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RAMAN LIKEWIDTHS FOR STIMULATED THRESHOLD

AHD GAIN CALCULATIONS*®

W.R.L. Clements and 5.p,. Stoichefrl

Department of Physics, University »f Toronto
Toronto %, Cansda

Linewidtus in the normal Raman spectrc of se

ot

liquids

of interest in stimulated Raman scattering havce 2n

measured
including carbon disulfide, benzene, toluene, oxygen and

o .
nitrogen. The spectra were =xcited with €328 A radiatioun
from & He-Ne laser and rxamined with a precsure-scanned

Fabry-Perot interfercmeter.

*¥This research is part of Projecl DEFENDER urder the Jjoint
sponsomhiy of the Advanced Research Projccts Agency, the

U.S5. Office of Nlaval Regearch, and +he department of Defenze,
Also suppcrted by the Hational Research Ccuncil, Canada, angd
the Universzity of Torcnto.
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RAMAN LINEWIDTHS FOR STIMULATED THRESHOLD
CALCULATIONS

W.R.L., Clewents and B.P. Stolcherf
o

o
Department of pFhysics, University of Toronto

Toronto 5, Canada

While it has long been known that Raman bands of totally
syametric vibrations exhibit extremsly sharp lines even in
liquide and solids, very few studics of the normal Raman of-
fect have been concerned with accuratc linewidth measurements.
However, with the discovery of stimulated Raman scatteringl
there has been an increasing need for such mcasurements since
both the threshold for stimulatcd scattering and ithe gain are
dependent on the lisowidths appearing in the normal Raman
spectra. In the last few ycars, secveral linewidih measure-
ments for liquid52 and onc fTor a solid3 (calcite) have been
reported, all making use of grating instruments. 1In the pre-
sent paper we describe a method for normal Raman linewidth
measurements which is capable ¢f even higher accuracy.

Q

Radiation at 6328 A fror a He-Hc laser s used for excitation
of the spectra and a high rcsolution Fabry-Perot interfero-

meter for measurement, With this spparatus linewidths of
P

s
3

interest in stimulated Raman scattering have been measured
for several liguids including carbon disulfide, benzene,
telu ne, oxywen and nitrogen,

The =xperimental arrangement is shown in Fig. 1. It is

. L
based on the arrangement uscd by Chiao and Stoicheff for
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Brillouin spectroscopy and is sim
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and Javan,” and Zucuing et al

systoems uscd by Hurray
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scattering with
excitation by argon-ion lascrs. In the prescnt arrangement,

the He-He laser has a power output cf 150 m¥ and a linewidth
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of 0.025 cn™ Y {full width 5328 A
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radiation is isolatcd with =2 10 A band-pass filter and roeflected

into the samplc cell. TFor t

ot

i¢ organic liquids the cell ics a
quartz capillery 2.5 mm in diameter and 50 cm In length which
acts as a light guide for the incident as well as for thz
scatter.d radiation. For ligquid N, and 02 the cell is a simple
o

dewar providing a scazttering lenzth of 7 cnr beiween two flat
windows. Raman radisticr scaltered in the backward direction

o
15 selected with a 100 A %and-pass filter and analyscd with a

pressurc~scanned Fabry-Perot interferometer. For LS5 8, =nd

N, the interferometcr spacing was 2.950 mm; for M. = larger
L =

spacing oi 9.943 mm was a2lso used; for tenzonz and teluene

the spacing was reduced to 0.83€9 mu in order to increamse the

- 2 -1 . .
spectral free range to 5 76 cm ~. Pressure scoanning with CO
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from vacuum to & aztm provided = charit of 4 intercderomoter

orders when the 2.95 mm spscer wuas used, The measurcd icsiru-
mental width (made up of contributions from thc laser width
Fabry-Pcrot responze fu_ ction for a reflectivity of 0
the size of the detecior aperturs) is £.355C cm_l at 6328 A

and at almost sll of tho -.ams:
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of tho iy Raman linc (Th23 A) the mirror reflectivitiy decrensed
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to 0.923 rosulting inr g2 calculated instrumental width of 0.063
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It is supcrimposed on = broad background mode up ol overlapping

of the wings of the linc from different orders; in addition,
. . L She =L P 3"‘
several nearby Raman lincs {8t 645.9 on due to C57°S and

YT

at £47.5, 652.7 en” ! due to "hot! bands) contribute to the low

intensily pcak observed between the sdiacent orders of the

-1 , . X . . . N
65¢ cm line, Tc determinc the Raman linewidth the observed

LLiLt]

spectrum was compared with o computed spectrum ocblained by

sel LRI LR L2

assuming 2 Lorentzian linc shape and conveluting this with the

E instrumental profile, Various Loresntzian linswidths were used

e

in the calculations urtil gocd zgreement betwecen the observed
and corputed sprcire was achieved taking into account the over-

lap 2f the differcn. ordcrs.

Similar computations wer: carried out for the most in-

Table I. The estimeted errors of the linewidths are approxi-

: mately 5% of the measursd widths althoush slichtly larger for ;
y g g 2
I 5 ~ r -l N e T 3 4
Cyiig and 050 The 992 om ~ine of Cpay is the broadest of
4

those observed and is slichtly asymmetric due to overlapping
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FIGURE CAFTIONS

Experimental appurcetus tor Raman linewidath

, - . . - -1 . .
Fig. 2 intsrferogram of the B65%C ¢m Reman line i liguiad

CSE' Twe adjacent orders sre shown recorded
with an interferomater svacer of 0.295 em.
smooth linc is the computed spectrum.

Fig., 2 Interferogram of the Haman iine of iiguid By
recorded with =zn interferometer spuacer of
0.295 e¢m. The emooth line is the computed
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ANGULAR DISTRIBUTION OF "SURFACE" RADIATION 1IN

STIMULATED RAMAN SCATTERING*

¥. Shimizu, U. Bachmann and B. P. Stoicheff
Department of Physirs, University of Toronto

Toronto 5, Canada

ABSTRACT

Anti-Stokes emission in sharply definzd cones has

been observed from fine filaments in a mixture of acetone

with 5 to 10% C5,. The cone angle is in agre..sent with

the momentum-matching condition that the longitudinal but

Lot the transverse components sum to zerc.

¥This research
sponsorship of
U.8. Office of
Also supported
the University

is parli of Project DEFENDFR under ithe Joint
the Advanced Research Projects Agency, the
Kaval Resecarch, and ‘the Departmenit of Defense.
by the Xational Rescarch Council, Crahiaidle B akId!
of Toronto.
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ANGULAR DISTRIBUTIOL 9F "SURFACE" RADIATION IN

STIMULATED RAMAN SCATTERING

F. Shimizu, U. Bachmann and B. P. Stoicheff
Department of Physics, University of Toronto
Toronto 5, Canada

The emission of anti-Stokes radiation during the
stimulated Raman process is known to have specific directional
distributions which are strongly dependent on the experimental
conditions. The two commonly observed distributions have been
labelled Class I and II by Garmire.1 Class I distribution is
given by the momentuwm-matching condition for plane waves,
io + § =k + k_ where nth-order anti-Stokes radiation

n-1 -1 n

with wave vector ﬁn is generated from laser radiation (go) and
Stokes radiation of the first and.n-l orders (ﬁ_l and gn_l).
Such a distribution of anti-Stockes radiation has been observed
in calcite,2 in diamond,3 and in several liquidsl vhen feedback
of Stokes radiation at the phase-matching angle is present.
Class II distribution occurs at larger angles than Class I. It
has been observed in many liguids, but is not well understood.

A distribution of anti-Stokes emission which is dif-
ferent from Class I has been proposed by Sszch and labelled
"surface" radiation. The first-order anti-Stokes emission is

characterized by the relation

> o d e d
k) cos @ = 2 ky - k_, (1)

where 8 is the angle between the first-order anti-Stokes
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emission and the forward-directed laser and first-order Stokes
radiation. Such an angular distribution may Gécur vhen first-
order Stokes radistion 1s strongly directional and parallel to

5

the incident laser wave. Maker and Terhune” have also suggested
the occurrence of such a distribution in the limit that the
longitudinal but not the transverse components of the phase
velocities sum to zero. More recently Shimoda6 has presented

a comprehensive account of possible angular distributions and

suggested that "surfac "

radiation may occur in the presence of
first-order Stokes radiation in filaments which are very long
in comparison with their diameter.

We report here the observation of "surface" radiation
in mixtures of acetone and carﬁon disulfide under exPerﬁmental
conditions which satisfy the boundary conditions of the theory.
We have observed first-order anti-Stokes emission in sharply-
defined cones in the forward direction at the angle & given by
Eq: (1). At the same time, first-order Stokes radiation has
been observed in very fine filaments produced by self-trapping
of the radiaticn.

The radiation used in these experinents was produced
by & giant-pulse ruby laser. The laser pulses had a duration
of ~/ 0 nsec, a power output of ~ 5 MV and a speelrum compocsed
of one strong axial mode with one or two weaker modez. The
liquids used were, pure acetone and various concentrations of
carbon disulfide in acetone, in cell lengths ~f 10 and 20 en.

Both pzrallel and focused laser beans were used to exeite the




stimulated Raman emission. Also, the effect on these experi-

ments of possible stimulated Brillouin scattering was checked
by separating the laser and sample cell by 6 m. The results

E vere similar under these various conditions of excitation.

- In pure acetone, usually only Class I distributiocn of
anti-Stokes radiation is produced. An example of the far-field
"ring" pattern is shown in Fig. la. This photograph was ob-
tained on Polaroid film placed at right angles to the incident
laser beam aa2d at the focal plane of a T ene (f = 17 ecm). When
a small amount (5 to 10 per cent by volume) of carbon disulfide
is added to acetone, the angular distribution is completely
changed. It usually consists of a sharp ring whose diameter is
close to that of surface radiation represented by Eq. (1), to-

gether with a broad ring of smaller diameter (due to Class II

radiation) as shown in Fig. 1b. When the excitation is close
to threshold only the sharp ring is observed, Fig. lec: at
relatively high excitation the two rings merge and are not as
distinct as in Fig. lb. The half-angle © of the sharp rings
can be acpurately determined and appears to vary slightly, from

6.5 to 6.8 x 1072 rad, in different photographs taken with the

10% CSQ-acetone mixture. (The half-angle of the broad ring is

ar2.7T % 10_2 rad.) According to Eq. (1) the angle ¢ is calcu-

~

lated to be 7.3 x 10°° rad, based on the available data of the

NN htakkbeLE Ceeeititihbbitiit

refractive index in this mixture.' (For pure acetone Eg. (1)
gives 8 = 6.4 x 1072 rad.)

Photographs (Fig. 2) of the exit end of the cell( that
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is, rear-field patterns) revealed the presence of filaments of
laser, Stokes and anti-Stokes radiation in the ng—acetone mix-
tures and their absence in pure acetone. Near threshold, the
laser and Stokes filaments are of comparable intensity and occur
with diameters of 20 to 100 p. The corresponding anti-Stokes
filaments appear to have smaller diameters, 8 to 16 u; they are
of higher intensity when they arise from the small diameter
Stokes filaments; also the narrowness of the resulting rings
indicates that the emission region is 1 to 2 mm long. The total
energy emitted from a small Stokes filament is estimated to be
2 10"6 Joule, while the intensity ratio of radiation from a
laser or Stokes filament to that from an anti-Stokes filament
is approximately 1:10-3.
The broad anti-Stokes rings are also emitted from fila-
ments, but with Stokes radiation ~ 100 times as intense as that
of the filaments giving rise t¢ the sharp anti-Stokes rings.
They appear to be produc=d in a long emission region approxi-

mately 5 to 10 mm.

At the laser power levels used in the present experi-

ments only stimuleted radiation st Av = 2920 cm_l was observed
in pure acetone and in the mixtures with C82: no stimulated
radiation at Av = 656 em~! due to CS, was d=tectable. The role

of the ng is to ﬁroduca filaments, and since ite concentration

in acetone is sma 1, the threshold for filament formation in the

mixture is estimated to be much higher than that in pure CS?

(~ 10 to 20 kW).
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From the preseht observations we conclude that the
sharp anti-Stokes rings arise from "surface" radiation, Not
only is their diameter in good agreément with the condition
that only the longitudinal components of the phase velocities
sum to zero, but they are tlso observed only in the presence of
optical filaments in the liquid mixture. The 10 per cent d4if-
ference between the observed and calculated cone angles may be
explained in terms of the intensity dependent refractive index
(and the finite length of the filaments) which tends to decrease
the angle of emission, as observed. Following Shimoda,6 we
write for the emission angle @ of the first anti-Stokes radiation,
%(%)2 = Ak/kl - gb - r2/(h22) where Ak = kl +k_; - 2k0, r and 2
are the radius and length of fiiament, 6 is the fractional change
of the wave vector due to the intensity dependent refractive index
and g is a correction factor (~/ 1) due to the waveguide effect.
The sharpest anti-Stokes rings are only slightly affected by the

finite lengths of the filaments since r2/(h£2)’v 10_6, whereas

Ak/kl = 1.3 x 10_3. An estimate of the correction gé (~ §) for

the intensity dependent index can be obtained from the approximate
value of thc intensity ratio (~ 10_3) of anti-Stokes ito Stokes
intensity in the filaments. For plane waves this ratio is calcu-
18t2d° to be approximately (Stokes gain)el(hAk)e. With the avail-

able data for the Raman gain,g the Stokes and laser intensity in a

filament is determined to be ~ 15 GW/cmz. The value of 10_ll esu

for the intensity-dependent refractive index of C8210 (and there-

fore 10_12

-
esu for this mixiure) then leads to § ~ 10 which accountis
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for the difference between the observed emission angle and that
calculated from Fg. (1). Slight differences in the laser in-
tensity of filaments would thus also explain the small observed
variation in emission augle from pulse to pulse,

Similar experiments were carried out with eyeclohexane,
another.liquid known to emit Class T radiation.l In mixtures

with C8 again a sharp ring was observed, the measured emission

5
angle being 6.8 x 10_2 rad for a 5% CS, mixture., Comparison
with the angle for surface radiation, Eq. (1), was not possible
since refractive index data for the mixture are not available,

but for pure cyclohexane Eq. (1) gives 6.8 x 1072 rad.
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Fig.

Fig.

1.

2,

FIGURE CAPTIONS

Far-field "ring" patterns of anti-Stokes radiation in
(a) pure acetone, (b) 10% CS,-acetone mixture above
threshold; (c) 10% CS,-acetone mixture near threshold.
There is no apparent difference in the spectral width
(at Av = 2920 cm—l) of the anti-Stokes stimulated

radiation in (b) and (c).

Stimulated Raman emission from a 10% CSQ-acetone mix-
ture, (a)(b)(c) photographed simultaneously.

(a) Near-field photograph of anti-Stokes radiation
showing filaments and associated "ring" patterns.

The différences in ring diameters are due to the fact
that {he generating filaments occur at different dis-
tances from the exit window.

(b) Near-field photograph of Stokes radistion (approx-
imately the same magnification as (a)). A comparison
of (a) and (bv) shows that the anti-Stokes rings are
generated from radiation in the filaments of smallest

diameter.

(c) Far-field photograph of anti-Stokes radiation.
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