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Pulse-energy statistics in the linear regime of stimulated Raman scattering
with a broad-band pump

A. S. Grabtchikov, A. I. Vodtchits, and V. A. Orlovich
Laboratory of Nonlinear Optics, B. I. Stepanov Institute of Physics, Academy of Sciences,

Francisc Skaryna Ave. 70, Minsk 220072, Belarus
~Received 15 October 1996; revised manuscript received 4 March 1997!

The results of the investigation of Stokes energy statistics in the linear regime of stimulated Raman scat-
tering with a broad-band pump are presented. The pulse-energy distributions and their standard deviations were
measured. The comparison of the experimental data with known ones for coherent pump shows the strong
difference in the distribution shape and the standard deviation value. This difference is explained as a mani-
festation of the non-Gaussian~super-Gaussian! statistics in stimulated scattering with a broad-band pump. The
results of numerical calculations for statistics of Stokes intensity are in a qualitative agreement with the
experimental findings.@S1050-2947~97!03808-0#

PACS number~s!: 42.65.Dr
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Stimulated Raman scattering~SRS! is an interesting ex-
ample of a quantum optical process. Large-scale fluctuat
of the Stokes pulse energy in the linear regime of SRS
evidence of a macroscopic manifestation of quantum no
@1–4#. Theoretical and experimental data show that cor
sponding fluctuations of a spontaneously generated St
field can be described by Gaussian statistics, a synonym
chaotic behavior@5#. These results were obtained for a c
herent pump, with the pump noise minimized.

Usually the laser radiation is not coherent, and conta
additional noise due to multimode operation. In many ca
the multimode laser statistics can be characterized as Ga
ian @6#. It is known that nonlinear optical effects with a mu
timode or broad-band pump can transform the statistics f
Gaussian to non-Gaussian. This transformation can be
in second-harmonic generation@7,8# and coherent anti-
Stokes Raman scattering@9,10#. By increasing the intensity
fluctuations these statistics can be characterized as su
Gaussian~see, for example, Ref.@11#!. Non-Gaussian statis
tics are also seen in spontaneous scattering, where it
result of scattering of the fluctuating field on the fluctuatio
of the medium@12#.

The investigation of SRS with a broad-band pump ha
long history, beginning in the middle of the 1960s. T
broad-band nature of the pump laser is responsible for a l
forward-backward asymmetry of the Raman amplificat
@13#, the existence of the critical intensityI cr needed to over-
come the decorrelating effects of dispersion@14,15#, and the
increase of the conversion efficiency into the Stokes w
@15#. Effects caused by pump noise in SRS can resul
interesting statistical properties of SRS radiation. At t
same time, a detailed knowledge of SRS statistics wit
coherent pump@5# gives a good background for a compar
tive analysis of the broad-band case. The main statistical
concerning coherent pump were obtained by measuring
pulse-energy statistics@2–5#. An investigation of the pulse
energy statistics for broad-band SRS was reported in R
@16#, where attention was mainly paid to the transition fro
the linear to nonlinear regimes. Details of the statistics in
linear regime of broad-band SRS were not considered.

In this Brief Report we focus on an observation of no
Gaussian statistics in SRS with a broad-band pump. Our c
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clusions are the result of a comparison of our data with
known examples of processes with Gaussian statis
Stokes generation with a coherent pump in the linear regi
and dye laser generation near the threshold. The differe
found in the pulse-energy distribution shapes for broad-b
and coherent pumps demonstrates non-Gaussian behav
broad-band SRS. Additional comparison of standard de
tions of Stokes and dye lasers shows an increase in the
tuations for Stokes radiation with respect to the Gauss
light of the dye laser, which is evidence of super-Gauss
behavior. Single-shot spectral measurements allow for an
timation the intensity fluctuations time scales participating
broad-band SRS. Finally, a comparison of experimental d
for pulse-energy statistics with the results of the numeri
calculations for the intensity statistics will be offered.

In the experiment the superluminescent Rh6G dye la
was pumped by a frequency doubled, nanosecond pu
Nd:YAG ~yttrium aluminum garnet! laser. The figure-8-
shaped 50-cm cavity dye laser has no spectral selecting
ments, and consisted of three highly reflective mirrors and
output mirror with a reflection coefficient of 10%. The cavi
dye cell was oriented at the Brewster angle with respec
the generated beam. The longitudinal scheme of a pump
vides conditions close to superluminescent lasing with m
tiple passing of the multimode amplified radiation throu
the active medium, and allows one to obtain an output la
beam with a divergence of 0.8 mrad. The maximum ene
of a 5.5-ns~full width at half maximum, or FWHM! dye
laser pulse is 15 mJ. The spectrum of the dye laser is c
tered at 563 nm with a bandwidth of approximately 2
cm21 ~FWHM!.

The dye laser beam is directed through a 2-mm aper
and forming optics~lens with focal length of 2.7 m and 23
telescope! into 140-cm-long Raman cell of molecular hydro
gen at 50 atm. The dye laser radiation generated the
Stokes component of vibrational SRS in hydrogen. The s
ond Stokes component of SRS and backward SRS were
excited.

The Stokes pulse radiation is centered at 734 nm, and
spectrally selected by a prism. For spectral measurem
some parts of Stokes and passed pump pulses were div
by a mirror to a monochromator. Pulse spectra were m
1666 © 1997 The American Physical Society
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56 1667BRIEF REPORTS
sured with a CCD array connected to a personal compu
Photodiodes were used to measure the input pump

Stokes energies. The pump and Stokes signals were digi
by a CAMAC system. The computer performed the data
quisition and analysis. In the analysis the registered ener
were considered in the two-dimensional~pump and Stokes!
plane@4#. The energy range of every dimension consisted
512 channels. As a result, the Stokes energy distribut
could be analyzed both for very narrow and very broad~as
the data sum for some neighboring channels! pump energy
intervals. The main parameters of the distribution such
mean value and standard deviation were calculated.

The linear regime of SRS with the efficiency of Stok
generation of 0.931023% was realized at a mean dye las
pulse energy equal to 3.7 mJ. The Fresnel number for
SRS processF5S/(zl) ~wherez is the Raman cell length,l
is the Stokes wavelength, andS is the beam cross section!
was in the range of 0.3–0.5,1, i.e., one spatial Stokes mod
was excited@5#. The steady-state condition for SRS istp
.G0T2 , wheretp is the pump pulse duration,G05I pgz is
the Raman gain,I p is the pump intensity,g is the steady-
state gain coefficient, andT2 is the dephasing time of th
Raman medium~150 ps!. For our experimenttp;G0T2 , i.e.,
SRS was in the intermediate regime. The SRS threshold
tensity was I th5240 MW/cm2. The number of the pump
modes can be estimated asN5Dv/Dn;30 000, whereDv
is the laser spectral bandwidth,Dn51/2L, andL is the laser
resonator length.

The Stokes and laser energy distributions for these co
tions are shown in Fig. 1. The pump laser distribution co
tains 40 000 shots registered in 49 channels. The distribu
is centered near the mean energy with a normalized stan
deviation of 0.09. The standard deviation was calculated
s5A(1/n)( i 51

n (Wi2^W&)2, where n is the number of
events,Wi is the energy accumulated ini th histogram col-
umn, and̂ W& is the mean energy. It was normalized to me
energy. The Stokes energy distribution contains 16 000 s
corresponding to the sum of 20 central channels of the la
distribution. In a separate consideration we checked the

FIG. 1. Stokes and pump laser pulse energy distributions.
vertical scale is normalized to the maxima, and the horizontal s
is normalized to the mean energies.
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fect of the summation over laser channels on the Stokes
tribution. No qualitative difference in the shape of the dist
bution was found for the pump energy intervals used. T
Stokes energy distribution has a maximum strongly shif
from the mean energy to small energy channels. The m
mum of the distribution is resolved, and it is slightly shifte
from the zero value.

A detailed description of the Stokes pulse energy statis
in the linear regime of SRS with a coherent pump is given
Raymer and Walmsley@5#. They showed that the Stoke
field statistics are Gaussian. When the single mode of
Stokes radiation is excited, the shape of the pulse-ene
distribution is close to exponential,

P~W!5~1/̂ W&!e2W/^W&, ~1!

whereP is probability density. If the Stokes mode numb
N is increased, the pulse-energy distribution corresponds
proximately to theg distribution,

P~W!5
1

~N21!!

WN21

^W&N
e2W/^W&, ~2!

with the maximum near̂W&. For N→` P(W) converges
to a normal distribution, in accordance with the central lim
theorem. Here one assumes that the mean energies o
Stokes modes are equal. A more detailed consideration o
pulse-energy statistics, taking into account a quantum
scription of the Stokes wave propagation, does not giv
qualitative difference from this behavior@5#. The transforma-
tion of the calculated distribution shape~2! with increasing
Stokes modes number is shown in Fig. 2. A comparison
these distributions for the case of a coherent pump and
distribution obtained in our experiment shows a qualitat
difference. The experimental distribution corresponds
many modes, and cannot be compared with the normal
tribution because it has a long high-energy tail, and the ma
mum is shifted from the mean to the low-energy channe
The long tail is different from the exponential~see the cal-
culated distribution forN51 in Fig. 2!. As a result, we can
conclude that the Stokes field statistics corresponding to
pulse-energy distribution measured with a broad-band pu

e
le

FIG. 2. Comparison of the experimental Stokes pulse ene
distribution with the calculated distributions for Gaussian statis
~g distribution! with increasing the mode numberN.
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are not a Gaussian. We will call the statistics with ene
distributions, which are different from that predicted by E
~2!, non-Gaussian statistics.

To characterize the non-Gaussian behavior as supe
sub-Gaussian~fluctuations are larger or smaller than f
Gaussian or thermal field, correspondingly@11#!, we com-
pared the standard deviation coefficients for Stokes and
lasers near threshold~Fig. 3!. The data obtained for the linea
and nonlinear regimes give fluctuation scales of different
tures for both processes. Near threshold the multimode
laser radiation has a normalized standard deviation up
100%, which is in agreement with the Gaussian statistics
should be pointed out that the Stokes pulse energy wit
coherent pump has 100% fluctuations as well@2#. The fluc-
tuations of the broad-band SRS radiation are consider
larger, up to 200%, which is evidence of the super-Gaus
or superchaotic behavior in the linear regime. Decreas
fluctuations with increasing energy is connected with
strong pump depletion due to increasing the generated fi
@4,5#.

In our measurements of the pulse energy, intensity fl
tuations are partially averaged out. The spectral data ca
used for an estimation of the fluctuation time scales exis
under our conditions, and are registered experimentally
correlation measurements at the nonlinear regime@18#. The
results of single-shot spectral measurements for pump l
and Stokes radiations are shown in Fig. 4. In the upper
the typical pump laser spectrum is pictured. The pump sp
tra had good reproducibility, with only minor changes fro
pulse to pulse. The other three examples represent the ty
Stokes spectra. The difference from shot to shot is well
fined. The spectrum fluctuates in the FWHM, and the fi
structure is also irreproducible. The spectra demonstrate
existence of several fluctuation time scales in Stokes in
sity @18#. The whole spectrum band gives the shortest fl
tuation time scale, which is estimated as about a hund
femtoseconds. We suppose that these short-time fluctua
were averaged out in our measurements. Fluctuations
time scales of tens and hundreds~close toT2) of picosec-

FIG. 3. Normalized standard deviations for the Stokes and
laser pulse energies vs the energies of pump~dye laser and second
harmonic radiation! W normalized to the threshold values of th
pump energyWth for SRS and dye laser generation, correspo
ingly. The standard deviations are normalized to the mean ene
of the Stokes and dye laser radiation.
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onds, corresponding to the narrow spectral structure in
Stokes spectrum, were measured in the experiment. A
result, the averaging partially smoothed out the fluctuatio
but even under these limitations the non-Gaussian chara
of the Stokes field statistics is evident.

To our knowledge, a theoretical consideration of t
Stokes pulse-energy statistics for broad-band pump has
been developed. A description of the broad-band SRS is v
complex, and analytical solutions are an exception. For s
plicity we consider Stokes intensity statistics with time flu
tuations comparable to or longer thanT2 .

The Stokes intensity in the linear regime of broad-ba
SRS for a dispersionless medium can be approxima
given asI S5I SOexp(IPgz) @19#. Two terms are responsibl
for fluctuations,I SO and I P . I SO introduces the spontaneou
fluctuations of the Stokes seed, andI P describes the pump
fluctuations. For the numerical simulation we used the
proach developed in Ref.@7#. The probability distribution of
the generated Stokes intensity can be calculated as

P~ I S!5E
0

`E
0

`

PSO~ I SO!PPO~ I PO!

3d„I S2I SOexp~gzIPO!…dISOdIPO , ~3!

where the Dirac d function stands for the condition
I S5I SOexp(gzIPO). A mutual independence of the input sig
nals with the normal probability distributionsPSO(I SO) and
PPO(I PO) is assumed. The parameters are Raman g
G0510 and input StokesI SO510212 I P

max, and the number
of Stokes input modes was equal to 40. The comparison
the calculated and experimental distributions shows a g
agreement~see Fig. 5!. The maximum of the calculated dis
tribution is resolved, and shifted from the mean value to l
Stokes intensities, and the decay has the same nonexpo

e

-
ies

FIG. 4. Single-shot spectra of pump laser and Stokes gen
tions.
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tial type. In the case of a stabilized laser with ad distribution
corresponding to coherent pump and normal distribu
Stokes input, the output Stokes intensity was exponenti
distributed in agreement with the previous results for coh
ent pump@2–4#.

To analyze the reasons for the manifestation of the n
Gaussian statistics, we calculated the output Stokes distr
tion for the stabilized input Stokes signal. The stabiliz
Stokes input was described by thed function. The same type
of distribution shape~as in Fig. 5! in the case of the stabi
lized Stokes input was obtained. It shows that the reason
non-Gaussian statistics can be a nonlinear transformatio
the pump noise in Raman amplification. An analogous r

FIG. 5. The comparison of the experimental Stokes pu
energy distributionP(W/^W&) ~solid line! and calculated Stoke
intensity distributionP(I /^I &) ~dashed line! in the linear regime of
SRS.
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can be played by the interaction of two noise sources, Sto
seed and pump, because only the linear combination of
Gaussian processes results in a Gaussian, which is no
case under our conditions. It should be pointed out that
intermode connection in the coherent regime of broad-b
SRS can also be responsible for the non-Gaussian stati
@14,15#.

The experimental data obtained for the pulse-energy
tistics of Stokes radiation in the linear regime of SRS with
broad-band pump are in contradiction with the known d
for the distribution shape obtained for a coherent pump. T
difference in the distribution shape, and the increase
Stokes fluctuations demonstrated by the standard devia
measurements, give evidence of the non-Gaussian stati
of the Stokes radiation for the case of a broad-band pu
mainly the super-Gaussian one. Numerical calculations
the Stokes intensity distributions are in qualitative agreem
with experimental findings for energy statistics. To o
knowledge, such observations of the super-Gaussian st
tics were unknown for stimulated scattering and can be
importance for applications.
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