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Nonlinear optical properties of stimulated Brillouin
scattering process in submerged object detection
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Nonlinear optical properties of stimulated Brillouin scattering (SBS) to signal detection in water are
analyzed. With the threshold characteristics, SBS only occurs when the high power laser is focused in the
SBS cell. When there is an object present in front of the focus, it leads to lower incident intensity and then
SBS does not occur. The backward SBS signal depends on the focusing location. The nonlinear optical
properties of SBS process in the focusing regime are analyzed theoretically. With the object coming near
to the focusing center, the backward Stokes signal rises up from zero to a maximum, and then grows to
saturation. The delay time of the echo signal to pump signal can give the object location. In experiment,
the peak position of varying rate of energy can give object location.
OCIS codes: 010.3640, 190.5890, 140.3580, 140.7300.

People have made embedded studies on light dispersion
technology as a method of ocean detection since the mid-
1960s!).  In this area, measurements have been per-
formed for parameters such as velocity of sound, tem-
perature, salinity, and coefficient of viscosity of the sea-
water mainly using Brillouin scattering>=7. Using in-
jected mode-locked pulse laser and high accuracy scan-
ning Fabry-Perot (F-P) interferometer, Fry et al. ob-
tained Brillouin scattering spectrum that almost reached
the theoretical limit[®. On the basis of spontaneous Bril-
louin scattering in water, Gong et al.[®° put forward the
submerged object detection technology based on spon-
taneous Brillouin scattering, whose basic idea is to de-
termine the location of the object by the disappearance
of the spontaneous Brillouin scattering signal in the wa-
ter. However, because the spontaneous Brillouin scat-
tering signal is very weak, the detection distance is not
very long, and the system of the edge technique used
is complicated'®). This method has some difficulties in
practical applications.

The feasibility of submerged object detection by fo-
cusing center in stimulated Brillouin scattering (SBS)
process is proposed in this paper. The inflexion rate
of Stokes signal is used to determine the location of the
submerged object. In this way, we can get stronger echo
signal and longer measurable distance.

The theoretical models are set up to describe the
pulse propagation by the numerical solution of the three-
dimensional (3D) coupling equations, including Maxwell
wave equations and medium’s energy transport equa-
tions. Under the condition of slowly varying envelope ap-
proximation, the 3D transient SBS equations can be sim-
plified by three one-dimensional (1D) equations'*~4.
In a SBS medium, the nonlinear SBS process resonantly
couples through electric-strain which produces an acous-
tic field in the medium. Thus a back-scattering Stokes
field As(z,t) is built from the excited acoustic field
f(z,t), which is a theoretical model including the sponta-
neous nature of the initiation of SBSI®/. Energy is trans-
ported by the acoustic wave. Neglecting the acoustic
propagation and the optical Kerr effect, we can obtain
the slowly varying envelope approximation for the com-
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plex amplitudes. The equations are used to simulate SBS
process as follows:
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where n is the effective refraction index, c is the velocity
of light, p(z, t) is the density of medium, I' is the damping
rate of acoustic field, k, A are SBS coupled coefficients,
A) is the amplitude of pump laser.

A SBS process is suggested to be initiated by thermal
noise f(z,t), which exists in the end of water and can
be amplified to build Stokes field. Based on the theo-
retical model of SBS initiated by one end noise thermal
field, we introduced the initiated condition of the Gaus-
sian random process as an equal distribution of noise
field all through water. The coupled equations (1) — (3)
can be solved by using an implicit finite difference in
time and a backward differential scheme in space, which
greatly reduces the computer’s calculating time with
separating time and space domain. In order to gain
this procedure, the pulse is divided into small time in-
tervals with the time increment assumed constant, and
then the difference forms of coupled wave equations are
established'”). By an efficient numerical algorithm, a
quasi-transient numerical simulation is formed. SBS pro-
cess is built up in which dynamic properties of backward
reflected SBS can be shown. In the above simulation,
SBS parameters of water are adopted as follows. The
absorption coefficient o = 0.05 cm ™!, the effective re-
fraction index n = 1.324, density p = 0.997 g/cm3,

gain g = 3.8 cm/GW, lifetime 7 = 1.87 ns, k = 2len

4enpo?
A= Tfj, ~¢ is the electrostriction coefficient, pg is the
average density of SBS media, K is the temperature, wr,
is the laser frequency, and w is the Stokes frequency. The

initial laser field (laser pulses are input at z = L, the end
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of the SBS cell) is known. We assumed quasi-Gaussian
spatial and temporal intensity profiles of the incident
laser pulse, which are closely matched with the inten-
sity profiles of the laser pulses used in our experiments.
Stokes field is built up from random noise field f(z,t)
whose shape is suggested Gaussian and configuration
varies stochastic from 0 to 27w. Temporal and spatial
boundary condition and initiated condition of the pump
laser power are given. Then numerical solutions are pre-
sented under above conditions.

Since the phenomenon of the phase conjugation was
discovered!'], this technology has been extensively stud-
ied. Different from the spontaneous Brillouin scattering,
the elastic sound wave field in the process of SBS is
produced by the electrostriction effects between SBS
medium and incident laser field. This is a coherent
sound wave field, which couples with the incident laser
and produces SBS coherent radiation. It will obtain ab-
solute success in contest with incoherent scattering and
reflecting light. When the incident laser reaches SBS
threshold, SBS occurs and most of incident laser energy
will be translated into the Stokes wave which transmits
backward. The most remarkable characteristic of SBS is
its phase conjugation characteristicl'®' i.e., the Stokes
wave that transmits backward will follow the original
path and its phase is just reversal of the pump pulse.
The relationship of energy reflection dependent upon
physical parameters is calculated by computer simula-
tion. For the practical purpose, optical detection method
can be controlled, so more attention is paid to the de-
pendence of energy reflection on SBS focusing geometry
with different pump powers. The theoretical simulation
results for different pump energies with certain focus-
ing geometry are shown in Fig. 1(a). Because the focal
length is given, effective interaction length is fixed at a
value within this focusing regime. When the object is
just close to the focusing region from vicinity, the incident
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Fig. 1. Simulation of reflected energy dependent on the object
location for different pump energies.

intensity increases quickly and reaches SBS threshold,
SBS occurs and echo signal will be weak. When the
object comes into the focusing region, incident intensity
excesses SBS threshold, SBS begins to enhance, and then
more and more energy of pump laser will be translated
into backward Stokes wave and the reflected energy in-
creases sharply. When the object goes out of focusing
regime, the pump pulse is extracted, leading to the sat-
uration of Stokes field'”). So we can find the highest
backward reflected energy. On the other hand, when the
object comes out of the focusing regime in the near field,
SBS disappears in the end. The curves in Fig. 1(a) all
keep the same rule. Figure 1(b) shows the derivatives
of Fig. 1(a). Position of submerged object can be deter-
mined by the maximum inflexion of varying energy of
backward Stokes in theory. With the effective interac-
tion length increasing, the Stokes field quickly gets strong
with the increase of object location and then the rate of
Stokes energy increases too; until the location of object
comes to a point in which the energy Stokes field turns
to decrease, the point should be the center of focusing
length. For Fig. 1(b), the inflexion position (L = 26 cm)
shows the location of object, which agrees with the focal
length in water (L = nF', n is refractive index in water,
F is the focal length in air). At the same time, the delay
time of the echo signal to pump signal can be detected
and give the distance of the submerged object. This
method is very simple and can be easily brought into
practice. The reflected energy variation with respect to
the focal length is also explored. The focal length affects
the SBS performance by changing the laser pulse beam
radius. When the focal length is becoming longer, the
laser beam radius increases sharply and the intensity of
input laser pulses decreases, the corresponding pump en-
ergy threshold should rise up rapidly, and the detection
error performance increases later. According to theoret-
ical simulations, the shorter the SBS cell is, the shorter
the location and the longer the focal length will be, thus
the higher pump energy will be needed.

SBS only occurs when the laser power is above SBS
threshold. Therefore, when laser is focused in water and
its power density at the focus reaches the threshold, SBS
will occur and part of the pump beam will be translated
into the Stokes wave that transmits backward. However,
when there is an object present in front of the focus, the
laser cannot be focused, the incident intensity is less than
SBS threshold, and SBS will not occur. The schematic
diagram of detection is shown in Fig. 2. It consists
of several parts: the pulse laser, the pre-extender sys-
tem, the signal extracting system, the emission/reception
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Fig. 2. Experimental setup.
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system, and the signal processing system. The principle
of detection is as follows. The pulse laser passes through
the splitter, emerging from part of the pulse laser enters
detector 1. The transmitted laser enters the pre-extender
system, after which its power density decreases, there-
fore the subsequent signal extracting system can carry
larger pulse energy; hence the detecting distance can be
increased. The signal extracting system, through which
the pulse laser enters the emission system, is used to
extract backward Stokes signal. The emission system
is a varying focal length emission device, whose focal
length can be scanned from zero to a far distance. When
there is not any object in front of the focus, SBS can
occur. Because of the phase conjugation characteristic
of SBS, the reflected Stokes wave will return along the
original path. At this time, the former emission system
turns into the reception system, and the Stokes wave
is detected by detector 2 after being extracted. When
the focus is scanning on the object, because the length
of the SBS interaction becomes shorter, the intensity of
the reflected Stokes wave reduces gradually, and after
the focus has scanned the object, the Stokes wave will
totally decrease sharply. At the same time, the wave-
forms of the pump beam and the Stokes wave which is
beginning to decrease are recorded by detectors 1 and 2,
and the delay time between the two waves is analyzed
by the signal processing system, therefore the location of
the object can be calculated.

For certain focusing geometry, the blue and green
laser (450 — 570 nm) has little transmission loss and
the strongest penetrating power in water. Therefore, we
used a frequency-doubled Nd:YAG laser with an output
wavelength of 532 nm, a @Q-switched output pulse width
of 7 ns and a single-pulse energy of 20 mJ. Because the
single-pulse energy in the experiment was small, the pre-
extender system was not used. The signal extracting
system consisted of a polarizer and a 1/4 wave plate.
The principle of signal extracting is that the polarization
states of the pump pulse and the Stokes wave rotate by
90° after they pass through the 1/4 wave plate twice,
so when the Stokes wave arrives at the polarizer for the
second time, reflection will occur instead of transmis-
sion. The emission and reception system consisted of a
combination of lens, whose focal length can be changed
by adjusting the distance between the convex and the
minus lens. The length of the flume used in the experi-
ment was 2 m, and an object can be placed within 0 — 2
m. A fast-response PIN tube was used in the experiment
to detect the waveform of the pump pulse and the Stokes
wave synchronously, and a TDS 3032B oscilloscope with
25-GS/s sampling rate was used to record the waveform.

For certain focusing geometry and pump energies
(20 and 40 mJ), we detected the Stokes energies with
different object locations. Changing the location from
18 to 80 cm, we got Stokes energy data, as shown in
Fig. 3(a). The dependence of Stokes energy on loca-
tion was fitted based on the experimental data. By
differentiating fitting curves, one can determine the ob-
ject location by peak position (Fig. 3(b)). For the pump
energy of 20 mJ, the object location is at 27.8 cm; for
the pump energy of 40 mJ, it is at 26.9 cm. These re-
sults agree with each other in experimental error regime.
And then, the delay time between Stokes pulse and pump
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Fig. 3. Experimental data of reflected energy dependent on
the object location for different pump energies.
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Fig. 4. Detected pulses with different locations of object. (a)
L =30 cm; (b) L =67 cm; (¢) L =130 cm; (d) L =200 cm.

pulse can give the object position. By the delay time,
we can detect the object location in the end. The exper-
imental results are shown in Fig. 4. In each waveform in
Fig. 4, the left peak is the pump pulse that first reaches
the detector, and the right is the Stokes wave that arrives
later. It can be seen that the pulse width of the Stokes
pulse is obviously shorter than that of the pump pulse,
because the interaction between them has resulted in the
pulse-narrowing effect. From Fig. 4, it is obviously seen
that with the distance of the object increasing, the delay
time between the two pulses increases, through d = %,
the location of the object can be calculated, with A
being the delay time between Stokes and pump waves.
The results are shown in Table 1, from which it can be
seen that the maximum error within the 2-m detect-

ing range is less than 10 cm. Because the detection error
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Table 1. Distances Calculated from
Detected Delay Time

At (ns) do (em) d(cm) FE (em) RE (%)
2.9 30 32.6 2.6 8.6
3.8 40 42.7 2.7 6.8
6.2 67 69.8 2.8 4.2
7.6 8.4 85.5 1.5 1.5
9.8 104 111.0 7.0 6.7
12.1 130 136.3 6.3 5.2
18.1 200 203.8 3.8 1.9

At: delay time; do: practical distance; d: calculated dis-
tance; E: error; RE: relative error.

relies on the laser pulse width, the response speed of the
electro-photonic detector and the sampling rate of the os-
cilloscope, it will not increase with the distance increasing
evidently.

The actual detecting distance can be affected by the
laser pulse energy, the emission beam diameter and the
absorption of the seawater. With a large emission beam
diameter and a high laser pulse energy, the laser power
density will be high and the detectable distance will be
long. Combining laser scanning technology, through a
planar scanning of the submerged objects, not only the
information of the location and the depth of the sub-
merged objects, but also the information of their shapes
can be obtained.

In conclusion, the feasibility of submerged objects de-
tection based on SBS is validated both theoretically and
experimentally in this paper. Stokes properties of SBS
process within single cell focusing geometry are studied.
We demonstrate the feasibility of detecting submerged
objects by positions as focus in SBS process in a 2-m cell.
There is a long way to go before practical applications,
but we believe that the result presents the possibility for
further applications in the area of submerged object de-
tection.
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