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Some of the experimental measurements of the frequency shift and phase conjugation fidelity gained from
previous studies of stimulated scattering �SS� of nanosecond �5−10 ns� near-ultraviolet �uv� ��=193
−351 nm� laser pulses in liquids �hexane, heptane, and others� are found to disagree with the theory of SS,
which takes into account only linear �single-photon� light absorption. To resolve the inconsistency, SS of XeCl
excimer laser radiation ��=308 nm� with the duration of 8 ns in liquid hexane is investigated experimentally.
A theoretical analysis of the results obtained revealed three nonlinear optical phenomena induced by the
heating due to two-photon absorption: stimulated thermal scattering �two-photon STS-2�, phase mismatch for
stimulated Brillouin scattering �SBS�, and phase self-modulation. The experimental SS spectrum contains two
additional lines—a two-photon STS-2 line and a genuine SBS line in the near-uv region.
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I. INTRODUCTION

Stimulated scattering �SS� is widely used in scientific re-
search and practical applications �1–5�. This motivates stud-
ies of the physical mechanisms responsible for SS in various
spectral regions. An important application is phase conjuga-
tion �PC� via stimulated backscattering �6�. Various SS
mechanisms have specific characteristics �frequency shift,
decay time, etc.� that manifest themselves in the PC mirror
properties �4�.

Detailed experimental studies of SS have been conducted
only in the near-infrared �near-ir� region. For such experi-
ments the pump radiation must have both high power and
narrow bandwidth. The first sources of this kind were
Q-switched single-mode ruby ��=0.69 �m� and Nd:glass
��=1.06 �m� lasers. For weak linear absorption, stimulated
Brillouin scattering �SBS� and stimulated Raman scattering
�SRS� were usually observed, and for stronger linear absorp-
tion stimulated thermal scattering caused by the heating due
to linear absorption �linear STS-2�.

In the first experimental studies of SBS with near-ir pump
radiation �7–10�, the unshifted spectral components were ex-
pected to be the pump spectral lines. But under the experi-
mental conditions of �7–10�, the pump spectral lines could
not be distinguished from slightly shifted components corre-
sponding, for instance, to linear STS-2. Multiphoton absorp-
tion could not influence the experiments because 5–10
near-ir photons with energies 1–2 eV would be required to
obtain the nearest electron resonance with an energy about
10 eV.

Theoretical studies of SS have mostly relied on experi-
mental results obtained for the near-ir region, and the modern
SS theory applies only to linearly absorbing media
�1–5,11,12�. The theory of stimulated thermal scattering
�STS� proposed in �13,14� incorporates linear absorption
only.

Reliable near-ultraviolet �near-uv� radiation sources �dis-
charge XeF, XeCl, KrF, and ArF excimer lasers� became
available considerably later than the solid-state near-ir lasers.
When experimentalists in the 1980s had to deal with the PC
via SS driven by excimer laser beams �15–22�, the SS theory
developed for the near-ir was applied to the near-uv spectral
region.

II. PREVIOUS STUDIES OF STIMULATED SCATTERING
AND PHASE CONJUGATION

IN THE NEAR-ULTRAVIOLET REGION

The first studies concerning PC via SS in liquids �hexane,
heptane, and others� were reported in �15� �XeF, �
=351 nm�, �18� �XeCl, �=308 nm�, �16,19� �KrF, �
=248 nm�, and �17� �ArF, �=193 nm�. In the above and
subsequent studies �20,21�, the experimental SS spectrum
comprised a single shifted line, which was attributed to SBS.
Note that the frequency shift of the SBS line in �17–19� was
comparable to the laser system spectral resolution.

The reflection coefficient of the Brillouin mirror measured
in �19� gradually decreased with increasing pump intensity IL
from 25% at the threshold �IL

thr�1010 W /cm2� to 10% at
IL�1011 W /cm2. Note that in this experiment the decrease
in the reflection coefficient was due to the decrease in PC
fidelity for the Brillouin mirror. In �15,16,18,20� the PC fi-
delity for the Brillouin mirror was found to degrade with
increasing linear absorption coefficient � of the nonlinear
liquid.

In �22� the experimental SS spectrum obtained in hexane
by using KrF laser radiation also comprised a single line,
which was attributed to linear STS-2. The linear absorption
coefficient varied from �=0.02 to 0.1 cm−1 in the studies of
SBS �15–21� and amounted to �=0.22 cm−1 in the investi-
gation of linear STS-2 �22�.

In order to increase the pump intensities in �15–22�, the
amplified laser beams were focused by lenses with focal
lengths F=5−10 cm. The focal caustics corresponded to the
volumes of the nonlinear interaction, and their lengths �see
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Sec. VI B� were L�0.1 cm. A considerable intensity attenu-
ation due to the linear absorption over such distances occurs
when ��1 cm−1, which exceeds the values mentioned
above. The pump pulse durations in �15–22� were �0=5
−10 ns.

Table I summarizes the results gained from the previous
studies of stimulated backscattering in hexane for near-uv
pump radiation. The first column presents a reference to the
previous study; the second and third columns the pump
wavelength � and intensity IL; the fourth column is the ex-
perimentally measured frequency shift �; and the last col-
umn is the physical mechanism that the authors of the refer-
ence believed to be responsible for the observed SS.

III. INCONSISTENCY BETWEEN PREVIOUS
EXPERIMENTAL RESULTS AND THE EXISTING

THEORY OF STIMULATED SCATTERING

A. SBS frequency shift

No one in the previous studies of SBS �15–21� calculated
the theoretically predicted frequency shift to compare it with
the experimentally measured one. In accordance with the ex-
isting theory �1–5�, the SBS frequency shift �B depends on
the pump frequency 	L �the pump wavelength �� and the
scattering angle 
 �see Eq. �13� below�. Table II shows the
values of �B calculated for hexane, 
=�, and the pump
wavelengths listed in Table I �for the material data see Sec.
VI C�. It is clear that for the same � the predicted values
�Table II� disagree with the measured values attributed to

SBS �Table I�. The disagreement, which is too large to be
entirely caused by experimental errors, emerges for pump
wavelengths ranging from �=193 to 351 nm.

B. Phase conjugation fidelity for Brillouin mirror

The decrease in PC fidelity for increased pump intensity
above its threshold value detected in �19� is not dependent on
SBS, because, in accordance with existing theory �4,11�,
strong pump saturation improves the discrimination of noise
sources.

C. Emergence of linear STS-2 component and disappearance
of SBS component

Emergence of the linear STS-2 component in �22� was
explained by the increase in the linear absorption coeffi-
cient from �=0.02−0.1 cm−1 mentioned in �15–21�, to �
=0.22 cm−1. But it was not explained how such an increase
in � could cause the suppression of SBS in �22�. Indeed, the
SBS component has been observed in �15–21� for practically
the same experimental conditions as in this paper.

IV. EXPERIMENTAL SETUP

The problem concerns the understanding of both the tem-
poral and the spatial behavior of the back-reflected pulses
manifested in the frequency shift and the PC fidelity, respec-
tively. The abnormal SBS was detected in a variety of studies
conducted by a number of laboratories for nearly a decade
�15–21�, which rules out accidental experimental errors. This
problem may be resolved by examining the fundamental
physical mechanisms responsible for SS.

To investigate the physical mechanisms responsible for
stimulated backscattering of nanosecond near-uv pulses, we
constructed the experimental setup �Fig. 1� based on two
commercially available ELI-91 XeCl excimer lasers ��
=308 nm�. The setup was designed as a master-oscillator–
power-amplifier �MOPA� system. Hexane was used as the
nonlinear liquid.

A. Master Oscillator

The master oscillator generates a weak narrow-bandwidth
beam, whose diffraction-limited divergence was created by

TABLE I. Previous studies of the stimulated backscattering in hexane for the near-uv pump radiation
generated by ArF �193 nm�, KrF �248 nm�, XeCl �308 nm�, and XeF �351 nm� excimer lasers

Reference
Pump wavelength

� �nm�
Pump intensity

IL �W /cm2�

Experimentally measured
frequency shift in
hexane � �cm−1�

Physical mechanism
of SS suggested

by authors of the reference

�17� 193 �1010 �0.2 SBS

�16� 248 �2�1010 �0.1 SBS

�19� 248 �1010 �0.1 SBS

�18� 308 �1011 0.15 SBS

�21� 308 �1012 0.24 SBS

�15� 351 �5�109 0.2 SBS

�22� 248 �1011 0.02 Linear STS-2

TABLE II. Theoretically predicted backward �
=�� SBS fre-
quency shift �B in hexane for the pump wavelengths listed in Table
I.

Pump wavelength
� �nm�

Theoretically predicted SBS
frequency shift in hexane

�B �cm−1�

193 0.49

248 0.41

308 0.33

351 0.30
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two apertures A of radius r0=0.8 mm mounted one on each
side of the MO active cell. The bandwidth was narrowed by
means of a cavity consisting of a nontransparent mirror R at
one end and a mode selector S at the other. The selector
operates as an interference filter with a frequency-dependent
reflection coefficient. Originally �23�, a selector of this kind
was used in a Nd:glass laser characterized by a spontaneous
lifetime close to 1 �s. The spontaneous lifetime for a XeCl
laser is about 20 ns. For a 1-m-long cavity, this yields six
round trips, which is not sufficient to select a single longitu-
dinal mode. The optical system proposed in �23� is useless
when applied to the XeCl laser. However, a single longitudi-
nal mode was selected by using an extra Fabry-Pérot étalon
E placed inside the MO cavity. The MO output characteris-
tics are presented in the third column of Table III; the char-
acteristics of a commercially available ELI-91 laser are listed
in the second column.

B. Experimental technique

The beam generated by MO 1 was expanded by a tele-
scope and preamplified in the same active volume 2 of the
first ELI-91 XeCl laser to approximately 1 mJ. After going
twice through the amplifier 8 using the second ELI-91 XeCl
laser head, the pulse achieved a nearly Gaussian temporal
shape of 8 ns duration �full width at half maximum
�FWHM��, 3 mJ energy, and 5�10−3 cm−1 bandwidth.
Characteristics of the amplified beam are specified in the last
column of Table III.

The amplified beam was focused by lens 9 into cell 10,
filled with hexane. The nonlinear interaction took place in
the focal caustic of lens 9. The backscattered wave traveled
back through the system and was amplified in 8.

Beam splitter 12 was used to guide both forward- and
backward-propagating beams into the time-domain analyzer.
The temporal power profiles were measured by means of the
FEK-29KPU photodiode 11 �the resolution being equal to
200 ps� and S7-19 oscilloscope 16 �the bandwidth being
equal to 5 GHz�. The phase-conjugation mirror reflectivity
was determined as the ratio of the backscattered beam to the
amplified beam peak power.

Beam splitter 3 was used to guide both forward- and
backward-propagating beams into the spectrum analyzer
�Fabry-Pérot étalon 4 with a variable dispersion-free region
combined with prism 5�, which produced the composite tem-
poral spectrum of both the pump wave and the stimulated
backscattered wave simultaneously on luminescent screen 6
or camera 7. This facilitated the measurement of the relative
frequency shift. The temporal spectra were not changed by
amplification in 8.

Beam splitter 18 was used to guide both forward- and
backward-propagating beams into the divergence analyzer.
For each beam, camera 20 created a photographic image of
the focal spot produced by lens 17 with the focal length f1
=3 m. This photographic image carries only the amplitude
information. Since the phase modulation gets transformed
into an amplitude modulation in the focal region as in the far
field, the beam divergence 
L can be calculated from the
relation 
L�d / f1, where d is the focal spot diameter. In or-
der to measure the amplified beam divergence the divergence
analyzer was placed downstream of amplifier 8.

C. Nonlinear liquids and cells

In the previous experiments �15–22�, the amplified beams
were focused by lenses with the focal lengths F=5−10 cm

FIG. 1. Experimental setup for the investigation of the stimu-
lated backscattering of a XeCl excimer laser beam in hexane: �1�
the master oscillator and �2� the preamplifier based on the first
ELI-91 XeCl laser; �3�, �12�, and �18� beam splitters; �4� the Fabry-
Pérot étalon and �5� the prism of the spectrum analyzer; �6� the
luminescent screen; �7� and �20� cameras; �8� the two-pass amplifier
based on the second ELI-91 XeCl laser; �9� the lens with one of
three possible focal lengths F=11, or 50, or 100 cm; �10� the cell
filled with hexane; �11� the FEK-29KPU photodiode and �16� the
S7-19 oscilloscope of the time-domain analyzer; �13� and �19�
back-reflecting mirrors; �14� and �15� the neutral filters; �17� the
divergence analyzing lens with the focal length f1=3 m.

TABLE III. Laser parameters.

Parameter Commercially available ELI-91 laser Master oscillator Amplified beam

Bandwidth �cm−1� 15 5�10−3 5�10−3

Aperture 10�20 mm2 � 1.6 mm 8�10 mm2

Divergence �rad� 10−2 6�10−4 3�10−4

Pulse duration �FWHM� �ns� 20 8 8

Pulse energy �mJ� 50 5�10−2 3

Wavelength �nm� 308 308 308
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into about 5-cm-long cells filled with nonlinear liquids. Or-
ganic solvents utilized in uv chromatography, such as hex-
ane, heptane, and ethanol, were used as the nonlinear liquids.
Similar results were obtained for different liquids. Since hex-
ane �C6H14� was investigated in almost all of these studies
�see Table I�, we also chose it.

In our experiments, the amplified beam was focused by
lens 9 into the center of cylindrical glass cell 10 with internal
diameter 40 mm, filled with hexane. We used 5-cm-long cells
in combination with lens 9 having F=11 cm and 30-cm-
long cells in combination with lens 9 having F=50 and 100
cm. Each cell was sealed by two fused-silica input-output
windows inclined at the angle of 5° to avoid parasitic reflec-
tions.

We used the high-performance liquid chromatography
grade hexane produced by Oldrich Chemical Co., Milwau-
kee, WI, and chemically pure hexane from Russian suppliers.
Their linear absorption coefficients measured at �=308 nm
were �=0.01�0.003 and 0.046�0.003 cm−1, respectively.
We added extremely small amounts of acetone to the hexane
to slightly increase the linear absorption coefficient, so that
the liquids used in our cells were characterized by �
=0.01,0.046,0.08,0.17 cm−1 at �=308 nm.

The refractive index of hexane at �=308 nm and its tem-
perature derivative at constant pressure are �2� n�1.4,
��n /�T�p=−53�10−5 K−1. The corresponding permittivity
and its derivative are �=n2�2,

� ��

�T
�

p

=
��

�n
� �n

�T
�

p

= 2n� �n

�T
�

p

� − 1.5� 10−3 K−1.

V. EXPERIMENTAL RESULTS

A. Experiment 1: The dependence of the temporal stimulated
backscattering spectrum on the pump intensity

When constant parameters of the amplified beam �see
Table III� are maintained, the pump intensity in cell 10 �see
Fig. 1� can be varied by means of neutral filters or by chang-
ing the focal length of lens 9. The SS was close to its thresh-
old for any lens 9 employed. Therefore, we could not use
neutral filters, which reduce the amplified beam power. The
pump intensity IL was varied only by changing the focal
length F of lens 9.

Three different lenses 9 with F=11, 50, and 100 cm were
used. For each lens �F=const�, the temporal spectrum was
obtained by the spectrum analyzer described above with the
Fabry-Pérot étalon 4 having a dispersion-free region of
0.66 cm−1. Only the chromatography-grade hexane ��
=0.01 cm−1� was used.

Figure 2 shows three images corresponding to the three
values of F. Each photograph comprises two parts: the pump
spectrum �right� and the stimulated backscattered spectrum
�left�. The stimulated backscattered spectrum has a single
unshifted component when F=11 cm �Fig. 2�a��; two com-
ponents when F=50 cm, an unshifted one and a Stokes one
shifted by 0.33 cm−1 �Fig. 2�b��; and a single Stokes com-
ponent shifted by 0.33 cm−1 when F=100 cm �Fig. 2�c��.

B. Experiment 2: The dependence of the temporal stimulated
backscattering spectrum on the linear absorption

coefficient

We used all cells having �=0.01,0.046,0.08,0.17 cm−1.
For each �=const we examined the dependence of the stimu-
lated backscattering spectrum on the pump intensity, which
was controlled by changing the focal length of lens 9. The
dependence on F for �=0.046,0.08 cm−1 was similar to that
for �=0.01 cm−1 illustrated by Figs. 2�a�–2�c�. Each stimu-
lated backscattering spectrum obtained for �=0.17 cm−1

contained a single unshifted component �as in Fig. 2�a��.

C. Experiment 3: The dependence of the phase-conjugation
fidelity on the pump intensity

When the forward-propagating beam passes amplifier 8,
its divergence increases by a factor of 3. We measured the
divergences of forward- and backward-propagating beams at
the location of beam splitter 18 with the help of the diver-
gence analyzer described above. We examined the depen-
dence of the backward-propagating beam divergence on the
pump intensity, which was controlled by changing the focal
length of lens 9. We used only the chromatography-grade
hexane ��=0.01 cm−1� to avoid the thermal self-action
caused by linear absorption. The experiment provided infor-
mation on the phase-conjugation fidelity: when the PC fidel-
ity is “high,” the forward and backward aberrations must
compensate each other.

FIG. 2. Results of experiments 1 and 2: three temporal spectra
obtained by the spectrum analyzer with Fabry-Pérot étalon 4 having
the dispersion-free region of 0.66 cm−1. Each photograph com-
prises two parts: the pump spectrum �right� and the stimulated back-
scattered spectrum �left� in hexane at a constant linear absorption
coefficient � for three focal lengths of lens 9: F= �a� 11,
�b� 50, and �c�100 cm. The dependence of the stimulated back-
scattering spectrum on F is similar for �=0.01,0.046,0.08 cm−1.
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Figure 3 shows three photographic images created by
camera 20. The resulting divergences are 
L�3�10−4 rad
for the forward-propagating beam �Fig. 3�a��; 
L�3
�10−4 rad for the high phase-conjugation fidelity backscat-
tered beam obtained with F=100 cm �Fig. 3�b��; and 
L
�2�10−3 rad for the poor phase-conjugation fidelity back-
scattered beam obtained with F=11 cm �Fig. 3�c��.

D. Experiment 4: The temporal power profiles
and the phase-conjugation mirror reflectivity

The analysis of the temporal evolution of the pulses with
the time-domain analyzer described above is important, be-
cause the nonlinear mirror may change their amplitudes, du-
rations, and shapes. All the liquids used had �
=0.01,0.046,0.08,0.17 cm−1.

The backscattered temporal power profile was found to
have a nearly Gaussian shape and the duration �FWHM� of
approximately 7 ns. The slightly shorter duration as com-
pared to that of the pump �see Table III� can be attributed to
the threshold nature of SS. The phase-conjugation mirror re-
flectivity reached 20% for �=0.01 cm−1 and gradually de-
creased with increasing �. The reflectivity increased as the
focal caustic of lens 9 was shifted from the center toward the
input window of cell 10.

VI. ANALYSIS AND INTERPRETATION
OF EXPERIMENTAL RESULTS

A. Results of experiments that require theoretical analysis

The observations in our experiments 1–4 on stimulated
backscattering in hexane for different values of � and F that

require further theoretical analysis can be summarized as fol-
lows.

�1� The dependence of the backscattering spectrum on F
obtained for �=0.01−0.08 cm−1 �a� the presence of two
components when F=50 cm, an unshifted one �with the ex-
perimental error 0.02 cm−1� and the Stokes one shifted by
0.33 cm−1 �Fig. 2�b��; �b� the disappearance of the unshifted
component when F is increased from 50 to 100 cm �Figs.
2�b� and 2�c��; �c� the disappearance of the shifted compo-
nent when F is reduced from 50 to 11 cm �Figs. 2�a� and
2�b��.

�2� The dependence of the backscattering spectrum when
� is varied from 0.01 to 0.08 to 0.17 cm−1: �a� the disap-
pearance of the shifted component when F=50, 100 cm;
�b� the appearance of the unshifted component when F
=100 cm.

�3� The substantial decrease in the phase-conjugation fi-
delity obtained when at �=0.01 cm−1 F is reduced from 100
to 11 cm �Figs. 3�b� and 3�c��.

B. Specific features of the stimulated scattering
in our experiments

At the initial stage of the SS process, a weak scattered
wave is generated as a result of the spontaneous scattering of
the pump wave. In the resulting steady state without consid-
erable pump saturation, the scattered wave intensity IS is
expressed as �1–5�

IS�L� = IS�0�exp�ILGL� , �1�

where IS�0� is the spontaneously scattered intensity, IL is the
pump intensity, G is the gain factor, and L is the nonlinear
interaction length. The threshold condition for SS is

�ILGL�thr � 30. �2�

If the total gain �ILGL� for a certain SS mechanism is below
the threshold �2�, the mechanism does not contribute to the
overall SS pattern observed in an experiment.

Unfortunately, three-dimensional �3D� calculations of the
real beam focal caustic are problematic even for vacuum. For
organic liquids, only rough approximations can be used. For-
tunately, in contrast to the near-ir, for the near-uv due to the
fluorescence of hexane a blue track of the focused laser beam
was simply observed through a thin transparent glass wall of
the cell �of course, in a dark laboratory�. The focal caustic
geometry was measured and successively compared with the
values calculated below.

The length of a light pulse with duration 8 ns is LP
�2.4 m. The amplified beam with duration �0�8 ns, diver-
gence 
L�3�10−4 rad, and radius RL�0.5 cm �Table III�
was focused by lens 9. In accordance with Eq. �5�, the length
L of the focal caustic varied from Lmin�0.6 mm for F
=11 cm to Lmid�1.5 cm for F=50 cm and Lmax�6 cm
for F=100 cm. The long-pulse condition LP�L is met for
the entire range of values of F. At any moment of time, the
pump power WL can be treated as constant over the caustic
length L, which is approximately equal to the length of the
area where the nonlinear interaction occurs. To simplify the
analysis, we assume that the pump intensity IL is uniformly

FIG. 3. Results of experiment 3: three focal spots obtained by
the divergence analyzer for �a� the forward-propagating beam; �b�
the backward-propagating beam �F=100 cm, high phase-
conjugation fidelity�; �c� the backward-propagating beam �F
=11 cm, poor phase-conjugation fidelity�. Images �b� and �c� were
obtained for hexane with �=0.01 cm−1.
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distributed over a cylindrical focal caustic of diameter df and
length L.

It should be noted that such a technique is frequently met
in nonlinear optical studies. For instance, the impact of the
focal caustic dimensions upon the optical breakdown thresh-
old has been studied in �24�. Ruby laser pulses were focused
by lenses of focal lengths F=1−13 cm into gases. The focal
caustics were supposed to have cylindrical shapes, but their
dimensions were not measured. The transition from the focal
length to the focal spot diameter was performed with the
help of the equation df �F
L, where 
L is the laser beam
divergence. In contrast to �24�, long-focal-length lenses with
F�11 cm were used in our experimental conditions. More-
over, due to the fluorescence of hexane, the focal caustics
were seen with the naked eye, and for F=50 and 100 cm
their lengths could be measured with a ruler.

When a laser beam with power WL, radius RL, and diver-
gence 
L is focused by a lens, the product �ILL� is indepen-
dent of the focal length F of this lens. Indeed,

IL �
WL

Sf
, �3�

Sf =
�df

2

4
�
��F
L�2

4
, �4�

L �
df


0/2
�

F
L

RL/F
=

F2
L

RL
, �5�

where WL ,RL ,
L are independent of F; df �F
L; Sf is the
cross-sectional area of the focal caustic; 
0�2RL /F is the
convergence angle of the beam after the lens. We obtain

IL � F−2, L � F2 ⇒ �ILL� � const. �6�

The full expression is

�ILL� �
4WL

�
LRL
�

4UL

�
LRL�0
, �7�

where UL and �0 are the energy of the pulse and its duration,
respectively. For the parameters of the amplified beam pre-
sented in Table III, Eq. �7� yields �ILL��3�103 MW /cm.
The amplified beam energy 3 mJ �Table III� corresponds to
the absence of diagnostic equipment and reflects the maxi-
mum possible value for this laser system before cell 10. Due
to the diagnostic and other energy losses between the exit of
amplifier 2 and the focal caustic of lens 9, the real on-target
energy is UL�1.5 mJ. Accordingly, we have �ILL��1.5
�103 MW /cm.

There are two varying parameters in our experiments—�
and F. As far as the variation of F is concerned, Eq. �6�
shows that the value

�ILL� � 1.5� 103 MW/cm �8�

is constant. Since �ILL��const, the only parameter that may
affect the left part of Eq. �2� via G is �. If the SS process
does not involve heating due to linear absorption, G is inde-
pendent of �, and the total gain �ILGL� does not change in
our experiments.

The diameter of the amplified beam incident on lens 9 is
DL�1 cm �Table III�. The focal length of lens 9 is F
�10 cm. Therefore, DL /F0.1, and the focal caustics were
not distorted by spherical aberrations of lens 9 or by a jump
in the refractive index across the air-cell boundary.

C. Parameters of SBS and linear STS-2
for our experimental conditions

Since SBS and linear STS-2 were considered responsible
for the observed SS in the previous studies �see Table I�, we
should calculate their parameters for our experimental con-
ditions.

1. Properties of SBS

According to the SBS model �1–5�, the modulated elec-
trostrictive force amplifies a hypersonic wave with wave vec-
tor q=kL−kS and frequency

�B = �q�v , �9�

where 	L,kL, and 	S ,kS denote the frequencies and the wave
vectors of the pump and scattered waves; v is the speed of
sound. The steady-state gain factor near the Stokes resonance
peak is

GB =
�2���/���2

1 + �	L − 	S −�B�2/�B
2

	Sq2

4�B�B�n2c2 , �10�

where � is the density, c is the speed of light, and n is the
unperturbed refractive index. The decay rate �B is related to
the decay time �B:

�B�q� = A�q�2, �B � �B
−1. �11�

For liquids, A=2�1 /3�, where �1 is the shear viscosity. The
highest gain factor �10� is achieved when 	L−	S=�B. When
the scattered wave propagates at an angle 
 relative to the
pump wave,

q = �q� = �kL − kS� � 2�kL�sin�
/2� = 2�	Ln/c�sin�
/2� .

�12�

Accordingly, the SBS frequency shift is

�B = qv = 2	Ln�v/c�sin�
/2� . �13�

2. Properties of linear STS-2

According to the linear STS-2 model �1–4,13�, the modu-
lated heating amplifies a thermal wave with wave vector q
=kL−kS. The steady-state gain factor is

GT �
	S�

cn�cp�T
� ��

�T
� �	L − 	S�/�T

1 + �	L − 	S�2/�T
2 , �14�

where � is the linear absorption coefficient, cp is the specific
heat, and � is the thermal diffusivity. The decay rate �T is
related to the decay time �T:

�T = ��q�2, �T � �T
−1. �15�

Since �� /�T is negative for most substances, a positive gain
corresponds to an anti-Stokes frequency shift �	L−	S�0.
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The highest gain factor �14� is achieved when �	L−	S�
=�T=−�T.

3. Predicted values of the SBS and linear STS-2 parameters
for our experiments

Under our experimental conditions, the following numeri-
cal values �2,5,25� should be substituted into Eqs. �9�–�15�:

� = 308 nm, 
 = �, �� 0.66
g

cm3, n � 1.4,

�1 � 3.2� 10−3P � 3.2� 10−3 g

cm s
,

v � 105cm

s
, c � 3� 1010cm

s
, �� ��

��
�

T

� 1,

	S

2�
�
	L

2�
� 1015 Hz, �� 10−3cm2

s
,

� �n

�T
�

P

� − 53� 10−5 K−1,

� ��

�T
�

P

� − 1.5� 10−3 K−1, cP � 2.3
J

g K
,

� =
cP

cV
� 1.3.

The predicted SBS frequency shift is �B=0.33 cm−1 �see
Table II�. The hypersonic grating decay time is �B�1 ns.
Since this time is shorter than the pump duration by a factor
of 8, the steady-state model can be used. The frequency-
optimized SBS gain factor �10� is expressed as

GB =
	Sq2

4�B�B�n2c2 =
3

16n3cv�1
� 0.07

cm

MW
. �16�

The predicted linear STS-2 frequency shift is �T�−�T�
−0.01 cm−1. The thermal grating decay time is �T�3 ns.
Even though it is shorter than the pump duration by almost a
factor of 3, we cannot reliably use the steady-state model.
Since we explore the possibility of the emergence of linear
STS-2 in an experiment rather than attempting to maximize
its efficiency, we do use the steady-state model to simplify
the further analysis. The thermal-grating wavelength �T as-
sociated with the backscattering is

�T =
2�

q
�

2�

2kL
=
�

2n
� 10−7 m. �17�

The time of the pressure relaxation over �T is

�pr =
�T

v
� 10−10 s. �18�

Since �pr��0, GT can be obtained by using the permittivity
temperature derivative at constant pressure. The frequency-

optimized linear STS-2 gain factor �14� is expressed as

GT =
	S�

2cn�cP�T
� ��

�T
�

P

=
�c

8	Ln3�cP�
� ��

�T
�

P

� 0.2�
cm2

MW
.

�19�

The frequency-optimized gain factors and total gains for lin-
ear STS-2 and SBS calculated for various values of �, but
for constant �ILL��1.5�103 MW /cm, as in our experi-
ments, are listed in Table IV. The first column of the table
shows the linear absorption coefficient �; the second and
fourth columns, the gain factors GT and GB; the third and the
last columns, the total gains �ILGTL� and �ILGBL�. The theo-
retical estimates presented in Table IV lead to the following
conclusions.

Linear STS-2. The total gain �depending on � via GT� is
much lower than the threshold given by Eq. �2� both for the
chemically pure ��=0.046 cm−1�, and a fortiori for the
chromatography-grade ��=0.01 cm−1� hexane. The thresh-
old is reached when �=�STS

thr �0.1 cm−1.
SBS. The total gain �independent of �� is higher than the

threshold given by Eq. �2�.

D. Emergence and disappearance of the spectral components
in accordance with the existing theory

1. Shifted component of the stimulated backscattering spectrum

Since the total gain �ILGBL� �Table IV� exceeds the
threshold �2� and the measured value of the frequency shift
0.33 cm−1 �Figs. 2�b� and 2�c�� agrees with Eq. �13� �Table
II�, the shifted component should be attributed to SBS. To
explain the absence of the shifted component in Fig. 2�a�, we
explore the possibility of SBS breakdown. The only mecha-
nism that can suppress SBS under our conditions is phase
mismatch �11,12�. When the permittivity of the medium
changes with time due to the weak uniform heating caused
by linear absorption with the coefficient �, the wavelengths
of the pump and scattered waves vary. Since the acoustic
wave has a finite response time, the phase matching condi-
tions are violated. If IL�L� is the input pump intensity and
IS�L� is the output backscattered intensity, then the SBS con-
version efficiency over the length L of nonlinear interaction
is �= IS�L� / IL�L�. The dependence of � on IL�L� is given by
the relation �11,12�

h�D + ln �� = �BGB arctan�IL�L��1 − ��Lh/�B� , �20�

where D�30, GB is the peak backward SBS gain factor
defined by Eq. �16�, and

TABLE IV. Gain factors GT,GB and total gains �ILGTL�,�ILGBL�
for linear STS-2 and SBS calculated for various values of �, but for
constant �ILL��1.5�103 MW /cm �as in our experiments�.

Linear STS-2 SBS

� �cm−1� GT �cm /MW� �ILGTL� GB �cm /MW� �ILGBL�

0.01 0.002 3 0.07 105

0.046 0.009 14 0.07 105

0.1 0.02 30 0.07 105

STIMULATED THERMAL SCATTERING INDUCED BY TWO-… PHYSICAL REVIEW A 77, 063812 �2008�

063812-7



h =
�	L

2cn�cp
� ��

�T
�

P

.

Figure 4 shows the SBS conversion efficiency � as a func-
tion of the total gain normalized by its threshold value x
= �ILGBL� /D, evaluated numerically by using the relation
�20� for hexane, for �=308 nm, and for several values of �.
The critical value corresponding to curve d is �cr
�0.1 cm−1. For �=0.01,0.046,0.08 cm−1, no SBS suppres-
sion due to phase mismatch should be expected.

2. Unshifted component of the stimulated backscattering
spectrum

PC via SS can be caused by mechanisms other than SBS
�1,3,4�. Since the measured frequency shift does not exceed
0.02 cm−1 �the experimental error�, we should consider
stimulated thermal scattering caused by heating due to the
electrocaloric effect �STS-1�, linear STS-2, and stimulated
Rayleigh wing scattering �SRWS�.

First, consider SRWS. Since the molecular anisotropy of
liquid hexane is weak �26�, the excitation of SRWS is im-
possible. Normally, the SRWS gain factor for liquids does
not exceed GRW�10−3 cm /MW �1�. For our condition �8�
the SRWS total gain does not exceed �ILGRWL��1.5, which
is much lower than the threshold �2�.

Now consider STS-1. According to �1�, the STS-1 to SBS
gain factor ratio is

GRL

GB
=

�� − 1�c�B

4�v	S
. �21�

For our experimental conditions, GRL/GB�10−2. From the
value of �ILGBL� in the last column of Table IV, the STS-1
total gain is �ILGRLL��1, which is much lower than the
threshold �2�.

The processes of SRWS and STS-1 do not involve heating
due to absorption of the radiation, and their total gains do not
change in our experiments as long as �ILL� is constant �see
Sec. VI B�. The emergence of SRWS and STS-1 components
under our experimental conditions is impossible.

Now consider linear STS-2. The predicted frequency shift
�T�−0.01 cm−1 �see Sec. VI C 3� agrees with the measured
one. Indeed, the absolute value of the latter is less than
0.02 cm−1 �the experimental error�. Heating due to absorp-
tion of the radiation is involved in the linear STS-2 process,
and its total gain varies with � while �ILL� is constant. The
emergence of the linear STS-2 component under our experi-
mental conditions �Table IV� is possible only when �
�0.1 cm−1.

E. Decrease in phase-conjugation fidelity in accordance
with the existing theory

The only mechanism that can cause a decrease in the PC
fidelity �Figs. 3�b� and 3�c�� under our experimental condi-
tions is phase self-modulation �11,12�. Consider the follow-
ing cylindrically symmetric problem in coordinates �R ,z , t�.
A wave with a plane front and a spatially nonuniform inten-
sity IL�R , t� enters a nonlinear medium at t=0 across a
boundary located at z=0 and propagates toward a boundary
located at z=L. The medium is characterized by the linear
absorption coefficient �. Heat conduction does not contribute
in the transverse coordinate R. The temperature increment
over time t is

�T�R,t� =
1

�cP
	

0

t

�IL�R,��d� =
�

�cP
	

0

t

IL�R,��d� . �22�

The refractive index depends on temperature, n=n0+�n�T�,
where the nonlinear term is

�n�R,t� = � �n

�T
��T�R,t� = � �n

�T
� �

�cP
	

0

t

IL�R,��d� . �23�

The wave vector is k�R , t��ezk�R , t�, where k=k0+�k
= �	 /c��n0+�n�.

The nonlinear phase increment over the distance L is

���R,t� = �kL =
	L

c
�n�R,t�

=
	L

c
� �n

�T
� �

�cP
	

0

t

IL�R,��d�

=
	

c
� �n

�T
� �

�cP
	

0

t

IL�R,�,F�L�F�d� . �24�

A wave with a plane front at z=0 will have a radially non-
uniform front at z=L. The front distortion is zero at t=0 and
maximal at the end of the pulse.

Due to the phase self-modulation of the pump wave, the
backscattered wave gets coupled to the dynamically distorted
beam. Taking into account the finite nonlinearity decay time,
this effect may cause a decrease in PC fidelity.

It must be noted that lenses 9 as well as cells 10 �see Fig.
1� were changed only in the intervals between separate sets
of experiments. The SS of a great number of pump pulses
was studied in every set. That is why F is a parameter in the
final form of expression �24�, which remains invariant over
the pump duration. For pump pulses from different sets of

FIG. 4. Predicted SBS conversion efficiency � vs the total gain
normalized to the threshold value D�30 for hexane, for �
=308 nm and �= �a� 0.0001, �b� 0.03, �c� 0.05,
and �d� 0.1 cm−1.
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experiments, at any instant � the product �ILL� contained in
�24� does not depend on F, as shown by Eq. �6�. Therefore,
���R , t� does not depend on F, and heating with �=const
cannot explain the decrease in the PC fidelity when F is
reduced from 100 to 11 cm.

Let us make numerical evaluations of �� for our experi-
mental conditions:

�� =
	

c
� �n

�T
� �

�cP
	

0

t

�ILL�d�

�
	

c
� �n

�T
� P

�

�cP
�ILL��0

� − � �cm−1�� 103 rad. �24��

For �=10−2 cm−1 we obtain �����10 rad. Such a large
value confirms the strong effect of the phase self-modulation.
Equation �24� expresses the upper limit of the �� estimation.
Indeed, first, the value of ��n /�T� at constant pressure was
used, but the pressure stabilization over the focal caustic re-
quires time. Second, our model was developed for weak
heating. For strong heating the heat conduction should be
taken into account.

F. Implication of two-photon absorption in the theory
of stimulated scattering

The existing SS theory developed for linearly absorbing
media cannot explain our experimental results. First, since
the linear absorption with �0.1 cm−1 is not sufficiently
strong to give rise to linear STS-2, the physical mechanism
responsible for the unshifted component observed for �
=0.01−0.08 cm−1 �Figs. 2�a� and 2�b�� remains unclear.
Second, since the linear absorption with �0.1 cm−1 is not
strong enough to suppress SBS via phase mismatch, the dis-
appearance of the SBS component when F is reduced from
50 to 11 cm �Figs. 2�a� and 2�b�� observed for �=0.01
−0.08 cm−1 is yet to be explained. Third, the linear absorp-
tion with �=0.01 cm−1=const cannot explain the substantial
decrease in the PC fidelity caused by the decrease in F from
100 to 11 cm �Figs. 3�b� and 3�c��.

Two-photon absorption should be expected in hexane for
�400 nm �27�. Suppose that our experiments were
strongly affected by the two-photon absorption. More spe-
cifically, assume that the unshifted component corresponds to
the STS-2 process associated with the heating caused by
two-photon absorption. We call this mechanism the two-
photon STS-2, as distinct from the previously known mecha-
nism induced by linear �single-photon� absorption, i.e., linear
STS-2.

The intensity I�z� of the radiation propagating along the z
axis is governed by the following equation �1,28�:

dI

dz
= − �I2, �25�

where � is the two-photon absorption coefficient. Its solution
is

I�z� =
I0

1 + I0�z
, �26�

where I0= I�0�. For weak two-photon absorption �I0�z�1�,
this solution gets reduced to

I�z� = I0�1 − I0�z� . �27�

In our experiments, we have the condition �8� and �
�10−4 cm /MW �see Sec. VI G�. Thus, �IL�L��0.15 and
Eq. �27� can be used.

The weak linear absorption with coefficient � is described
by the equation

I�z� = I0�1 − �z� . �28�

It follows from Eqs. �27� and �28� that in our experiments
�IL�� plays the role of �. We can define the total absorption
coefficient as

�� = � + �IL�� , �29�

where �IL�� is the two-photon contribution. The equivalence
should be understood in a quantitative sense. The linear
�single-photon� and the two-photon absorption can be treated
as similar processes only with respect to the final result of
the resonant light-matter interaction, i.e., the irreversible dis-
sipation of electromagnetic into thermal energy. Linear and
two-photon absorption are different in terms of quantum me-
chanical schemes and expressions for the absorption cross
section. The physical mechanisms of linear STS-2 and two-
photon STS-2 are essentially different, being roughly similar
with respect to transformation of temperature fluctuations
into permittivity ones.

Why is I0 replaced by IL in Eqs. (27)–(29)?

Due to the complexity of the theoretical task, including
several connected linear and nonlinear effects, we made the
approximation that our pump intensity does not change along
the nonlinear interaction length. In accordance with this ap-
proximation, we replaced the input intensity I0 with the
pump intensity IL in Eqs. �27�–�29�. This approximation is
based on the following considerations. The amplified beam
parameters provided conditions for SS very close to its
threshold, so that strong pump saturation does not take place.
As follows from the title of this paper, there are two main
objectives of this study: first, to obtain a pure two-photon
STS-2 spectral line, and second, to obtain a pure SBS spec-
tral line. The two-photon STS-2 mechanism should dominate
for focusing as hard as possible with linear absorption as
weak as possible, i.e., for F=11 cm and �MIN=0.01 cm−1.
The caustic length is LMIN=0.06 cm. Even for �MAX
=0.17 cm−1, �MAXLMIN=0.01, and exp�−0.01�=0.99. The
linear absorption is negligible. The SBS mechanism should
dominate for as soft as possible focusing with as weak as
possible linear absorption, i.e., for F=100 cm and �min
=0.01 cm−1. The caustic length is Lmax=6 cm, �minLmax
=0.06, and exp�−0.06�=0.94. The linear absorption is also
negligible.

The observation of linear STS-2 in the previous study
�22� is not clear �see Sec. III C�. Therefore, linear STS-2 also
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calls for further investigation. For �STS
thr �0.1 cm−1,

�STS
thr Lmax=0.6 and exp�−0.6�=0.55. The linear absorption

becomes considerable only for F=100 cm �i.e., L=Lmax� and
���STS

thr �0.1 cm−1.
Under our experimental conditions, the two-photon ab-

sorption is constant and equal to �IL�L��0.15 �see Sec.
VI F�, and exp�−0.15�=0.86. The two-photon absorption is
weak.

G. Calculation of two-photon absorption cross section from
the threshold pump intensity for two-photon STS-2

When �ILL�=const, linear STS-2 occurs if ���STS
thr . The

two-photon STS-2 must also exhibit threshold behavior, but
with respect to �IL�� rather than �. When the material prop-
erties � and � are kept constant, an increase in IL caused by
a decrease in F leads to different consequences for the total
gain �ILGTL�. It remains invariant for linear STS-2 and in-
creases for two-photon STS-2, because GT��=const �see
Eq. �14�� in the former case and GT� �IL��� IL in the latter.

The linear and two-photon STS-2 can be distinguished
experimentally. If the medium with � and � such that
� , �IL����STS

thr is used and IL is gradually increased while
�ILL� is kept constant, the pure two-photon STS-2 compo-
nent must appear in the spectrum when �IL����STS

thr . Let us
find �IL��. The total gain for STS-2 caused both by the linear
and the two-photon absorption �29� reaches the threshold �2�
when ��

thr��STS
thr �0.1 cm−1 �Table IV�. For �=0.01 cm−1,

an unshifted component appears in the backscattering spec-
trum when IL

thr�109 W /cm2 �F=50 cm� �Fig. 2�b��. When
IL�2.5�108 W /cm2 �F=100 cm� there is no unshifted
component �Fig. 2�c��, i.e., the threshold is not reached.
Since �=0.01 cm−1��STS

thr �0.1 cm−1, the unshifted com-
ponent must be attributed to the pure two-photon STS-2
mechanism. The threshold pump intensity IL

thr�109 W /cm2

can be used to obtain the estimate

��
thr = � + �IL

thr�� � �IL
thr�� � �STS

thr � 0.1 cm−1. �30�

For a particular pump wavelength �for �=308 nm in our
case� the coefficient � describes a property of the medium
�of the chromatography-grade hexane in our case�. If �IL�� is
known for one value of IL �for IL

thr in our case�, then it can
readily be calculated for other values of IL. The first column
of Table V gives the three focal lengths F of lens 9 used in
our experiments; the second column, the three corresponding
pump intensities IL; and the last column, the two-photon con-
tribution �IL�� to the total absorption coefficient �29�.

From �IL
thr���0.1 cm−1 and IL

thr�109 W /cm2, we can
calculate the two-photon absorption coefficient � and the
cross section �2. Indeed,

� =
IL

thr�

IL
thr �

0.1 cm−1

109 W/cm2 � 10−10 cm/W � 10−4 cm/MW,

�31�

�IL�� = �2N
IL

�	
, �32�

where IL /�	 is the pump intensity in units of
photons cm−2 s−1 and N=� /M is the molecular density �M is
the molecular mass�. For hexane �C6H14� N�4
�1021 cm−3. The photon energy corresponding to �
=308 nm is �	�4 eV�6.4�10−19 J. We have

�2 =
�	�IL

thr��
IL

thr N
� �2� 1�� 10−50 cm4 s. �33�

The accuracy is estimated as

��2

�2
�
��thr

�thr +
�IL

IL
� 0.2 + 0.3 � 0.5, �34�

where �thr is the experimental threshold value for the linear
STS-2.

For comparison, consider the two-photon nonresonant
ionization of a many-electron atom at a moderate electric
field strength, which does not involve near-threshold absorp-
tion, multiple ionization, and perturbation of the atomic
spectra. A typical cross section of this process is �2

i �10−49

−10−48 cm4 s �29,30�. Normally, �2
i is smaller than the cross

section for the two-photon bound-bound transition at the
absorption-line center. The value �33� extracted from the ex-
perimental data is smaller than �2

i . This substantiates our
assumption that the main contribution to the STS-2 gain is
made by the two-photon absorption. The relatively small
value of �2 may be explained by the fact that the two-photon
absorption scheme �� /2=154 nm, hexane� corresponds to a
wing of the absorption line.

H. Phase mismatch for SBS caused by two-photon heating

The relationship between IL , �IL�� and F �see Table V�
explains why the SBS component is not observed for �
=0.01 cm−1 when F=11 cm �Fig. 2�a��. Indeed, in this case
IL�1010 W /cm2, and the total absorption coefficient ��
=�+ �IL����IL���1.0 cm−1 is much larger than the critical
value �CR�0.1 cm−1 corresponding to phase mismatch
�Fig. 4�. The heating due to the two-photon absorption is
sufficiently strong to cause SBS breakdown.

I. Phase self-modulation and the decrease
in phase-conjugation fidelity caused

by two-photon heating

We consider only the case of Fig. 3 ��=0.01 cm−1

=const�, when linear absorption �Table V� and linear STS-2
�Table IV� do not contribute. The case of heating due to
linear absorption was discussed in �11,12�.

TABLE V. The two-photon contribution �IL�� to the total ab-
sorption coefficient �29� of hexane at �=308 nm for pump intensi-
ties IL corresponding to the three focal lengths F of lens 9 used in
our experiments.

F �cm� IL �W /cm2� �IL�� �cm−1�

11 �1010 �1.0

50 109 �0.1 �experiment�
100 2.5�108 �0.025
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Assuming that the two-photon absorption plays the domi-
nant role, we replace � with �IL�� in Eqs. �22�–�24�, and the
nonlinear phase increment over distance L becomes

���R,t,F� = �k, L =
	

c
� �n

�T
� �

�cP
	

0

t

IL
2�R,�,F�L�F�d� .

�35�

The quantity �IL
2L�= IL�ILL� in Eq. �35� increases with IL as

�ILL�=const, i.e., ���R , t ,F� depends on F. The two-photon
heating explains the increase in the phase self-modulation of
the pump wave when F is reduced from 100 to 11 cm.

The hypersonic grating decay time �B�1 ns �see Sec.
VI C 3� is shorter than the pump duration by a factor of 8.
The phase hologram adjusts to the dynamic variations of the
pump field caused by the phase self-modulation due to the
two-photon heating. The SBS ensures a high PC fidelity.

The thermal grating decay time �T�3 ns �see Sec.
VI C 3� is shorter than the pump duration by a factor of 3.
The phase hologram cannot keep pace with the dynamic
variations of the pump field caused by the phase self-
modulation due to two-photon heating. Since the pump wave
is scattered by a retarded hologram, the PC fidelity for two-
photon STS-2 loses quality.

J. Stimulated scattering mechanisms consistent
with the present studies

Table VI summarizes our experimental and theoretical
studies of stimulated backscattering of XeCl ��=308 nm�
laser pulses with the duration �0�8 ns in liquid hexane. The
first two columns show the three focal lengths F of lens 9
used in our experiments and the corresponding pump inten-
sities IL. The last two columns list the revealed physical
mechanisms of the stimulated backscattering in hexane char-
acterized by two typical values of the linear absorption co-
efficient �=0.01−0.08 cm−1 and �=0.17 cm−1. Since the
nonlinear region is the focal caustic of length L, the quantity
�ILL��1.5�103 MW /cm remains unchanged for our ex-
periments.

An analysis of the case IL�2.5�108 W /cm2 �F
=100 cm� where the two-photon absorption is insignificant
�see Table V�, leads to the following conclusions. �1� The
presence of linear STS-2 for �=0.17 cm−1 and its absence
for �=0.01−0.08 cm−1 agree with the estimated threshold

value �STS
thr �0.1 cm−1 �see Table IV�. �2� The absence of

SBS for �=0.17 cm−1 and its presence for �=0.01
−0.08 cm−1 are consistent with the theoretical critical value
for the phase mismatch �cr�0.1 cm−1 �see Fig. 4�. �3� The
absence of the SBS + linear STS-2 combination is ex-
plained by the fact that �STS

thr �0.1 cm−1 is close to �cr
�0.1 cm−1, while the step of the variation of � from 0.08 to
0.17 cm−1 in our experiments is not sufficiently small to
observe both these mechanisms simultaneously. The pres-
ence of the SBS + two-photon STS-2 combination indi-
cates that the step of the variation of ��=�+ �IL�� in our
experiments is sufficient for a simultaneous observation of
both mechanisms.

The presence of the linear STS-2 + two-photon STS-2
combination is yet to be substantiated. These two mecha-
nisms are virtually impossible to separate in our experimen-
tal spectra. Our theoretical analysis shows that neither linear
STS-2 nor two-photon STS-2 can be singled out as the domi-
nant mechanism when ��0.1 cm−1 and IL�109 W /cm2.

K. Experimental observation of a genuine SBS line
in the near-ultraviolet region

According to the existing theory, which takes into account
linear absorption �see Table IV and Fig. 4�, only SBS can
play a role in our experiments when �0.1 cm−1, while
only linear STS-2 can contribute when ��0.1 cm−1 �in
view of phase mismatch for SBS�. It is not surprising that
these two mechanisms are listed in the last column of Table
I as those suggested in the previous studies. Both SBS and
linear STS-2 in Table I are incorrect. Indeed, it follows from
the third column of Table I that IL�1010 W /cm2 in all the
previous studies. However, according to Table VI, for IL
�1010 W /cm2, either two-photon STS-2 or the linear
STS-2 + two-photon STS-2 combination should be ob-
served in hexane when �0.1 cm−1 and ��0.1 cm−1, re-
spectively. Therefore SBS should be replaced by two-photon
STS-2 in all rows of Table I with the exception of the last
one, while linear STS-2 should be replaced with the linear
STS-2 + two-photon STS-2 combination in the last row.
This consideration is corroborated by the fact that the mea-
sured frequency shift � in the fourth column of Table I is
much smaller than the Brillouin shift �B predicted theoreti-
cally for the same � �Table II�. It can be concluded that the
genuine SBS line has not been observed in previous studies

TABLE VI. Physical mechanisms of the stimulated backscattering of XeCl ��=308 nm� laser pulses with
duration �0�8 ns in hexane characterized by two typical values of the linear absorption coefficient �, for
pump intensities IL corresponding to the three focal lengths F of lens 9, and �ILL��1.5�103 MW /cm �L is
the nonlinear interaction length�.

Physical mechanisms of stimulated backscattering

F �cm� IL �W /cm2� �=0.01−0.08 cm−1 �=0.17 cm−1

100 2.5�108 SBS linear STS-2

50 109 SBS
+

two-photon STS-2

linear STS-2
+

two-photon STS-2

11 �1010 two-photon STS-2
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of the stimulated scattering in the near-uv region.
In our experiments the stimulated scattering of near-uv

��=308 nm� laser radiation in hexane was studied, and a
SBS line with frequency shift equal to 0.33 cm−1 �see Figs.
2�b� and 2�c��, in full agreement with the theory �see Table
II�, was observed. To observe the genuine SBS line, we had
to reduce the pump intensity from IL�1010 W /cm2 �Fig.
2�a�� as in previous studies �Table I� to IL�109 W /cm2

�Figs. 2�b� and 2�c��, while keeping the total gain for SBS
�Table IV� invariant. This made it possible to reduce the
two-photon contribution to the total absorption coefficient
�Table V� and to weaken the effect of the SBS phase mis-
match due to two-photon heating.

L. Effects of self-focusing and plasma formation
on stimulated scattering

All light-producing phenomena were inspected visually
through a thin transparent glass wall of the cell. First, con-
sider self-focusing. There are two mechanisms responsible
for self-focusing—the Kerr effect and electrostriction �31�.
The relaxation time for the Kerr effect is �K�10−11 s. The
relaxation time for electrostriction is approximately equal to
the time for the acoustic wave to pass through the focal caus-
tic diameter. The minimal value for this time under our ex-
perimental conditions is

�STR
min �

Fmin


v
�

�11 cm��3� 10−4 rad�
105 cm/s

� 3� 10−8 s

= 30 ns,

which is considerably more than the pump pulse duration
�0�8 ns. Therefore, as well as in �32,33�, under our experi-
mental conditions only the Kerr effect should be taken into
account. The self-focusing is characterized by the critical
power �34�

Pcr =
�1.22��24�c

128cnn2
=
��1.22��2

32nn2
� 8� 105 W,

where n2�4�10−13 ESU�1.2�10−12 cm2 /kW is the Kerr
constant of hexane �26�. Our pump power is

WL �
1.5 mJ

8 ns
� 2� 105 W � 0.25 Pcr.

For the input power P0.273Pcr self-focusing does not de-
velop �34�. Hence, self-focusing should not affect our experi-
ments. Usually, self-focusing in liquids is followed by thin
channels of light �35� and by increase in the divergence angle
of the radiation passing through the cell in the forward di-
rection. A visual inspection of the nonlinear liquid and the
radiation did not show these signs of self-focusing.

Second, consider plasma formation. The acoustic wave
generated as a result of SBS is supposed to be the reason for
optical destruction in solids �7,36�. The dynamics of internal
optical destruction in solids was studied in �37�. During the
course of the laser pulse, the destruction has the form of a
thread placed along the focal caustic. The pace of thread
development is much higher than the speed of a shock wave.

The thread diameter is considerably smaller than the focal
caustic diameter. Subsequent to the laser pulse the destruc-
tion grows in the transverse direction and possesses the form
of disks. The SBS cannot completely provide the energy
transformation. Preference is given to the destruction mecha-
nisms associated with self-focusing and multiphoton ioniza-
tion.

A theory of the optical breakdown in liquids does not
exist, because not much is known about it �1,34�. For �	
=4 eV fast three-photon ionization of hexane provides the
initial electrons. The breakdown threshold depends on the
electron multiplication rate. Different approaches �classical
or quantum� are used to describe how the electron gains en-
ergy, depending on the relation between the photon energy
�	 and the average electron energy increment during a
single collision,  � �38�. If  ���	, the classical kinetic
equation can be used. If �	� �, the quantum kinetic equa-
tion containing finite-difference expressions should be used.
For our moderate pump intensity IL1011 W /cm2, we have
 ��1 eV. Since �	=4 eV� ��1 eV, the quantum ki-
netic equation should be solved.

As a rough approximation, a liquid could be considered as
a gas under ultrahigh pressure of thousands of atmospheres.
For the noble gases under thousands of atmospheres �38,39�
the optical breakdown threshold reaches E�106 V /cm, I
��E /20�2�2.5�109 W /cm2. For molecular gases �38,40�
the thresholds are hundredfolds higher than for single-atom
gases, because it is more difficult for the electron to pass the
“dangerous” region between excitation and ionization.

Usually, the optical breakdown in a liquid is followed by
a flash of light �35� and bubbles. That was not detected by
visual inspection. It is possible that for organic liquids like
hexane the electromagnetic energy is transmitted to hydrody-
namic perturbations instead of an avalanche. The emergence
of SBS and STS-2 in our experiments confirms this suppo-
sition.

VII. SUMMARY

The present study focuses on the stimulated scattering of
nanosecond �5−10 ns� near-uv ��=193−351 nm� laser
pulses in liquids �hexane, heptane, and others�. Some experi-
mental results gained from previous studies concerning the
frequency shift and phase-conjugation fidelity disagree with
the existing theory of SS, which was developed for the
near-ir ��=0.69–1.06 �m� spectral region and takes into
account only linear �single-photon� light absorption.

To resolve the inconsistency, SS of XeCl excimer laser
radiation ��=308 nm� with the duration 8 ns in liquid hex-
ane for various values of the linear absorption coefficient �
and the pump intensity IL was investigated experimentally. In
contrast to the previous near-uv studies, we managed to cre-
ate a master oscillator, running in a single longitudinal mode.
As is well known, this mode of operation is characterized not
only by a small spectrum, but also by a near-Gaussian tem-
poral behavior without uncontrolled intensity peaks �mode
interference�. So our estimates of the pump intensity were
much more reliable than previous ones. Due to the smaller
bandwidth, we had less amplified beam energy and limited
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experimental possibilities as compared to the previous stud-
ies �we could not use neutral filters to control the pump
intensity�. We also managed to create a spectrum analyzer,
which monitored the temporal spectra of two counterpropa-
gating pulses in different but close enough fields. It allowed
us to be sure that the right field involves only a pump spec-
trum, and the left field only a backscattered spectrum. With-
out such an analyzer, any slightly shifted backscattered spec-
tral line may be simply confused with the spectral line of the
pump radiation.

When the product �ILL��1.5�103 MW /cm �L is the
nonlinear interaction length� remains invariant, the experi-
mental SS spectrum depends not only on �, but also on IL.
For �0.1 cm−1 and IL�1010 W /cm2, the spectrum in-
cludes a line corresponding to the mechanism of stimulated
thermal scattering induced by the heating due to two-photon
absorption. For �0.1 cm−1 and IL�109 W /cm2, the spec-
trum includes a line in the near-uv region, which corresponds
to genuine stimulated Brillouin scattering and is character-
ized by the frequency shift �B=0.33 cm−1, in full agreement
with the theory. For ��0.1 cm−1 or IL�1010 W /cm2, SBS
is suppressed by phase mismatch due to heating caused by
the linear or two-photon absorption, respectively. To detect

the genuine SBS line for �0.1 cm−1, we had to reduce the
pump intensity while keeping constant the total gain for
SBS, and thus weaken the phase mismatch due to the two-
photon heating.

When two-photon STS-2 is used for phase conjugation,
the PC fidelity is lower than that achieved by using SBS
because of the two-photon thermal phase self-modulation.
The molecular cross section for the two-photon absorption of
hexane at �=308 nm, �2��2�1��10−50 cm4 s, is found
from the experimental threshold pump intensity for two-
photon STS-2.

The SBS lines observed in previous studies have fre-
quency shifts much smaller than those predicted by the
theory and must be interpreted as two-photon STS-2 lines.
The physical mechanisms of linear STS-2 and two-photon
STS-2 are essentially different and their lines can readily be
distinguished in the spectrum. The total inconsistency be-
tween the experimental behavior of two-photon and linear
STS-2 lines explains why the two-photon STS-2 lines ob-
served in the previous studies were attributed to SBS for
almost a decade. The physical mechanism of two-photon
STS-2 is not specific for the near-uv spectral region.
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