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The origin and mechanism of backward stimulated Rayleigh scattering in two-photon absorbing media are
studied theoretically and experimentally. This type of stimulated scattering has the unusual features of no
frequency shift and low pump threshold requirement compared to all other known stimulated scattering effects.
This frequency-unshifted stimulated Rayleigh scattering effect can be well explained by a two-photon-
excitation-enhanced Bragg grating reflection model. The reflection of the forward pump beam from this
stationary Bragg grating may substantially enhance the backward Rayleigh scattering beam, providing a posi-
tive feedback mechanism without causing any frequency shift. A two-counterpropagating-beam-formed grating
experiment in a two-photon absorbing dye solution is conducted. The measured dynamic behavior of Bragg
grating formation and reflectivity properties are basically consistent with the predictions from the proposed
model.
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I. INTRODUCTION

Stimulated scattering of intense light is one of the major
subjects in nonlinear optics. Although several typessRaman,
Brillouin, Rayleigh wing, and thermal Rayleighd of stimu-
lated scattering were discovered in the 1960s, stimulated-
scattering-related studies have remained highly active over
the past several decades because of both the fundamental
research interest and the potential applicationsf1–4g. First,
stimulated scattering is one of the most effective physical
approaches to generate frequency-shifted coherent light
emission. Second, stimulated scattering is one of the most
effective technical approaches to generate optical phase-
conjugate waves. In addition, the study of various stimulated
scattering effects can provide knowledge and useful informa-
tion about the interaction between nonlinear scattering media
and intense coherent light radiation.

So far, for all known stimulated scattering effects, there is
always a frequency shift between the stimulated scattering
beam and the pump laser beam. For example, the frequency
shift values are larges102–103 cm−1d for most stimulated Ra-
man scattering processes that generally involve molecular
vibrational transitionsf5g. For backward stimulated Brillouin
scattering in liquid and solid media, these values are quite
small s10−1–1 cm−1d, corresponding to frequencies of
optoelectrostriction-induced hypersonic wavesf6g. In addi-
tion, the reported frequency-shift values for stimulated
Rayleigh-wing scattering were around several cm−1 f7g,
whereas they are more than several hundreds of cm−1 for
stimulated Kerr scatteringf8g. These two types of stimulated
emission have been observed only in Kerr liquids consisting
of anisotropic molecules, and the frequency-shift range is
determined by the optical-field-induced reorientation prop-
erty of anisotropic liquid molecules.

There is another relatively unexplored effect named
stimulated thermal Rayleigh scatteringf9,10g, which was ob-
served by Ranket al. and Choet al. in linear absorbing
media, and was explained by Herman and Gray using a
theory of one-photon-absorption-enhanced thermal density
fluctuationf11–13g. This theory could give an expression for
the gain factor and predict an anti-Stokes shift that was about
one-half of the pump spectral linewidth, provided that the
pump laser linewidth is much greater than the linewidth of
spontaneous Rayleigh scattering for a given scattering me-
dium. Although this precondition is satisfied under most ex-
perimental conditions, there was a lack of experimental re-
sults to support the prediction of the anti-Stokes shift. Some
early reports partially supported this predictionf9,10,14g,
whereas some others did notf15,16g. According to the same
theory f11g, considerable linearsone-photond absorption is
needed to enhance the thermal fluctuation of a given scatter-
ing medium; however, on the other hand, a considerable lin-
ear attenuation would be highly harmful for the initial “seed”
sspontaneousd scattering signal. One needs to remember that
all other types of stimulated scattering always require that
the chosen gainsscatteringd medium should exhibit as small
a linear absorption as possible to lower the pump threshold
of stimulated scattering. For this reason the so-called stimu-
lated thermal Rayleigh scatteringsSTRSd might be quite dif-
ficult to observe, and that may be the reason why only a very
small number of reports on this specific subject have ap-
peared.

The possible two-photon absorptions2PAd contribution to
the stimulated thermal scattering in pure organic solvents
ssuch as benzened was first reported by Boisselet al. f17g,
although there was a lack of specific identification of the
observed stimulated scattering. Later, the same possibility
was also mentioned by Karpovet al. in another experimental
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study using organic solventsssuch as hexaned as the scatter-
ing media to generate backward STRSf18g.

Since 1995 we have been involved in studies of multipho-
ton excitation processes and multiphoton absorbing materials
f19–23g. While measuring the 2PA cross sectionss2d values
of some two-photon active chromophore-solution samples
via the nonlinear transmission method, it has been found that
the 2PA cross-section value measured with a focused laser
beam at a given wavelength and with nanosecond pulse du-
ration is not a constant. Specifically, when the input laser
intensity is higher than a certainsthresholdd value, the mea-
sured 2PA cross-section values increase with increasing input
laser intensity. This unexpected increase of apparent cross-
section values for a given sample can be explained if we
assume there are some additional nonlinear processes which
may take energy from the input laser beam and cause the
additional decrease of the nonlinear transmission. One pos-
sible effect is excited-state absorption. The other might be a
backward stimulated scattering process related to 2PA. Ex-
perimentally, after putting a beam splitter on the backward
side of the cuvette containing the 2PA solution sample, we
indeed could see a highly directional backward stimulated
scattering beam, provided that the intensity of the input laser
beam and the 2PA coefficientsbd of the sample medium
were high enough. After pursuing thorough measurements
and specially designed experiments, it is found that the
wavelength of such observed backward stimulated scattering
is exactly the same as that of the input pump laser, and the
feedback mechanism of the stimulated scattering observed in
our experiments is mainly provided by the reflection from a
stationary Bragg grating formed by the forward pump beam
and backward Rayleigh scattering beam. For this reason it
seems appropriate to term this specific effect stimulated
Rayleigh-Bragg scatteringsSRBSd in two-photon absorbing
media.

This paper is organized as follows.sid In Sec. II we pro-
vide a brief description of the basic experimental results on
this specific stimulated scattering effect.sii d In Sec. III we
present a brief theoretical analysis based on a modified Her-
man and Gray theory by considering 2PA-enhanced thermal
density fluctuations, the results of which are compared with
the experiments.siii d In Sec. IV we describe a 2PA-enhanced
Bragg grating feedback model in detail, and present the ex-
perimental results that quantitatively supported this theoreti-
cal model.

II. EXPERIMENTAL MANIFESTATION OF STIMULATED
RAYLEIGH-BRAGG SCATTERING

Even though all experimental results presented in this pa-
per are based on a particular two-photon absorbing chro-
mophore solution, namely, a dye named PRL 802 in tetrahy-
drofuransTHFd at 0.01M concentrationf24g, we believe that
the discussed effect is applicable to all two-photon absorbing
media. In our specific experiment, a 1-cm path length solu-
tion sample was pumped by a focused 532-nm laser beam
that was generated from a frequency-doubled and
Q-switched neodymium doped yttrium aluminum garnet
sNd:YAGd laser working at a variable repetition rate from 1

to 10 Hz. The laser pulse duration was,10 ns when utiliz-
ing either a Pockels’ cell as the activeQ-switching element
or a BDN-doped polymer sheet as the passiveQ-switching
element. The spectral linewidth of the 532-nm laser output
was either,0.8 cm−1 in the former case or,0.08 cm−1 in
the latter case. The 2PA coefficient of the sample solution of
0.01M was measured to beb<9.46 cm/GW when the input
laser pulse energysor intensityd was kept lower than,60 mJ
sor ,40 MW/cm2d. The observed features of this stimulated
scattering phenomenon can be summarized as follows.

s1d Threshold property: with a focusing lens of f
=10 cm, the threshold pump energysor intensityd value was
measured to be,60 mJ sor 40 MW/cm2d for passively
Q-switched laser pulses, which was much lower than the
threshold valuesù150 mJ or 100 MW/cm2d of backward
stimulated Brillouin scattering in a 1-cm-long pure THF
sample under the same conditions.

s2d High directionality: the stimulated scattering can be
observed only in the exact backward direction with nearly
the same beam divergence as the input pump laser beam
s,1 mradd.

s3d Spectral identity: the measured central peak wave-
length of the backward stimulated scattering is exactly the
same as the input pump laser within a spectral resolution
better than half of the input laser linewidth.

s4d Temporal behavior: the measured pulse duration of
backward stimulated scattering is always shorter or consid-
erably shorter than that of the input pump laser pulses.

Among all of the above-mentioned properties, the most
special feature is that under our experimental conditions,
there is no frequency shift between the pump laser beam and
the backward stimulated Rayleigh-Bragg scattering beam.
This feature has been demonstrated by using 532-nm laser
beams with narrow spectral linewidth of,0.08 cm−1 and
broad spectral linewidth of,0.8 cm−1, respectively. For the
case of a narrows,0.08 cm−1d pump laser line, this mea-
surement was performed by using a 10-mm-spacing Fabry-
Pérot interferometer, which showed no wavelength shift for
backward stimulated scattering within the spectral resolution
of ,0.025 cm−1 f24g. For the case of a broads,0.8 cm−1d
pump laser line, the spectral measurement was conducted by
using a 1-m double monochromatorsfrom Jobin-Yvond in
conjunction with a charge-coupled-device camera system.
The spectral resolution of our system was determined to be
,0.11 cm−1, which was calibrated by using an extremely
narrow 532-nm laser line with a spectral width less than
0.005 cm−1, generated from a seeded single-longitudinal-
mode Nd:YAG lasersPRO-230, from Spectra-Physicsd. The
spectral photographs for the input pump line, the output
backward SRBS line, and both lines together are shown in
Fig. 1. Once again, there is no measured frequency shift
within our spectral resolution which was much smaller than
half of the pump laser linewidth.

Regarding this frequency-unshifted feature, two questions
may arise. The first is whether or not we could explain the
effect by using a previous theoretical model. If the answer is
negative, then we have another question: can we explain our
observation by using a different theoretical model? In the
following two sections, we shall try to answer these two
questions separately.
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III. A MODIFIED PREVIOUS THERMAL DENSITY
FLUCTUATION MODEL

In 1967, Herman and Gray reported a theoretical analysis
based on a linear-absorption-enhanced thermal temperature
and density fluctuation modelf11g, to explain the experimen-
tal observation of stimulated thermal Rayleigh scattering in a
one-photon absorbing mediumf9g. Now, one may wonder if
the same theoretical frame is applicable to a two-photon ab-
sorbing scattering medium. For this reason, we try to modify
their theory to consider thermal temperature and density
fluctuations, which are enhanced by 2PA instead of linear
absorption. To do so, we first give a set of equationsf11,4g
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wherer̄ andT̄ are the density and temperature fluctuations of
the scattering medium,r0 is the average or unperturbed den-

sity, ge=r0s]« /]rdT is the electrostrictive coupling coeffi-
cient, g=Cp/Cv is the ratio of the specific heats at constant
pressure and volume,lT andbT are the coefficients of heat
conduction and thermal expansion at constant pressure,h is
the bulk viscosity coefficient,b is the two-photon absorption
coefficient,n0 is the refractive index,c0 is the velocity of
sound,c is the speed of light, andE is the optical electric
field applied to the medium. Here, Eq.s1d describes the me-
dium density fluctuation induced by the optoelectrostrictive
effect, whereas Eq.s2d represents the temperature and den-
sity fluctuations enhanced by 2PA with the assumption that
the linearsone-photond absorption is negligible. The overall
optical field may be regarded as a superposition of two
waves, i.e., the input laser fieldEL and the backward stimu-
lated scattering fieldES:

ELsz,td =
1

2
hEL expfiskLz− vLtdg + EL

* expf− iskLz− vLtdgj,

s3d

ESsz,td =
1

2
hES expf− iskSz+ vStdg + ES

* expfiskSz+ vStdgj;

s4d

meanwhile the fluctuating density and temperature can be
written as

r̄ =
1

2
hr expfiskz− vtdg + r* expf− iskz− vtdgj, s5d

T̄ =
1

2
hT expfiskz− vtdg + T* expf− iskz− vtdgj, s6d

wherev=vL−vS is the frequency shift andk=kL+kS is the
sum of magnitudes of wave vectors for the two waves.

Substituting Eqs.s3d–s6d into Eqs.s1d and s2d leads to a
steady-state solution forr̄, and the presence of a gain for
backward scattering field can be shown by solving the fol-
lowing steady-state nonlinear coupled wave equations
through a procedure similar to that given by Herman and
Gray:

dIL
dz

= − geILIS− gbIL
2IS− bIL

2, s7d

dIS
dz

= − geILIS− gbIL
2IS. s8d

The above two equations describe the spatial attenuation for
the forward pump laser intensityIL, and the gain for the
backward stimulated scattering intensityIS, respectively. The
gain factors for the latter can be expressed as

ge =
sg − 1dsged2vLGR

4c2n0
2c0

2r0

v

v2 + sGR/2d2 , s9d

FIG. 1. Spectral photographs ofsad backward stimulated scat-
tering, sbd input 532-nm pump laser, andscd both stimulated scat-
tering and pump laser. Spectral resolution: 0.11 cm−1.
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gb = −
2gevLbTb

cn0r0Cp

v

v2 + sGR/2d2 , s10d

whereGR is the spontaneous Rayleigh linewidth. Here,ge is
provided by the optoelectrostrictive mechanism, andgb is
provided by the 2PA mechanism. It can be seen that the signs
of these two factors are opposite for a given frequency shift
v value. From Eq.s8d one can see that under the conditions
of negligible linear absorption and pump intensity depletion,
a small backward scattering signal will experience an expo-
nential gain characterized by the following gain coefficient
sin units of cm−1d:

G = geIL
0 + gbsIL

0d2, s11d

where IL
0 is the initial or undeleted pump intensity. If the

input pump intensity is high enough the second gain term
may become dominant and, therefore, we should only con-
sider this term in detail.

According to Eq.s10d, the spectral profile of the gain
factor related to a 2PA contribution can be rewritten as

gb = gb
max svS− vLdGR

svS− vLd2 + sGR/2d2 , s12d

where the maximum spectral gain factor is determined by

gb
max= −

2gevLbT

cn0r0Cp

b

GR
, s13d

which is proportional to the 2PA coefficientb and inversely
proportional to the spontaneous Rayleigh linewidthGR. A
typical spectral gain profile determined by Eq.s12d is shown
in Fig. 2sad by the solid-line curve which indicates that the
maximum gain will be reached at the position ofDv=vS
−vL=GR/2 on the anti-Stokes side of the pump wavelength.

Until now we have assumed that the input pump light is a
monochromatic optical field. In reality, however, the input
pump laser linewidth under most experimental conditions is
orders of magnitude broader than the spontaneous Rayleigh
linewidth, GR/2p, which is around 20 MHz or 7310−4

cm−1 for common optical media in the liquid phase. For in-
stance, under our experimental conditions the pump laser
linewidth was,0.08 or,0.8 cm−1, depending on what type
of Q-switching element was used. In both cases, we can treat
the total input laser field as a superposition of a great number
of different monochromatic spectral components. Each spec-
tral component may produce its own gain curve and the sum-
mation of a greater number of them will lead to a severe
cancellation of gain among them. For example, in Fig. 2sad
the dashed line shows the gain curve created by another in-
put spectral component, the maximum gain position of which
is just overlapping with the maximum attenuation position of
the solid-line curve.

Mathematically, the overall gain profile for a given spec-
tral distribution of pump field can be expressed as a convo-
lution with the following form:

gb
SsvS− v0d =E

−`

`

gb
max svS− vdGR

svS− vd2 + sGR/2d2Fsv − v0ddv,

s14d

wherev0 is the central frequency of the pump laser spectrum
with a given spectral profile functionFsv−v0d.

In general, Eq.s14d is not analytically solvable but can be
solved numerically. To do so, we assume the pump laser
exhibits a Gaussian spectral distribution with a given line-
width of GL. The overall relative gain profiles given by nu-
merical solutions of Eq.s14d are shown in Fig. 2sbd for six
different values ofsGL /GRd, respectively. From Fig. 2sbd one
can reach the following two conclusions:sid the peak of the
overall gain would be always located on the anti-Stokes side
and near to thesGL /2d position, andsii d whenGL /GR@1 the
overall gain factor for a broader pump laser line is signifi-
cantly smaller than that for a narrower pump line. The first
conclusion is not supported by our experimental observation.
On the other hand, the measured pump energy threshold val-
ues for observing backward SRBS were,60 and,58 mJ
for pump linewidths of,0.08 and,0.8 cm−1, respectively.
This fact is obviously in contradiction with the second con-
clusion described above. Therefore we have to say that the
modified Herman and Gray theory is not a suitable model to
explain our experimental results.

FIG. 2. sColord sad Relative gain factor as a function of fre-
quency shift for two monochromatic pump components;sbd overall
gain factor as a function of frequency shift at six different spectral
linewidth ratios ofGL /GR.
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IV. 2PA-ENHANCED BRAGG GRATING REFLECTION
MODEL

In this section we suggest a two-photon-excitation-
enhanced Bragg grating reflection model to explain the gain
mechanism responsible for the backward frequency-
unshifted Rayleigh scattering. It is well known that for any
type of stimulated scattering the two basic requirements must
be satisfied:sid there is an original seed signal usually from
the corresponding spontaneous scattering;sii d there is a gain
sor positive feedbackd mechanism that ensures the further
amplification of the original seed signals. In our case, the
backward propagating spontaneous Rayleigh scattering can
be thought of as an original seed signal that may interfere
with the forward propagating pump wave to form a standing
wave with a spatially modulated periodic intensity distribu-
tion. This intensity modulation may further induce an
intensity-dependent refractive-index change and create a sta-
tionary Bragg gratingf25g. A Bragg grating formed in such a
way will offer a nonzero reflectivity for both the strong for-
ward pump beam and the very weak backward scattering
beam. However, the absolute value of the energy reflected
from the pump beam to the scattering beam will be much
greater than that from backward scattering beam to the pump
beam. As a net result the backward scattering seed beam
becomes stronger. Moreover, a slightly stronger backward
scattering seed beam will enhance the modulation depth of
the Bragg grating and consequently increase the reflectivity
of this grating, which means more energy will transfer from
the pump beam to the backward scattering beam. These pro-
cesses may finally cause the backward scattering signals to
be stimulated. One can see that there is a typical positive
feedback provided by a stationary Bragg grating formed by
two counterpropagating beams. With this assumption, 2PA
may play a particularly important role in the following two
senses. First, accompanying with 2PA there is a resonance-
enhanced refractive-index change that is necessary for form-
ing an effective Bragg gratingf26–28g. Second, 2PA leads to
a certain attenuation mainly on the strong pump beam, not on
the much weaker seed scattering beam. In contrast, for a
linear absorbing medium, the linear attenuation ratio is the
same for both strong pump beam and weak scattering beam,
which may prohibit the latter from being completely stimu-
lated. That can explain why the effect of frequency-unshifted
stimulated Rayleigh scattering is much easier to observe in a
two-photon absorbing medium than in a linear absorbing me-
dium.

To give a mathematical description for the suggested
Bragg grating model, we can write the intensity of the over-
all optical field inside the scattering medium as

Iszd = sIL + ISd + 2ÎILIScoss4pn0z/l0d. s15d

Here IL is the intensity of the forward pump beam,IS the
intensity of backward Rayleigh scattering beam, andn0 is the
linear refractive index of the scattering medium atl0. This
periodic intensity modification will produce a refractive-
index change with the same spatial periodsn0l0/2d due to
the third-order nonlinear polarization effect. The spatial

modulation of the intensity-dependent refractive-index
change can be expressed as

Dnszd = n2DIszd = 2n2
ÎILIScoss4pn0z/l0d

= dn coss4pn0z/l0d. s16d

Here n2 is the nonlinear refractive-index coefficient, the
value of which for a given medium is dependent on the spe-
cific mechanism of induced refractive-index change;dn is
the amplitude of the spatial refractive-index modulation.
Since the scattering medium is two-photon absorbing, the
nonlinear refractive-index coefficientn2 can be significantly
enhanced due to resonant interaction between the laser field
and the nonlinear medium, as described byf3g

n2sv0d ~ d0s2
v2PA − 2v0

sv2PA − 2v0d2 + sG2PA/2d2 , s17d

whered0 is the molar concentration of two-photon absorbing
dye molecules,s2 is the molecular 2PA cross section, and
v2PA and G2PA are the central frequency and bandwidth of
the 2PA spectrum for a given medium, respectively. From
Eq. s17d it can be seen thatun2sv0du reaches its maximum
value whenuv2PA−2v0u⇒G2PA/2.

Light-induced periodic refractive-index changes inside a
nonlinear medium may create an induced Bragg phase grat-
ing f25–28g, which in turn provides an effective reflection for
both beams by the same reflectivityR. In our experimental
case, the laser-induced Bragg grating is essentially a thick
hologram grating with a cosinusoidal spatial modulation, and
its reflectivity is simply given by the well-known Kogelnik
coupled wave theory of thick hologram gratingsf29g:

R= tanh2spdnL/l0d. s18d

Here L is the thickness of the grating or the effective gain
length inside the scattering medium. From Eq.s16d we have

dn = 2n2
ÎILIs.

Then Eq.s18d becomes

R= tanh2s2pn2
ÎILISL/l0d. s188d

The threshold condition for stimulating the backward Ray-
leigh can be expressed as

RIL @ ISh1 − expf− asl0dLgj, s19d

whereasl0d is the residual linear attenuation coefficient at
l0. Under the threshold condition, we can assumeR!1 and
asl0dL!1, the hyperbolic tangent function in Eq.s188d can
be replaced by its arguments and Eq.s19d can be finally
simplified as

s2pn2/l0d2LIL
2 ù asl0d. s198d

The physical meaning of the above condition is that for a
given pump intensity level ofIL, the backward stimulated
Rayleigh-Bragg scattering is easier to be observed in a two-
photon absorbing medium possessing a largern2 value, a
longer gain lengthL, and a smaller optical attenuation.
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V. VERIFYING EXPERIMENT FOR THE BRAGG
GRATING REFLECTION MODEL

To verify the validity of the above-described theoretical
model of grating reflection, a specially designed two-
counterpropagating-beam coupling experiment has been con-
ducted. The experimental setup is shown in Fig. 3, where the
532-nm laser output of,0.8-cm−1 linewidth from the
Pockels-cell-switched Nd:YAG laser was split into two
counterpropagating beams: a strong pump beam 1 and a very
weak probe beam 2 with a huge intensity differencesmore
than 600–6000 timesd. Both beams were focused through
two lenses off =20 cm onto the center of a 1-cm path-length
cuvette filled with PRL 802s0.01M in THFd. The crossing
angle of these two beams was 177.5°. The energy change of
pump beam 1 was controlled by rotating a polarizer prism,
and a change in intensity ratio between these two beams was
achieved by using a variable neutral-density filter. The gain
of beam 2 could be measured either by a boxcar averager
sModel 4420 from Princeton Applied Researchd or by a 500-
MHz two-channel digital oscilloscopesInfinium from
Hewlett Packardd.

This experiment allows us to observe such a two-beam-
induced Bragg grating and energy transfer from the strong
beam 1 to the much weaker beam 2, owing to the reflection
from the induced grating. As an illustration, Fig. 4 shows the
measured gain behavior of beam 2 as a function of the en-
ergy of beam 1 under the condition of keeping the same
intensitysenergyd ratio of j= I2/ I1. In Fig. 4, each data point
represents an average over six pulses of the 532-nm laser
with a repetition rate of 5 Hz. Based on the measured signal
levels of beam 2 with and without interacting with beam 1,
the relative gain of beam 2 as a function of energy of beam 1
can be easily determined. According to Eq.s188d the energy
transfer from beam 1 to 2 can be written as

DI1 = RI1 < s2pn2L/l0d2I1
2I2 ~ I1

2I2. s20d

If we assume the energy loss due to grating reflection for
beam 2 is negligible becauseR!1, the relative gain of beam
2 can be expressed as

G = DI1/I2 ~ I1
2. s21d

This simple equation implies two important predictions: the
gain G is sid proportional toI1

2 and sii d independent ofI2,
providedI1@ I2 andR!1. The first prediction is proven by
the results shown in Fig. 5, where the hollow circles repre-
sent the measuredG values as a function of the energy val-
ues of beam 1, while the dashed line represents the fitting
curve by using a square law, i.e.,y=ax2. To verify the second
prediction, we have also measured the relative gain behavior
of beam 2 at its different input energy values keeping the
same energysI1d level for beam 1. The boxcar-measured gain
behaviors are shown in Fig. 6, while the data finally obtained
are shown in Fig. 7sad. From the latter figure we can see that
the measuredG values are basically independent of theI2
values within the experimental uncertainty, which is an ex-
perimental proof of the second prediction mentioned above.
Absolute values of the induced grating’s reflectivity can also
be determined through the measured gain values of beam 2.
From Eqs.s20d and s21d we have

FIG. 3. sColord Optical setup for two-counterpropagating-beam-
induced Bragg grating experiment. ND indicates neutral density.

FIG. 4. Boxcar-averager-measured gain behaviors of a weak
probe beam 2 at four different energy levels of a strong pump beam
1 under the condition of the same ratio ofI2/ I1=1/613.
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R= DI1/I1 = GI2/I1. s22d

Based on the measured data shown in Fig. 7sad, we can fi-
nally display the values of reflectivityR in Fig. 7sbd, as a
function of I2 under the condition of a fixedI1. In this spe-
cific case, we see that the grating reflectivityR is propor-
tional to the intensitysenergyd of beam 2, as predicted by Eq.
s22d. As we mentioned before, an increase of the weak signal
beam will further enhance the reflectivity and allow it to get
still more energy from the strong pump beam. That is the
positive feedback mechanism needed for generating stimu-
lated scattering.

Alternatively, the gain behavior of weak beam 2 can also
be measured by using a high-speed oscilloscope system
shown in Fig. 3. In the case of utilizing a boxcar averager,
the measured data were based on a double temporal average:
first over a single laser pulse profile and then over six se-
quential laser pulses. In the case of utilizing an oscilloscope,
we can record the dynamic gain behavior of even an indi-
vidual laser pulse. In general, the 532-nm laser pulses from a
Pockels-cell-switched Nd:YAG laser have a randomly fluc-
tuating wave form and are poorly reproducible. This diffi-
culty could be partially removed by utilizing a Pockels cell
and a BDN dye-doped polymer sheet together to improve the
regularity of the laser pulse shape. Figure 8 shows the simul-
taneously measured profiles of the inputsdashed lined and
output ssolid lined pulses for beam 2 under this operation
condition. To obtain the results shown in Fig. 8sad, the strong

FIG. 5. Measured relative gain of beam 2 as a function of en-
ergy of beam 1 under the condition of the same ratio ofI2/ I1

=1/613. The dashed line is a fitting curve using a square law.

FIG. 6. Boxcar-averager-measured gain behaviors of beam 2 at
four different ratios ofI2/ I1 under the condition of the same energy
level of beam 1.

FIG. 7. Relative gain of beam 2sad and reflectivity of induced
grating sbd as a function of the energy of beam 2 under the condi-
tion of the same energy level of beam 1.
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beam 1 was blocked and there was no grating inside the
nonlinear medium. Figures 8sbd and 8scd clearly show the
enhancement effect of beam 2 due to grating reflection at two
different energy levels of beam 1. After subtracting the
dashed-line curve from the solid-line curve we can finally
obtain the dynamic information of the gain for beam 2 as a
function of time. The remarkable features of the measured
results shown in Figs. 8sbd and 8scd aresid the peak positions
on the wave form for the amplified beam 2 are basically the
same as that for the input pulse within our temporal resolu-
tion of ±0.5 ns; sii d the amplified pulse shape of beam 2
remains symmetric like the input pulse. These two facts may
imply a simplest case, i.e., a nearly instantaneous induced
refractive-index change within the range of experimental un-
certainty. Based on this assumption, the measured pulse
shape of the amplified beam 2 can be well fitted by using a
modified Eq.s21d:

Gstd = DI1std/I2std ~ I1
2std. s23d

Here it should be noted that the relative pulse shapes for
beams 1 and 2 are identical as they are from the same source.

To further verify the validity of the proposed physical
model of grating reflection, we try to employ this model to fit
the measured output-input relationship between the pump
field and the stimulated scattering field. In Fig. 9sad the dia-
mond points represent the measured nonlinear transmission
values as a function of the pump intensity. Here, the attenu-
ation of the pump beam is due to a pure 2PA process when
the pump level is lower than the threshold of stimulated scat-
tering, then is due to both 2PA and backward stimulated scat-
tering when the pump level is higher than the threshold. The
best-fitting curve for the pure 2PA process is obtained by
assuming 2PA coefficientb=9.46 cm/GW. In Fig. 9sbd the
circle points represent the measured output intensity values
of the backward stimulated scattering as a function of the
input pump intensity. To fit the output-input relationship
shown in Fig. 9sbd, we can use an average approximation,
i.e., to determine the grating reflectivity by estimating the
average local intensity for the two beams at the central po-
sition of the gain medium. To do so, we first give the follow-
ing expression for the average pump intensity inside the me-
dium after considering 2PA-induced attenuation and the
additional loss due to the grating reflection,

FIG. 8. sColord Temporal profiles for the inputssolid lined and
outputsdashed lined pulse of beam 2 at two different energy levels
of beam 1:sad beam 1 was blocked,sbd E1=30 mJ, and scd E1

=43 mJ under the condition of the same ratio ofI2/ I1=1/890.

FIG. 9. sColord sad Measured nonlinear transmission of the
pump beam vs input pump intensity; the dashed line is the best-
fitting curve based on a pure 2PA process;sbd measured output
backward stimulated scattering intensity vs input pump intensity;
the dashed line is the best-fitting curve based on the grating reflec-
tion model.
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I18 = I1
0lns1 + bI1

0L/2d
bI1

0L/2
T0s1 − R/2d. s24d

Here I1
0 is the input pump intensity,b is the 2PA coefficient

of the scattering medium,L is the path length of the sample
solution,T0 is the linear transmission passing throughL /2 of
the medium, andR is the average reflectivity of the induced
Bragg grating. The average intensity of the backward stimu-
lated scattering inside the medium can be written as

I28 = I18Rs1 − R/2d. s25d

According to Eq.s188d, we have

R= tanh2fspn2L/l0dÎI18I28g. s26d

Substituting Eq.s26d into Eqs.s24d and s25d provides a nu-
merical solution forI28, and the final output intensity of the
backward stimulated scattering can be modified as

I2 = I28
lns1 + bI28L/2d

bI28L/2
T0. s27d

In our experimental condition,L=1 cm,T0<0.95 sdue to
one window’s reflection and residual linear attenuationd, and
b=9.46 cm/GW. Then we can use these values and the
above expression to fit the experimental data. The fitting
curve is shown in Fig. 9sbd by a dashed line with a best-
fitting parameter ofn2=2.93310−7 cm2/MW. From Fig.
9sbd one can see that the theoretical output-input relationship
predicted by the grating reflection model is in fairly good
agreement with the measured data within our experimental
uncertainty.

VI. CONCLUSIONS

We have experimentally and theoretically studied back-
ward stimulated Rayleigh-Bragg scattering in a two-photon

absorbing dye solution. There are two salient experimental
features that are different from other known stimulated scat-
tering effects:sid there is no measured frequency shift within
a spectral resolution better than one-half of the pump laser
linewidth; sii d the measured pump threshold values are not
dependent on the spectral linewidthsfrom 0.08 to 0.8 cm−1d
of the pump laser. These two features are not consistent with
the predictions from a modified Herman and Gray theory
considering the gain arising from two-photon-absorption-
enhanced thermal density fluctuation. However, these two
features can be well interpreted by a physical model of 2PA-
enhanced Bragg grating reflection. This stationary Bragg
grating is formed by a strong forward pump laser field and a
much weaker backward Rayleigh scattering field of the same
wavelength. The reflection from this stationary grating may
substantially enhance the backward Rayleigh scattering and
provides a positive feedback mechanism without causing any
frequency shift. The two-photon absorbing medium may pro-
vide a resonance-enhanced refractive-index change to en-
hance the efficiency of the induced Bragg grating, while
avoiding the harmful influence from linear absorption.

A specially designed two-counterpropagating-beam cou-
pling grating experiment in a two-photon absorbing dye so-
lution is conducted. The measured dynamic behavior of
Bragg grating and its reflection property are quantitatively
consistent with predictions from the suggested grating reflec-
tion model. The major contribution to the Bragg grating is
attributed to a nearly instantaneous refractive-index change
in the nanosecond regime, whereas the thermal refractive-
index change is not likely contributing to the stimulated scat-
tering because of its slower time responsef30,31g.
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