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Stimulated Raman scattering in the backward direction is observed in organie liquids under
5300-A picosecond excitation. The spectrum and intensity of the backward-directed light is
measured and compared with the emission in the forward direction, The Stokes spectrum of
the light emitted in backward direction consists of stimulated Raman light, while in the for-
ward direction both stimulated Raman and self-phase-modulated light is deteoted. No stimu-
lated Brillouin or Rayleigh light is detected in the backward direction, The experimental re-
gults are in qualitative agreement with transient Raman theory,

In recent years there has been considerable in-
terest in transient behavior of stimulated Raman
scattering. Shapiro ef al.' first observed forward-
stimulated Raman scattering (SRS) with picosecond
laser pulses. Several investigators have demon-
strated different Raman gain characteristics with
transient excitation'5—i.e., reduction of gain
owing to guenching of self-focusing, large band-
width of the pumyp, and the existence of group-
velocity dispersion between the pump and Stokes
waves. Extremely efficient forward Raman con-
version, up to 80%, has been obtained by Colles?
for liquids with large integrated cross sections
and low digpersions. It has also been demon-
strated® that under picosecond excitation the
Stokes light emitted in the forward direction for
CCl, has a duration that is equal to or shorter
than the laser pulses. In the nanosecond regime,
the properties of backward- and forward-stimu-
lated Raman'scattering in CS, have been mea-
sured?, it was found that the pulse duration of the
backward-gtimulated Raman light is ~30 pseec and
the intensity ~20 times that of the laser pump
wave. This effect is due to the backward-travel-
ing Raman pulse contimiously encountering unde-
pleted oncoming pump light. Using nanosecond
pulses, Loy and Shen® have studied and charac-
terized self-focusing processes by investigating
the dynamics of backward- and forward-stimu-
lated Raman light in toluene.

Theoretical interest intransient SRS has been de-
veloped by many investigators2:7~° Thetheory has
most recently been extended tobackward-stimulated
Raman scattering®® with picosecond pulses. The
backward Raman gain’ ® *° for short time regime
in the strong-coupling limit (I'#, <InG) is given by

InG = (b1, V,I' M4, , 1)

2

and in the weak-coupling limit (I't,>InG) by

InG=%51,Vyt,, (2)

where b is the steady-state gain {cm/MW) (usu-
ally denoted by g 2+%), T! is the dephasing time

of the molecular vibrations, and L, V,, and #, are
‘the intensity (MW /cm®), velocity, and pulse dura-
tion of the laser puise, respectively. Effectively,
the backward gain is over the length of the pump
picosecond pulse ~1 mm; thereafter the pump and
backward Raman pulse become decoupled. The
calculated interaction length in the forward direc-
tion for ethanol and methanol is =12 cm for 4.5-
psec pump pulses. Recently, Kelley and Gustaf-
son'® proposed backward-stimulated Raman and
Rayleigh scatfering generated with ultrashort laser
pulses as the possible loss mechanism required to
explain the observed Hmiting diameter sizes of fil-
aments.

This paper reports the first measurement of
backward-stimulated Raman scattering from mo-
lecular vibrations in methanol, ethanol, and ben-
zene with picosecond laser pulses. Under the
high power the Stokes spectrum of the light
emitted in the backward direction congists of
stimulated Raman light, while in the forward
direction hoth stimmlated Raman and self-phase
modulated light is detected. This scattering
is observed in a time regime where the laser's
pulse duration £, is on the order of the dephasing
time P! of the molecular vibration (T't,<10). The
effective backward gain oceurs over the pump
pulse duration, New experimental characteristics
of the transient stimulated Raman process. and fil-
aments are presented, The observed backward-
stimulated light is interpreted in terms of the most
recent transient-stimulated Raman gain theory.!®
‘The weak intensity of the observed backward-
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stimulated Raman signals points to some other
mechanism to explain the limiting diameter size of
a filament.

The experimental arrangement for observing the
backward- and forward-stimulated Raman scatter-
ing is shown in Fig. 1. A Nd-glass mode-locked
laser is used to generate picosecond light pulses
which are then converted in a potassium dihydro-
gen phosphate crystal to second-harmonic pulses
at 5300 A. The pulse was measured to be 4.5 psec
by the two-photon fluorescence technique {TPF).
The second-harmonic pulses of power ~3 x10® W
are reduced in size to a collimated ~l-mm-diam
heam in the samples by an inverted Galilean fele-
scope. The samples are placed in a rectangular
cell with optical path length 15 and 20 em wide,
oriented at a large angle of 20° to the incident
propagation direction to prevent spurious reflec-
tions from the cell walls from traveling back-
wards along the incoming beam direction. The
backward-directed light is reflected off a wedge
beam, splitting it into a spectrometer. The for-

- ward-directed light is delayed relative to the back-
ward-directed light by approximately the cavity
length and directed into the same spectrometer at
a slightly different slit height. This allows obser-
vation of the forward- and backward-emitted light
simultaneously by either photographing the spec-
trum or detecting the interleaved pulse trains with
a TRG 105 B photodiode. The spectra are record-
ed on Polaroid-type 57 film and the photodiode
signals are displayed on Tektronix 7904 scope. A
Corning 3-67 or 3-68 filter and neutral-density fil-
ter are used to reduce the intensity of the forward-
directed light to a level comparable to that of the
backward-traveling SRS light.

Spectra showing both the forward (top) and back-
ward {pottom) emission from ethanecl {a) and meth-
anol (b) are shown in Fig, 2. The following salient
features are evident in the spectra: the spectrum
of the forward light (top) has both stimulated Raman
emission lines and a broad band emission spanning
the Stokes side—identified previously as self-
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FIG. 1. Experimental arrangement for observation of
forward- and backward-stimulated Raman scatterine.

phase-modulated light,!' The exciting light at
5300 A traveling in the forward direction is re-
duced by Corning and neutral-density (ND) filters.
The spectra of the backward-directed light exhibits
only SRS light with no light centered about 5300 A.
In ethanol the Stokeg line at 2928 cm ™! and in meth-
anol two Stokes lines® ® at 2834 and 2944 em™ are
observed. The lack of light at 5300 A in the back-
ward direction indicates that no detectable amount
of stimulated Brillouin light or Rayleigh light is
produced in that direction. Figure 3 shows inter-
leaved forward and backward Stokes SRS light from
ethanol. The intensity ratio of the forward-to-
backward SRS ig ~10* as measured electronically
and speetroscopically with neutral density filters.
Forward SRS is observed to appear before the
backward SRS. In benzene the Stoke line at 992
cm™ ig obgerved in the backward direction, while
the Stokes line at 3064 em™ and first and second
Stokes lines of 992 ¢m™! vibration are observed in
the forward direction. Self-focusing occurs with
approximately 30100 filaments formed with di-
ameters ranging in size from 20 to 80 pm. Precise
measurement of the forward gain is not possible
with the filamentary structure., Measurement of
the pulse duration of the backward SRS was not pos-
gible by TPF technique because of insufficient in-
tensity of the pulse. An estimation of <800 psec
for an upper limit of the pulse duration was made
by the photodiode -oscilloscope combination.

The transient backward Raman gain for 2928 em™
line in ethanol is estimated to be InG~19.3 for b
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FIG. 2, Stokes spectrum emitted from etharnol (a) and
methanol () in the forward {top} and backward (bottom)

. dirvections upon the passage of infense 5300-A psec

pulses, Tilters used fo take forward-direction photo-
graph: (a) 1-{3-67) and ND =2.6; (b) 2-{3-68) and ND
=2.6.
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FIG, 3. Interleaved Stokes SRS pulse trains {raveling
in the forward and backward directions. The forward-
SRS light is reduced by neutral density and Corning fil-
ters by 2x10™* and is the more intense train in this
photograph.

=5.1x10"* em, effective intensity in the filament
L,~10° MW /em?, ¥,~2.25x10 cm/sec, T'=1.64
x10* sec™, ,=4.5x107* sec, I't,=7.38. This
calculation shows that backward Raman gain is
clearly large enough at mode-locked laser power
in a filament to observe stimulated Raman scatter-
ing in the backward direction. From the observed
ratio of forward-to-backward SRS intengity ~10%,
an effective filament length of ~2.2 mm is calcu-
lated' from ratio of forward-to-backward SRS in-
tengity given by

Ip/Ip=expl(b1,Tt, M2V, =VE )], 3)

|

where [ is the effective length of filament and £,
ig the length of the pulse for T'¢, <InG,

The observation of the backward SRS with pico-
second pulses is quite important since it may be
one of the loss mechanisms required to explain
the experimentally observed limiting diameter
size 51119715 i the focal region. With the pulse
duration comparable to the nonlinear Kerr-index
response time, the pulse becomes deformed
through the dynamices of self-focusing into a horn-
shaped region,'® **~* with the leading edge being
focussed least and the degree of focusing increas-
ing as the peak of the pulse is approached. Unless
a loss mechanism whiech depletes the intengity in
the tail of the pulse is operative, the pulse will
undergo a catastrophic focus.'™ '® A recently pro-
posed model'® suggests that backward-stimulated
processes may provide this loss mechanism. Al-
though we report the observations of backward
SRS, it would appear that its extremely low inten-
sity, ~2x10~® 1., would not provide the required
loss. Some other mechanism must be responsible
for the loss—possibly a multiphoton process such
as two- or three-photon absorption or four-photon
parametrie emission,!ts 20
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