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VI. CONCLUSION

The measurement method of the optical gain allowed
us to distinguish three processes able to provide gain
in CdS. The best understood one is due to the annihila-
tion of a free exciton with the emission of an optical
phonon and the two other processes are related to inter-
actions between excitons and electrons. The transitions
related to bound excitons do not occur in our experi-
ments since the results obtained do not depend on the
existence of the I1 line. In spite of the approximations
used in the theoretical treatment and the limitations of
the experimental interpretation, we think that we have
clearly identified the processes responsible for the laser
e8ect in intrinsic CdS. In addition, we want to point

out that the results obtained by some authors" ~' seem
to show that the extrinsic process is more eS.cient than
the intrinsic ones to obtain amplification at low injection
level.
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This paper describes in detail the initiation and growth of backward-traveling stimulated Raman-Stokes
pulses. The radiation-transfer equations for the pulse development are derived, and a general analytic
solution is given in the rate-equation approximation. Special solutions are given for a variety of pulse-
initiation conditions. It is shown that in the presence of residual linear absorption, a steady-state Stokes
pulse is expected, and its characteristics are described. Extensive experimental observations in CS2 of the
properties of the backward pulse and the forward emission are reported, including measurements of the
pulse energy as a function of position in the cell, the pulse duration as measured by the intensity-auto-
correlation technique, and the time sequence of the emission of the forward and backward pulses. Various
experimental results indicate the dominant role played by self-focusing in the initiation of the backward
pulse and the role of competing processes. The growth of the pulse energy is found to be consistent with
the theory; a minimum pulse duration of 30 psec and a peak pulse power 20 times the instantaneous laser
pump power are reported, indicating substantial depletion of the incident laser pump light.

I. INTRODUCTION

S INCE the first observations of stimulated Raman
scattering, '2 backward stimulated Stokes emission

and the backward/forward intensity ratio r have re-
mained relatively poorly understood. The theory of
stimulated Raman scattering' 6 shows that under
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steady-state conditions in the absence of feedback, r
should be unity, irrespective of the degree of saturation
of the stimulating pump light. Measurements in liquids
such as CS2" and benzene' generally show r in the
range 0 to 0.5. Furthermore, the time dependence of the
backward emission has been shown in deuterium' and
H2 gas" to have complex transient behavior on a nano-
second time scale quite di6erent than the forward
behavior.

r B.P. Stoichefi, Phys. Letters 7, 186 (1963).
G. Bret and G. Mayer, in Physics of Quuntlm Electronics,

edited by P. L. Kelley, B.Lax, and P. E. Tannenwald (McGraw-
Hill Book Co., New York, 1966).

s P. D. Maker and R. W. Terhune, Phys. Rev. 137, A801 (1965).
"R.W. Minck, E.E.Hagenlocker, and W. G. Rado, Phys. Rev.

Letters 17, 229 (1966); J. Appl. Phys. 38, 2254 (1967).
"W.H. Culver, J.T. A. Vanderslice, and V. W. T. Townsend,

Appl. Phys. Letters 12, 189 (1968).



177 BACKWAR D STI M U LATE D RAM AN SCATTE RI NG

Several factors appear to contribute to the anomalous
backward/forward ratio. First, a difference in the cross
section for forward and backward Raman scattering as
small as 10 2 could account for some of the observed
results, since the gain depends exponentially on the
cross section. '~ Second, some of the observations have
been made with multimode laser excitation, in which
traveling regions of high gain favor forward emis-
sion."' Third, stimulated Raman emission is usually
observed under self-focusing conditions, " and indeed
in liquids such as CS& and benzene having high Kerr
constants it is initiated by self-focusing. ' ' It has been
shown that instabilities in self-focusing give rise to local
regions of high gain having a lifetime less than 1 nsec."
Recurrence of this effect along the beam represents a
traveling high-gain region, again favoring forward
emission. The importance of self-focusing is clearly
shown in experiments on CS2-acetone solutions in which
stimulated acetone Raman scattering can be observed
with and without self-focusing. "In the absence of self-
focusing a ratio r = 1 was believed to have been observed.

In a recent letter, "the present authors called atten-
tion to a fundamental difference in the behavior of
backward and forward stimulated scattering. A forward-
traveling Stokes pulse has access only to the pump
energy stored in the traveling volume element occupied
by the pulse, since the Stokes and pump light travel
at approximately the same velocity. As a result pump
saturation limits the pulse intensity to a value less than
the initial pump intensity. On the other hand, a back-
ward-traveling pulse continuously encounters unde-

pleted pump light, and the leading edge can be ampli-
fied to a value far in excess of the pump intensity. At
high intensities the pulse may in fact sweep out the in-

coming pump beam leaving the cell momentarily with-
out pump light. Accompanying the high amplification
of the pulse is a strong steepening and sharpening of the
pulse as the pump beam becomes converted in a de-
creasing distance near the leading edge. It has been
found that transient pulses initiated by self-focusing in
CS2 can be amplified to 20 times the pump intensity
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with a pulse duration of approximately 30 psec. This
process plays a key role in the transient behavior of the
stimulated Raman and Brillouin effects particularly in
the presence of self-focusing. The process in addition
provides a source of 10 "- to 10 "-sec light pulses of
possible use in other optical experiments. Further dis-
cussion of this process is given in Refs. 11, 21, and 22.

The present paper describes in detail the initiation
and growth of backward-traveling Stokes pulses and
presents further experimental evidence which clarines
the initiation mechanism. Section II contains the deriva-
tion of the radiation transfer or rate equations. In Secs.
III and IV the analytical solution of the radiation
transfer equations is given and discussed for various
initial conditions. In Sec. V it is shown that the back-
ward Raman pulse approaches a limiting steady-state
pulse shape. The width and intensity of the steady-state
pulse are calculated. The experimental apparatus and
the experimental results are described in Secs. VI and
VII, respectively, followed by discussion in Sec. VIII.
Appendix A discusses theoretical details of the pulse for-
mation for special initial conditions, while in Appendix
3 the relation between the spontaneous Raman scatter-
ing data and the gain factor for stimulated Raman
secttering is derived.

II. RADIATION TRANSFER EQUATIONS

We adopt as a model of liquid CS2 an ensemble of
noninteracting, axially symmetric, randomly oriented
rnolecules having the strongest Raman-active vibration
along the axis of symmetry. Other vibrations may be
ignored. I,et o, ,', e„' be the nonvanishing molecular
susceptibilities in a molecular fixed coordinate system
x'y's', in which s' is the symmetry axis. The change in
o.;,

' with a displacement q' of the normal vibrational
coordinate is given by

l9Q ~g Bagg
n.,'=n..'(0)+ q' and n„'=n„'(0)+ q'.

Bg Bg

When we average over the random orientations of the
ensemble we obtain an effective molecular polariz-
ability

BQ Bcx

+ s +s V' (21)
aq a&

The CS& molecule may be represented for our purposes
as a two-level system consisting of the ground (000)
and first excited (100) vibrational states, with frequency
separation i= to/2s. c=656 cm '. The full width at half-

"A. J. Glass, IREE J. Quantum Electron. 3, 516 (1967}."S.A. Akhmanov, A. S. Chirkin, K. N. Drapovich, A. I.
Kovrigin, R. V. Khokhlov, and A. O. Sukhornkov (to be
published).
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maximum intensity of the (100) ~ (000) transition in
liquid CSs is Av=ttcp/2nc=0. 50 cm '."Anharmonicity
gives rise to a difference of 2.7 cm ' between the
(100) ~ (000) and (200) +—(100) transitions, '4 and
justifies the two-level approximation.

The Hamiltonian of a two-level system having the
polarizability (2.1), in the absence of a permanent
dipole moment, is given in the electric dipole approxi-
mation by (2.2)

Bn
%=X —

g
—

g E
Bg

(2 2)

where q' is the operator representing the oscillator dis-
placement and E is the applied electric field. X.' repre-
sents the total Hamiltonian of the molecule in the ab-
sence of Geld, and the two levels are eigenstates of K'.
Let ap and a» represent the amplitudes of the states
(000) and (100) in the Schroedinger representation. We
define

6= QpQp —Q»Q» (2.3)

the difference in probability of Gnding the molecule in
the ground and excited state. Let E be the molecular
density, so that EA represents the population difference
density between ground and excited states. Let

q-= (q'&, (2 4)

~ b'av b'av+I +rpp qsv=
Bt2 Bt 2m 8q

Bn
I'=X—q, E,

(2.5)

(2.6)

the expectation value of the displacement operator q'.
It has recently been shown by two of the present

authors" using the methods of Ref. 26 that the equa-
tions of motion of 6 and q, , which are ordinary num-
bers, are given by

where the real amplitudes Es and EI.of the Stokes and

pump fields are slowly varying functions of z and t, with

I
i)Esr/r)t

I
« IEsr-

I
prs, r.

'
I
r)Esr/t)s

I
«ks. r I

Es, r I

consider here only the resonant case

coL,—0)s= Mp. (2.10)

The expectation value q, of the molecular displace-
ment has the form

q~~= q sin(Q&pt+kps+ happ) ~ (2.11)

with q slowly varying in the same sense as Es and EI.
and kp ——kr+ks. We discuss solutions in the approxi-
mation that the phase yp=0. We provide for finite
attenuation constants ys and yL, at the Stokes and
pump frequencies, arising from scattering or other
linear losses. Finally we allow 6 to be a slowly varying
function of s and t. Substitution of (2.9)—(2.11) into
(2.5)—(2.8) leads to the coupled amplitude equations

Bg 1 Bn—+ ~s I'q = — Er,Esb, , —
8t 4m(op Bq

1 Bn
=——E,Esq+ r'(1 —a),

Bt 2A 8q

(2.12)

(2.13)

Es es ~Es ~Xs ~n
+— +-,'VsEs= — Erq, (2.14)—

Bs c Bt esc Bq

inverse lifetime of the excited vibrational state. In Eq.
(2.7) the equilibrium value of 6 has been assumed 1,
i.e., h~p))AT. The optical electric field E, displacement
vector D, and polarization vector I' are assumed to be
plane waves linearly polarized along the x axis, and to
propagate in the &s directions.

The electric Geld E is assumed to have the form

E=Es cos(cpst —kss)+Er. cos(rpr t+krs), (2.9)

1 BQ) Bqp~—IE' +I"(1—5),
AQ)p r)q) clt

a2E t a~D 4~a2I
7

Bs2 c2 Bt2 c2 Bt2

(2.7)

(2.8)

BEI, SL, OEI,
gPL~LI

Bs c Bt

xE(ol, Bn—Esq. (2.15)
elc Bq

Equations (2.12) and (2.13) contain the same informa-
tion as the equations of motion of the elements of the
density matrix for the molecules.

In the rate-equation approximation we set

(2.16)Bq/r)t« i~ I'q;where m is the effective mass associated with the q
vibration. In Eq. (2.5) the damping constant I'= d cp has
been introduced phenomenologically and corresponds
to 1/Ts in the Bloch equations. The damping constant
I" corresponding to 1/Tt in the Bloch equations is the

i.e., the vibrations are heavily damped. The photon
Aux cm 'sec 'El„s is given in terms of EI„sby

ce
(2.17)&I„s= El.,s',

8~&~l..s

where tsr, =its= tt Substitu—tion. of (2.16) and (2.1'7)

into (2.12)—(2.15) yields the radiation transfer equations

s ~Ps 0-e

+— +v s7( s= &s&rh, —
Bs c 8t c

(2.18)

23 W. R. L. Clements and B. P. Stoiche6, Appl. Phys. Letters
12, 246 (1968).

24 J. Brandmiiller and H. Moser, EinfNhrung in die Eaman-
spektroskopie (Dr. Dietrich Steinkopff Verlag, Darmstadt, Germany,
1962).

2~ J. A. Giordmaine and W. Kaiser, Phys. Rev. 144, 676 (1966).
The expressions for K' and F in Eqs. (2) and (3) should be multi-
plied by s. Equation (9) should read @rap(dS/dt) = 2F(drr/dt)—"E.T. Jaynes and F. W. Cummins, Proc. IEEE 51, 89 (1963).
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(2.19)

(2.20)

where r, which represents the cross section for the inter-
action of a pump photon with a Stokes photon, is given
by

z=0 z=l

g~'A~rrosz(air/aq)'

ASFcopS
(2.21)

The cross section 0- is related to the power gain factor g
for stimulated Raman scattering (3.3) by

o = gchoir, /n. (2.22)

In the experiments to be described below the rate con-
stant 2o EstV r,n/clV for the change of population density
Eh is typically 10' sec '; therefore, 6 does not depart
signi6cantly from unity during the 20-nsec laser pulse.
In Sec. III we use the approximation

6= 1.

III. GENERAL SOLUTION OF THE RADIATION
TRANSFER EQUATIONS

We discuss the solution of the radiation transfer
Eqs. (2.18)—(2.20) for the one-dimensional geometry
of Fig. 1(a). At time t=0, a Stokes beam and a pump
beam having cruxes E8 and iVI. photons cm ' sec ' are
incident on the Raman cell."

The following approximations will be made: (1) the
linear attenuation of E8 and Sz, is ignored, y8= 71.=0;
(2) the molecular vibrational ground-state population
is not significantly changed, 6=1; (3) the forward
Stokes Qux in the pump beam direction is ignored; this
approximation is appropriate for our experiments, in
which an initiation mechanism such as pump beam
self-focusing at a=0 provides a backward Stokes Aux

at x=0 much more intense than the incident Aux of
quantum noise at s=t in the forward direction; (4)
anti-Stokes and parasitic second- and higher-order
Stokes generation are ignored. The latter processes are
known to be present (see below) and may determine the
limiting pulse width.

The rate equations written in terms of photon den-
sities rts, r, = nJV s,r/c become

'98 + ~'98
+— = artsrtr„

Bs c BI,
(3 1)

t9gg S 8'QL,
= 098'gz, -

Bs c Bt
(3.2)

~7The initial conditions shown in Fig. 1(a) are a simplified
model of the true experimental initial conditions, which will be
discussed in Sec. VIII.

c=0 z~0 p=0 z=l

c ~0
p &0

a~0
pc 0

Fio. 1. (a) Initial conditions (schematic) for Stokes and laser
photon Aux cm ~, N8 and NL„at time t =0.The entrance and exit
window of the cell are marked by z= 1 and z =0, respectively. The
magnitude of N8 is highly exaggerated compared to NI, . (b)
Schematic picture of N8 and NL, at a later time tI. &=0 and p=0
mark the leading edge of the laser and Stokes pulse.

where II, is the laser intensity and g the gain factor for
stimulated Raman scattering. The rate equations (3.1)
and (3.2) are solved by an extension of the techniques
of Refs. 28—33. We introduce the new variables

p= t—nz/c (3.4)

e= t+ns/c, (3.5)

and substitute rtr, evaluated froin (3.1) into (3.2) to
obtain the second-order partial differential equation

~'R. Bellman, G. Birnbaum, and W. G. Wagner, J. Appl.
Phys. 34, 780 (1963).

~ L. M. Frantz and J. S. Nodvik, J. Appl. Phys. 34, 2346
(1963)."J.E. Geusic and H. E. D. Scovil, in Quantum E/ectronics,
edited by P. Grivet and N. Bloembergen (Columbia University
Press, New York, 1964)."E.O. Schultz-Du Bois, Bell System Tech. J. 43, 625 (1964)."N. G. Basov et al. , Zh. Kksperim. i Teor. Fiz. 47, 1595 (1964)
)English transl. : Soviet Phys. —JETP 20, 1072 (1965)); Opt. i
Spektroskopiya 18, 1042 (1965) (English transl. : Opt. Spectry.
(USSR) 18, 586 (1965)); Zh. Eksperim. i Teor. Fiz. 50, 23 (1966)
LEnglish transl. : Soviet Phys. —JETP 23, 16 (1966)).

3' R. V. Ambartsumyan et al. , Zh. Eksperim. i Teor. Fiz.
Pis'ma v Redaktsiyu 4, 19 (1966) LEnglish transl. :JETP I.etters
4, 12 (1966)).

The cross section o is defined by Eq. (2.21) and its
relation to the spontaneous Raman scattering cross
section is given in Appendix B. The steady-state gain
constant for weak Stokes light in a pump Aux gl, is

(3.3)
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(3.6) for 2)a(p, p): The general solution of (3.1) and (3.2) is

& ( 1 ~vs « ass

apkqs a. 2n as
(3.6) ns(t, p) =

(p 0) SacD S(p) /2n

)
SacDS( p) /2n+a acD—L(c) l2n

(3.15)

Rearrangement and interchange of the order of differ-
entiation lead to Eq. (3.7):

)tL(0 S)a acD—L(c) /2n

nz(t, P) =
aacD S (p) /2n+ S acDL—(c) l2n

(3.16)

It follows that

8 /z) 1nr/s oc
+ na—1=0.

apE ap 2n i

j. Bga oc
+ vs=—f(t))

'g8 Bp 20

z) (1) 1 oc
I+ f(a)=-

aphids&

(3.7)

ns(t, p) =
vs(t, Q)

(3.17)
acDs(p)/2n+exp[ ocDL—(p)/2n j

2)L(0,p) exp[ «D—L(p)/2nf
nz(t, P) = (3.18)

ocDs(p)/2n+ exp[ «DL(p—)/2n j

We shall approximate (3.15) and (3.16) by (3.17) and
(3.18) since the attenuation of pump light in the initial
Stokes beam between 0 and /p is negligible, i.e., «Ds(p)/
2e« i.

1 J'(«/2n)h'(p)c|p+g(p)

ns h'(t)

The first-order linear differential equation (3.7) has the Equations (3.17) and (3.18) give the general solution of
solution the radiation transfer equations for the boundary con-

ditions specified in Fig. 1 and otherwise arbitrary ini-

(3.8) tial conditions. In Sec. IV solutions for special initial
conditions will be discussed.

h'(~)
ns(t, p) =

(«/2n)h(t)+ g(s)

(—2n/ac) g'(p)
nL(t, p) =

(«/2n)It(/ )+g(p)

(3.9)

(3.10)

where g'(s) =&g/&s-

Appropriate boundary conditions are 2)L(0,s) and

2)s(t),0). We assume that 2)L(Q,S)=0 for p(0, and

2)s(/p, 0)=0 for p(0 [Fig. 1(b)j. These boundary con-
ditions 6x the pump photon density 2)L(Q, S) encountered

by the leading edge (p=0) of the Stokes flux, and the
Stokes photon density 2ts(p, 0) seen at the leading edge
(s= Q) of the pump flux.

Substitution of the boundary conditions in (3.9) and

(3.10) leads to first-order linear differential equations for

g(p) and h(t)), with solutions

where h'(p) =exp[J pf(y)(Ey]. From (3.8) and (3.1) rts
and gl. can be written as

IV. SOLUTIONS FOR PARTICULAR
INITIAL CONDITIONS

In the first part of this section the phenomena of
pulse formation, pulse steepening, and pulse sharpening
will be illustrated for several simplified initial condi-
tions. In the second part initiation by physically more
realistic Raman input pulses is investigated. The results
of these calculations are compared in Sec. VIII with
the experimental results.

The boundary conditions specifying g~ and ql. at
e= 0 and p =0 are not convenient for discussion of the
experiments reported here. Since the source of incident
Raman light is in fact localized at a=0, we wish to
express the Stokes flux )()s=al, t) as a function of
))s(s=O, t) The requi. red technique is most easily seen

by considering specific examples of time dependence of
the initiating Stokes flux ))s(0,t).

For all cases the incident pump Qux will be considered
to have the constant value 2)zp for c= t+na/c) 0:

g(p) g(0)+~[a acDL( ~ ) /2n 11 (3.11) 2)L(O, s) = ))Lp, DL(s) = rlzpp, s)0
=0, =0, &&0. (4.1)

(3.12)

In (3.11) and (3.12), M is an integration constant and

The gain constant for Stokes light near the leading edge
of the Stokes pulse is G())zp)—:Gp= 0'gzp.

A. Step-Function Initiation

DL(p) = ))L(O,y) dy,
0

(3.13)
2)s(a =0, t) = 2)sp,

=0, t&0. (4.2)

Ds(p) = ns(y 0)dy.

It will be seen below [Eq. (4.5)j that an accurate ap-

(3 14) proximation to this boundary condition is obtained by
substituting for 2)s(p,O) in (3.17) and (3.18) the func-
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tions

rts(p, 0)= rtsoe """, p) 0
=0, p&0

(4.3)

TIME t- to(nsec3
Ql 02

I I
Q3

I

2g Bps
Ds(p) = (1 e—ocplsn) p) 0

Gc

=0 p+0
(4.4)

Equation (4.3) is introduced since there is no amplifi-
cation of Stokes light outside the liquid cell (s&0, p) 0).

From (3.17), (3.18), (4.3), and (4.4) the resulting
value of its(0, t) is

IX
LLI

0tiI IP
LI
I

A INITIATION

6 I "- 2.77 / G

$80
rts(0, t) =

1+ esp/pro(es""" 1)— (4.5)

U rtso/rtr, o&10 4, its(0, t) differs from r/sp by less than
1% for Gct/2n&4, and demonstrates the validity of
approximation (4.3) for small times (t &6&& 10 "sec for
G=0.7 cm ').

The time dependence its(l, t) is given by (4.6) in terms
of the parameters defined in (4.7) and (4.8):

10
0 4

It-t ) Gc/n

Figs. 5—7.The total number of photons cm 'in the pulse
1s

Pro. 2. Calculated normalized Raman pulse intensity as a
function of time t for initial condition A (step function). tp is the
leading edge of the pulse. The curves show the pulse development
at length intervals of at=2. 77/G. G is the Raman gain and was
determined to be 0.7 cm ' in CS2 for our experimental system.
Lower scale is in dimensionless units; upper scale describes our
experimental conditions.

where

and

y&0
1+R(eo—1)

R= (nso/pro)e"

(c ) Gc
X= HAGI

-t—l I=—(t—to).
&n ) 2n

(4.6)

(4.7)

(4.8a)

2 R
ns(l) = rts(l, t)—Ct =- lnR

&R—a

and the full length at half-maximum intensity

8= (2/G) In(1+ 1/R) .
In the limit R))1,

(4.10)

(4.11)

[rts(max)/ttrojtp=R(lo) —=Ro= 10 '

and from Eq. (4.7) we obtain

Rp
~Glp (4.8b)

iso/rtr. o

R—g &G(l—LP) —$0—2&G(l—l0) (4 9)

which has been used to calculate the results shown in

Equation (4.7) can be rewritten in the form

The parameter R is the peak Stokes photon density in
units of incident pump density; y is the time after
arrival of the pulse leading edge at tp, in units of 2n/Gc
The peak pulse intensity occurs at the leading edge of
the pulse and grows exponentially with gain constant
G measured in cm '.

In order to compare different initial conditions a
reference length /p is introduced in the following discus-
sions. For all initial conditions lp is dined as the dis-
tance for which gs(max)/ttr, p is 10 '. For initial condi-
tion 3 the ratio of the peak pulse intensity to the laser
intensity its(max)/rtr. p is given by R. From the definition
of the reference length /p

ns~2rtl, pl+ (2/o) ln(ttsp/rtr, p) = (2/o)G(l —lo)

+ (2/o) lnRo (4.12)

and

&=2/(RG) . (4.13)

This result shows that when the peak Stokes photon
density becomes large relative to gl.p, the pulse acquires
2g~p photons per cm of travel, corresponding to com-
plete depletion of the incoming pump beam. The total
number of photons per cm' can be used to calculate the
energy E& in the pulse with the relation

Zs ——(ns~)(~snP/~rcg) = nsho sF.

For R))1,

S cog ns ~
Es= 2——Pr, (l—lo)+2———lnRo. (4.14)

C COI, cei, g

I'~ is the laser power, F the area of the laser beam, and

g the gain factor for stimulated Raman scattering.
Figure 2 shows the pulse time dependence calculated

from (4.6) at several equal intervals of l. The character-
istic rapid sharpening of the pulse for rts/rtJ. p)1 is
clearly shown,
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photons can be written as

Is (4/——a ) ln(1.35R)

and the pulse duration is

b = 4V3/RG.

(4.19)

(4.20)
UJ
VI

—10
X
LU

X

LLI
VI

io'
0 4

ft-tp) Gc/n

Fro. 3. Calculated normalized Raman pulse intensity as a
function of time t for initial condition 8 (linear ramp).

C. Quadratic Initiation

rts(0, t) = rt so"t', t& 0 (4.21)

where

3R3y'
y) 0 (4.22)

rtr, p 4+6R'(e" 'y—' -y —1)—

The time dependence of the pulse (4.17) is shown in
Fig. 3 for the same equally spaced intervals as in Fig. 2.
The factor-of-2 decrease in the gain constant for the
peak intensity can be seen clearly.

B. Linear Ramp Initiation

ns(o, t) = iso't, t)0
=0, 3&0.

The appropriate boundary conditions become

16 esp 'e'e~'
R3=—

3 6'c'gyp
(4.15)

For R))i we obtain

~s= (6/~) ln(1.12R)

(4.23)

(4.24)

gs(p, 0)= iso'pe '""", p) 0
=0, p(0. (4.16) 8= 10/RG. (4.25)

2R y
y&0

rtr, o 1+2R'(e" y 1)—— (4.17)

Substitution of (4.16) in (3.17) results in the equation
D. Cubic Initiation

ns(o, t) = iso"'t3, t) 0 (4.26)

where
R'= (rirtso'/Gcrtl. o)e o' (4.18) 6

10

POSITION I-Iotcml

10 20

and y has the value defined in (4.8). In (4.18) and in the
further examples below the parameter R represents ap-
proximately the peak photon density in units of g«,
when R&&1. It follows that the peak photon density
grows exponentially with gain constant G/2 cm '. For
R&)j., the calculations show that the total number of

0
I

I

I
l/I N2

x
LLI
VI

I

g 10
LLI

LLJ
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L

10

TIME t-t Knsecg
D'I Q2

I l

0 INITIATION

4
(t-t )Gc/n

Q3
I

K
Vl

10

I

th

0
10

th

hC

0
-2

10

10
POSITION (I-lp)G

20

I zo. 4, Calculated normalized Raman pulse intensity as a function
of time t for initial condition D (cubic).

FIG. 5. Normalized peak Raman pulse intensity as a function
of position l —l0 for initial conditions A to D. l0 is the reference
length defined in Sec. IV. G was taken to be 0.7 cm 1.
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where
3 3F804 54 « „ss«/nl. p« . (4.28)

10

For R))1 we obtain

Ns= (8/o) ln(0.98R) (4.29)
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and

8= 12.75/RG. (4.30
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exponential decay for large t (if 1/r&) 1/rt+Gc/2n).
The solution of the rate equations for this initiating
pulse is given in Appendix A.

A very rough approximation to the solution has been
obtained for G(l ls)—)17. In this case the photon num-
ber and length of the Raman pulse are given by

Vl
K
LU

K
10

5

10
0

l/l
K
LLf

10-'
G.

10
10

POSITION G (l- Io)

20

E. Exponential Initiation Followed by Saturation

et l r1 1
ri&(0,l) =a, &)0

etlrl+$ (4.31)

Fxo. 9. Normalized peak Raman pulse intensity as a function
of position l—l0 for initial conditions E and F. l0 is the reference
length dered in Sec. IV. 6 was taken to be 0.7 cm

ns= (4/a) ln(10R),

8= 10/RG.

(4.33)

(4.34)

We have treated two special cases, F~ and F2 with rise
times r &

=3&( 10 "sec and v-& = 10 " sec, respectively.
For both cases the ratio of the initial peak intensity of
the pulse to the laser intensity was chosen to be res '*/
tiz, s——10 (cf. initial condition E). This number deter-
mines the ratio a/tel, s. The time constant rs (which
determines the decay of the pulse) was selected in such
a way to give both initial pulses F~ and F2 a time dura-
tion of approximately 8X10 '" sec (length in air, 2.4
cm). The numbers used for the calculation were I' t..
rt=3X10 " sec and rs=(20/21)rr. The results for
different values of b =5 )& 10', 10', and 5)(10' showed
only small di6erences in the range of experimental
interest (Gl(20). Fs. rr 10 " sec——and rs —srt. Two-—
curves for b = 5X 10' and 2 &( 10' were calculated. The
results of the calculations are shown in Figs. 8—11.

For the pulses E, Fr, and Fs (see insert Fig. 8) the
ratio of peak pulse intensity/laser intensity, the pulse
duration, and the total energy of the pulse are shown as
a function of the distance G(l—ls) in Figs. 9—11.Figure
8 shows the growth of the input pulse F2 and the change
in shape in more detail. It is interesting to see in Fig.

=0 ) t&0.

For l(&rt lnb, ria(0, l) rises exponentially with a rise time
For t& v~ lnb saturation takes place and qg ap-

proaches a constant value a.
Using Eqs. (3.14), (3.17), and (4.1) we have calcu-

lated in Appendix A the peak pulse intensity, the pulse
duration, and the pulse energy as a function of cell
length for the initial condition (4.31). The following
numbers were used: The time constant of the exponen-
tial rise was v ~

——10 " sec, the ratio of the saturation
value to the laser intensity was a/ter, s= 10 4, and the
constant b determining the duration of the exponential
rise was 5)& 10'. The result of the calculations is shown
in Figs. 9-11 and will be discussed at the end of this
section.

F. Pulse Initiation with Exponential Rise and Decay

10
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r
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I 10
-1

0

POSITION l-l I'cm 3

10 20
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1 t&0.

e"&—1
(0l) —o e(Gclsn)t l)0

eflrr+$
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POSITION G(l l 0 )
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FIG. 10. Raman pulse duration v as a function of position l—l&The main features of this initial condition are the ex- for initial conditions p and p. &he broken line indicates the pulse
ponential rise [qs~(a/b)(e"" —1)J for small t and the duration measured in our experiments.
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10 that the pulse duration (width at half-maximum
intensity) hrst decreases, then increases slightly before
decreasing quite strongly. The reason for this eGect is
seen quite readily in Fig. 8. First the peak of the pulse
is more strongly amplified than the tail resulting in a
shortening of the pulse; then the leading exponential
edge begins to steepen rapidly, broadening the total
pulse for some time, till finally a sharp peak develops
at the beginning of the pulse. There is a considerable
difference between Figs. 7 and 10; the pulses for the
initial conditions A to D decrease continuously with
pulse duration.

V. STEADY-STATE PULSE

The rate-equation analysis of Secs. III and IV shows
that when the backward Raman pulse intensity exceeds
the pump intensity its subsequent growth is linear in
energy and exponential in peak intensity, irrespective of
the initiation conditions. We show in this section that
in the presence of small but finite attenuation the pulse
is expected to approach a limiting steady-state condition
with well-defined energy and duration, and having a
characteristic intensity distribution. This pulse is similar
to the limiting pulses expected in laser amplification. ~
When the pulse duration becomes so short as to be
comparable with the damping time I' ' for the molecular
vibrations, the rate-equation approximation (2.16)
breaks down and a more complete analysis based on
Eqs. (2.12)—(2.15) is necessary.

wrrrrrrrrr,
LASER

GLASS
PLATE

h h I

LIQUIO CELL

Fzo. 12. Experimental arrangement for the investigation
of stimulated Raman scattering.

Consider a Stokes pulse propagating in the +s
direction in a medium with attenuation constant y, .
The —s pump beam is assumed to have constant field

EI.p at the pulse leading edge. Under steady-state con-
ditions, c)Es/c)p= r)Er/r)p=0, i.e.,

Es s ~Es
+— =0,

Bs c Bt
(5.1)

~EI. es ~El,
+— =0

Bs c Bt
(5 2)

We combine Eqs. (5.1) and (5.2) with (2.12) to (2.15)
to obtain the position-independent equations (5.3)-
(5.6):

2x'Es ~o,

n sos Bq

30

POSITION I-latcm3

10 20

BEI. m %col. Bo,
Esq

Bt 2ÃRg Bq
(5 4)

30~10

j. Bn
EIEsq )

Bt 2A Bq
(5 5)

20—

10

20m

LLI

IO L

Bq 1 Bn—+-,'Fq= — EzEBA, —
Bt scop Bq

(5.6)

where ms and el. denote refractive indices at cps and col„
and st= ', (tta+—Nl-) The sma. ll pump attenuation yr, does
not play an important role and has been neglected. By
elimination of EB from (5.3)—(5.5) and from (2.17) we
obtain

0
10

0
20

86 4e 8/I,

Bt cS Bt (5.7)

POSITION 6(I-10)

Fzo. 11.Total number of pulse photons cm ' ns in units of 1/o
(or pulse energy Ez) as a function of position l—lo for initial con-
ditions E and Ii. The broken line indicates the pulse energy
measured in our experiments.

'4 J. P. Wittke and P. J.Warter, J.Appl. Phys. 85, 1668 (1964);
C. L. Tang and B. D. Siiverman, in Physics of QNansscss E/ec
tronics, edited by P. L. Kelley, B. Lax, and P. K. Tannenwald
(McGraw-HiH Book Co., New York, 1966), p. 280; F. T. Arecchi
and R. Bonifacio, IEEE J. Quantum Electron. QEl, 169 (1965);
J. A. Armstrong and E. Courtens, ehsd, QE4, 411 (1968).

and
6= (4os/clV) (1Vr,+Pe),

where Ep is a constant. Also

2e BEg

cps Bt

The coupled equations for Sl. and q' become

8JV r/sit= -NNr, qs,

(s.s)

(5.9)

(s.10)
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FIG. 13. Experimental arrangement for the determination of the
total backward Raman energy as a function of position in the
liquid cell.

The steady-state Raman pulse of Eq. (5.13) has the
following interpretation. As the backward-traveling
pulse is amplified and narrowed to a point where its
duration z becomes shorter than I ', the inverse line-
width of the gain curve, its spectral width becomes cor-
respondingly broader with respect to I'. The ratio of
the pulse spectral width to the Raman linewidth is

(I'r) ', and the effective gain seen by the pulse will

be reduced from G by just this ratio, since only a frac-
tion (I'r) can effectively interact with the Raman
line. A steady-state condition is reached when the effec-
tive gain G(1'r) is reduced to a value equal to the linear
loss pz, this condition determines the steady state pulse
duration 7.1. of (5.14). We note that the steady state
pulse leaves the pump beam completely depleted.

where
Bq'/Br+I'q'= pNr. q'( Nr.+3 o), (5.11)

27r'N'(v s(or, (Bn) '
u=

sms'Nr, cps iBql

32proeA&osppr, (Bn) P

re~on sere'p s iBqi

For the experiments described in the present paper, the
ratio of pump photon density to molecular density
n, rNr/cN is 10 ', for this case 6 does not change signifi-
cantly from its initial value. Equation (5.11) becomes

VI. EXPERIMENTAL

A giant-pulse ruby laser, Q-switched by a solution
of cryptocyanine in methanol, was used in our experi-
ments. The laser beam showed an angular divergence of
10 ' rad and a frequency width smaller than 0.01 cm ',
the maximum output power was approximately 1 MW
and the pulse duration was 15 nsec between half-maxi-
mum power points. Near the exit mirror the intensity
distribution of the output beam measured over the
cross section was nearly Gaussian with a width at half-
intensity of 2 mm. Fabry-Perot measurements and the
investigation of the laser pulse with a fast photo-
electric detection system (over-all time constant ap-

Bq'/B~+ rq'= pNoq'X (5.12)

in the approximation that 6 is Axed.
An analytical solution of Eqs. (5.10) and (5.12) exists

in the limit that I' —+0. As boundary conditions we
take Nl, =Nl p and q = qp at t= tp, with qo «&N pNzo/+.
From (5.9), (5.10), and (5.12) F2 PH2

Ns e rs (1.76/)= 1.76——sech'i
Ni. o ~srr, E rr, j (5.13)

In (5.13) the time scale has been shifted to locate the
maximum of the sech' function at 3=0. We have intro-
duced into Eq. (5.13) the damping time for the Stokes
light due to linear losses rs=vs(ysc) ' and the width
of the steady-state pulse at half-intensity:

7 I, 3.52(ys/G'), —— (5.14)

with G'= GI'. G is the gain per cm of stimulated Raman
scattering.

The intensity distribution of (5.13) has the same form
as found for the limiting steady-state pulse in a laser
amplifier'4 and in an absorbing medium under "stimu-
lated transparency" conditions. " It will be showa in
Sec. VIII that for the conditions in our experiments the
measured Raman spike is far from the steady-state
pulse described here.

"S.L. McCall and E. L. Hahn, Phys. Rev. Letters 18, 908
(1967).

D pR

PH

LIQulo CELL

FIG. 14. Apparatus for the measurement of the autocorrelation
function of the backward Raman pulse using the generation of
second harmonic light in a KDP crystal. F1, 2, 3, 4 fIlters; PH
photocell; PR movable prism; SP beam splitter.
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proximately 0.3 nsec) gave no evidence for a multi-
frequency output. The laser intensity was increased by
a factor of 9 by using an inverted telescope in front of the
liquid cell (Fig. 12).A pinhole of approximately 0.6 mm
diam reduced the diameter of the beam before entering
the ceB. The peak intensity of the laser pulse entering
the liquid was 400 MW/cm'. It should be noted that
the distance between the laser and the liquid cell was
kept large (4.2 m) to reduce the effects of reflected and
reampli6ed Brillouin light. All measurements reported
here were performed with CS2 at room temperature.

In this paper we report (1) various properties of the
forward- and backward-emitted Raman-Stokes light as
well as the time dependence of the transmitted laser
light, (2) the energy of the backward-traveling Raman-
Stokes light as a function of position along the length
of the cell, (3) the duration of the Raman light burst
leaving the cell in the backward direction, (4) the time
sequence and the peak powers of the forward- and back-
ward-emitted Raman pulses.

(1) In Fig. 12 our experimental setup is shown
schematically. Two glass plates were used to couple out
some of the backward-emitted Raman and Brillouin
light (A) and some of the transmitted laser light and
forward-emitted Raman-Stokes light (8). The light
beams at A and 8 were analyzed with Fabry-Perot inter-
ferometers, with a 3-prism glass spectrograph (resolu-
tion 1 A) or with a fast photoelectric detection system
consisting of photocells and fast oscilloscopes having an
over-all rise time of approximately 0.3 nsec. In addition,
near-field photographs of the cell windows were made
using microscopes of different magnification placed in
the beams A and B.

(2) The development of the backward-traveling
Raman light pulse was investigated by measuring the
total energy of the light pulse as a function of the posi-
tion along the cell (see Fig. 13).Thin glass plates were
immersed into the liquid and a small amount of Raman
light was coupled out at various positions within the
liquid cell. Measurements were made with a calibrated
integrating photocell PHj. . In addition the light pulse
at the Raman-Stokes frequency leaving the entrance

I b

0
1

fj 0
1

0

TtME t I:nsec3

FIG. 16. Oscilloscope traces of the incident laser pulse (n), the
total stimulated emission in the backward direction (P), the
backward stimulated Raman emission alone (y), and the trans-
mitted laser light (5).

window (A) was monitored by a fast photocell PH3
and an integrating photocell PH2 using appropriate
61ters.

(3) Figure 14 shows schematically the intensity auto-
correlation technique"" which was used to measure
the time duration of the Raman-Stokes spike. The
backward-emitted Raman-Stokes light (monitored by
the fast photocell PH3) was divided into two beams
by a beam splitter SP. Both beams traversed a crystal
of KDP for the production of second harmonic light.
The direct generation of second harmonic light was in-
vestigated by a sensitive photomultiplier PH2. The
coincidence photomultiplier PH1 placed between the
two light beams measured the harmonic component
having a propagation vector kt+ks, providing a signal
J(r) proportional to J'It(t)Is(t+r)dt. Here r is the
time delay between the two light pulses and I& and I2
are their intensities. This time delay was varied during
the experiment by changing the path difference by
means of a movable prism PR. In order to obtain large
second harmonic and coincidence signals the light beams
with propagation vectors k~ and k2 were within several
degrees of the phase matching angle.

(4) Figure 15 depicts schematically the experimental
arrangement used to compare quantitatively the for-
ward- and backward-emitted Raman-Stokes light. The
forward-emitted Stokes pulse was measured directly at
the exit window of the cell while the backward-emitted
pulse was delayed by a known optical path. The latter
signal reached the same photocell PH after being at-

FIG. 15. Experimental arrangement for the simultaneous meas- "J.A. Armstrong, Appl. Phys. Letters 10, 16 (1967); W. H.
urement of the backward and forward Raman emission. F1, 2 Glenn and M. J. Brienza, ibid. 10, 221 (1967); H. P. Weber, J.
alters; PH photocell. Appl. Phys. BS, 2231 (1967).
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FIG. 17. Square root of the threshold power, QPO, for self-
focusing in CSq as a function of the reciprocal cell length 1/l

tenuated by 6lter F2. From the geometrical path dif-
ference and the observed time delay between the cor-
responding two pulses on the oscilloscope information
as to the position of origin of the Raman pulses was
obtained.

VII. EXPERIMENTAL RESULTS

A. Backward-Emitted. Raman Pulse

In Fig. 16 the oscilloscope traces of the incident laser
pulse (rr), the total backward-emitted light consisting
of Raman-Stokes light plus Brillouin-Stokes light (P),
the Raman-Stokes light only (y), and the transmitted
laser pulse (8) are depicted. The following points should
be noted: The Raman-Stokes emission (P and y) occurs
several nanoseconds after the beginning of the laser
pulse in the form of a sharp light burst shorter than 0.3
nsec, the time constant of the detection system. For CS2
the Raman spike showed a frequency shift of 656 cm ',
which is typical for the spontaneous Raman frequency
of the most intense line of this material. Of special
interest is the observation that the instantaneous Ra-
man power exceeds the instantaneous laser power by an
apparent factor of 2 or 3. This factor, being certainly a
lower limit to the true value, will be discussed in greater
detail below. Following the Raman-Stokes spike, in-
tense Brillouin emission is observed /Fig. 16 (P)) with
a characteristic Stokes shift of 0.193 cm '. The power
conversion into Brillouin light showed a high eKciency
of up to 90%%u~. A detailed account of the generation of
this Brillouin emission has been presented elsewhere. '~

Near-6eld photographs of the entrance window of
the cell clearly indicated that the Raman-Stokes light is
emitted over a broad area of 0.25 mm' which was of the
same size as the area of the incident laser beam. The
photographs showed in addition several Stokes fila-
ments of diameters between 5 and 10@.The area of these
61aments was smaller by a factor of 10' than the total
area of the Raman-Stokes emission; the intensity of
these filaments exceeded the broad area emission by a

. Maier, Phys. Rev. 166, 113 (1968).

factor less than 100. %e have, therefore, neglected the
emission in 61aments in the following discussion.

The frequency spectrum of the backward Raman
emission was investigated with a three-prism spectro-
graph. Four Stokes lines having a frequency separation
of 656 cm-' were observed on high-exposure photo-
graphs. It should be emphasized that the frequency
spectrum of the backward aed the forward emission
(coming from one 6lament) showed sharp Raman lines
without observable intensity between the laser and
Stokes components. '8 The energies of the lines were
measured simultaneously by the use of several photo-
cells. The ratio of the energies of the first to the second
to the third Stokes component was approximately
1:0.1:0.01. It is justi6ed, therefore, to neglect higher
Stokes components in the calculations below. The laser
power transmitted by the liquid cell )Fig. 16 (8)]
showed the following behavior: After an initial rise,
identical with that of the incident laser pulse LFig.
16 (n) 1, a sharp break occurred at a deinite power level
Pp. It could be shown that the magnitude of Pp was a
function of the length / of the liquid cell. It is interesting
to note that the appearance of the Raman spike coin-
cides in time with the break in the transmitted light
power. During the rest of the pulse the transmitted
laser power stayed somewhat below the level of Pp.
The small transmitted laser power results from the high
Brillouin conversion'~ occurring for most of the laser
pulse. It is the strong Brillouin scattering which pre-
vents the recurrence of additional Raman spikes (see
Sec. VIII).

In Fig. 17, +Ps is plotted as a function of 1/l, the
reciprocal of the cell length. The observed proportional-
ity strongly suggests that Pp represents the threshold
power for the self-focusing of the laser beam in the
liquid. In addition, the value of Pp extrapolated for

5a10

5
Lf 3
K
lil

LIJY 20
I
Vl

10 20 30 40
DISTANCE FROM THE EXIT W INDOW z C cmj

Fio. 18. Measured backward Raman-pulse energy as a function
of the distance from the exit window of the liquid cell s. (0) cell
length i=30 cm, (~) /=48 3cm. .

"Under focused and multimode conditions, broad-frequency
spectra have been reported by R. G. Brewer, Phys. Rev. Letters
19, 8 (1967); H. P. H. Grieneisen and C. A. Sacchi, Bull. Am.
Phys. Soc. 12, 686 (1967); Y. Ueda and K. Shimoda, Japan J.
Appl. Phys. 6, 628 (1967); P. Shimizu, Phys. Rev. Letters 19,
1097 (1967); A. C. Cheung, D. M. Rank, R. V. Chiao, and C. H.
Townes, fNd. 20& 787 (1968).
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infinite cell length is found to be approximately 28 kW,
in fair agreement with the critical power for self-focusing
in CS2."' From these observations we wish to conclude
that the backward-traveling Raman spike is initiated
by the self-focusing action of the laser beam at the end
of the cell. It should be mentioned that Fig. 17 is very
similar to results obtained previously by a rather dif-
ferent method. Wang" has made time-integrated meas-
urements of the stimulated Raman signal occurring in
the forward direction and determined the threshold for
self-focusing by the onset of stimulated Raman action.
In our case, time-resolved measurements of the trans-
mitted laser light have led us to the determination of
the threshold power for self-focusing of the laser beam.

Additional evidence that self-focusing of the laser
beam initiates the backward-traveling Raman-Stokes
spike was obtained by photographing the exit window
of the cell. It was found that a Rarnan-Stokes spike at
the entrance window (A) was only present when self-

trapping was seen at the exit window (3).In our experi-
ments we observed consistently one Raman spike and
one filament of approximately 5p in diameter.

B. Growth of the Raman Pulse

The total energy of the backward-traveling Raman-
Stokes pulse is plotted in Fig. 18 as a function of dis-
tance s measured from the exit window. It is clearly
seen from the graph that the measured energy values
rise linearly with s after approximately half of the cell

length. It was shown in Sec. IV that for all the initiation
models considered, the Raman-Stokes energy is expec-
ted to be proportional to s. The slopes of the straight
lines determined from Fig. 18 are (2.3&0.4)X 10 ' and
(1.4+0.4)X 10 ' J/cm for cell lengths of 30 and 48.3 cm,
respectively. These numbers will be shown to be in good

I I I I

I I I I 1 I I I I

-4 -2 0 2 4

OPTICAL DELAY h Ccm3

FIG. 19.Normalized output J of the coincidence photomultiplier
proportional to the autocorrelation function fI,(t)Is(t+n/c)dt
versus optical delay A. The bars give the rms deviations from the
average values.

'9E. Garmire, R. V. Chiao, and C. H. Townes, Phys. Rev.
Letters 16, 347 (1966).

C. C. Wang and G. W. Racette, Appl. Phys. Letters 8, 256
(1966).

3 nsec

R.A.
V V

12 nsec

Pro. 20. Oscilloscope trace of the forward (1) and backward (3)
Raman emission. The backward Raman light (3) has been at-
tenuated by filters and delayed by 12 nsec compared to the for-
ward pulse (1). Pulse (2) is a refiection of the backward Raman
pulse from the entrance window of the liquid cell.

agreement with values calculated from the theory (see
Sec. VIII).

At 6rst glance it appears surprising that the Raman
spike generated in the 48.3-cm cell does not contain sub-
stantially more photons than the spike produced in the
30-cm cell. The explanation for this observation rests
in the initiation mechanism for the Raman spike. In the
longer cell the self-focusing of the laser beam starts at a
lower level (see Fig. 17) than in the shorter cell and —as
a result —the backward-traveling Raman-Stokes light
sees a lower laser power for its ampli6cation.

C. Duration of the Raman Spike

In Fig. 19 the normalized output

I= const X Ii(t)I,(t+ r)dt It'(t) dt

of the coincidence photomultiplier is plotted as a func-
tion of the path difference 6 between the two light
pulses. The measured points represent average values of
approximately five laser shots. The rms deviations are
indicated. At half-maximum power points the path
difference h&~2 is found to be approximately 2 cm. Com-
puter calculations show that the pulse length is approxi-
mately —,6~~2 for all initial conditions used. Experimen-
tally we find a pulse length (in air) for our Raman spike
of 1 cm corresponding to a pulse duration of 30 psec.

It is interesting to compare the length of the Raman
spike with the coherence length of the Raman emission,
determined from the frequency width of the first Stokes
component. The observed 6rst Stokes —Fabry-Perot rings
have a frequency half-width of approximately 0.3 cm '.
Assuming a signal with an abrupt increase and an ex-
ponential decay in time we calculate a coherence length
of approximately 0.8 cm, which is in good agreement
with the length of the spike estimated above. It appears.
therefore, that the short pulse length of the Raman spike
of only 1 cm is the major cause for the broadened Fabry-
Perot pattern.

D. Forward and Backward Raman Emission

In Fig. 20 an oscilloscope trace representing three
short light pulses is depicted. This picture was obtained
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with the experimental system discussed in connection
with Fig. 15. At the Raman-Stokes frequency we see
three short signals labeled with the numbers 1, 2, 3.
It was found that spike 1 and 2 were emitted through
the exit window while spike 3 results from the backward
emission leaving the cell through the entrance window.
The distance between spikes 1 and 2 corresponds to
twice the time necessary for the light to travel through
the cell of 30 cm in length. The calculated time delay
of 2X30X1.63/3X10"=3.2 nsec agrees well with the
experimental value of 2.9 nsec. The power ratio of spike
2 to 3 was found to be 1:25 which strongly suggests that
spike 2 is generated by reffection (R=4%) of the back-
ward-traveling spike 3 at the entrance window. This
assumption was substantiated by the following observa-
tion: When a pinhole was placed at the exit window of
the cell and the cell inclined to such an extent that no
refiected light could pass through the pinhole the second
spike disappeared completely.

The 350-cm difference of the optical paths, (adec)
—(abc), gives an expected time delay of 11.7 nsec (see
Fig. 15).The measured time difference between spike 1

and 3 was 12.0 nsec. This value agrees well with the
calcu]ated number. We conclude from this result that
the forward- and backward-emitted Raman spikes
originate close to the exit window of the liquid cell
(experimental accuracy 7 cm). This observation sup-
ports once more the finding discussed above that self-

focusing close to the exit window initiates the back-
ward-traveling Raman-Stokes spike.

With the fast photocell we have measured the ap-
parent Raman-Stokes power Pg emitted in the forward
and backward direction. It turned out that PB (forward)
varied around 10 kW by a factor of 2 while Ps (back-
ward), which was more reproducible, had measured
power values between 200 and 400 kW. These numbers
for Pq are lower limits of the true peak power of the
Raman spike. It has been shown above that the Raman
spike has a duration of 30 psec, while the time constant
of the measuring circuit was approximately 300 psec.
The true peak power of the Raman spike will be dis-
cussed in the next section.

It should be repeated in this connection that the
Raman emission in the forward direction is produced
in a single small filament while the backward Raman
light is emitted over a relatively broad area of approxi-
mately 0.25 mm2.

VIII. DISCUSSION

Before analyzing our experimental observations,
several remarks should be made on the theoretical gain
factor, competing nonlinear processes, and on assump-
tions made in the theory of Secs. II to IV.

A. Theoretical Gain Factor for Stimulated
Raman Scattering

It has been shown in the preceding theoretical studies
that the gain factor g (or G=gII.) enters the derived

equations quite critically. When various literature data
are used for the evaluation of g a substantial spread in

numbers is obtained. The different values are summa-

rized here and discussed more fully in Appendix B.The
gain factor can be written in the form [Eq. (B6) of
Appendix B]

8xc'E do. '
g=-

~&s'e Ap dQ
(B6)

B. Competing Processes

It has been shown in Sec. VII that the light emission
in the backward direction consists of the sharp and

41 G. Bret and G. Mayer, in Physics of Quuetlm E/ectronics,
edited by P. Kelley, B. Lax, and P. Tannenwald (McGraw-Hill
Book Co., New York, 1966).

4' J. G. Skinner and W. G. Nilsen, J. Opt. Soc. Am. 58, il3
(1968).

3 D. von der Linde, M. Maier, and K. Kaiser, Phys. Rev. (to
be published).

The Raman linewidth Af of CS2 is quite narrow, with

previous investigations frequently hampered by instru-
mental resolution. We have adopted here the most re-

cent result of Clements and Stoicheff, " who report
Av=0.50+0.02 cm '. The value of do'/dQ, the scatter-
ing cross section per solid angle, is not known with high
accuracy. Quantitative measurements of d~'/dQ are
difFicult to perform because absolute values of the
spontaneous scattering power of the Raman line are
required. There are four independent sets of experi-
ments which provide us with values for g:

First, the magnitude of do'/dQ has been determined

directly from the absolute scattering power at 656 cm '.
A pulsed ruby laser (X=6943 A) was used in this experi-

ment. 4' The data presented in Ref. 41 are believed to be
accurate within a factor of 3. After taking into account
the various Raman lines in the neighborhood of the
656-cm ' line we calculate a gain factor of g= 7.5X 10 '
cm/MW (see Appendix B).

Second, the peak scattering cross section at the center
of the Raman line has been measured with a cw argon
laser at X=4880 A. From these data4' we calculate
g= 1.2X 10 ' cm/MW (see Appendix B).

Third, the absolute scattering power of CS2 is calcu-
lated from literature data of the relative scattering
power of CS~ to other liquids, such as toluene or ben-
zene. For these liquids absolute scattering cross sections
have been reported. In this way we obtain g values

ranging from 1 to 3X10 ' cm/MW (see Appendix B).
Fourth, recently detailed investigations of the stimu-

lated Rarnan scattering in CS~ were made using sub-

nanosecond laser pulses. 4' Good agreement with theory
was obtained with a gain factor of g= 1X10 ' crn/MW.

In summary, we conclude that the data existing at
the present time suggest a gain factor for CS2 between
1 and 2 X 10 ' cm/MW. It will be shown below that our
measurements on the backward-amplified Raman spike
are consistent with a, gain factor of g= 1X10 ' cm/MW,
in good agreement with the forementioned value.
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intense Raman spike followed by stimulated Brillouin
scattering. Stimulated Brillouin and Rarnan scattering
are two competing processes with the steady-state gain
factor for the Ilrillouin scattering (gs= 14X10 '
cm/MW) being considerably larger than the gain factor
for Raman scattering (gii

——1X10 ' cm/MW). The ob-
servation that the Raman spike precedes the Brillouin
emission is readily explained by the long acoustic pho-
non lifetime in CS2 of 2.5 nsec. A time of this magnitude
is required for g& to grow to the full steady-state
value. 444' This fact explains why stimulated Raman
emission occurs before stimulated Brillouin scattering
has fully developed. Stimulated Raman scattering re-
mains suppressed, however, for the rest of the pulse
while strong Brillouin reflection (=90'Po) is generated
within several millimeters from the entrance window of
the liquid cell."In this way laser light does not pene-
trate the liquid cell far enough to produce self-focusing
and thereby to provide enough gain for the observation
of further stimulated Raman emission. In fact, we have
no evidence for a repetition of Raman emission in the
forward or backward direction.

C. Rate-Equation Approximation

Before a quantitative comparison between the experi-
mental and the theoretical results is made, an important
assumption of the theory should be checked. In deriving
the rate equations we have assumed I Eq. (2.16)] a
large damping constant F for the molecular vibrations,
i.e., Bq/Bt« i~I'q or 2(hq/q)(1/At)&&I'. This condition is
fulfilled since dq/q is certainly smaller than 0.1; we
obtain 2XO 1X(30X10 ") '=6X10'«2m'XO 50X3
X 10"=9X10".

It should be pointed out that the backward-amplified
Raman pulse reaches a pulse length of approximately 1
cm during the last several centimeters of its path. At
this point we are approaching the limit of validity of our
theoretical calculations: The frequency width of our
Raman spike of 0.3 cm ' is comparable with the width
of the spontaneous Raman line A&=0.5 crn '.

D. Steady-State Pulse

In Sec.V we have derived an expression for the limit-

ing duration rz, of a steady-state pulse LEq. (5.14)j.
With a linear absorption of y8 10 ' cm ' I"=10"
sec ', g=10 2cm/MW, andIz, 72MW/cm'onecalcu-——
lates a value ~~= 5X 10 ' sec, far less than the value
3X10 "sec observed in our experiments. We note, how-

ever, that the observed backward second Stokes signal
(Sec. VII) represents an additional (nonlinear) absorp-
tion equivalent to an effective y~=1—10 cm ' in the
region of the entrance window where the second Stokes
intensity is 0.1Iq. This fact suggests that the limiting
duration of the backward Raman pulse may not be

44 N. M. Kroll, J. Appl. Phys. 36, 34 {1965).
4'D. Pohl, M. Maier, and W. Kaiser, Phys. Rev. Letters 20,

366 (i968).

much shorter than 10 " sec for the experimental ar-

rangement described in this paper. Suppression of

second Stokes generation should make possible the at-
tainment of significantly shorter backward stimulated

Raman pulses.

E. Initiation Mechanism of the Raman Spike

The investigation of the initiation mechanism of the

backward Raman spike has indicated that self-focusing

of the laser light close to the exit window of the cell

plays a dominant role. We have further shown that a
Raman filament occurs having a diameter of approxi-

mately 5p, and a duration shorter than 3X10 "sec.
As shown experimentally and in Secs. III and IV the

strong amplification of the backward-traveling light

pulse exhausts the laser pump light. Calculations using

Eq. (3.18) show that the laser is substantially weakened

within a time of approximately 5X10 "sec. This effect

may contribute to the short duration of the laser fila-

ment and of the forward-emitted Raman-Stokes light.
It should be noted that we have clearly separated the

forward Raman emission from other spurious effects. In
most of the previous investigations reflections of the
backward spike from the cell window and from the laser
mirrors were not distinguished from the forward emis-

sion (and were measured together with it). The fluctua-

tions which we observed in the power output of the
forward- and backward-emitted Raman light are be-

lieved to be due to changes in the properties of the laser
emission which strongly inhuence the self-focusing

action.

F. Initial Conditions of the Calculations

The calculation of the time behavior of the Raman
spike (Sec. IV) indicated that the output pulse develop-
ment depends on the initial conditions. In order to
illustrate in a general way the process of pulse forma-

tion, steepening, and sharpening we have treated the
simplified initial conditions A to D (step function,
linear ramp, etc.).

As discussed in the preceding chapter the backward
Raman pulse is initiated by self-focusing of the laser
light close to the exit window of the cell. Since the life-
time of the filaments is approximately 10 "sec initial
conditions with a finite pulse duration appear to be
more appropriate for our problem. If the initial condi-
tions A to D are cut off after approximately 10 "sec
the calculations of the output Raman pulses (Figs. 5 to
7) are still valid for large values of the cell length /

$G(l lp)) 15].For smal—l lengths l, differences between
both types of initial conditions are found, which are of
no significance for our experimental situation.

In Figs. 9 to 11, calculations for two exponentially
rising pulses of short duration (Fi and F2 in the insert of
Fig. 8) are presented. We feel that these pulses represent
more realistic initial conditions for our problem than
conditions A to D. The time dependence of the pulses Ii ~
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Initial
condition

A
B
C
D

EI"

g
(10 ' em/MW)

2.3
5.6
8

10
8

19.4
27.6
27.9
27.8
79

and Fs was chosen on the following grounds: (1) The
formation of the 61aments occurs extremely rapidly
with the time constant of the Kerr effect (approximately
2X 10 "sec in CSs). (2) There is a nonstationary build-

up of the Raman light having a time constant in the
order of the lifetime of the molecular vibration (10 "
sec in CSs). (3) The filament starts at the exit window
of the cell and increases in length with a velocity e

which is determined by the rise time of the giant pulse
(in the nanosecond range).

Considering these three points in more detail we con-
clude that an exponentially rising pulse of 6nite length
describes the time dependence of the initial Raman
light rather well. The rise time of the exponential func-
tion was estimated to be around 10 " sec or smaller.
For initial condition Ii we have treated two cases,
7 y

= 3&( 10 ' sec and v z = 10 "sec. The pulse duration
was taken to be 8&&10 " sec, which is approximately
the duration of the filament.

Initial condition E describes a pulse with exponential
rise followed by saturation; the results for this pulse
demonstrate that the finite pulse duration of the initial
pulse has little inhuence on the output pulse for long
cell lengths.

G. Estimate of the Reference Length tp

For a convenient comparison of the results of the
different initial conditions (2 to F) a reference length to

was chosen at which the ratio of the maximum Raman
intensity to the laser intensity reaches 10 '. The value
of lo can be estimated in the following two ways.

First, we assume that the power emitted in the Raman
filament in the forward and backward direction is ap-
proximately the same ( 10 kW). If we consider the
solid angle subtended by the laser light and the solid
angle into which the backward Raman light is emitted,
we estimate 8. ratio of the maximum initial Raman
intensity to laser intensity of 10 ' to 10 '. Kith these
values reference lengths lo between 3 and 10 cm are
obtained (for a cell length of 30 cm), depending on the
initial condition (A to F).The method of calculation can
be easily seen for initial condition A using Eq. (4.8a).

Second, the axial intersection /g of the linear part of
the energy dependence on position z can be used to
estimate the reference length /0. Prom the experimental
results (Fig. 18) we obtain directly lz (measured)=15
crn (for cell length 30 cm). From the theoretical calcula-

TABLE I. Experimental gain factor g for stimulated Raman
scattering and ratio of the peak Raman intensity to the laser
intensity (gs/rip, s) „~R for di6erent initial conditions.

tions (Figs. 6 and 11) we get the difference between the
axial intersection and the reference length, /g(calculated)
—lo, which varies between 6 and 12 cm, depending on
the initial conditions. (It should be noted that the dif-
ference 4 ls—is independent of the gain factor g.)
Since tz (measured) should be equal to 4 (calculated)
we obtain to values between 3 and 9 cm in agreement
with the first estimate.

H. Exyerimental Determination of the Gain Factor g

There are two independent experimental results, the
energy E8 and the duration 8 of the backward-emitted
Raman pulse, which can be used to determine an experi-
mental gain factor g. The expressions for the pulse dura-
tion 6 (Eqs. (4.13), (4.20), (4.25), (4.30), and (4.34)]
and the pulse energy FB LEqs. (4.10), (4.19), (4.24),
(4.29), and (4.33)) contain two unknown quantities,
the gain factor g and the ratio of maximum Stokes in-
tensity to laser intensity rls, /rlr, o R. Using the
measured quantities Es 3.3X10——4 J, 5(air)=1 cm,
and II, 22 MW/——cm' we have calculated g and R for
the various initial conditions. The results of these cal-
culations are summarized in Table I. The similarity of
the g and R values for a variety of initial conditions is
noteworthy. For the following comparison between
theory and experiments we use g= 10 ' cm/MW, which
lies within the range of accuracy both of the experi-
mental and theoretical results.

L Energy of the Raman Syike

In Sec. VII results are presented for the total back. —

ward Raman energy as a function of position s in the
liquid cell (Fig. 18).The initial region, where the energy
rises nonlinearly, is not discussed here because of in-
adequate experimental accuracy for the small energy
values.

In the linear region the experimentally determined
slope can be compared with the theoretical slope S
[calculated from Eq. (4.14)j. The theoretical slope is
the same for all initial conditions and is independent of
the gain factor; it represents simply the sweeping out of
the incoming pump beam. S is given by 2(ntoa/co&I)Pr,
During the passage of the Raman pulse through the
liquid cell (1.6 nsec) the laser power increases slightly.
For the calculation of S we have used average values of
180 and 130 k% for the cell lengths 30 and 48.3 cm,
respectively. The results are S „,(30 cm) = (2.3&0.4)
X10 ' J/cm and S.,i,(30 cm) = 1.9X10 ' J/cm,
S „,(48.3 cm) = (1.4+0.4) X 10 ' J/cm, and S„i,(48.3
cm) = 1.3X10 ' J/cm. There is good agreement between
the measured and calculated values.

The Raman energy measured at the end of the cell
(length 30 cm) was Fs= 3.3X10 ' J (&20%). Accord-
ing to Figs. 6 and 11 this amount of energy is acquired
within a distance l—lo, depending upon the initial con-
ditions (see Table II). For the initial pulses Fi and Fs
one Gnds l—la=26.0 cm, which suggests a reference
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TABLE II. Distances / —l0, obtained from the measured pulse
energy and duration, and corresponding ratio of peak Raman
intensity to laser intensity (qz/qz, p)~ . For further discussion
see text.

Initial
condition

Fnergy
n,o =25.8

1—lp(cm) (pts/plop) ~»

Pulse duration
rGc/pp =0.45

1—lp(cm) (qs/gyp), „
A
8
C
D

J'"1

F2

24.3
26.4
28.2
29.6
25.6
26.3
26.8

4X~0&
500
66
24
36.5

106
67

8.3
16.7 15
23.6 22
36.0 26

length /0 of several centimeters in good agreement with
estimates presented above.

K. Peak Power of the Raman Syike

The ratio of the Raman peak intensity to the laser
intensity, tlat, /gz, p

—-It.', has been estimated in Sec.
VIII H; consistently, values between 20 and 30 were
calculated for several initial conditions (see Table I).

We have also estimated the same ratio from Figs. 5
and 9 using values of / —lo obtained from the energy
data in Sec. VIII I and from the pulse duration in Sec.
VIII J. The numbers determined in this way are listed
in the third and fifth column of Table II. Peak intensity
ratios between 20 and 100 are found. The completely

J. Duration of the Raman Spike

The length of the backward Raman spike was deter-
mined to be approximately 1 cm in air (Fig. 19).This
experimental result will be first compared with the theo-
retical results for the initial conditions A to D. According
to the theoretical calculations (Fig. 7) a pulse length of
1 cm (in air) will be reached when the pulse has tra-
versed a certain distance / —lo depending on the initial
condition. The distances / —lo are also listed in Table II.
It should be noted that only initial conditions C and D
give results which are consistent with a cell length of
30 cm.

Next we consider the theoretical results for initial
conditions E, and Fr, Fs (see Fig. 10). As discussed in
Sec. IV, the pulse duration r calculated for E and F is
quite different from that of A to D. Up to distances
3—lo of 23 cm r does not change substantially, having
values within the experimental accuracy of the mea-
sured number of 1 cm (broken line in Fig. 10).For a cell
length of 30 cm and a reference length of 5 cm the ex-
pected pulse lengths are between 0.7 and 1.5 cm (see
Fig. 10), in good agreement with the measured value
of 1 cmp

unreasonable values obtained for the initial conditions

A and 8 are not surprising, since the step function and
the linear ramp are physically unrealistic initial con-

ditions. %'e consider the latter determination of the

peak power less accurate because small uncertainties in

l—lo give rise to large errors in E.. Combining all our
information a value for the peak power ratio between
20 and 30 is suggested.

IX. SUMMARY

It has been shown in the preceding sections that a
considerable amount of experimental data is consistent
with a model in which a backward-traveling Raman
pulse interacts strongly with the incoming laser pulse.
There is strong evidence that the initiating Raman pulse
is generated in a filament at the end of the liquid ce11.

During its path the Raman pulse is ampli6ed to inten-

sities exceeding those of the incident laser light. A pulse

length of 1 cm was measured in our experimental

system.

APPENDIX A: SPECIAL SOLUTIONS OF THE
RATE EQUATIONS FOR INITIAL

CONDITIONS E AND F

l. Exponential Initiation Followed by Saturation (E)
t/rI 1

»(o,f)=o, f&0
etl rp+b

(4.31)
=0 &&0.

Using Eqs. (3.14), (3.17), and (4.1) the development of
the Raman pulse is calculated to be

with

1—e "II2R'

d (b-'+e—
d&)t 1+2RsF(y)/d]

(Al)

d= 2n/Gert and R'= (ad/2bqr, p)eo'. (A2)

The analytical solution (Al) is only valid if d is an in-

teger. Since r& is not known with high accuracy this re-
striction is not important. We have used the abbrevia-
tions
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P(y) = 1 ep ep(1+b)— —s 1+b'~"e " 2
ln E„(y) cos

dbl~d I+b lid @1/ d 0

2v+1 2p+1
pr —Q„(y) sin pr (A3)
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(b')""e '" 2—b""e "cos[(2v+1)/d]7r+1
P„(y)=-', ln

(bo) ti"—2b)i" cos[(2v+1)/d Jm+1

Q.(y) = arctan
sin[(2v+ 1)/d]tr sin[(2v+ 1)/d]tr

b""e v co—s[(2v+1)/d]7r b"" c—os[(2v+1)/d]7r—arctan (A5)

s is 0 or 1, depending on whether d is even or odd.

2. Pulse Initiation with Exl)onential Rise and Decay (F)
et/vI

))&(0 ]) 44 e(Gc I2 )tttt) 0
etlrt+b

(4.32)
3&0.=0

ne 2R' e"(e '"—e '"")

rjr.o d (b '+e f"v)[1+2R'P(y)!d]
(A6)

The solution of the rate equations for this initiating
pulse is

with

2s 2e
f= and R =

Gcr) Gcr 4(h —1) 2bqr, p

The time constant 7-2 which determines the exponential
decrease of the initiating pulse has only little inhuence

on the results. It was chosen arbitrarily to be z&=z&

&&(h—1)/h where h is an integer. The analytical solu-

tion is valid only if this condition is fulfilled. Again the

following abbreviations have been used.

with

and

(&—.—2)to ( 2v+1 2v+1 i—2 P i P„(y) cos tr —Q„(y) sin
,=o h h i

(b2) like 2f v 2bl /4e fv cos[(2v+ 1)/h]~+ 1
P„(y)=-', ln

(b ) '"—2b'I" cos[(2v+ 1)/h]m+ 1

ev 1+be f4v b
— —1+bi l4e fv—

F(y) = ln — —— s ln
fh 1+b b"" 1+b""

(A7)

(AS)

Q„(y) =arctan
b""e»—cos[(2v+ 1)/h]tr

sin[(2v+ 1)/h])r
—arctan

b"" cos[(2v+—1)/h]tr

sin[(2v+ 1)/h]x
(A9)

s is 0 or 1 depending on whether Ig is even or odd.

APPENDIX 8' CALCULATION OF THE GAIN
FACTOR g FOR STIMULATED

RAMAN SCATTERING

In Sec. II we have derived the cross section o. for
stimulated. scattering [Eq. (2.21)]. o. is related to the
gain factor g by

where npi is the polarizability matrix element of the
Raman transition. no& is connected with Bn/Bq by the
relation

noto= (Bot/Bq)'q' (84)

If we consider the energy of the harmonic oscillator to be
the same in the classical and quantum-mechanical de-
rivation, we obtain q'= h/2m4oo and

do'/dQ= 4t)t4no)2/c4= tt),4(Bn/Bq)'h/2ttt4ooc4 (85).
g= trrt/chtt)g.

Using Eq. (2.21) we obtain for g

The gain factor can now be written81

8mcS do'j.6x'c'E do-'

A~ 'P~' dQ A~, 'e'hv dQ
(86)

Sm'&os Jq' Bu) '
g= I c 4ÃIo)o Bql

For the calculation of g we need the value of Bct/Bq,
which can be derived from the experimental spontan-
eous Raman scattering cross section do. '/dQ. The relation
between do.'/dQ and Ba/Bq is derived as follows: From
ordinary scattering theory we obtain do.'P 2cdo. '/d Q

(87)
do'/dQ= to,4oto)2/c4, .

where F=27fchf, with Av the full width at half-rnaxi-

mum intensity of the spontaneous Raman line.
For a Lorentzian shape of the Raman line the inte-

grated scattering cross section do. '/dQ can be replaced

by the peak cross section at the center of the line



BACKWARD STI M ULATE D RAMAN SCATTERING 599

For the calculation of the gain factor of CS2 we have
used the following values in Eq. (86): AP=0.5 cm ',
Ã 10 cm ) B 1 61

p
and 4041 2.59&& 10" sec ' All

quantities are known for CS2 with good accuracy except
the spontaneous scattering cross section do'/dQ. There
are three sources of information on this quantity.

First, da'/dQ has been calculated from absolute
power measurements of the spontaneous Raman line
at 656 cm ' using a ruby light source. "The accuracy
of these data for CS2 is estimated to be a factor of 3.4'

Since the Raman intensity was integrated" over a
frequency interval of approximately 100 cm ',
(do.'/dQ) „.„„scontains contributions from all Raman
lines around 656&50 cm '. From knowledge ~ of the
relative integrated intensities of these lines we can
estimate the true scattering cross section of the 656-cm '
line. We arrive at (do'/dQ)cs2=2. 4X10 " cm and a
value of g=7.5X10 ' cm/MW.

Second, the peak scattering cross section doP'/dQ
at the center of the Raman line has been reported very
recently42 for various substances at }i=4880 A. While
the accuracy of these measurements is quite high for
most liquids (several percent) the situation is less
favorable for CS~ where the instrumental resolution is
approximately equal to the width of the 656-cm ' line.
Using the value doP'/dQ=4. 7X10 " cm' (corrected
for the ruby wavelength) we calculate from Eqs. (86)
and (87) a gain factor g= 1.2X 10 ' cm/MW.

Third, the scattering cross section for CS2 is available
from measurements of the absolute value of do'/dQ
of other liquidsss (e.g., toluene and benzene) and from
"We are indebted to Dr. G. Mayer for a private communication

on these subjects.
"H. W. Schrotter, Z. Elektrochem. 64, 853 (1960).' F. J. McClung and D. Weiner, J. Opt. Soc. Am. 54, 641

(1964); T. C. Damen, R. C. C. Leite, and S. P. S. Porto, Phys.
Rev. Letters 14, 9 (1965).

the reported relative scattering power of these liquids
and CS2 compared to CC14.'~" Following Ref. 52 the
ratio of the absolute scattering cross sections of two
liquids can be written as

(do /dQ) l Jslv2(pL vl) 1 exp( &cv2/kT)
X

(Jo /dQ)2 Ilsvl(PL v2) 1 exp( hcvl/kT)

(1+as)(2222+2)202 Sl
X — X—.

(1+el) (2222+2) 2222 S2

1 stands for CS2, 2 for the second liquid; hi, 2 is the degree
of degeneracy of the Raman line, Pi, 2 the wave number
of the Raman displacement, PI, the wave number of the
light source, ai, ~ is the degree of depolarization of the
Raman light for linearly polarized incoming light, e&,2

the index of refraction, and Si and 52 are the relative
scattering powers with respect to CC14. Using the num-

bers for the relative scattering power 5 given in Refs.
49 to 51 alld the llumbers fol (do' /dQ)tolnene, bennene

reported in Ref. 48, we calculate values for (do'/dQ)os,
between 4 and 10)&10 ' cm'. The corresponding gain
factors g are between 1 and 3X10 ' cm/MW.

42 H. J. Bernstein and G. Allen, J. Opt. Soc. Am. 45, 237
(1955}; G. Allen and H. J. Bernstein, Can. J. Chem. 32, 1124
(1954); J. P. Jesson and H. W. Thompson, Proc. Roy. Soc.
(London) A268, 68 (1962).

"K. Uenkatesvarla and G. Thyagarajan, Z. Physik 154, 70
(1959};N. K. Sidorov, L. S. Stal'makhova, and L. I. Barmanova,
Opt. i Spektroskopiya 13, 783 (1962} IEnglish transl. : Opt.
Spectry. (USSR) 13, 443 (1962)$.

"The relative scattering power S of CS2 compared to CC14
has been measured by H. W. Schrotter with a He-Ne gas laser to
be 1.87. We wish to thank Dr. Schrotter for making available his
data prior to publication.

"G. Eckhardt and W. G. Wagner, J. Mol. Spectry. 19, 407
(1966).


