 µm diameter pinhole, I is an iris,
P2 is a 1 mm diameter pinhole, 2 ω is a second harmonic gener-
ating crystal, M1, M2 are mirrors, PM is a photomultiplier tube.
The horn shaped water cell is wrapped with fiber glass insulation.
The constant temperature bath maintains the water in the cell at
a constant temperature that can be set from 0◦C to 30◦C.

Fig. 4 Fitting result of averaged data. The result is obtained by
a mixed function of Gaussians and Lorentzians, where FSR is the
free spectral range of the Fabry–Perot interferometer used, νB is
the Brillouin shift, and ΓB is the Brillouin linewidth.
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limated beam to the input of the Fabry–Perot. Figure
4 shows the measured spectrum of Brillouin scattering
in water, the curve is the fitting result of six groups of
measured data.

The measured sound speed of water using Brillouin
scattering is given in Fig. 5. In the figure, S is the salin-
ity of the water. These results were compared with the
measured data by classical method, the maximum er-
ror is 13 m/s, the minimum error is 0.1 m/s, all relative
deviations are less than 0.9% related to the classical mea-
surements.

Fig. 5 Measured sound speed in water by Brillouin scattering at
different temperatures. The solid lines represent results obtained
by Brillouin scattering, the dashed line represent the results mea-
sured by classical method.

2.2.2 Measurement of bulk viscosity of water [14]

From Eqs. (2-2)–(2-8), we have

ηb =
ρυ2ΓB

4π2ν2
B

− 4
3
ηs (2-9)

There are many databases of the shear viscosity ηs of
water; therefore, the bulk viscosity of water can be mea-
sured by measuring the Brillouin shift and Brillouin line

width. Figure 6 shows measured bulk viscosity of water
using the set-up geometry shown in Fig. 3. (a) Brillouin
line width and (b) shows the measured bulk viscosity
based on Eqs. (2-2)–(2-9).

In the same principle, the temperature and salinity of
water can also be measured.

2.2.3 Detecting submerged object [11]

Briefly, a laser fires pulses into water, the backscattered
return signal is recorded as a function of the return
time, which is in a one-to-one correspondence with the
depth of the signal return. The frequency spectrum of the
backscattered light consists of an elastic central peak at
the laser frequency (Rayleigh line) and two inelastically
scattered Brillouin components related to both “red” and
“blue” Doppler shift (see Fig. 2). It is known that Bril-
louin scattering will occur in water. On the other hand,
when a light beam in water is incident on a submerged
object, Brillouin scattering will disappear because there
is no water at the position where the object locates. In
this case, the components of the Brillouin lines will van-
ish in the returned scattering signal. Thus, if the Bril-
louin lines do not appear in the spectrum, it means that
there must be a submerged object. Figure 7 shows the
experimental results using the set-up geometry shown in
Fig. 3. During experiments, the scanning time was 10
minutes for getting enough sampling since the repetition
rate of the laser used was only 10 Hz. The object was
located at a depth of 10 cm just below the water surface.

It can be seen that the spectra with and without sub-
merged object are obviously different, when the object
exists the Brillouin scattering disappears. It should be
pointed out that, the piece of aluminum in our exper-
iments was milled using milling machine so its surface
was leveled up. In Fig. 7 (b) and (c), although the sur-
face reflectivity of aluminum and wood are quite differ-
ent the structures of the measured spectra are the same.

Fig. 6 Measured results of the Brillouin shift and the Brillouin linewidth in water for different temperatures and salinities.
(a) The measured Brillouin shift at different temperatures. (b) The measured Brillouin linewidth at different temperatures.
Triangles, the results for fresh water S = 0 ; squares, the results for water of salinity S = 35 .
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Fig. 7 Laboratory measured spectra of water with and without submerged object respectively. (a) Without object; (b) With
object (a piece of aluminum); (c) With object (a piece of wood).

It means that the detection of submerged objects using
Brillouin scattering is not sensitive to the surface reflec-
tivity of the detected object.

2.3 Actual Brillouin lidar system

2.3.1 Configuration of the lidar system

Figure 8 shows the configuration of our lidar system in
which an F–P etalon and an intensifier CCD (ICCD)
camera with gate mode were used as real time detec-
tor and image recorder, respectively. The laser used was
an injection seeded pulsed Nd:YAG laser (Continnum
Powerlite Precision 8000) with line width of 90 MHz,
pulse width of 8 ns and repetition rate of 10 Hz, and the
pulse energy of the laser beam is 600 mJ. The ICCD used
was an ICCD camera (Princeton Instruments PI-MAX
1024B), with minimum gate width of 2 ns and the pixel
size of 26 µm. The F–P etalon used was a solid etalon
made of quartz with a free spectral range of FSR = 22.4
GHz. The pulse generator used was a DG-535 (Stanford
Research System).

The polarization of the output laser beam is horizon-
tal. It penetrates the polarizer with very low energy loss,

Fig. 8 Configuration of Brillouin lidar system. P is polarizer, λ/4
is quarter wave plate. The solid lines represent the connections of
light, dashed lines represent electronic connections.

and after passing through the λ/4 plate it becomes R-
circle polarization. The laser beam can be focused at dif-
ferent depths in water by the focusing system. The focus
depth can be controlled by adjusting the space between
the two lenses controlled by a computer. In the range
close to the focus point, the energy density of the laser
is high enough so that Stimulated Brillouin scattering
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(SBS) will happen. SBS is very helpful in increasing the
detection depth and in improving the depth resolution of
the measurement [6], it will be discussed later. The back
scattered SBS light passes through the λ/4 plate again,
its polarization becomes vertical, and it is reflected by
the polarizer P without energy loss. The back scattered
SBS light was collimated by the telescope, then incidents
on the F–P etalon. The spectrum of Brillouin scattering
formed by the F–P etalon was recorded by the ICCD
camera. With this lidar system a spectrum generated by
a single laser shot can be recorded.

2.3.2 Experimental results

The measurements were carried out in an outdoor 55-m
long horizontal water tank in Nanchang City, at an out-
door temperature of 4◦C–20◦C. The salinity of the water
was 0 .

(1) Measurements of sound speed in water
Brillouin shift should be measured first in order to de-

termine sound speed in water. One of the recorded spec-
trum of Brillouin scattering in water is shown in Fig. 9,
which shows that, each order in the spectrum includes
two rings, the outer one represents Rayleigh scattering,
and the inner represents Brillouin scattering. It should
be pointed out that there is only Stokes line and no anti-
Stokes line in the spectrum, which is the typical phe-
nomena of stimulated Brillouin scattering. The Brillouin
shift can be determined by

∆νB =
r2
j−1 − r′2j−1

r2
j − r2

j−1

FSR (2-10)

where, rj , rj−1 are the radius of jth and (j − 1)th order
of the Rayleigh peak respectively, and r′j−1 is radius of
(j − 1)th Brillouin peak. Their values equal to 26 µm
multiplied by the pixel number which is included by a
ring (see Fig. 2). The deduction of the formula (2-10)
can be easily finished based on Eq. (50) of Chapter 6
in “Principles of Optics” (7th edition) written by Born
and Wolf. Table 1 gives the measured Brillouin shift and
sound speed in water at several temperatures using the

Fig. 9 Measured spectrum of Brillouin scattering in water.

configuration shown in Fig. 8. The sound speed at dif-
ferent depths in water can be determined by the time
delay of the returned signal. In this way, the profile of
sound speed in water with depth can be obtained.

Table 1 Measured sound speed in water at different tempera-
tures

Day Temperature/◦C ∆νB/Hz VS/(m·s–1)

1 4 7.119 1423.8

2 8 7.227 1445.4

3 10 7.293 1458.6

4 12 7.324 1464.8

5 15 7.349 1469.8

6 18 7.404 1480.8

7 20 7.433 1486.8

8 23 7.476 1495.2

(2) Source of error in the system
Comparing the above data with the results given in

Ref. [15], there is a little difference between the two mea-
surements. Since the principles of the two systems are
essentially the same, the factor causing the error must lie
in the system itself. The measuring uncertainty of sound
speed is expressed as [15]:

δVS =

√(
∂VS

∂S

)2

(δS)2 +
(

∂VS

∂νV

)2

(δνB)2 (2-11)

When the salinity of water is fixed, the uncertainty is
related directly to the accuracy of the measurement of
Brillouin shift. However, another factor must be taken
into consideration in the suggested system using ICCD
camera. The pixel size of the CCD would have obvious
influence on the error. The output of a pixel of a CCD is
formed by the whole pixel although a peak in the scat-
tered spectrum may only cover a small fraction of the
pixel. Therefore, the larger the pixel size the larger the
measuring error. The pixel size of the CCD we used is 26
µm, it will result in an extra measuring error of Brillouin
shift. Therefore, an ICCD camera with smaller pixel
size is preferable for reducing measuring error. Compar-
ing the results of Table 1 and Ref. [15], the difference
between them just comes from the pixel size of the CCD
used. If a CCD camera with smaller pixel size is used,
more accurate measurement could be obtained.

(3) Measurements of bulk viscosity of water
According to Ref. [14], the bulk viscosity of water is

determined by the Brillouin line width. The Brillouin
line width can also be measured by the above suggested
system. However, because the value of the Brillouin line
width (about 500 MHz) is much less than the value of the
Brillouin shift (about 7.5 GHz), using the ICCD camera
with the pixel size of 26 µm, the measured results were
unsatisfactory. Therefore, the measured results are not
shown here. If an ICCD camera with small pixel size is
used, the measured results will be improved greatly.
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(4) Experiments for detecting submerged objects
According to the principle in Section 2.2, whether an

object exists in water can be recognized by the spec-
trum of Brillouin scattering in water, since no Brillouin
scattering would occur at the location where water is dis-
placed by an object. In our experiments, the submerged
object was a piece of aluminum packed by black cloth.
The detected distance was 40 meters. Figure 10 shows
the experimental results. It can be seen that detecting a
submerged object by Brillouin scattering is very easy. If
each order in the measured spectrum contains two rings,
it means that there is no submerged object. If each or-
der in the measured spectrum has only a single ring, it

means that there is an object in the water.

2.4 Improvement of Brillouin lidar system

Using our lidar system shown in Fig. 8, we carried out
measurements in a 40 m long water tank. When the laser
beam was focused at the distance of 15 m; spectra at 3
m and at the focused point (15 m) were recorded respec-
tively. Figure 11 gives the two spectra. It can be seen
clearly that in the spectrum of spontaneous scattering
both Stokes and anti-Stokes components are observed.
However, in the spectrum of stimulated scattering, only
the Stokes component can be observed. From Fig. 11 it

Fig. 10 Experimental results for detecting submerged object in terms of Brillouin scattering. (a) Without submerged
object; (b) With submerged object.

Fig. 11 Measured spectra of spontaneous at 3 m and stimulated Brillouin scattering at 15 m depth in water. (a) Sponta-
neous Brillouin scattering recorded at 3 m depth. SNR = 2.4; (b) Stimulated Brillouin scattering recorded at 15 m depth.
SNR = 2.5.

Fig. 12 Measured spectra of stimulated Brillouin scattering at different depths in water using focus lens with diameter of
15 cm. (a) 3 meters depth. SNR = 136; (b) 9 meters depth. SNR = 28; (c) 18 meters depth. SNR = 2.6; (d) 22 meters
depth. SNR < 1.2.
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can be seen that the signal-to-noise ratio (SNR) at 15
m depth for stimulated scattering is almost the same as
that at 3 m depth for spontaneous scattering (with SNR
= 2.4), where, the SNR is defined as the ratio of the
signal intensity and the back noise of the ICCD detec-
tor (including the dark noise of CCD and back noise of
detecting).

It means that much deeper depth can be detected by
stimulated scattering with the accuracy at a small depth
detected by spontaneous scattering. Spectra of stimu-
lated Brillouin scattering at different depths were mea-
sured at those depths. The results are shown in Fig.
12. For each interference order, there are two circles,
the inner is the Brillouin component and the outer is the
Rayleigh component. As we can see, the signal-to-noise
ratio of the Brillouin scattering is increased so much. For
a depth of 22 m, the backscattered signal is too weak to
be detected. It should be pointed out that the detected
depth is related to the diameter of the focusing converge
lens.

Also, we can see that for the depth of 9 m, the energy
of the Brillouin component is very high; even, the energy
of the Brillouin component is much higher than the en-
ergy of the Rayleigh component at the lower depths. The
results given in Fig. 12 were obtained using a focusing
lens with a diameter of 15 cm. When another lens with
a diameter of 30 cm was used, the stimulated scattered
spectrum at the same depth of 22 m was measured too,
and the result is shown in Fig. 13. The Stokes compo-
nent of the stimulated Brillouin scattering can still be
seen, though it is not very clear.

Fig. 13 Measured spectra of stimulated Brillouin scattering at
22 m depths using focus lens with diameter of 30 cm. SNR = 2.1.

Another advantage of stimulated Brillouin scattering
as used for remote sensing of the ocean is also significant.
Generally, when the pulse width of a laser used is 10 ns,
the theoretical depth resolution in water is about 1m for
a lidar system with spontaneous scattering. However, if
the measurement is based on stimulated scattering, the
depth resolution in water will be greatly improved. The
reason is because stimulated Brillouin scattering happens
only when its threshold condition is satisfied. When a
divergent laser beam with large cross section area passes
through a converging focusing lens, the energy density
is concentrated along its propagation more quickly than
without a lens. Therefore, the depth range satisfying the
threshold condition of stimulated scattering will become

very short so that the depth resolution can be improved
greatly. In our experiments, when no focusing lens was
used, the depth resolution in water is about 160 cm, but
when the focusing lens was used, the depth resolution in
water becomes as short as 20 cm. As verification, in our
experiments, the laser beam was just focused by a lens
with the diameter of 30 cm at the object at a depth of 22
m; the spectrum like that shown in Fig. 10(b) was mea-
sured. When the object was moved away for 20 cm, the
spectrum like that shown in Fig. 10(a) was measured; it
means that the depth resolution is 20 cm. Of cause, for
the large depth, the focusing point will become longer
and the depth resolution will be decrease. In our ex-
periments, when the detected depth was 50 m, the laser
beam was focused to a line close to 1 m. In this case,
the depth resolution may be about 1 m.

It should be mentioned that the depth resolution is af-
fected by the signal crosstalk from other depths than the
depth of interest, and is related to the gate width of the
detector. In our proposed system, we chose the minimum
gate width (2 ns) of the ICCD system we used. In this
case, only the signals in a short range of the depth can
be detected by the ICCD; the signals from other depths
cannot be received because the detector is not opened
when the signals arrive at the ICCD.

Also, it should be pointed out that, although the sub-
merged object can be detected by this method (see Fig.
10), what kind of object cannot be known. For recog-
nizing the detected object the laser scanning technique
must be used practically.

2.5 Brillouin lidar system based on pumping amplifying
effect

Stimulated Brillouin scattering (SBS) has distinctive fea-
tures as compared with spontaneous Brillouin scattering
and has been broadly applied in the fields of phase con-
jugation and pulse width compression. The present au-
thors hold the opinion that SBS could be used for im-
proving lidar. The most effective measure is to amplify
the very weak signal of the backscattered SBS, which
is almost exhausted after penetrating the surface of the
water, especially when the detected depth is very deep
or the water is turbid. However, although the dual cell
amplification method is usually used in laboratories, it is
impractical for field use because it is impossible to build
an isolated cell for amplification, since the ocean is prac-
tically only a single cell. Moreover, an extra pumping
beam is needed for amplifying the seed signal of SBS. In
a lidar system or another application, these two beams
should be coaxial. The most-used method for coupling
the two beams into a single collinear beam is polarization
coupling, in which the polarizations of the two beams are
orthogonal. However, the two beams with orthogonal po-
larizations are not coherent, thus amplification cannot



90 Da-he LIU, et al., Front. Phys. China, 2010, 5(1)

be achieved. Therefore, implementation of amplification
of two beams with orthogonal polarizations becomes the
key point for further improvement of the lidar system.
Recently, the present authors developed a method that
gave two coaxially transmitted pulsed beams with or-
thogonal polarizations possess same polarization during
a key moment of time and achieved the amplification of
a very weak backscattered SBS signal by the pumping
effect. It is described as follows.

The optical layout of the lidar system is shown in Fig.
14. A pulsed Nd:YAG laser produces two beams, a beam
with fundamental frequency at 1064 nm wavelength, and
another beam with frequency doubling at 532 nm wave-
length (beam 1). The beam at 1064 nm was allowed to
pass through a frequency-doubling crystal to get another
beam also at 532 nm wavelength (beam 2). Beams 1 and
2 are coherent since they are produced by the same oscil-
lator with the same frequency, phase, and polarization.
Beam 1 passes through a half-wave plate and is converted
from vertical polarization to horizontal polarization and
then passes through a polarization coupler, P1, with a
transmissivity higher than 90%. Beam 2 remains verti-
cally polarized and is reflected by polarization coupler P1
with reflectivity of 95%. Beams 1 and 2 are coupled into
one beam of a pulse series after passing through P1 and
are then transmitted coaxially. Each series consists of a
pair of orthogonally polarized pulses. Beam 1 is used for
exciting SBS in the water, while beam 2 is used to am-
plify the SBS signal by pumping effect. The laser used in
our experiments is an injection seeded pulsed Nd:YAG
laser (Continuum Powerlite Precision Plus). Its repeti-

tion rate is 10 Hz. The output energy of a single pulse
is 1.5 J at 532 nm (beam 1). It gives another simultane-
ous output at 1064 nm with single pulse energy of 1:3 J,
which is converted into a beam with 532 nm and single
pulse energy of 650 mJ (beam 2) after passing through a
frequency-doubling crystal, SH. The polarization of the
backscattered SBS becomes perpendicular to that of the
incident beam passing through polarization couple P2, so
the SBS signal will be reflected by P2 with a reflectivity
of 95%.

Now, the function of the polarization controller is ex-
plained in detail as follows. Since SBS has the feature of
phase conjugation, it can be amplified when it meets a
coherent beam. There can be a time delay between the
SBS seeder signal and the pumping beam. This makes
the basis of the design of a polarization controller for
coaxial pulse series with orthogonal polarizations.

(1) Basic principles
The polarization controller consists of an electro–optic

crystal and a driver. Let the coaxial beam consist of two
pulses coming from the polarization coupler with orthog-
onal polarizations incident on the polarization controller.
The two pulses reach the electro–optic crystal at differ-
ent times sequentially. The axis of the crystal is vertical
when high voltage is not applied but becomes inclined
45◦ when high voltage is applied and then functions as
a half-wave plate for the next coming beam. Therefore,
the t characteristics of birefringence are changed by app-
lying high voltage on the electro–optic crystal or not to
control the polarization of the two pulses.

Fig. 14 Experimental set-up geometry. λ/2 is a half wava plate, λ/4 is a quarter wave plate; M is mirror; P is polarization
coupler; SH is a frequency doubling crystal; EOC is an electro-optic crystal, and DR is the driver of the crystal. The sign
“|” represents the polarization perpendicular to the incident plane, and the sign “•” represents the polarization parallel
to the incident plane. The incident plane is perpendicular to the paper surface. The solid lines with arrows represent the
connections with optical signals. The dashed lines represent the connections with electronic signals.
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(2) Method of implementation
In our method, the voltage-increasing mode was used,

in which high voltage is not applied on the crystal ini-
tially so that the lifetime of the crystal can be prolonged.
(The voltage-decreasing mode has higher switching speed
and is preferred when a shorter switching time is needed.)
Suppose that the pulse width of the laser is 10 ns, the
repetition rate of the laser is 10 Hz, and the coaxial beam
is composed of two pulses with orthogonal polarizations:
the working process of the polarization controller will be
as follows:

(i) Two orthogonally polarized beams are coupled into
one coaxial beam after passing through the polarization
coupler. There is a time delay (>10 ns) between the
two pulses. Suppose that the horizontally polarized beam
represented by “•” in Fig. 14 arrives first.

(ii) High voltage is not applied to the electro–optic
crystal in the initial state. At this time the pulse with
“•” polarization (beam 1) will pass through the crystal
with very little energy loss, and the pulse width is 10 ns.

(iii) More than 10 ns later (the time delay can be ad-
justed according to the pulse width of the laser), after
the first arriving pulse with “•” polarization has passed.
After another certain time delay (it can be adjusted ac-
cording to the increasing time of the high voltage), the
other vertically polarized pulse, represented by “|” in Fig.
14 (beam 2), arrives at the crystal. At this time, high
voltage is applied abruptly to the crystal by the driver,
the crystal abruptly becomes a half-wave plate, and the
axis of the crystal is 45◦ with respect to the “|” polar-
ization. Thus, the pulse with “|” polarization will pass
through the crystal with very little energy loss and the
“|” polarization will be changed to “•” polarization.

(iv) Again, more than 10 ns later, after the pulse of
beam 2 passes through the crystal, the high voltage on
the crystal is cut off abruptly, and the characteristics of
birefringence of the crystal returns to the initial state.

(v) After a certain time delay (which is determined by

the repetition rate of the laser), the second pair of pulses
arrive at the polarization controller sequentially, and the
process of 1 through 4 is repeated.

(vi) The above process is repeated continuously. The
two orthogonally polarized pulses will have the same po-
larization in every repeated segment of the whole process.

(vii) The driver of the electro–optic crystal is con-
trolled by a high precision pulse delay and generator to
ensure accuracy.

Figure 15 shows an actual polarization controller and
chronological sequences of laser pulses and the switching
on and off of the high voltage. Figure 15(a) is the polar-
ization controller. In Fig. 15(b), the left and right peaks
of the curve starting in the middle of the three on the left
are the pulse pair of beam 1 and beam 2, respectively.
The wide peak of the curve starting at the bottom left
is the high voltage pulse generated by the driver. The
curve starting above the other two on the left is the trig-
ger signal output by the laser. The specifications of the
polarization controller are as follows: the material of the
electro–optic crystal is KD*P, the aperture of the crys-
tal is 15 mm, the working mode is voltage increasing, the
half wave voltage is 7000 V, and the width of increasing
time is 27 ns. The pulse delay and generator used was a
DG 535 (Stanford Research Systems).

Figure 16 shows the profiles of the pulses after passing
through the polarization controller. The pulse profiles
were detected by a 200 ps detector placed in front of
the collimating lenses in Fig. 14 and was recorded by an
oscilloscope (Agilent 54832 B). It can be seen that the
polarization controller achieved the expected control of
the orthogonally polarized coaxial pulse pair.

Because the width of the increasing time of the high
voltage pulse is 27 ns, the time delay of the pulse of the
beam 2 was adjusted to 27 ns with respect to the pulse
of the beam 1, which corresponds to an optical path of 5
m, i.e., the SBS elicited by the pulse of beam 1 will meet
the pumping pulse of beam 2 at a distance of 2.5 m in

Fig. 15 Polarization controller and chronological sequences. (a) Polarization controller; (b) Chronological sequences of
laser pulses and the switching on and off of the high voltage. The yellow peaks are the pulse pair of beam 1 and beam 2,
respectively. The wide purple peak is the high voltage pulse generated by the driver. The green curve is the trigger signal
output by the laser.
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Fig. 16 Control of the polarizations of the two orthogonally polarized coaxial pulses. (a) Without high voltage. The
pulse of beam 1 can be detected, the pulse of beam 2 cannot be detected. (b) With high voltage. The pulse of beam 2 can
be detected, the pulse of beam 1 cannot be detected.

Fig. 17 Measured spectra with and without pumping amplification. (a) Spectrum without amplification by pumping
pulse of beam 2. (b) Spectrum with amplification by pumping pulse of beam 2. The maximum SNR = 4.7.

its backward travel. At this time, as controlled by the
polarization controller, the polarization of beam 2 is
the same as that of the SBS signal elicited by beam 1.
Therefore, the SBS signal is amplified to the utmost de-
gree, and then its spectrum is obtained clearly with an
ICCD camera (Princeton Instruments PI-MAX2 1003)
after passing through a Fabry–Perot etalon. Consider-
ing that the width of the increasing time of the high
voltage pulse is 27 ns and the interaction length is ap-
proximately 5 m in the water, hence a 10 m long water
tank was chosen for the experiment (see Fig. 14). The
attenuation coefficient of the water was 1.3 m−1, which
corresponds to an attenuation length of 0.83 m. Figure
17 shows the measured SBS spectra at a depth of 7 m in
the water with and without amplification by a pumping
beam. The gate width of the ICCD camera was 5 ns. It
can be seen that the SBS signal without pumping ampli-
fication is extremely weak and that it cannot be detected
by the ICCD camera. When pumping amplification was
used, owing to the existence of the second pulse of beam
2, the weak SBS signal evoked by the pulse of beam 1 at
7 m depth met the pumping pulse of beam 2 after travel-
ing backward 2.5 m and was amplified significantly with
the maximum signal-to-noise ratio of 4.7. The complete
scattering spectrum was recorded by the ICCD camera

with the same gain.
The above experimental results show that amplifica-

tion of SBS of two coaxial pulsed laser beams with or-
thogonal polarization can cause a decided change in the
weak SBS signal from undetectable to clearly detected
by using the designed polarization controller.

Part II Basic problems of stimulated
Brillouin scattering related to Brillouin lidar

3 Attenuation of powerful laser beam in
water [22]

3.1 Background

The attenuation of light in water is a matter of broad
concern in ocean optics, and it plays a major role in li-
dar systems used for remote sensing of the ocean. It is
influenced by two factors, absorption and scattering. In
pure water and in the open ocean, absorption is gen-
erally the dominant factor [23]; it is dependent on the
wavelength of the light, but for the 532 nm wavelength
focused in this study it is considered as a constant. Based
on a number of experimental measurements, the value of



Da-he LIU, et al., Front. Phys. China, 2010, 5(1) 93

the absorption coefficient of pure water at 532 nm is ∼
0.04–0.05/m [24–26].

For an oceanographic lidar, a pulsed laser is operated
at high-power to maximize the penetration depth. But
for a Brillouin lidar [3, 4, 13] the pulsed laser must also
have a narrow line width. In our recent work a narrow
line width, high power laser clearly changed the propa-
gation properties of light in water. Specifically, at suffi-
ciently high laser intensity, stimulated Brillouin scatter-
ing (SBS) is observed, and SBS has been used in practical
lidar systems [17]. In the presence of SBS, the atten-
uation coefficient of a pulsed laser in water cannot be
considered simply as a constant; it will increase with an
increase in laser intensity. This phenomenon is investi-
gated in the following.

3.2 Experiments and basic considerations

The attenuation coefficient for a pulsed laser beam in
water was measured at different pulse energies. Figure
18 shows a schematic for the optical layout of our exper-
iments. The laser system is an injection seeded Nd:YAG
laser (Continuum Powerlite Precision II 8000) with a line
width of 30 GHz and 90 MHz when the seeder is switched
on and off, respectively. Its pulse width is 8ns, and its
repetition rate is 10 Hz. The 532 nm operating wave-
length was produced by frequency doubling. The two de-
tectors were power meters, Coherent FIELDMATE and
Newport 1835-C. Measurements were made at different
pulse energies; and in order to keep the output charac-
teristics of the laser unchanged, the pulse energy of the
laser was adjusted by changing the time delay between
oscillator and amplifier. The lengths of the water cells
were 0.8, 1.2, 1.6 and 2.0 m, respectively; for compari-
son, the length corresponding to 8 ns laser pulse is 2.4
m. For simplicity, and also since the attenuation co-
efficient of light in tap water may be closer to that of
the open ocean than distilled water, tap water was used
in our experiments. Although tap water typically con-
tains large amounts of dissolved organic matter (DOM),
it leads both to absorption and to fluorescence which can

Fig. 18 Optical layout for measuring the attenuation coefficient
of a pulsed laser in water. 1. Rear mirror, 2. Pockels cell, 3. 1/4
Wave plate, 4. Dielectric polarizer, 5. Oscillator rod, 6. Output
coupler, 7. IR mirror, 8. Amplifier rod, 9. SHG, 10. Polarizer, 11.
Beam splitter, 12. Water cell. D1 is detector 1 and D2 is detector
2.

be scattered into the detectors. The absorption by DOM
will not change during the experiments and is included in
the absorption of water. It will not influence our exper-
imental results, as is the case for measurements in the
open ocean. The fluorescence is quite weak compared
to SBS, and can be observed in all directions; the SBS
signal is concentrated in the back scattering. Therefore,
the effects of fluorescence by DOM can be neglected.

The measurement approach is described as follows.
First, the laser beam passes through the empty cell with-
out any water, and I1 and I2 are recorded by detectors
1 and 2, respectively. If the beam splitter ratio is k1 and
the attenuation by the two end windows of the cell is k2,
then, I2 can be expressed as:

I2 = I1k1k
2
2T

4
1 (3-1)

where, T1 is the transmission coefficient at a glass-air in-
terface. Next, the cell is filled with water while keeping
the layout unchanged, and the same measurements were
repeated. The new data, I ′1 and I ′2, detected by detectors
1 and 2, respectively, were recorded. Assuming that the
average attenuation coefficient of light in the water is γ

and the length of the cell is l, then, I ′2 can be expressed
as:

I ′2 = I ′1k1k
2
2T

2
1 T 2

2 exp(−γl) (3-2)

where, T2 is the transmission coefficient at a glass–water
interface. At normal incidence, T1 and T2 can be calcu-
lated from the Fresnel equation T = 4n1n2/(n1 + n2)2,
where n1 and n2 are the indices of refraction on each side
of the interface. Assume the refractive index of the glass
is 1.50 and that of the water is 1.33 [27]. If the attenua-
tion of light in the air before the beam is incident on the
cell is assumed to be 10−3, then the average attenuation
coefficient of light in the water can be obtained from Eqs.
(3-1) and (3-2):

γ =
1
l

ln
(

0.928
I ′2/I ′1
I2/I1

)
(3-3)

3.3 Experimental results

Figure 19 shows the experimental results. The mea-
surements were made using a laser with either a
narrow-bandwidth (with injection seeding) or with wide-
bandwidth (without injection seeding). For each length
of the water cell, 10 groups of data were recorded; the
results in Fig. 19 are the average values with error bars.
Three special features can be seen. (i) For the wide-
bandwidth laser the attenuation coefficient is constant,
while for the narrow-bandwidth laser it increases with
increasing pulse energy above some threshold. (ii) For
the narrow-bandwidth laser, the slope of the attenuation
coefficient vs. pulse energy decreases with the increasing
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Fig. 19 Experimental measurements of attenuation coefficient of pulse laser beam in water. “•” represents the measured
results with narrow-bandwidth laser beam. “∗” represents the measured results with wide-bandwidth laser beam. (a) l = 0.8
m; (b) l = 1.2 m; (c) l = 1.6 m; (d) l = 2.0 m.

length of the water sample. (iii) For every length of wa-
ter cell the values of the attenuation coefficient of the
narrow-bandwidth laser and the wide-bandwidth laser
are the same when the pulse energy is small, but they
diverge when the pulse energy is increased beyond a cer-
tain value. For a water cell length of 0.8 m this value is
175 mJ, for the other cell lengths it is about 150 mJ.

To demonstrate spontaneous and stimulated Brillouin
scattering in the water, Fig. 20 (a) and (b) show the
scattering spectra from the same position in the wa-
ter when the pulse energy of a narrow-bandwidth (90
MHz) laser is lower or higher than the threshold value,
respectively. For these measurements, the back-scattered
light was collimated by a telescope system, and passed
through a solid F–P etalon whose surfaces had 99.5%
reflectivity at 532 nm. The scattered spectra were then
recorded with an ICCD camera (Princeton Instruments
PI-MAX2-1003). Figure 20 (a) and (b) clearly show that,
when the pulse energy is lower than the threshold value,
both the Stokes line and the anti-Stokes line appear in
the spectrum. However, when the laser pulse energy is
above the threshold value, only the Stokes line appears in
the spectrum, and its intensity is much higher than that
of Rayleigh scattering. This is the signature of SBS.

Fig. 20 Measured scattered spectra of narrow-bandwidth laser
beam in water. The wavelength of the laser is 532 nm. The two
spectra are measured at same position in water. (a) Spectrum of
spontaneous Brillouin scattering when the pulse energy of the laser
beam is lower than the threshold value; (b) Spectrum of stimu-
lated Brillouin scattering when the pulse energy of the laser beam
is higher than the threshold value.

3.4 Analysis and discussion

The above experimental results can be explained as foll-
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ows. For the wide-bandwidth laser, attenuation is domi-
nated by absorption and spontaneous scattering in the
water. Consequently, the attenuation coefficient will be
constant. However, for the narrow-bandwidth laser, SBS
begins to dominate if the pulse energy is larger than the
threshold value in water. The effect is to induce an extra
attenuation of the forward propagating laser energy.

Stimulated Rayleigh-wing scattering [28] and stim-
ulated thermal scattering [29] can be excluded from
our experimental results due to their special properties.
Also, according to Refs. [19, 30], the threshold value of
stimulated Raman scattering is much higher than that
of SBS. Consequently, the major component of the back
scattering in our experiments could only be SBS. Calcu-
lations show that the coherence length of our laser was
larger than the effective interaction length for SBS in the
water. Thus, if a high pulse energy is used, the scatter-
ing can be considered narrow band SBS [31, 32]. On the
other hand, since the pulse width of our laser is much
greater than the lifetime of the stimulated phonon, sta-
ble theory for SBS is satisfied. Thus, the coupled wave
equations are [19]

∂Ip

∂z
= −gIpIs − αIp (3-4)

∂Is

∂z
= −gIpIs + αIs (3-5)

where, Ip is the intensity of the incident light, Is is the
intensity of SBS, α is the absorption coefficient of the
water, and g is the gain of SBS. For simplicity, assume
that only a small part of the energy becomes SBS, i.e.,
the energy converted into SBS is much less than the en-
ergy loss through absorption. From Eq. (3-4), we make
the approximation

∂Ip

∂z
= −αIp (3-6)

By solving Eqs. (3-5) and (3-6), the intensity of SBS at
a distance z in the medium is

Is(z) = Is(l) exp
[
gIp(0)(e−αz − e−αl)

α
− α(l − z)

]

I < IM
C (3-7)

where, IM
C is the coherence length of the laser, l is the ef-

fective interaction length of SBS, Is(l) is the intensity of
spontaneous scattering at the end of the water cell, and
Ip(0) is the intensity of the laser beam at the beginning
of the water cell. It can then be shown that the effective
interaction length of SBS in the water is l ≈ 1 m. Since
α � 0.1, αl � 1, Eq. (3-7) can be rewritten as:

Is(z) = Is(l) exp
{
[gIp(0) − α](l − z)

}
(3-8)

Assuming that the attenuation in water is caused only
by absorption and SBS in the water, the average atten-

uation coefficient is

γ = − ln
{

exp(−αl) − Is(l)
Ip(0)

exp [gIp(0) + α] l

}/
l

(3-9)

Figure 21 shows the attenuation coefficient simulated
by Eq. (3-9) in a water cell of 1 meter length. In the fig-
ure, the horizontal axis K = [gIp(0)+α]/l−30 is a linear
function of the incident intensity. The simulated result
is in good agreement quantitatively with the experimen-
tal results shown in Fig. 19. It should be noted that
the value, 0.045–0.05 m−1, for the previously recorded
attenuation coefficient of light was measured in pure wa-
ter. But since tap water was used in our experiments,
our measurements of the constant attenuation coefficient
are larger.

Fig. 21 Calculated attenuation coefficient of in the water cell of
1 meter. K = [gIp(0) + α]/l − 30.

Theoretical analysis shows that since the pulse width
of our laser is 8 ns, the maximum length over which
SBS can develop sufficiently in water is about 1 me-
ter. We define this value as free gain length (FGL). In
our experiments, four different cell lengths for the wa-
ter samples were used. The 0.8 m long cell is less than
the FGL in water, thus SBS will develop over the whole
length of the sample. However, for the other three cells,
the water samples are longer than the FGL. Thus, for
those cells in the region beyond the FGL (1 m), the
laser beam will propagate with spontaneous scattering
(and smaller constant attenuation) rather than with SBS
(and larger attenuation). The longer the water sample,
the longer the length of the segment over which there is
spontaneous scattering and hence reduced attenuation.
Since the attenuation coefficient is an averaged value,
the smaller constant attenuation will result in a decrease
of the overall average attenuation coefficient. This ex-
plains the above mentioned special feature (ii) in our
experiments; i.e., the slope of the attenuation coefficient
vs. pulse energy decreases with increasing length of the
sample cell.

If the length of the water sample is longer than the
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FGL, SBS will develop adequately. On the other hand,
for the 0.8 m cell length (which is less than the FGL),
the development of SBS will be limited, and the thresh-
old value is a little bit higher. This explains the special
feature (iii) in our experiments.

3.5 Conclusion

If a narrow line width, high power laser is used for water
applications, the attenuation coefficient of light in water
is not constant. It will increase with increasing laser in-
tensity if the intensity is larger than the threshold value
for SBS.

4 Threshold value of stimulated Brillouin
scattering [33, 34]

4.1 Background

Stimulated Brillouin scattering (SBS) has attracted gen-
eral attention owing to its broad applications. Its char-
acteristics and some important parameters had been in-
vestigated and reported [14, 19, 35–38], among which the
threshold value is most important. Usually, the thresh-
old value of SBS in terms of laser-intensity is determined
by measuring the intensity of the back scattered SBS sig-
nal; when it reaches 2%, 3%, or 5% of that of the pumped
laser beam, the latter can be considered as the thresh-
old value [35]. Obviously, it is difficult to judge the first
occurrence very accurately. Different researchers may
choose different percentages. Therefore, different thresh-
old values may be obtained when repeated measurements
are made in the same material even in the same condi-
tions.

Therefore, setting a standard and accurate method
for determining the threshold value of SBS becomes im-
portant. Based on the work mentioned in Section 3, a
new method for measuring the threshold value of SBS in
terms of the laser-intensity is proposed. It is described
as follows.

4.2 New method for measuring threshold value of SBS
[33]

Water was chosen as the sample in our experiments. In
our works, only the case of narrow band SBS was consi-
dered. It is known that if the line width of the laser
used is narrower than the line width of Brillouin scat-
tering, narrow band SBS [32, 40] will occur. Moreover,
since stimulated Rayleigh-wing scattering [38] and stim-
ulated thermal scattering [28] can be excluded due to
their special properties, and, according to Refs. [29, 30],
the threshold value of stimulated Raman scattering is
much higher than that of SBS, the scattering happen-

ing in water could only be SBS if the pulse energy of
the laser is controlled in a certain range. Thus, when a
wide line width laser is used, the attenuation coefficient
of water will be a constant. However, it will change when
SBS occurs [22] with the use of a narrow line width laser.
It means that, one can measure the attenuation coeffi-
cient of water, if the curve of the attenuation coefficient
vs. pulse energy of the laser measured using narrow line
width laser deviates from that measured with wide line
width laser, the deviating point should be the threshold
value of SBS.

The set-up geometry shown in Fig. 18 was used for
measuring the threshold value of SBS. The output of the
laser used was a pulsed TEM00 mode Gaussian beam
with pulse width of 8 ns, divergence of 0.45 mrda, and
the diameter at the output coupler is 8 mm. The two
detectors used were two power meters (Coherent FIELD-
MATE and Newport 1835-C respectively). In the exper-
iments, measurements were made under different pulse
energies. In order to keep the output characteristics of
the laser unchanged, the pulse energy of the laser was
adjusted through changing the time delay between the
oscillator and the amplifier, and the time delay was con-
trolled by a DG 535 Digital Delay/Pulse Generator. The
lengths of the water in the water cell were 0.4, 0.8, 1.2,
1.6 and 2.0 m, respectively. The water used was tap
water sieved through a filter with 1 µm holes. Fig-
ure 11 shows the measured scattering spectra of spon-
taneous and stimulated Brillouin scattering induced by
laser beam with a pulsed energy lower and higher than
the threshold value of SBS in water respectively.

Figure 22 gives the average of 10 groups of data of
the measured results of the attenuation coefficient in 1.6
m water cell by using wide and narrow line width lasers
respectively, the error bars are also given. It can be
found that the attenuation coefficient in the two cases
deviate at a critical value of the pulse energy of the laser

Fig. 22 Experimental measurements of attenuation coefficient of
water in 1.6 m water cell. “•” represents the measured results with
narrow-bandwidth laser beam. “∗” represents the measured results
with wide-bandwidth laser beam.



Da-he LIU, et al., Front. Phys. China, 2010, 5(1) 97

which is considered as the threshold value of SBS in wa-
ter. To determine the threshold value of SBS accurately,
the measured results were fitted into two curves and are
shown in Fig. 23 when the lengths of the water cell used
were 1.2, 1.6, and 2.0 m, respectively.

Fig. 23 Fitted curves of the measured attenuation coeffcient
taken in water cells of 1.2, 1.6, and 2.0 m, respectively. The ver-
tical dashed lines represent deviating points which correspond to
che threshold value of SBS in water.

Now, the free gain length (FGL), the half-value of the
product of the speed of light and the pump laser pulse
width, is actually a range of length in which SBS will
occur in the time period of one pulse width of the pump

laser. It can be calculated by FGL =
VL × ∆t

2
, where

VL is the light speed in water and ∆t is the pulse width
of the laser. In our experiments, it is about 1 meter.
Then, it can be seen clearly that, for the three water

cells, the actual interaction lengths are all longer than
the FGL, Thus, the SBS occurring in the cells must be
steady state SBS, The threshold values of the pump laser
peak intensity in these cells are 28.85, 28.60, and 29.59
MW/cm2, corresponding to output pulse energy of 116,
115, and 119 mJ per pulse, respectively. Because their
relative errors are all less than 2%, their average value
29.01 MW/cm2 can be taken as the actual threshold that
corresponds to 117 mJ per pulse.

Figure 24 gives the measured results taken in water
cells with lengths of 0.4 m and 0.8 m, respectively. For
these two cells their actual interaction lengths are all less
than the FGL of the water, the SBS occurring in these
cells is not steady state SBS, but it is also not true tran-
sient SBS. Both of the threshold values measured in the
two cells (268 mJ and 160 mJ per pulse, respectively)
are larger than 117 mJ, which is the average threshold
value of steady state SBS in water. It shows that in the
region slightly less than FGL of the water, the threshold
value of SBS increases with the decrease of the length
of the material. When the length of the water is even
less, the true transient SBS is very difficult to achieve
in a very short water cell because the threshold value
becomes very high. On the other hand, the lasers with
ps or fs pulse width are all wide line width, single mode
SBS cannot be induced with them.

It should be pointed out that, though the threshold
value of SBS is usually expressed by pump laser peak in-
tensity, the pulse energy of the laser corresponding to the
peak intensity is still given in the present work because
the output pulse energy can be measured accurately in
the experiments. In fact, the pump laser peak intensity
is calculated based on the pulse energy measured using
the parameters of the laser used. These values were pulse
width of 8 ns, divergence of 0.45 mrad, and beam diam-
eter of 8 mm at the output coupler for a TEM00 mode
Gaussian beam. Using these parameters, one can esti-
mate other values to express the threshold of SBS, such
as the average energy density or the average power of the
pulsed laser beam.

4.3 Theoretical discussion on threshold value of SBS
[34]

Generally, the threshold value of SBS is considered as
variable, even for the same material. Theoretically, the
definition of the threshold value of SBS is based on back
scattering (Stokes line). For steady state SBS, assum-
ing that there is no depletion of the pumped laser beam
and only the absorption by the scattering in the material
is considered, the coupled wave equation of SBS can be
expressed as:

dIL

dz
= −αIL,

dIS

dz
= −gBILIS + αIS (4-1)
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Fig. 24 Fitted curves of the measured attenuation coefficient taken in water cells of 0.4 m, and 0.8 m respectively. The
vertical dashed lines represent deviation points which corresponding to the threshold value of SBS in water. The value per
division of the horizontal axis is 24.87 MW/cm2 which corresponds to an output pulse energy of 100 mJ.

where, IL is the intensity of the pumped laser beam, IS

is the intensity of the back scattered light, α is the ab-
sorption coefficient of the material, gB is the gain of the
SBS in the material. Solving Eq. (4-1), we obtain

IS(z) = IS(L) exp
[
gBIL(0)(e−αz− e−αl)/α − α (l−z)

]
(4-2)

Here, l is the length of the material. In the case of
αl � 1, we have

IS(z) = IS(l) exp{[gBIL(0) − α](l − z)} (4-3)

Then, at z = 0, the intensity of the SBS is

IS(0) = IS(l) exp{[gBIL(0) − α]l} (4-4)

Traditionally, the empirical relation IS(l) ≈ IL(0)
· exp(−30) is used. Hence, the following condition would
be satisfied when the intensity of the scattered light is of
the same order of magnitude of the laser beam

ILth � 30 + αl

gBl
(4-5)

This ILth is generally considered as the threshold value
of the SBS in terms of the laser intensity, and it is re-
lated to the length l of the material. Here, ILth is di-
rectly related to the length l of the material. It means
that different ILth would be obtained for the same ma-
terial with different l, even for the same material under
the same experimental conditions. This is obviously un-
reasonable. Therefore, it is very important to define a
rigorous threshold value of SBS theoretically. In this pa-
per, a new definition of threshold value of SBS in terms
of laser intensity is put forward.

First, let us consider a concept – Real Gain Length
(RGL). It can be defined as the length through which
SBS occurs and is coherently amplified in the time period
of a laser pulse. Though this analysis is based on steady
state SBS pumped by single longitude mode laser, it also
applies to transient SBS or quasi-steady state SBS, even
in the case when SBS is pumped by multi-longitude mode

laser after reasonable expansion. It is now discussed in
detail as follows.

(1) For single longitude mode laser pumping
Let us consider the case in which the narrow line width

pump laser has a pulse length Lp corresponding to the
pulse width. When FWHM was chosen as the line width,
the coherent length Lc of the laser can be considered as
equal to the pulse length Lp, i.e., Lc = Lp. In this case,
RGL will reach its maximum, that is RGLM = LP /2 =
Lc/2. For a CW laser, it can be considered as a pulsed
laser with infinite pulse width. Actually, a pulsed laser
can be taken as a CW laser when its pulse width is long
enough. Because the line width of a single longitude
mode laser cannot be considered as a delta function,
therefore, Lc < Lp. If RGL is considered as the max-
imum gain length for each monochromatic component,
then we still have RGLM = Lc/2. Table 1 gives the co-
herent lengths and RGLsM of the lasers with different
line widths in the air and in the water.

Table 1 Coherent lengths and RGLM of lasers with different line
widths.

Linewidth
Coherence length RGLM

In air In water In air In water

500 MHz 0.6 m 0.45 m 0.3 m 0.225 m

100 MHz 3 m 2.25 m 1.5 m 1.125 m

90 MHz 3.33 m 2.498 m 1.667 m 1.249 m

5 MHz 60 m 45 m 30 m 22.5 m

200 kHz 1500 m 1125 m 750 m 562.5 m

10 kHz 30 km 22.5 km 15 km 11.3 km

1 Hz 3.0×108m 2.25×108m 1.5×108m 1.13×108m

(2) For multi-longitude mode laser pumping
In this case, the line width is of the total modes of the

laser instead of each mode. For a pulsed laser, Lc �= Lp.
However, the physical significance of the coherent length
does not change. Therefore, we still have RGLM = Lc/2.
For a CW laser, Lc and Lp are not comparable, but
RGLM = Lc/2 is still correct.

(3) Effect of material length Lm

The above discussions are all based on the assump-
tion that the length of the material is infinite. How-
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ever, it also works well for finite length materials when
Lc < 2Lm, because in this case RGL can still reach the
maximum. However, if Lc > 2Lm, then, RGLM = Lc/2,
and cannot reach the maximum. It actually means that
when the interaction length between the SBS and the
pump laser beam equals to the RGL, the SBS has al-
ready developed sufficiently. The part of the laser beam
beyond the material length Lm will not induce sound
wave in the material. Thus, the effect of material length
Lm is very important for the SBS in long materials ex-
cited by a very narrow line width laser, for example the
SBS excited by narrow line width laser in fiber. Accord-
ing to Table 1, for a laser with line width of 10 kHz, the
RGL in air is 15 km, the RGL corresponding to that in
silicon is about 10 km. Therefore, the length of the fiber
should be long enough in order to maintain stability and
reliability of SBS, that is the reason why Tomoya et al.
[41] chose the fibers longer than 20 km for measuring the
threshold value of SBS in their experiments.

According to the above discussions, the coherent
length Lc and the material length Lm are the key factors
related directly to Real Gain length RGL, and RGL can
be expressed as:

RGL = min
(

Lc

2
, Lm

)
(4-6)

i.e., RGL should be chosen as the minimum value among
the material length Lm and one half of the coherent
length Lc of the laser, where, the sign min (·) represents
choosing the minimum value of the parameters inside it.

Then, the threshold value of SBS would be analyzed
based on the concept of RGL. The terms “steady state”
or “transient” SBS refer to the changing character of the
SBS with time. Let τB be the lifetime of phonon, and
τc expressed as τc = RGL/υp be the interaction period
between the laser and the material, where, υp is the light
speed in material. The value of τc relative to τB deter-
mines whether the SBS that will occur is steady state or
transient. It should be pointed out that, there is no prac-
tically clear cut critical point between “steady state” and
“transient” cases. It can only be determined empirically.

(1) τc � τB

When τc → ∞, ideal steady state SBS would occur.
It can be taken as steady state SBS when τc > 100τB.
From Eq. (3-4) and considering the physical mechanism,
as long as the Brillouin gain is larger than the absorp-
tion of the material, i.e., gB > α, SBS can occur and be
amplified. Therefore, the threshold value of steady state
SBS will be

ILth =
α

gB
(4-7)

It can be seen obviously that ILthis independent of the
length of the material, and only related to the charac-

ters of the material such as Brillouin gain and absorption
coefficient. It means that the threshold value of steady
state SBS will be a constant for a certain material. In the
following cases, SBS would be steady state: the SBS ex-
cited by single longitude mode CW laser in a very long
fiber; SBS excited by single longitude mode laser with
long pulse in long material, which in fact corresponds to
the case of SBS elicited in the Herriot set-up [42] or in
an F–P [43] using single longitude mode CW laser or sin-
gle longitude mode laser with long pulse width, in which
the light repeats in the etalon just like it passes a long
material.

(2) τc � τB

When τc → 0, ideal transient SBS could occur. It can
be taken as transient SBS when τc < 0.01τB. Kroll [38]
and Hon [39] investigated the threshold of SBS when
interaction period is less than or equal to the lifetime
of the phonon. Their investigations were still based on
the empirical relation IS(l) ≈ IL(0) exp(−30). However,
it can be discussed without this empirical relation and
based only on the physical mechanism. By solving three
wave coupled wave equation (i.e., including sound wave),
and neglecting the depletion of the pumped beam, the
intensity of SBS is [19]

IS (z, t) = IS (l, t) exp
{

2 [(gBIL (0) − α)

· (l − z) t/τB]1/2 − t/τB

}
(4-8)

The threshold value of SBS can now be defined.
According to the physical mechanism of SBS, when
2 [(gBIL (0) − α) (L − z) t/τB]1/2 � t/τB, the scattered
light can be amplified during its propagation. Therefore,
when SBS occurs, the following equation will be satisfied
at position z:

2
[
gB

τB
(l − z)

∫ tL

0

IL (t′) dt′ − α

τB
(l − z) tp

]1/2

� tp
τB

(4-9)

where tp is the pulse width of the laser. Assuming that
the pulse is rectangular, when tp < τB, we have

ILth � tp
4gBτB (l − z)

+
α

gB
(4-10)

It can be seen that, different from the case of steady
state SBS, this threshold value is a variant, and related
not only to the characteristics of the material but also to
the pulse width and the propagation length of the back
scattered light.

However, Eq. (4-10) is not the threshold value of the
ideal transient SBS. Ideal transient SBS only occurs
when the pulse width of a laser is much less than the
lifetime of a phonon. Because the back scattered light
induced by the front of the laser pulse will be amplified
by the light of the tail of the laser pulse, the scattered
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light will propagate a length of
tpυp

2
in the time period

of the effective interaction. Substituting (l − z) by
tpυp

2
in Eq. (3-10), and neglecting dispersion effect, we have

ILth � 2
4gBτBυp

+
α

gB
(4-11)

Practically, there is another case, i.e., the pulse width of
the laser may not change, but the length of the material
becomes shorter, which makes the interaction period of
the scattered lights become shorter. It is actually the
case of RGL = Lc/2. Though the whole laser pulse can
pass through the material, the scattered light induced
by the front of the laser pulse may not interact with the
light of the rear part of the pulse, and the effective inter-
action length will be short, i.e., RGL will be shorter. In
this case, RGL is determined by the length of the ma-
terial. Therefore, the effective interaction period is the
length of interaction determined by the length of the ma-

terial, which leads to te =
2Lm

υp
. As long as Lm is short

enough, what occurs will be transient SBS. Substituting

te =
2Lm

υp
into Eq. (4-10), the threshold value obtained

is still Eq. (4-11).
According to the above analysis, the threshold value

of ideal transient SBS is still a constant, and is related
only to the characteristics of the material. Through Eq.
(4-11), the threshold value of transient SBS is estimated
to be about 5 orders of magnitude larger than that of
steady state SBS.

(3) Other cases
Practically, what occurred mostly is neither ideal

steady state SBS nor ideal transient SBS, in which the
distribution of the phonons is in relaxation state from
thermal equilibrium to non-equilibrium stationary state.
In this case, the threshold value is not only related to
characteristics of the laser and the material but also to
RGL rather than related directly to the coherent length
Lc of the laser or the material length Lm. Whether it
varies with the change of the lengths of the material is
determined by the relationship between RGL and the
lengths of the material. If RGL is related only to the
coherent length Lc of the laser, the threshold will be in-
dependent of the lengths of the material. If the length
Lm of the material is less than the coherent length Lc

of the laser, RGL will be dependent on the lengths of
the material. In this case, the threshold value of SBS
in terms of laser intensity will be related to the mate-
rial lengths, and it should be measured individually for
a specific set-up geometry.

From the above discussions, the threshold value of
steady state SBS (ideal steady state and its approxima-
tions) is most commonly significant, and it is the mini-
mum in all pumping conditions. The ideal transient SBS

is difficult to achieve because of high threshold. For other
practical cases, the threshold should be measured actu-
ally. Discussing whether what occurred was steady state
or transient SBS without considering the practical case
is unreasonable.

4.4 Conclusion

Experimentally, the threshold value of SBS in terms of
laser intensity can be measured accurately by measuring
the attenuation coefficient of the laser beam with narrow
line width and wide line width respectively. Theoreti-
cally, the threshold value of SBS is deducted rigorously
based on a new definition of Real Gain length (RGL).
This deduction is achieved without using any empiri-
cal formula. The threshold values of steady state and
transient SBS are both constant and are independent of
material length.

5 Stimulated Raman scattering enhanced by
stimulated Brillouin scattering [44, 45]

5.1 Background

Stimulated scattering in liquid is an important research
topic in Physics and Chemistry [19, 28, 29, 46, 47]. SBS
and stimulated Raman scattering (SRS) are two impor-
tant nonlinear processes. Generally, these two kinds of
scattering are in competition [48–53]. If the pumped
laser beam is multi-longitude mode with wide line width,
the forward SRS (FSRS) will be dominant [54], and both
SBS and backward SRS (BSRS) will be greatly sup-
pressed. When the pumped laser beam is single longitude
mode, in a gas under several tens of atmospheric pres-
sure, both SBS and SRS can occur, and the SBS will be
dominant, since most energy of the pumped laser beam
is converted to SBS. For FSRS and BSRS, the difference
of their gains is negligible because of the use of narrow
line width pumping laser. However, since the direction of
the BSRS is the same as that of the SBS, some energy of
the laser may still be utilized, while the FSRS can absorb
the energy from the residual forward laser energy only.
Thus, it can hardly be amplified effectively. Certainly,
one can decrease the SBS gain in gas by changing the
density of the gas. Also, the SBS gain in gas can be con-
trolled by changing its constitution, for example, Jones
et al. [48] added CH4 in gas He in their experiment.
Different from the case in gas, the parameters in liquids
are almost constants. The density of liquid can hardly
be changed, even under extremely high pressure. There-
fore, the gain of steady state SBS in liquids is generally
stable. The competition between SRS and SBS depends
on whether the pulse width of the laser used is longer
than the lifetime of the phonon. The typical lifetime of
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the acoustic phonon in liquids is in the magnitude of ns,
while the lifetime of the optical phonon is about the mag-
nitude of ps. When a Q-switched pulsed laser with the
pulse width of ns interacts with the liquid, the SRS with
fast relaxation will reach stability first and absorb some
energy from the laser beam stably. On the other hand,
though the SBS with higher gain builds up slowly, it will
finally be dominating, and will draw out most of the en-
ergy from the pumped laser beam. Therefore, the SRS
will be suppressed though it occurred earlier. However,
some works show that pumping effect exists between SBS
and SRS in liquid. Zhang et al. realized pumping effect
of SBS on SRS in alcohol by focusing certain illumination
with a single mode laser [55]. Different from the work
by Jones, the medium they used was alcohol droplet; the
particular shape of the droplet increased the interaction
length between SBS and SRS. Recently, the present au-
thors found that without using the particular shape of
a liquid droplet, the energy amplification effect of SBS
on BSRS can be obtained in the water in an optical cell
the same as that used by Jones et al. with single mode
laser. It is demonstrated that, besides the competition,
there exists an enhancing effect of SBS on the BSRS.
The experimental results together with the analysis are
reported as follows.

5.2 Experiments

The experimental layout is shown in Fig. 25. An injec-
tion seeded pulsed Nd: YAG laser (Continuum Power-
lite Precision Plus) was used. A narrow line width (90
MHz) and a wide line width (30 GHz) can be achieved re-
spectively by switching the seeder on and off, the pulse
repetition rate is 10 Hz, the pulse width is 8 ns, the
maximal pulse energy is 1.5 J at 532 nm. The output
energy of the laser was controlled through variation of
the time delay between the amplifier and the oscillator
to keep the stability of the laser. The power meters used
were Coherent FIELDMATE, MOLECTRON PM500A
and Newport 1835-C respectively. The length of the wa-
ter cell is 2 m.

Fig. 25 Experimental layout. BS, λ/2, λ/4: polarized coupler,
half wave and quarter wave plate at 532 nm respectively; M0–M2:
mirrors. L1, L2: lenses; P: splitting prism; DP0–DP4: detectors.

The vertical polarized laser beam of 532nm changed

into horizontal polarized after passing through λ/2 plate,
so that most of the laser energy passes through BS, and
only a small fraction was reflected. The reflected inten-
sity I1 was detected by DP0. The transmission inten-
sity IP can be monitored in real time by the transmis-
sion/reflection ratio of BS which is already known. The
transmission beam turned into circularly polarized after
passing through a λ/4 plate, then was reflected by M0
and M1 and focused at a certain point in the water cell.
Under narrow band mode, SBS will appear at that point.
Since SBS propagates only backward, it becomes verti-
cally polarized after passing through the λ/4 plate. Most
of the energy of the SBS is reflected by M2, and then it
passes through a prism P to split into a first order SBS
and a BSRS which are detected respectively by DP2 and
DP1. The residual intensity of the laser will be transmit-
ted through the other end of the water cell and detected
by DP4.

In order to ensure comparability among the experi-
mental data, the location of the water cell was shifted to
adjust the position of the focal point of the laser in the
water to ensure that the SBS obtained from different fo-
cal lengths have the same converging angle. Besides, the
normal direction of the front and the rear surfaces of the
water tank was slightly deviated from the direction of
the laser beam with an angle of 5◦ so that the reflection
beam of the two surfaces would not affect the received
signal.

5.3 Experimental results and discussion

Figure 26 shows the measured spectrum. Figure 26 (a)
shows the mean results of 7 groups of the measured data
which were obtained using a narrow band laser beam
with 0.15 J/pulse and focused at 1.5 m in the water
cell. The backward conjugate scattered signals were re-
ceived by a spectrometer at the location of DP3 shown in
Fig. 25. The spectrum was normalized by the maximum
value at 532 nm. Three peaks are shown: a peak at
532 nm consisting of Rayleigh scattering and Brillouin
scattering, and two much lower peaks at 462 nm and
650 nm corresponding respectively to the blue shift and
the red shift of the backward Raman scattering. Since
the signals of Rayleigh scattering and Brillouin scatter-
ing cannot be differentiated by a simple single channel
spectrometer, an FP etalon was used to analyze the de-
tailed constitution of the peak at 532 nm. The result is
shown in Fig. 26(b). The free spectral range of the etalon
used is 22.4 GHz, and the recording instrument is an
ICCD camera (PI-MAX2 1003, Princeton Instrument).
The spectrum obtained is a typical SBS spectrum. The
main component of the 532 nm peak is a very strong
signal of SBS with a little frequency shift, while the
signal of the Rayleigh scattering without any frequency
shift is very weak and negligible. It demonstrated that
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the SBS here dominates absolutely, while the intensity
of the BSRS is two orders lower, though not inhibited
totally.

Fig. 26 Measured spectra of back scattered SBS. The laser with
0.15 J/pulse was focused at 1.5 m in the water cell. (a) Normal-
ized spectrum using spectrometer; (b) Fine spectrum at 532 nm
using F–P etalon.

Figure 27 shows the changes of the energies of SBS
and BSRS with the change of the energy of the incident
laser when the focal length was fixed at 1.5 m in the wa-
ter. The left ordinate shows the energy of the SBS, the
right ordinate shows the energy of the BSRS, while the
abscissa shows the energy of the incident laser. It can be
seen that the SBS energy increases with the increase of
the laser energy, but the slope becomes lower gradually
when laser energy is higher than 0.5 J and reaches its
maximum at a laser energy of about 0.8 J, beyond which
it begins to drop. However, the BSRS energy shows no
increase at all until the laser energy becomes higher than
0.5 J, after which it increases rapidly and exponentially.

Fig. 27 Changes of SBS and BSRS energies with the change of
laser energy when laser is focused at 1.5 m in water.

The medium used here is water which has higher
steady Brillouin gain than gas, therefore the SBS pro-
cess is always dominant, and the increase of BSRS shows
only very slight influence on the increase of SBS. This is
different from the case in gas where the two are always
competing with each other.

The above variables were also observed when the laser
was focused at a length of 0.5 m in the water tank. The
results are shown in Fig. 28. After comparison between
the data in Figs. 27 and 28, the following points could
be noticed: when the focal length is 0.5 m, the length of
the effective gain of the backward scattering is less than
the coherent length of the laser, thus the transient effect
should be taken into consideration. For SRS, the lifetime
of the phonon of the optical branch is in the order of ps,
the corresponding maximum gain length is in the order
of cm, thus it is still under steady state; while for SBS,
since the lifetime of acoustic phonon is in the order of ns,
the corresponding maximum gain length is in the order of
cm. It is much closer to the transient state as compared
with the case of 1.5 m focal length. Considering that
both SBS and BSRS are excited by the incident laser,
it is reasonable to predict that under 0.5 m focal length
the BSRS energy should stay unchanged, and the SBS
energy should be decreased as compared with the case of
1.5 m focal length. However, as is shown in Fig. 28, this
is not true! The BSRS signal under focal length of 0.5
m is much weaker than that under focal length of 1.5 m,
while the SBS signal under focal length of 0.5 m is even
stronger than that under focal length of 1.5 m. This im-
plies that the BSRS and SBS produced by a single mode
laser focused in water are not likely to be excited and
maintained only by the laser pulse simultaneously.

Fig. 28 Change of BSRS energy and SBS energy vs. change of
incident laser energy when the laser is focused at 0.5 m and 1.5 m
lengths, respectively, in the water tank. (a) Energy relationship:
Incident laser vs. BSRS; (b) Energy relationship: Incident laser
vs. SBS.

Different from the competition in a gas medium, the
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relationship between SBS and BSRS in water is more
complicated. Since the steady gain of SBS in liquid
medium is one order higher than that of the BSRS [56],
the SBS has definite superiority and draws most of the
energy from the incident laser after initial competition;
and the peak power of the SBS can possibly surpass the
incident laser owing to the compression effect of the pulse
width; when the intensity of the SBS reaches a certain
value, it may have a strong enhancing effect on the weak
BSRS signal transmitted synchronously. This interac-
tion consumes a certain amount of energy from the SBS
but greatly enhances the BSRS signal. This also ex-
plains why the BSRS through different lengths of water
has different thresholds because all effective lengths are
needed for both the accumulation of the SBS itself and
the enhancement of the simultaneous BSRS.

The above points were verified by an experiment in
which the energies of SBS and BSRS were measured un-
der different focal lengths in water with the incident laser
energy fixed at 0.62 J. The results are shown in Fig. 29.
It can be seen that the SBS energy is about two orders
higher than the energy of BSRS. If the two were con-
sidered to be competing with each other, both of them
would acquire longer effective gain length and increased
intensity with the increase of the focal length in the wa-
ter. However, what we see from Fig. 29 is that the steady
state single pulse energy of the SBS changes only a little
when focal length is in the range of 0.2–0.8 m, and drops
beyond 0.9 m. On the contrary, the single pulse energy
of BSRS is very weak when the focal length is 0.2–0.8
m, but increased obviously beyond 0.8 m. Considering
that this is similar to the commonly known phenomenon
of the change of the forward SRS signal intensity with
change of the interaction length [21], we can see that for
the backward transmitted SBS and BSRS, the latter is
just forward with respect to the former.

In order to show more visually the relationship be-
tween the SBS energy and the focus depth in water and
the laser energy, Fig. 30 gives a 3-D plot of the experi-

Fig. 29 The relationship between pulse energy of SBS and BSRS
and focus depth in water. The pulse energy of incident beam is
0.62 J.

mental data. It can be seen that the relationship is shown
as a 3-D curved surface. When the input laser energy is
constant, the energy of SBS decreases with the increase
of focus depth of the laser beam in water, and it is more
obvious when the laser energy is high. It is similar to the
result shown in Fig. 29. Besides, when the focus depth
is larger than 1.1m, the energy of SBS changes non-
monotonically with the increase of input laser energy,
and reaches maximum. If the laser energy is lower than
the maximum, the energy of SBS increases when the
laser energy becomes higher, but, it will decrease with
the increase of laser energy beyond the maximum. The
reason may be that, in the case of shorter focus depth,
(the back gain length of SBS is shorter), SBS is not built
up sufficiently, although it is dominant. Therefore, SBS
will be stronger gradually by drawing out the laser en-
ergy. However, if the focus depth is over 1.1m, SBS will
be built up sufficiently. Therefore, SBS will only convert
its energy to SRS propagating in the same direction, but
also may excite some other nonlinear effect (for exam-
ple, second order SBS) due to its very high peak power.
When the dual energy consumption exceeds the energy
which is drawn out from the laser, it will finally result
in the reduction of SBS energy. Besides, for an identi-
cal laser energy, this process will have a stronger effect
on SBS if the interaction length is large enough which is

Fig. 30 3-D plot of SBS energy vs. focus depth of the laser beam and the laser energy. (a) Experimental data; (b) 3-D mesh plot.
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induced by increasing the focus depth of the laser beam.
In order to understand the physical mechanism more

clearly, the wave vector scheme during the process of the
amplification is shown in Fig. 31. For SBS, its wave vec-
tor KSBS equals to the wave vector Kp of the laser minus
the wave vector KaB of acoustic phonon. Similarly, for
SRS, the wave vector KFSRS of amplified SRS equals to
KSBS minus the wave vector KaR1 of optic phonon.

Fig. 31 The wave vector scheme of the experiment, Kp, KSBS,
KaB, KFSRS, and KaR1 represent the wave vectors of laser, SBS,
acoustic phonon, FSRS, and optical phonon, respectively.

The relationship between SBS and BSRS can also be
seen from the time profile as shown in Fig. 32. Because
of the optical layout in the experiment, the BSRS signal
went 0.45 m longer more than the SBS along the path,
which corresponds to a time delay of 1.5 ns, and the
minimal value of SBS always accompanies the maximum
value of BSRS. (The heights of the two curves in Fig. 32
are only for reference, they do not represent the actual
intensities.) This means that there exists a strong time
correlation between the intensities of the SBS and the
BSRS, and this in turn shows the existence of an obvi-
ous energy transfer between the SBS and the BSRS. This
phenomenon has also been found by Zhang and Chang in
their studies of stimulated scatterings in liquid droplets
[55]. They considered it to be the direct evidence of the
pumping effect of the SBS on the SRS. However, this
phenomenon was not found in the experiment using an
optical cell. The medium they used was spherical shaped
alcohol droplet. The special shape of the medium made
the strongest intensity of the SBS signal along the 90◦

direction, and both the SBS and the BSRS were mov-
ing circularly surrounding the surface of the sphere to
ensure an adequate length of interaction. Besides, the
illumination they used was focused center illumination
which avoided having the incident laser coupling into the
surface layer of the alcohol droplet to form circular mo-
tion. If focused edge illumination were used in which the
laser was coupled into the boundary of the droplet, it is
still not considered that the SRS is mainly pumped by
the SBS, but both of them come from the laser and are
competing all the way.

In Jones’s analysis [48], with the intensity and the
length of the interaction, more and more laser energy
would be converted to BSRS and BSRS would have more
and more interaction period, so that the intensity of SBS
would decrease greatly. However, from the experimental
results shown in Figs. 27–29, even though the laser beam
was focused at 1.5 m, SBS had been built up and ampli-

fied sufficiently. Therefore, Jones’ theory cannot be used
to analyze the experimental results mentioned above.

Fig. 32 Time profile of backward conjugated SBS and BSRS sig-
nals. Incident laser energy = 0.71 J, focal length = 1.5 m, abscissa
1.0 ns/div.

Our work demonstrated for the first time that SBS has
a strong enhancing effect on BSRS in a water medium in
a simple focused optic cell. This means that the pump-
ing effect of SBS on BSRS is a commonly existing rule
regardless of the experiment conditions.

As was known from the above, in the water medium of
an optical cell, the strong SBS interacts with the back-
ward SRS and transfers energy to the latter. There may
be two possible physical mechanisms about the energy
transfer in the interaction:

The first is the BSRS energy amplification by the SBS.
As was known from the early works [50], SRS appears
prior to SBS. SRS always exists even when the SBS ap-
pears. Then, the SBS draws most of the energy from
the laser after it approaches steady state and inhibits
the SRS to a very low level. When adequate energy is
accumulated with the backward SBS, it may amplify the
inhibited BSRS signal. Hence, the SBS is pumping the
BSRS while it is pumped by the laser. Since the fre-
quency difference between SBS and the laser is only 7.5
GHz, the linewidth of the SBS is about the order of hun-
dreds of MHz, and the linewidth of the narrow band laser
is 90 MHz, while the linewidth of the SRS is about 100
GHz, the spectra of the SRS excited by both the laser
and the SBS are mostly overlapped, except that their
centre frequencies are separated by 7.5 GHz. Therefore,
most of the BSRS excited by the laser can be amplified
by SBS. Under this picture, the longer the backward gain
length is, the stronger the BSRS signal is.

The second possible mechanism is that an extremely
strong SBS can excite its own forward SRS. When the
energy of the incident laser is very high and the gain
length is adequately long, SBS may have a very high
peak power due to the pulse compression, once it sur-
passes the threshold of the second order SBS or SRS,
SBS can possibly act as the source to excite a second
order SBS or SRS. Actually, as shown in Fig. 33, we did
observe a second order SBS in the forward direction of
the incident laser, i.e., the backward direction of the first
order SBS. Figure 33 shows the spectra of all the forward
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transmitted signals through a 532 nm etalon. The spec-
trum of each order consists of three spectral lines. The
outer line corresponds to the elastic scattering with the
same frequency as the incident laser, the middle line b
corresponds to the backward Rayleigh scattering excited
by the first order SBS, while the inner line c corresponds
to the second order SBS. Since the line width of the first
order SBS is about five times that of the laser, the gain
of the second order excited is no longer superior to SRS;
it is possible that the first order SBS can excite a new
SRS when its intensity is high enough.

Fig. 33 FP spectra of laser transmitted through the back end
surface of the water tank. Energy of the incident laser = 0.11 J,
focal length = 1.5 m. a: Elastic scattering line, the same frequency
as the incident laser; b: Rayleigh scattering excited by 1st order
SBS; c: 2nd order SBS.

The forward SRS excited by the SBS itself is in the
same direction as the BSRS; their spectral characteristics
are difficult to distinguish, so it is hard determine which
one is functioning. Maybe both of them occurred in the
experiment, but one of them dominated the other under
certain conditions. When the focal length is shorter, the
self accumulation of the SBS is inadequate; its interac-
tion length may be limited, even though SBS is excited.
The first mechanism may be dominating under this con-
dition, SRS here is excited mainly by the laser and only
slightly amplified by SBS, and the total energy may still
be very low. When the focal length is longer, the accu-
mulation of SBS is adequate for exciting a second order
SBS and FSRS. Therefore, both the two mechanisms are
functioning, and even the second one may be dominant.

5.4 Conclusion

The relationship between SBS and BSRS excited by
a laser in water was restudied. Experimental results
showed that besides the conventional competition rela-
tion, a strong SBS has obvious pumping effect on BSRS
transmitted synchronously. Analysis showed that there
may be two possible mechanisms. Referring to the stud-
ies in spherical alcohol droplet reported by other authors,

it is believed that this pumping effect exists generally
in liquid media, regardless of the particular boundary
shape.
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