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Properties of dark solitons under SBS in focused beams

M. Bel'dyugin

, A.I. Erokhin, V.F. Efimkov, I.G. Zubarev, S.I. Mikhailov

Abstract. Using the method of four-wave probing of the waist of
the laser beam focused into the bulk of a short active medium (L <<
7c, where L is the length of the active medium, 7 is the pulse dura-
tion, and c is the speed of light), we have studied the dynamics of the
behaviour of a dark soliton, appearing upon a jump of the input
Stokes signal phase by about © under SBS. The computer simula-
tion has shown that when spontaneous noises with the gain incre-
ment I, exceeding the self-reflection threshold by 2 —3 times, are
generated, the dark soliton propagates along the interaction region
for the time ¢t ~ T,I;,/2, where T, is the the lifetime of acoustic
phonons, and I, = 25-30 is the stationary threshold gain incre-
ment.
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1. Introduction

Numerous experimental works devoted to the study of SBS
and to application of the phase conjugation effect employ a
widespread scheme of tight focusing of pump radiation into
the bulk of the active medium [1, 2] (note that researchers had
used the scheme before the discovery of the phase conjugation
effect [3]). However, even in the regime of strong saturation,
strong fluctuations of the output Stokes signal amplitude may
arise [4, 5], which are associated with the fast changes by
about 7 of the phase of the noise Stokes field at the time of its
‘fading’ (see, e.g., [6]).

As will be shown in this paper, as a result of a sequential
erasing and recording of acoustic grating vibrations, solitary
waves with amplitude—phase modulation can be generated.
By analogy with the known Raman solitons [7, 8], they can be
called Brillouin solitons. A detailed discussion of Raman soli-
tons can be found in paper [8], which contains an extensive list
of publications. A characteristic manifestation of Brillouin
solitons is strong amplitude modulation of the output Stokes
signal, which is observed as a decrease in intensity followed by
a sharp increase and attainment of the stationary regime. As
an example, Fig. 1 shows the oscillogram of the output Stokes
signal recorded due to SBS from spontaneous noises in tita-
nium tetrachloride by focusing a single-mode single-frequency
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pump pulse at a wavelength 4 = 1.055 pm into the bulk of the
active medium. It should be noted that the appearance or
absence of such modulation is of statistical character. It is this
circumstance that may significantly affect the stability of the
time parameters of phase-conjugate mirrors and SBS combin-
ers [9]. The purpose of this paper is to study experimentally
the formation of a soliton-like structure under SBS, i.e., when
the interacting waves counterpropagate, to determine the
velocity of its motion, and to describe theoretically the results
obtained. To determine the time parameters of this process,
we have developed an experimental technique based on the
use of the probe radiation, constructed a mathematical model
of the experiment, carried out the experiments and compared
their results with the results of calculations by the computer
model.
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Figure 1. Oscillogram of the Stokes pulse with a characteristic intensity
jump.

2. Study of the soliton regime of operation
of the weak-signal SBS amplifier

The main idea of the probe pulse is based on the results of
paper [10], which studied theoretically and experimentally the
mechanism of transient four-wave mixing in the Brillouin
nonlinearity to obtain weak signals under phase conjugation
conditions. Figure 2 shows a simplified scheme of the setup
for the relevant experiments. Radiation (/) of a single-mode
single-frequency passively Q-switched neodymium phosphate
glass laser emitting a beam of diameter ~3 mm was focused
through a plane-parallel plate (2) by a lens (4) with a focal
length of 20 cm in the centre of the cell (5) with an active
medium (e.g. carbon tetrachloride or titanium tetrachloride).
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This radiation was used as a pump to obtain SBS from spon-
taneous noises. In similar conditions, the phase-conjugation
regime is realised and a Stokes signal reflected from the cell
has the wave front with the phase coupled with the phase
front of the pump, i.e., propagates backwards. In addition,
the pump radiation, twice reflected from the inner surfaces of
the plate, formed a weak probe beam that was parallel to the
pump beam. Then, the probe beam was also focused in the
centre of the cell, where it intersected with the pump beam.

CCL, T,

Figure 2. Setup of the experiment (see notations in the text).

As a result, in addition to the pump radiation reflected
backwards, there emerges a Stokes signal propagating
toward the probe beam. By placing a glass wedge (6) in the
beam, we can change the point of intersection of the beams
without going out of the focal region. Photodetectors (3)
and (7) were used for recording the time dependence of the
powers of the pump wave, reflected Stokes pulse and
reflected Stokes pulse of probe radiation. At the same time,
the temporal shapes of the laser pulse and the SBS signal
were recorded with a FK-19 photodetector ( 3), and the tem-
poral shape of the signal resulting from the four-wave mix-
ing and having a much lower intensity was recorded with a
Hamamatsu S5973 pin-diode ( 7). The signals from the pho-
todetectors were fed to a multi-channel high-speed Tektronix
TDS 3032 oscilloscope. The time resolution of the registration
system was ~1 ns.

We also carried out computer simulations of the experi-
ment. An important point in the formulation of such experi-
ments should be mentioned, i.e., synchronisation of two
recording channels: main Stokes pulse and probe Stokes
pulse. In our case we used a simple trick: in the scheme in Fig.
2, instead of the cell with the active medium, we placed in the
focal plane of the focusing lens a flat mirror located perpen-
dicular to the bisector of the angle of convergence of the main
and reference beams. The beams reflected from the mirror
served as reference ones for adjusting the registration system.

2.1. Main results of the experiment

As mentioned above, the pump pulse was a single-mode and
single frequency pulse. The FWHM pulse duration ranged
from 40 to 100 ns by changing the length of the resonator of
the master oscillator and by employing passive switches with
different optical density, based on LiF crystals with F-colour
centres. Figure 3 shows a typical oscillogram of the pump
pulse. Note that the shape of the pump pulse is well approxi-
mated by a Gaussian function, which was used in the com-
puter simulation. The transverse beam size was ~3 mm at an
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Figure 3. Oscillogram of the pump pulse.

angle of divergence of O ~ 4 x 107* rad. The energy of the
pump pulse was varied by means of filters and exceeded the
threshold of the SBS appearance by two or three times. The
length of the cell with the active medium was 40 cm. The char-
acteristic lifetime of acoustic phonons was 7, = 0.6 and 1.5 ns
for CCly and TiCly, respectively.

Figure 4 shows the pulse oscillograms of the output Stokes
signal and the signal arrived from the probe channel. We note
again that a sampling of the results was obtained using ~ 1000
pump pulses. It is clearly seen that the minima of the spikes of
the Stokes signal at the output lag behind the corresponding
minima in the probe channel. Averaging the experimental
data from a sample of about 50 pulses for each active medium
yielded an average time delay of 3.5 = 1 ns for CCl, and 8.5 +
1 ns for TiCly. Knowing the time delay, we can estimate the
velocity of propagation of the minima of the Stokes signal,
which will be done later. Note also complete time similarity
(up to a ratio of the lifetimes of acoustic phonons) of the oscil-
lograms shown in Fig. 4. Shifting the probed region with a
glass wedge (6) (see Fig. 2) by about 3 mm in the direction of
the entrance window of the cell, we significantly reduced the
time delay. This is obviously due to the fact that for a Gaussian
beam half of the gain increment occurs in the region of its
caustic. Moving the region of four-wave interaction in the
opposite direction weakens four-wave mixing, such that we
failed to reliably distinguish the signal on the photodiode ( 7)
from the noise.

2.2. Theoretical analysis, construction of a computer model
and discussion of the results

Let us perform the analysis, assuming that the active medium
is short (L << t¢, where L is the length of the active medium, ¢
is the duration of interacting light pulses, and c is the speed of
light), which corresponds to the experimental situation (here
we do not consider variants associated with the Stokes pulse
compression because of the group delay effects). Then, time
derivatives can be ignored in the equations for the light fields.
Here, we believe that the interaction has a character that is
local with respect to the response of the active medium and
neglect the spatial derivatives, which is valid for the small life-
time of the acoustic oscillations 75> and also in line with the
experimental situation. The final system of dynamic equa-
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Figure 4. Two implementations of the pulse oscillograms of the output Stokes radiation (solid curves) and the radiation reflected in the probe chan-

nel (dashed curves) for CCly (a) and TiCl, (b).

tions for counterpropagating plane waves, in accordance with
the scheme of interaction (see Fig. 2), has the form:

0 t .
% = 0.5g0A(z,0)q"(z,1),

% = 0.5gpa(z,1)q(z,1), (1)

T aqézt’ D\ gzt) = Az, Da* (z.0) + F(.0).

Here z is the longitudinal coordinate of propagation; g, is the
SBS gain; A(z,7) is a slowly varying amplitude of the pump
wave; a(z, t) is a slowly varying amplitude of the counterprop-
agating weak wave; ¢(z,¢) is a slowly varying amplitude of
acoustic waves; and F(z,¢) is a delta-correlated random force,
caused by density fluctuations.

System (1) was solved numerically using the boundary
and initial conditions with F(z,7) being modelled with
the help of two known Rnd functions: F(z,f) = RRnd(1) x
exp[iRnd(2m)] at each point of the difference scheme. Its
amplitude R was chosen such that in the absence of an input
Stokes signal, in a stationary regime the Stokes intensity of
the output signal for the scattering gain increment ~30 was
~0.01 of the pump intensity, which is usually the experimen-
tal threshold of SBS detection. The numerical solution of sys-
tem (1) represented a space—time matrix of amplitudes of the
pump wave, the counterpropagating and acoustic waves,

which allowed one to obtain the basic characteristics (phase
and intensity) in any arbitrary space—time section. This is the
main difference of our approach to this problem from the
approach of a number of authors [11, 12], who in their calcu-
lations were only interested in the output characteristics of
the Stokes signal and output pump wave. What we are pri-
marily interested in is how the process occurs in the active
medium. The temporal shape of the pump pulses was selected
on the basis of our experimental data.

First, we modelled the amplification of the external Stokes
signal for a phase jump by © and the signal attenuation with
respect to the input pump by 103 times. Such attenuation
corresponds to the experimental threshold of the SBS appear-
ance in the stationary regime. The Stokes signal intensity dis-
tribution along the interaction length at different points in
time is shown in Fig. 5. It is clearly seen that when the input
signal phase jumps by 7, an ‘attenuation wave’ is formed and
the Stokes signal is amplified in the active medium. This is
explained by the mechanism of successive ‘erasure’ of the
acoustic wave with the old phase and recording of a wave
with a new phase. In the case of generation from spontaneous
noises, the appearance of such pulses is stochastic in nature,
which is manifested in the observed strong changes in the
temporal shape of the output Stokes signal from one laser
shot to another (see Fig. 4).

Figure 6 presents similar distributions for the case of the
generation from spontaneous noises. The velocity of propa-
gation of the Stokes signal minimum corresponded to the
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Figure 5. Stokes signal intensity distribution along the propagation length z, normalised to the stationary gain increment at time ¢ < 7, (a), t = T,
(b) and ¢ > T (c) (the time interval between adjacent frames is 2.6 ns, 7> = 0.6 ns) after the phase jump by =« in the regime of amplification of the

external signal.

group velocity V, ~ L/(0.513,T5), where I'y, ~ 2530 is a sta-
tionary threshold gain increment [13]. Such a behaviour of the
Stokes radiation directly indicates the soliton nature of the
process and corresponds to the generation of a dark soliton.
The only difference is that because of the counterpropagation
of interacting waves, in our case there is a tight feedback with
pumping through which the approach of the minimum of the
soliton intensity to the exit from the active medium is accom-
panied by a jump-like increase in the intensity of the pump
behind the soliton. This leads to a sharp increase in the gain
and, consequently, to the formation of the characteristic
S-shaped signal (see Figs 1 and 4, as well as, for example,
paper [4]). In the case of large excesses of the pump intensity
over the observation threshold the amplitude of spikes
decreases, since in the absence of group delay the instanta-
neous intensity of the Stokes radiation is obviously less than
the instantaneous intensity of the pump. The account for the
group delay effects can in our opinion lead to the stabilisation
of the temporal structure of Brillouin solitons, as indicated by
the results of [11, 12].

To construct a mathematical model of the above-described
experiments with the probe pulse, system (1) should be sup-
plemented by two more equations:

B% +0(t,2) = kA(t,L)a*(l,%),

(2

%ﬁ’z) = 0.54(.5)0°(1.2).

which correspond to the four-wave mixing process on the
Brillouin nonlinearity in the middle of the active region (at
z=L/2). In (2) Q(t,z) is the acoustic wave resulting from the
interaction of the probe pump and main Stokes radiation and
a.(t,z) is the Stokes signal in the probe channel. We believe
that the interaction length of the probe beam with the main
beam is sufficiently small and the main interaction occurs in
the constant fields of the pump, probe pulse and main Stokes
signal, which is fully consistent with experiment. Stokes signal
amplification a. in the probe pulse field in the interval L/2+ L
can be neglected, because the probe pulse was obtained due to
two reflections from a plane-parallel plate (Fig. 2), and its
intensity is 625 times less than that of the pump, i.e., k = 1/25.
We also neglect the gain in the pump field due to the short
length of interaction. In principle, both these factors can be
taken into account in the numerical solution; however, it will
not lead to substantially different results, but only will
increase the computation time. Joint numerical solution of (1)
and (2) was in fact a virtual experiment. Obviously, if the time
is given in units of 75, the difference between the various
active media will be found only in the change of time scales of
the process under study, which was obtained experimentally
(see Section 2.1).

Figure 7 presents the pulse shapes of the Stokes signal and
the signal reflected toward the probe radiation, obtained as a
result of the virtual experiment. A comparison of these data
with the results of the experiment (Fig. 4) shows that the
numerical experiment adequately describes the real experi-
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Figure 6. Same as in Fig. 5, but for SBS from spontaneous noises.
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Figure 7. Results of computer simulation of the experiment: solid curves represent the output Stokes signal, dashed curves — the signal in the probe
channel (taken into account are the delay of the signal for the time ~ 7, relative to the main Stokes signal).

mental situation and can serve as a basis for the selection of
the Brillouin active media, as well as for optimisation of a
number of parameters of the SBS combiners. Figure 8 shows
the calculated time dependences of the intensity and phase of
the Stokes radiation for generation from spontaneous noises,
for the gain increment I'= 60 and 7, = 1 ns in the case of a
stepwise switching of the pump. It can be seen that the mini-
mum of the intensity coincides in time with the middle of a
temporary phase jump.

It should be noted that due to the inertia of the four-wave
mixing on the Brillouin nonlinearity the signal in the probe
channel is delayed by the time ~ 7, relative to the main Stokes
pulse, which in our case is ~0.6 ns for CCly and ~1.5 ns for
TiCl (Fig. 9, see also [10]). This fact must be taken into
account when determining the exact time delay of the inten-
sity minima of the main Stokes pulse relative to the probe
pulse. With all the above considerations taken into account,
using the experimentally measured time delays we obtained
the following propagation velocities of Brillouin dark soli-
tons in the bulk of the active medium: ¥ ~ 5 x 10’ m s! for

CCly and ~2 x 10’ m s7! for TiCl,, which, for example for
TiCly, is about 10 times less than the phase velocity of light in
this material.

Note also that the experiments performed on the setup
(Fig. 2) and the virtual experiment allowed us to answer the
question whether the process of attainment of the stationary
scattering regime is wave-like as is stated in [13]. It is clearly
seen (Figs 4 and 7) that the leading edges of main and probe
pulses appear almost simultaneously. This unambiguously
indicates a monotonic (along the entire interaction length)
increase in the intensity at the leading edge of the Stokes wave
and the absence of the process as such.

3. Conclusions

Thus, using the experiments and computer model of the pro-
cess we have shown that the SBS generation from spontane-
ous noises has unstable time parameters due to stochastic
initial conditions. This can lead to generation of Stokes
Brillouin solitons, which is manifested in the appearance of
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Figure 8. Time dependences of the intensity and phase of the Stokes signal (dotted curves) and the Stokes signal in the probe channel (dashed
curves) in the case of stepwise switching of the pump in the regime of generation from spontaneous noises.
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Figure 9. Delay of the pulse reflected in the probe channel (solid curves) with respect to the main Stokes pulse (dashed lines) in the region of gen-
eration of dark solitons for TiCl, (a) and CCly (b).

the jump-like amplitude and phase modulation of the output
radiation. The propagation velocity of solitons in a short
active medium at a small excess over the threshold is deter-
mined by the increment of the stationary threshold gain and
the damping time of acoustic waves.
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