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1. INTRODUCTION

THE development of optical masers has led to the
discovery of a new phenomenon—stimulated Raman
scattering of light. This effect combines the charac-
teristic features both of ordinary Raman scattering
and of laser emission.

It is well known that in ordinary Raman scattering
radiation of frequency v is transformed into radiation
having a complex spectral character in which in addi-
tion to the frequency v the frequencies v + vy are
also present. Here the vy are frequencies character-
istic of the scatterer and are usually normal vibra-
tional or rotational frequencies of the molecules of
the material under study.

The phenomenon of Raman scattering can be clearly
understood in terms of a modulation of the incident
light wave of frequency v by the normal vibrations of
the scattering substance or material at frequencies
vy. It was precisely this concept of modulation which
led L. I. Mandelshtam and G. S. Landsberg to the dis-
covery of Raman scattering. (1]

The phenomenon of modulation is also fundamental
to stimulated Raman scattering, which was discovered
by Woodbury and Ng in 1962 while working with giant
ruby laser pulses (2], They used an optical shutter
consisting of a nitrobenzene-filled Kerr cell to de-
crease the pulse length of the ruby laser. It was dis-
covered that the output of the laser included additional
frequencies which were characteristic of the Raman
scattering of nitrobenzene; the intensity of the emis-
sion at these additional frequencies was very large.

Although stimulated Raman emission was discovered
accidentally in the experiments of Woodbury and Ng, it
should be pointed out that the effect had been predicted
several years previously. In fact Javan £3] pointed out
in 1958 that two photon processes could be used to am-
plify light without requiring population inversion of en-
ergy levels.

Since the work of Woodbury and Ng a number of
papers on stimulated Raman emission have appeared
[3-8] describing various characteristic features of the
phenomenon. The possibility of practical applications
of the effect has also been pointed out.

FIG. 1. Experimental set-up. 1) photomultiplier;
2) multilayer dielectric mirror; 3) Kerr cell; 4) polarizer;
5) ruby rod; 6) cuvette containing investigated liquid;
7) condensing lens; 8) entrance slit of the spectrograph.
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2. BASIC EXPERIMENTAL RESULTS

A. Scatterer Inside the Laser Cavity

Woodbury and Ng discovered stimulated Raman
emission in nitrobenzene. These experiments were
later continued in more detail by Eckhart and others (4],
These authors investigated a long list of substances
and showed that the radiation at the shifted frequencies
was stimulated Raman scattering.

The following arrangement was used in (4] (Fig. 1).
The laser was a cylindrical ruby rod with a polished
surface and of dimensions 76x9.5 mm. The pump
source was a coiled flash lamp. Multilayer dielectric
mirrors were used in the cavity. A quartz Wollaston
prism served as a polarizer. The switching element
was a Kerr cell in which the nitrobenzene was replaced
by a KHyPO, crystal, which does not contribute lines of
its own. The cell containing the material being studied
was from 2.5 to 10 cm. long and was inside the ruby
laser cavity. This was done both because the pumping
line at 6943 A is much stronger inside the cavity and
also because the same cavity served both for the ruby
emission and for the stimulated emission from the sub-
stance. The light output was collected from both ends
of the cavity. A photomultiplier for monitoring the
ruby line at 6943 A was placed at one end and a spec-
trograph was placed at the other end; detection was
either by film or by a photomultiplier which could be
moved in the focal plane of the spectrograph. This
setup was used to record the emission from the test
substance. The ruby output pulse power was from 0.2
to 2 MW in a spike 20—70 nsec long, corresponding to
an energy between 0.05 and 0.2 J.

The results obtained by the authors in 4] for the
frequency shifts in the emission from liquids relative
to the frequency of the ruby laser are shown in Table L.
The table also lists the frequencies of the strongest
lines in the Raman scattering from these same sub-
stances. The results obtained in [*] refer only to sub-
stances with ring structures with five or more CH or
CD groups.

The authors point to three effects which indicate the
existence of coherent oscillation at the shifted frequen-
cies. The first is the high degree of parallelism of the
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Table 1
Fre- Fre-
quencies quenicies
Displacement| of the Displacement| of the
of the emis- | strongest| of the emis- | strongest
sion fre- lines of sion fre- lines of
qlllency of the the quency of the the
iquid rela- | Raman liquid rela- Raman
Substance tive to the ruby| scatter- BeuecTso tive to the ruby scatter-
frequency in ing in frequency in ing in
cm™? cm™t cm-! em™?
Benzene 9904-2 992 Pyride 99242 991
2X%(9904-2) 2X(9924-5)
306414 3064 — 3054
Nitrobenzene — 1004 Cyclohexane — 801
13444-2 1345 285241 2853
2% (13464-2)
Deuterobenzene 94441 945
3% (13404-9) 2 (9%4F1)
Toluene — 785 — 2292
1004-1+-4 1002
1-Bromo- 136814 1363
naphthalene — 3060

output beam, which is the same as that of the ruby
laser output. The second is the line narrowing of the
output, which becomes more pronounced as the energy
of the pumping beam is increased. The line width was
as small as 0.6 cm™!, compared to 10 cm™! in ordinary
Raman scattering. Third, there is a threshold value
of the pump energy, or more precisely a threshold
value of the output power of the ruby laser correspond-
ing to a given length of the cell for the investigated
substance, i.e., there is a threshold value for the laser
power, depending on the length of the light path in the
active medium.

Eckhart et al. established the following features of
the stimulated Raman effect.

1. As the'threshold is exceeded the output power in-
creases rapidly and becomes as large as 0.01—0.1
times the power of the primary laser pumping beam,
i.e., as large as 10—100 kW.

2. The shift of the output frequencies from the fre-
quency of the pumping line was in agreement with the
vibrational frequencies observed in the Raman spectra
of the materials studied.

3. The emission was observed to consist of only one
displaced line or in several cases of lines whose fre-
quency shifts were multiples of a given shift. In other
words if a line appears having a frequency shift vr,
then in certain cases lines displaced by frequencies
2vy, 3vy were also observed (cf. Table I).

4, Stimulated emission was observed only in lines
corresponding to the strongest lines in the ordinary
Raman spectrum.

5. The shifted emission lines were observed only
in the Stokes region.

It does not seem possible to relate the observed ef-
fects to the absorption of energy from the primary
beam followed by subsequent emission, as is possible
with two independent processes. For example the ab-
sorption in benzene and deuterobenzene differs signif-
icantly at 6943 A (benzene has an absorption coeffi-

cient 0.02 cm 1, deuterobenzene 0.001 cm™!); however
the energies of the emissions in the two cases are es-
sentially identical. It is therefore much more probable
to ascribe the observed effects to stimulated Raman
scattering.

The authors explain the appearance of the second
and third Stokes shifted frequencies by repeated proc-
ess of stimulated Raman scattering caused by the lines
already excited, i.e., oscillation in the first line acts
as a pump to produce stimulated emission in the sec-
ond line.

More recent results concerning stimulated Raman
scattering have been published by Geller et al. %]
Their experimental arrangement was similar to that
shown in Table II. The criteria for stimulated emis -
sion used by these authors were first the high paral-
lelism of the output beam and second the existence of

Table 11
Displacement of the
emission frequency Frequencies of the
Substance of the liquid relative strongest lines of
to the ruby frequency the Raman scatter-
in em™ ing in cm™
Ethylbenzene, 1002 + 10 1000
Acetone 29217 2922
Cyclohexanone 2863 7
2945+ 5 2949
Pipyridine* 2933 2935
2936
2940
2943
p-Xylene 2998 + 14 3008
m-Xylene 2933 +10 2916
o-Xylene* 2913 2916
2922
2933
730 733

Note *Sample radiates a multiplet.
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a threshold value of the ruby laser power. The output
radiation was observed to have the following charac-
teristics.

1. A strong suppression effect occurs, i.e., if two
or more substances which are Raman active are pres-
ent, stimulated Raman emission in the weaker lines is
prevented by stimulated emission in the stronger lines.
The authors relate this to the decrease in the power of
the primary laser beam due to the transfer of energy
into the Raman scattered beam.

2. Several liquids (denoted by asterisks in Table II)
exhibited emission in the form of narrow, closely
spaced lines. The separations between these lines are
comparable with those which are observed in rotational
spectra.

Because of the high threshold associated with stim -
ulated Raman scattering it was originally observed
only with Q-switched lasers; recently however the
effect has been observed using an ordinary ruby laser
even though the ordinary ruby laser is about two
orders of magnitude less powerful than a Q-switched
laser. However because of the longer duration of the
pumping action it is possible to reach the oscillation
threshold of the shifted line. The experimental setup
used in"®" was similar to that used in %57,

The ruby laser used had a pump energy threshold
of 270 joules. Expressed in terms of the pump energy
for the ruby laser, the threshold for stimulated emis-
sion was 360 joules. The duration of the spikes was
about 500 usec. The criteria for laser action at the
shifted frequencies were, as usual: 1) the line narrow-
ing observed in stimulated Raman emission compared
with the lines observed in usual Raman spectra; 2) the
high degree of parallelism of the beam; 3) the pres-
ence of an oscillation threshold. Under the above con-
ditions oscillation was obtained at one of the strongest

of all Raman lines, the benzene line at 992 cm ™!,

B. The Scatterer Outside the Laser Cavity

All of the above papers dealt with the observation
of stimulated Raman scattering in the Stokes region.
Recent papers by Terhune (7] and Stoicheff [3], using
both organic liquids and materials more complicated
to deal with experimentally (liquified gases, gases
under pressure, etc), supported the previous results.
Moreover these papers reported the observation of
stimulated emission at wavelengths shorter than
6943 4, i.e., in the anti-Stokes region.

Stoicheff 83 used the experimental arrangement of
Fig. 2. A ruby laser served as the light source. A ro-
tating prism acted as a Q-switch. Its rate of rotation
was 400 cps. The flash lamp was synchronized with
the rotating prism. A multilayer dielectric mirror
was used in the cavity. The energy emitted in the ruby
line at 6943 A varied from 0.1 to 0.8 joules. The length
of the giant pulse was about 20 nanoseconds. To obtain
the maximum power density the laser radiation was
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FIG. 2. Experimental set-up. 1) rotating totally reflecting

prism; 2) ruby rod; 3) multilayer dielectric mirror; 4) lens with

25-cm focal length; 5) cuvette containing liquid under study;

6) filter; 7) condensing lens; 8) entrance slit of the spectro-

graph.

focused by a lens of 25 cm. focal length into a cuvette
containing the liquid being studied. The length of the
cuvette was varied between 2 and 70 mm. The cross
section of the laser beam in the cuvette did not ex-
ceed 0.1 cm?. Under these conditions the power den-
sity was estimated to be about 100 MW/cm? and higher.
A color filter was placed behind the cuvette to absorb
the exciting radiation. A similar apparatus was used
in [7J for exciting stimulated emission.

it should be pointed out that, in contrast to the
papers discussed in Sec. A ahove, the ligquid studied
was located outside the ruby laser cavity. On the one
hand this raised the requirement on the power from
the exciting laser pulse, since the energy density out-
side the cavity is significantly smaller than inside. On
the other hand this experimental arrangement allowed
one to investigate the radiation coming out of the liquid
over a wide range of angles, which turned out (as will
be seen) to be very important.

When the emission from the liquid was photographed
on color reversal film placed some distance from the
cuvette, a rather unexpected picture was obtained. The
photographs showed concentric rings corresponding to
red, orange, yellow, and green light. It must be re-
membered that infrared radiation does not affect color
film. A color reproduction of the observed picture is
reproduced by A. L. Schawlow [ Sci. American 209(1),
34 (1963)]. A more detailed investigation showed that
these rings are related to the anti-Stokes components
of the usual Raman scattering.

In studying the spectrum of the scattered radiation,
spectrographs both with small dispersion (to obtain the
overall spectrum ) and with large dispersion and reso-
lution (to obtain more detail ) have been used.

Investigation of the spectrum of the radiation
emitted from a number of liquids allows one to con-
clude the following. The spectra are extremely in-
tense; a single pulse from the pumping laser is suffi-
cient to expose a spectrogram. The spectra contain
Stokes and anti-Stokes lines of almost the same inten-
sity; moreover each spectrum contains not only lines
shifted by the fundamental frequency but also lines
shifted by frequencies which are exact multiples of
the basic frequency shift.

More detailed study has led to a number of interest-
ing conclusions.

1. There is a threshold for the appearance of radi-
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ation at the shifted frequency both in terms of the
power in the exciting beam and in terms of the length
of the light beam in the liquid. Moreover as soon as
the threshold is exceeded by only a very small amount
the whole set of displaced frequencies appears, i.e.,
lines shifted by the primary interval as well as lines
shifted by the harmonics both in the Stokes and in the
anti-Stokes regions. In other words the threshold for
exciting the shifted lines is the same both for the fun-
damental and for the harmonics and is the same both
for the Stokes and for the anti-Stokes regions. Near
threshold the intensity of typical lines is several per-
cent of the intensity of the exciting radiation.

2. The magnitude of the threshold is related both to
the intensity and line width of ordinary Raman scatter-
ing. As an illustration we will compare the ordinary
Raman spectra of carbon disulfide, benzene, and carbon
tetrachloride. The relative intensities of the strongest
lines of these materials are approximately in the ratio
5:4:1, and the line widths of the same materials are
1.0, 2.5, and 2 em ™! respectively. Correspondingly,
experiment shows that the lowest threshold for stimu-
lated Raman emission occurs in carbon disulfide,
whereas the highest is carbon tetrachloride.

3. For each liquid the frequency-shifted radiation
contains only one or two lines and their harmonics;
the frequencies of these lines correspond to totally
symmetric vibrations in the ordinary Raman spectrum.
This result is understandable since it is precisely
these vibrations which give the narrowest and most
intense lines in ordinary Raman scattering, and hence
these lines have the lowest threshold (cf. above).
Comparison of the frequencies obtained in these ex-
periments with the frequencies of the lines in the or-
dinary Raman spectrum show that, within the limits
of error of the experiment (about 0.2 cm™1), the fre-
quencies are equal. The Stokes and anti-Stokes fre-
quencies also agree to within the limits of error of
measurement (about 0.3 em~!). The frequencies of
the harmonics are equal to twice, three times, and
four times the fundamental frequency to within an er-
ror of about 0.3 cm~!. These harmonics in the Raman
scattering do not have analogs in the ordinary Raman
scattering spectrum. In fact the overtone lines of
molecular vibrations usually have intensities orders
of magnitude smaller than the lines of fundamental
vibrations. Moreover the frequencies of these overtone
lines are not exactly equal to twice, three times, etc.
the frequencies of the primary vibration due to the an-
harmonicity of the vibrations. Allthe evidence indicates
that these harmonics cannot be attributed to a repeti-
tive process; i.e., they are not produced from the first
Stokes line in the way that the first Stokes line was pro-
duced from the exciting laser beam. This follows
from experiments in which a sequence of two liquids
was placed in the output beam of the laser (in the par-
ticular case studied the cells were filled with carbon
disulfide and benzene ); the order in which the beam
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Table III
Angles at which
anti-Stokes
Substance AN
radiation is
observed
Benzene 2°48’
4°30’
CS, 3°19’
4°54'
Toluene 2°54'
Nitrobenzene 3°30’
Nitrogen
(liquid) 1°10'

went through the two liquids could be changed. The
harmonics of each liquid were observed in these ex-
periments (it should be pointed out however that the
spectrum of CS, was usually predominant) but there
was a complete absence of lines corresponding to the
sum and difference frequencies of the Raman lines of
these liquids, although such lines might be expected
on the basis of a repetitive process. Further evidence
consists in the fact that as soon as threshold is ex-
ceeded by a small amount the harmonic lines appear
simultaneously with the primary line,

4, Investigation of the angular distribution of the
frequency shifted radiation over a range of 40° showed
that the Stokes emission is strongest within angles of
4—5° around the forward direction and then falls off
rapidly. A similar maximum in the Stokes emission
was also observed in the back direction, but its inten-
sity was an order of magnitude smaller. The situation
is different for the anti-Stokes emission. This emis-
sion occurs only at well defined angles with respect
to the direction of propagation of the exciting radiation.
This angle, which has been determined to an accu-
racy of about 10’, amounts to several degrees to
the direction of propagation of the excited light depend-
ing on the material and the order of the harmonics
(Table III). This of course is responsible for the ap-
pearance of colored rings when the emission from a
liquid is recorded on color film (the film is not sensi-
tive to the Stokes emission). The authors explain the
scattering of light at definite angles by the laws of con-
servation of momentum during light scattering (cf.
Sec. 3).

5. Investigation of the widths of the Stokes lines in
the scattered radiation for several liquids showed that
they are much narrower than the widths of the corre-
sponding lines in ordinary Raman scattering. Signifi-
cant line narrowing was also observed in the anti-
Stokes region. Measurement of the width of the first
line in benzene, made with a Fabry-Perot interferom-
eter, gave a width of about 0.05 em™!, whereas in ordi-
nary Raman scattering the width is about 2.5 cm -1,

All of these previously cited characteristics of the
frequency shifted emission allow one to conclude that
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it is stimulated Raman scattering. The fact that the
anti-Stokes lines were not observed when the scatter-
ing material was placed inside the resonator is ex-
plained by the experimental circumstances. The anti-
Stokes component could not be observed because of
the presence of a cavity tuned to radiation along the
axis of the cavity and because the components of the
anti-Stokes emission are emitted at anangle to the axis.

Mention should be made of certain other facts which
were established experimentally in the papers cited.

1. When the stimulated emission spectrum exhibits
a strong anti-Stokes line corresponding to a change in
a vibrational quantum number 1 — 0 there is a com-
plete absence of the Stokes line corresponding to a
transition from the same initial level, i.e., the vibra-
tional transition 1 — 2. We note that according to both
theory and experiment in ordinary Raman scattering
these Stokes lines should have somewhat larger inten-
sity than the anti-Stokes lines corresponding to the
vibrational transition 1 — 0.

2. Usually the output of the ruby laser contains a
single narrow line, but sometimes the emission con-
tains two lines separated by 0.8 em™!. In this case the
stimulated Raman line has a distinctive form. In the
Stokes region the primary line in the stimulated Raman
emission is somewhat broadened. The second and third
harmonics of the primary line have widths which are
correspondingly 2 and 3 times greater and the shape of
these lines is asymmetric. The maximum is displaced
towards the high frequency side, i.e., towards the ex-
citing line. In the anti-Stokes region the primary line
and the harmonics are similarly broadened and anti-
symmetric and the maximum is also displaced towards
the high frequencies, i.e., away from the exciting line.
It was established that within the broadened primary
anti-Stokes line there is a deep and narrow gap whose
width is about 0.2 cm~!. This gap is somewhat dis-
placed (about 0.2 cm™) from the position of the maxi-
mum when the spectrum is observed with a ruby laser
exhibiting a single line. In several cases, under anal-
ogous excitation conditions, the spectrum of the stimu-
lated Raman scattering contained instead of a line a
whole series of maxima. The separation between the
maxima was equal to the separation between the ex-
citing lines. The total width of such a series was
several angstroms.

We should mention particularly the production and
investigation of stimulated Raman scattering in liqui-
fied gases. Intense anti-Stokes scattering from liquid
hydrogen, oxygen and nitrogen was reported in (87 1t
should be pointed out that in ordinary Raman scatter-
ing anti-Stokes emission has not been seen in any of
these cases and would not be expected because of the
very low temperature. The character of the observed
spectra is completely similar to that obtained with or-
ganic liquids.

The spectrum of liquid hydrogen was studied espe-
cially in the hope of obtaining stimulated Raman scat-
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tering corresponding to molecular rotations, since in
ordinary Raman scattering from gaseous and liquid
hydrogen the rotational lines are somewhat more in-
tense than the vibrational lines. The line widths in
the two cases are essentially the same. However they
succeeded experimentally in observing only lines cor-
responding to the transition v=0—v=1, [=0—1=0,
where v and I are the vibrational and rotational quan-
tum numbers. The authors suggest that in the process
of stimulated Raman scattering only transitions with
Al = 0 occur; in other words, stimulated Raman
scattering is predominantly isotropic rather than
anisotropic.

3. THE THEORY OF STIMULATED RAMAN SCAT-
TERING

A. Semiclassical Theory

The most important features of the phenomenon of
stimulated Raman scattering may be understood from
a semiclassical consideration. The general outline of
this treatment has been given by Townes Le,107,

Following these latter references, we consider a
molecule with polarizability « in an electric field E.
Under the influence of the field E the molecule devel-
ops an electric moment u = oE and a potential energy
U = - a¢E%/2.

Let x be the vibration coordinate describing a par-
ticular vibration of the molecule. Considering the mol-
ecule to be acted on by the driving force

Fe= 20 o 2% R n)

we obtain the equation for the internal molecular vibra-
tion

m.yc.+R055 +fox=F,coswt (2)
(the driving force is assumed to be harmonic). The so-
lution of this equation for a frequency w close to the
resonance frequency wr =V {/m is

b Fo
T =gy Sin ot. (3)

Let Ry be a phenomenological damping constant, and f
the quasielastic force constant of the molecule corre-
sponding to the normal vibration wy.

We now assume that the electric field E is the sum
of several plane waves differing in frequency by the
amount w or (in a more general case) by a frequency
which is a multiple of w. In the simplest case of two
such waves we have

E = Ejei(@oi—kor) - F/ gilw (—k'r+6), 4)
where wj;—w’ = w. We then have
E2=E+E?24 2EE cos[(wg— o)t — (kg— k') r—¢']. (5)
The constant terms may be discarded and we obtain

Fo= 32 EE. ®)
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Correspondingly we have

EOE’ dx . y ,
:W—sm[(mo—m)t—(ko—k)r—q> I (M

The molecular vibration gives rise to an oscillating di-
pole moment
2o (5 )

p==z dx E=—ptor—a)

x {sin [(@y— ')t —(ke—k')r—¢']} E. (8)

The rate of exchange of energy between the dipole
moment and the component of the field at frequency w’
is given by the formula

=g, ©)

where the average is taken with respect to time. From
this we obtain the power which is transferred to the
component E’ from the initial beam E:

’ 1 da
P= 2R, E?) mo

For Stokes lines w’ = wy—w,, P'>0 and the radi-
ation corresponding to the component E’ is amplified.
For anti-Stokes radiation w’ = wy + wy and this com-
ponent loses energy.

In order to be able to explain the possibility of os-
cillation at the anti-Stokes line we consider the case
in which the field E has three components with differ-
ent frequencies:

E= Eogi(mol—kor) 4+ E_jeilwo—on)i—k-1r+0-1]

(10)

2 (BE)

+ E+lei[(mo+mr)t—k1r+'v1], @

Using the previous method we can calculate the vibra-
tion of the molecule and its oscillating dipole moment.
From this we obtain a power amplification of the Stokes
emission

Py= >Po ( )h S {(EoE-

- (EOEi) (EO ._1) cOs [(2k0—k1 '—k—i) r +(P1 + (P_il}- (12)
The power gain in the anti-Stokes wave will be
Poy= R_Ro ( )2 oo {— (E/E))*
—(EoEy) (BoE_y)cos [(2kg —ky —k_4) T+ @+ 9_4]}. (13)

Thus if |E_;| > | E{|, the component E;{ will be am-
plified provided the following conditions are satisfied

2ko =k, +k_, and cos (g, +¢_;) < 0. (14)

Here k;, k_; and k; are the wave vectors of the inci-
dent, the Stokes and the anti-Stokes waves respectively.
If ¢+ ¢@_4 =7 the gain at the anti-Stokes line will be
greater. Under these conditions the gain at the Stokes
line will decrease in the same direction because of the
negative sign of the cosine term.

Oscillation at the Stokes and anti-Stokes Raman
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lines may be understood qualitatively from the point
of view of the modulation of the incident light wave by
the coherent vibrations of the molecules. In fact nu-
merical estimates show that a ruby pulse with a power
of the order of 100 MW/cm? can cause an expansion
and contraction in the length of molecular bonds of the
order of 107 of their equilibrium value. In the scat-
tering volume this gives rise to elastic waves with a
frequency equal to the eigenfrequency wy of the mo-
lecular vibration. In the planes of constant phase of
such a wave all of the molecules are vibrating syn-
chronously with a given phase, which causes an ex-
pansion and compression of the medium. The concur-
rent relative change in the dielectric constant is about
107%. These spatial variations in the dielectric act as
a phase grating which scatters light waves. Since the
variation in the dielectric constant depends on time,
modulation of the light wave will occur with the for-
mation of sidebands at frequencies wy+ mwy, where
m=1,2,3.... Clearly this modulation mechanism

is the same in principle as the modulation of light by
hypersonic waves of thermal origin. Thus we have re-
turned to the initial ideas of L. I. Mandel’shtam which
are fundamental to ordinary Raman scattering. It
should be noted that the waves we have described are
not established as rapidly as the vibrations of the mol ~
ecules themselves. The time for establishing elastic
waves is of the order of 107 sec.

There are no additional conditions on the wave vec-
tors involved in emission in the Stokes lines, and
therefore Stokes emission may occur in all directions.
In contrast to this it follows from (14) that anti-Stokes
emission may occur only in directions forming a cone
of angle 8, with respect to the direction of the initial
light beam. For small angles 6, direct calculation
gives

2 1 @yg—o.
17

O~ [An,—An 1+ g (Any - An ,)J . (15)
Here n is the index of refraction of the medium at fre-
quency wg, Ang and An_; are the differences in the
index of refraction at frequencies wy+ wr and w, re-
spectively. For normal dispersion all of these quan-
tities are positive. Since wy/wy << 1, we obtain

92N1 Gop—F

1,

n g,

(16)

(Ani —_ An_i) .

Thus the angle is determined by the slope of the disper-
sion curve of the medium. Numerical estimates show
that these angles are of the order of a few degrees.

It is important that in order to generate anti-Stokes
emission there is no additional threshold requirement
which must be met once Stokes emission has been gen-
erated in the necessary direction. Furthermore in the
presence of Stokes radiation at frequency w;—wyp a
field E_, can arise with frequency wy—2wy. The
power radiated at this frequency consists of two parts.
One of them is proportional to E*;E%, and may be ob-
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tained by calculations analogous to those carried out
previously. In addition there is a field at this fre-
quency produced by modulating the field E; by the vi-
brations of the dielectric susceptibility due to E; and
E_;. In this case the power generated is proportional
to EoE_{|?E_,. Since |E_,| < | Ey| this part of the
radiation at frequency wy— 2wy may be largest only
if an additional condition on the directions of the wave
vectors is satisfied (cf. [$19]), The higher harmonics
in the Stokes region with frequencies wy—mwy are

. obtained analogously.

It should be pointed out that the first mechanism
for the appearance of the frequency wy—2wp involves
attaining a well defined threshold, whereas the second
does not. Correspondingly, the first mechanism in all
probability operates when the liquid is placed inside
the cavity, since the requirements on the wave vectors
are not fulfilled there. The second mechanism may
predominate when the liquid is placed outside the cav-
ity, since the conditions on the wave vectors are ful-

filled and there is no additional threshold requirement.

The harmonic in the anti-Stokes region with fre-
quency wg + 2wy is produced without threshold re-
quirements by a modulation of the frequency wy + wp
by the vibrations at frequency wy. The radiation at
this frequency is emitted in directions determined by
the equation

ko—k_; =k; —ki. (17)

The angle between ky, and k, is approximately 28;.

The other anti-Stokes harmonics with frequencies

wy + mwy are generated in analogous fashion in cones

whose axes are along the direction of the initial beam.
Thus the semiclassical theory of Raman scattering

provides an explanation of the basic features of this

effect.

B. Quantum Theory of Stimulated Raman Scattering

Development of a quantum theory of stimulated
Raman scattering has proceeded in several directions.
Rivoire and Dupeyrat (1] show that stimulated Raman
scattering follows from the general formula of Pla-
chek [12]

Whn=%*—}j2]§§§e,-(v,0>

Ve oA }15“’“‘ 1 dv d0do’. (18)

Here Wkn is the probability for Raman scattering
to the frequency v’ due to excitation by a line of fre-
quency v, and the indices k, n indicate respectively
the initial and final states of the molecules.
pj(v,0)dvdO is the energy density of the exciting ra-
diation of polarization j emitted in the frequency in-
terval dv in the solid angle dO, and pj’ (v, O’ )dv’d0’
is the same quantity for the scattered radiation.

The first term in this equation represents ‘‘spon-
taneous’” Raman scattering. The ratio of the anti-

Stokes and Stokes intensities is different for sponta-
neous and stimulated scattering:

"Ven
<1ae> < VH—'\kn >* T TRT (19)
sp V—Vrn ?
llvkn_
<1aé}

_ (vEvee) O (VYRR O7) — g7
s ’ St v~7'\;;i:z:)‘ QJ (V_an.r 0’ )8 : (20)

Usually the cell containing the material to be investi-
gated is placed in a Fabry-Perot resonator. The
threshold for stimulated Raman scattering occurs
when, because of the increase in the density p(v’, O)
of the stimulated Raman scattered light, the gain at
the scattered frequency compensates the losses in the
cavity. If II is the volume energy density in the cavity,
and Ay’ is the average line width of the stimulated
Raman scattering, then

D=g(v)Av.
The energy losses are given by the expression

d_11: M(l—R)u 21)

dt [

Here R is the reflectivity of the interferometer plates,
! is the separation between the plates, and u is the en-
ergy propagation velocity in the interferometer. The
energy gain at the scattered frequency is given by

all

WZN(Wr‘m)St hV,, (22)

where N is the number of molecules per unit volume
in the initial state k within the interferometer.
Threshold is attained when

W (A—R)u

AV(Wkn)St;\i: 7 o(v). (23)

If Pgp is the spontaneously scattered power, and V is
the radiating volume in the interferometer in the ab-
sence of the reflecting plates, then

P (1—R)u Sﬂh

sp="— AV'V. (24)

Numerical calculations using th1s formula show that
the necessary value of the power Pgp may be obtained
only for very powerful excitation sources.

Javan[13] gives a quantum mechanical procedure
for calculating stimulated Raman scattering. It in-
volves essentially the same ideas considered in dis-
cussing the semiclassical theory of the effect. How-
ever description of the fundamental assumptions of the
theory in quantum mechanical form permits one to gain
a better understanding of certain features of the proc-
ess.

We consider a two-level system which is acted on
by two fields with frequencies @ and w, where w < Q.
The frequency difference @ — w equals (Eq - Ej)/H,
where Ep and Ej are the energies of the upper and
lower levels. It is assumed that initially there are
sufficient photons present both at w and € to induce
transitions from the lower state to the upper state (the
photon of frequency Q is absorbed and a photon of fre-
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quency w emitted) as well as the reverse transition
(photon w absorbed, photon © emitted). We assume
that Wy is the rate of these two photon transitions
(Wy is the same for transitions i —n and n —1i).

. The total power emitted at frequency w is

P;=(n;, —n,) W,ho. (25)

Thus we have power gain if the temperature is positive
(nj »np). This is a stimulated process and Wy is
proportional to the total number of incident photons at
frequencies @ and w. Wy is given by the expression

W,=2 Ky "o (@), (26)
where p(w) is the density of final states and
Ey=Y) .Hv_lEnl%lm ©7)

n

is the matrix element of the second order perturbation
connecting the initial and final states summed over all
intermediate states. If the pump frequency is absorbed
over a band AQ then the gain will be determined by the
half-width of the band AQ, where AQ is a band of fre-
quencies broader than the transition line width. In this
case phase coherence is not important.

In the case of a coherent source the radiation field
may be treated by classical theory. The emitted field
Eelwt generates a polarization per unit volume

v =XEei“’t, (28)

where y = ' +iy” is the complex susceptibility. The
average power emitted as a result of the interaction
of the field with the polarization is

T
AP=—1 Re{ yEdt— 5 1"El, (29)
b

where T = 1/w. If one assumes that all atoms are ini-

tially in the ground state and one divides AP by the
number of atoms, then the transition rate is

AP, 1 .
W, = £ o= 5 xaE[;’,

ho

30)

where xj is the susceptibility of a single atom,

The problem is solved with the help of the formal
apparatus of density matrix p.

At least three levels are necessary for Raman scat-
tering (Fig. 3). The initial (1) and final (3) states are
not connected by any dipole matrix element. However

2

!
FIG. 3. Diagram of the transitions in Raman scattering.
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the intermediate level (2) provides matrix elements
k1,7 and uy 3 since py 3= 0. The polarization is given
by the relation

Y= 2 WnaQin = M2,101, 2+ M3,202, s+ comp. conj. (31)
R

The equations of motion in the presence of the fields
E; and E, are:

01, z+%‘ Wy 10y,5=— % B, 2 £ (Qa, 2 — Qi,i)‘i‘%‘ B3, 580y, 37]
éz, 3+ %-’i@s,zgz, 3 :_Tll‘ Plz,aE (03,5 — 0, 2)— *;— He, 1EQI, 37}

éi, 3 .{_EJTLE_ iwg, 101, 3 :—'% ., 2£0Qs, 3 % He, 3E0y, o
(32)
Here

E,—E;
wi’j:-—l_h_]_ .

Thus for the energy level scheme of Fig. 3 the fre-
quencies wj; and w;y ¢ are positive, and the frequency
w3,y is negative. In these equations py ,/T describes
the decay of the matrix element connecting states 1
and 2, (py 4 —pi1,1) is the population difference between
the states 2 and 1, and the last term is the interaction

between the states 1 and 3, etc. The electric field has
the form

E =FE, cos (ot + ¢;) -+ E; cos (Qt -+ @s). (33)

If we neglect saturation, the solutions for py,, py 3,
and py 3 have the form

Q1,27 My, 28" - A 2010t L Ay e | AT ge—if,

02, 3==hy, 3€!0! - Ay 367900 - Ay 5™ LAY g,
01, 3=D"el@- @t Dme—i@-a)t,

(34)

The coefficients Aj , and A, ; are related to Ay,
and A, 3 by D*, since A1,2 and Ap 3 are related to
Af, and Aj3 via D”. Furthermore putting @ > w we
find that the equation for [)1’3 has a resonance if
@ —w =~ wy,¢, which causes the choice of the values
(A3,20 A3 Aq,p and Ay 3) to be much broader than the
choice of the values (A {9, Ay A7 Aj3). The com-
plete expression for each choice are four inhomogen-
eous linear equations. These equations simplify if one
assumes that E, > E;. In this case we obtain the co-
efficients describing Raman scattering as follows:

- . 9 ,3Fg |2 5
A= —i Eﬁizz %(92,2—93, 3)
X T o s (35)
—i[og,1—(R—0)] +
where it is assumed that 2 > Wi and
_ N E, |2
A= ——l[ “;’1‘292 %(91,1—92,2)
XT Ey : (36)

—i {03, 1—(Q—0)] +

where it is assumed that @ and w are much larger
than wjj.
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The polarization is determined by the expression

Y = M2, 1h1,2-F 3, 2As 3 +comp. conj. (37)

If one uses the expressions for Aj, and A; 3 in v, the
population of level 2 drops out. Thus vy is proportional
to (py 1 —p3 3), which was to be expected from the pre-
vious discussion from the rate of photon emission.
The increase in power is given by
AP = 3 y"E’l,

2

(38)

where [ is the sample length. From this, using the
expression y = (x’ +ix” )Eel®t we find

| o 12 2
n_ | Mo, 3B 12 M4,
LA T T

h (Qi, 1—Qs, 3)- (39)

We note that for pyy > p3 3, i.e., for positive tempera-
tures, x” is positive and as a result E; is amplified.

The increase in the stimulated Raman scattering
AP /P can be obtained by dividing the above expres-
sion for AP by P = E}l, which gives

oy
=g {40)
This expression may be given a more usual form. To
do this we make the simplifying assumption that all
atoms are in the state 1, i.e., p3 3 = 0. Further we
assume that the quantity

01,2 1P 2127051

2 h 41)

A=

is the absorption coefficient for the applied field. This
quantity may be measured directly. Thus

G 0| B2, 3B 1?4

w2 | 26Q | (42)

In practice there may be several levels which play the
role of intermediate states. The preceding discussion
applies to the most important level, for which the ab-
sorption is greatest. In general it is necessary to
sum over all intermediate states.

In a particular case, if the power is 1 MW or E
= 600 cgsesu, and for an electric dipole moment of
1 Debye and for 2 = 10' cps, the power gain has the
form
E 2 o
2hQ | T e,

10—18.600 |2

[0] —
it | N 44107,

G=-2 4 |
O, 9 04, 2

Thus in order to obtain a gain equal to unity it is nec-

essary to have strong absorption at the frequency w; ,.
For anti-Stokes lines the role of w and © must be

interchanged. At the same time we assume that ini-

tially there is a large field at frequency €. We then

apply the second field at frequency wyg, where

wag > 2 and wgag — N ~ wsq; then photons at the fre-

quency wgg will be absorbed. Then as above we

obtain

M2, 3B ‘Zlm,z\? TE

Yus = —iJ ShO 2% as (Qi,i“‘Qs,S)' (43)

Here E,g is the amplitude of the field of the anti-
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Stokes frequency. Thus this term in the Raman scat-
tering always gives absorption if pq 4 > p3 3.

However the same set of equations in the presence
of fields at frequencies © and w where £ —w & w; 4
may cause the appearance of oscillating components
v at frequency &+ w;s,;. According to the above equa-
tion this effect may give rise to amplification of the
anti-Stokes component in spite of absorption. This
effect has the form of a resonant optical frequency
shift.

We now write down the equations for the density
matrix. With the simplifying assumptions that the tem-
perature is low and that p; 3 =1, py 3 =p33=0, we
obtain

01,2+ Q;'i — iy, 101,02 = ;T Ba, 20 1 - ihps oEoy s, }
Q2, 3+’Qgii—iw3,2£’2,3=71‘ bs, 2EQy, 5, ;((44)
. oL ) i ) .
01,3+ ITg 0,401, 3= — 5y, 2E g, 3+7LTM2,3EQ1,2- J
Here
E = E cos (0t — ¢q) — Eyc08 (Q1 + )

— (ETeimt +EIg—imi)+ (Edeit 1 Eée—"‘{“), 45)
where

Ef = Ejetinn, Ef =1 Eyotion,

Furthermore

E;—Ej;

Wiyj= h

We will assume that level 2 is far from the center of
gravity of levels 1 and 3. )

We note that the term Al"ze“lwt has a two-fold
origin. One part of the coefficient A 5 is discussed
above and gives rise to the Raman scattering term.
There is another part which arises from the usual
resonance absorption in the wings due to the interac-
tion of single quanta with levels 1 and 2. We write this
term as I'f, el@t, In this case the real part of i, is
much larger than the imaginary part. This real part
plays no role in the absorption of single quanta of
frequency w described here. Its value is

- E7
T2 = 3o, )

This expression may be obtained from the equation for
f1,2 by neglecting the term proportional to p; 3 and
estimating the amplitude for the oscillating component
e-1Wt. We note the simplifying assumption 02,2 = 03,3
=0 gives I'y 3 = 0, which is clear from the equation
for f; 5. We note also that in the equation for g, 5 the
quantity p; , is related to E. This gives an oscillating
term with frequency §£2 —w in py 3. This term has a
resonance for @ —w ~ wy 1. Assume that such a reso-
nance occurs. Then from §; 3 we obtain for the com-
ponent of py 3 at frequency £ —w =~ w3 1 the equation

.ol 301, 4T E3Ejei@—ox, 46)

12 (0--wg, 1)
This component py 3 in equations for §y, and §, 3

Q4,3= —
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gives rise to oscillating components of these two quan-
tities at the frequency 28 — w, because of the connec-
tion between p1,3 and E. As a result we have

i 2 T _
= g g FAEIERCRO,  4T)
02, 3= i, 2 ]2 g, 304, 1T E3E3E;ei20-0) (48)

TR (040, 1) (@03, 1)
Y = Wg, 101, 2 1~ U3, 202, 3+ Ccomp. conj.;
v is equal to the real part of the quantity

i &) ® 2 2 .

(94(—52,13 o 3292 2 . ?gz—'kaulz,gf)'mEEEEEgel(m—W.
We note that if level 2 is located exactly halfway be-
tween levels 1 and 3, so that w; y = —w, 3, the above
expression becomes zero. However if level 2 is higher
than level 3, w, 1 > w3y and w, ; is comparable with
© (for example @ is of the order of 2w, i), so that

—B 2i |y, oty 3120y, 4T

13 49

v= E$E{Eseita-ot,
where under the above conditions B is of the order of
unity.

This oscillating component can radiate at frequency
282 —w, equal to the frequency of the anti-Stokes line.
For the anti-Stokes line generated by the field E, we
have, as has already been shown above,

[ 12
20 1y, oo, 312 04,47 EzEasei(Q+"’3'1)t.

w302 (50)

vy=-—8

We note that if E, > Egg then in the direction in which
2¢y —¢1 = 0 we obtain parametric amplification at the
frequency 2§ —-w = Q + w3 ; which is larger than the
loss.

Similar effects may occur for higher order har-
monics.

V. S. Mashkevicht!J has given a theory of stimu-
lated Raman scattering in the Stokes region based on
kinetic equations. The author reaches the conclusion
that in order to obtain sharp line oscillation in the
“‘red’’ satellites it is desirable to use a cavity with
maximum frequency dispersion. This allows one to
pump over a frequency interval equal to the scattered
line width.

C. Theoretical Calculation of Several Processes In-
volved in Stimulated Raman Scattering

Helwarth[15:16] has made more detailed calculations
allowing one to describe the time dependence of the
growth of intensity of the stimulated Raman scattering
and also the decrease in the width of the emitted
Raman lines.

Helwarth treats the Raman active medium as being
inside the cavity. The initial phase of the process of
interest is characterized by the following conditions:
a) there is a large number of photons ng in each mode
of the cavity close to the laser frequency wg; b) in the
laser medium the population inversion is reduced es-
sentially to zero because of the formation of the giant
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pulse and does not vary significantly during the Raman
scattering; c) the Raman active medium is in thermo-
dynamic equilibrium. Consequently the ruby does not
take part in the succeeding stimulated Raman process;
its absorption is included in the overall losses of the
cavity. The optical modes of the cavity are described
essentially by plane waves running in opposite direc-
tions with constant amplitude in a region of cross sec-
tion a and amplitude zero outside this region. These
modes propagate through the Raman active medium and
cause the increase in the intensity of the frequency
shifted radiation. Let gg be the increase per centi-
meter of the radiation at frequency wg, with wave vec-
tor kg polarization eg. In what follows we will con-
sider only the direction along the axis of the system.

If I is the length of the column of the scattering
substance, (along the axis) and yg is the loss accom-
panying one pass of the beam through the resonator,
then the condition for gain at frequency wg is

gsl > vp. (51)

Here the quantity T/yB is the natural lifetime of modes
close to the axis, and 7 is the time for light to pass
once through the cavity.

According to the theory of stimulated Raman scat-
tering, the increase in the radiation intensity caused
by plane waves of intensity Iy (photons/cm? sec) is

g8 =) I,0.pM} [1ﬁexp<__ﬁxﬁ>]
a

Here )\B is the wavelength of the scattered light, Cp
is the velocity of this wave in the medium, Aqyp = wy
~wg, and ogg is the Raman scattering cross section
per unit wavelength in the medium for a frequency
change from wq to wp (calculated per steradian and
per unit volume of the medium). For linearly polar-
ized scattered light

tlem Y. (52)

gu3=Bcos?0+C,

where 6 is the angle between ey and eg; B and C
are quantities depending on wp and Agp- Equation
(52) is valid under the assumption of thermodynamic
equilibrium, which holds in practice.

We now consider the way in which a photon makes
the transition from the ‘‘incident’’ mode of the cavity
a to the ‘‘scattered’’ mode 3. The number of photons
ng in each scattered mode of the resonator must sat-
isfy the condition

dnB (gﬁl —Ys ) (63)

This equation takes into account both the usual losses
in the cavity and the stimulated Raman emission but
it does not take account of the ordinary Raman scat-
tering. The latter may be taken into account by re-
placing ng by ng+1. This degree of precision is im-
portant only at the start (t=0), since at later instants
of time ng > 1. We can now construct the equations
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for the time dependence of g8- In doing this it is con-
venient to express gg in terms of the number n, of
photons in each of the incident modes. If I, is the
sum of the intensities of the waves propagating to the
left and to the right, then ng = I’Ta. We then obtain

from (52)
8o =) oannadd [ 1—exp —hf;‘*‘)‘]/cﬁm, 54)
dg:"ﬂ (E naGaB‘*wﬂ> , (55)
a
Here
Gup=0 X‘[i—e <_-1_li’iﬂ>:|l/ 2 (56)
ab = Cabftp Xp T | estia

Here wg (= 07} /7) is the natural decay rate of the cav-
ity modes 3. The sum over the incident modes ¢ in
(55) means that photons from the modes « of the cav-
ity scatter into the modes B; it follows from this that

dno, v ;
(;T: —na<2 npGop wa\) . (57)
B

Equations (55)—(57) describe stimulated Raman scat-
tering. Because of the great difficulty in solving this
system of equations we will consider two limiting
cases.

The case of scattering of a small fraction of the
incident photons. In the majority of experiments in
which stimulated Raman scattering is observed, only
a small fraction (1073—1071) of the incident photons
are actually scattered. Because of this the number
of incident photons X(t) = %}na decreases only be-

cause of the normal damping X, exp (—wt). In this
case integration of the system (55) gives

GgXy (1—e—wl)

ng =1 exp [ _ (58)

—M)ﬁt] .

Here X, is the total number of photons initially pres-
ent in the giant pulse, and

= frmen (5O}

is the number of photons originally present in each
mode B. For vibrational transitions in molecules
n = 1. Since each mode « has the same effect we
have Ggg = Gg. It is clear from (58) that the ratio
rp of the initial growth in the modes g8 to the losses
in the modes « should satisfy the condition

rg= Caty b o8 (59)

w w !

which permits a very large increase before the num-
ber of incident photons dies out.
We now calculate the total instantaneous scattered
power
@ (1) = D ws (ng—m)

B
(photons/sec) in the mode S. Until the instant at which
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& has grown sufficiently to give an appreciable signal,
rg(1 —eWl) is so large that the limiting approximation
in the sum over B is very accurate. In this connection
we take rg ~ r(1 —6%), where for a dispersion line &
is the displacement of the frequency of the mode g
from the center of the line in units of the half-width

of the line. The modes may be considered to be dis-
tributed uniformly with a density p. It follows from
(58) (assuming wg = W = const) that

D (t)— Wonn'z [r (1 —e ¥))]~2exp[r (1 —e ) —Wil.  (60)

This expression applies to times immediately after
the beginning of the scattering (i.e., for wt > r™1). The
output power has a spike at time t,,, which may be
calculated approximately from the condition

rw
wty,=In (W)
1

and may be as long as several time constants w™!,
since for appreciable laser action r » W/w. This
means that the value of the output power in the spike
is approximately

(Dm@]/VQn (l[%' w/w er-Wiw <%>1/2 .

[In (60) we have made the approximation of replacing
the factor [1—exp (—wt)]"12 by unity.] Curves of the
dependence of & on (wr —ln r) (for several values of
the parameter W/w) are given in Fig. 4. Experimen-
tally one is interested in the quantity {g, the fraction
of the initial photons X, which are scattered into the
modes S at various deviations from the center of the
line, and one is also interested in Z 55, which is pro-

(61)

(62)

portional to the integrated line intensity at wg. Ac-
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FIG. 4. Plot of Eq. (60) for the scattered power ® as a function
of wt-ln r. w is the natural decay rate of the mode of the incident
light, r is the ratio of the peak of the initial increase in Raman
scattering X,G to the losses w of the incident mode. Curves 1, 2,
and 3 correspond to W/w = %, 1, and 2, where W is the natural
damping rate of the scattered modes.
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cording to (55) we have

Es=Gp ( nﬁ(s)XX—f)ds.
0

(63)

Keeping (58) in mind and making the change of variable
v = re Wt we have
w,

r
gﬁ — 'r]r“W/werB e—"? v_iu do
B p X, :

(64)
For appreciable scattering we have W/w « r. It fol-
lows that for the most important modes, close to the
center of the line, the integrand in (64) for v =r is
so small that the upper limit may be replaced by «.
Consequently
- - w

gB:rﬁ—W/onlI‘ <1 —[—7> exp (—rg), (65)
where T'(x) is the gamma function. It is clear from
this that the half-width of the scattered line is nar-
rowed in comparison to the ordinary Raman scattered
line by a factor 6,,,, where

1
61/2: <1r;__2> f2

(each mode, of course, emits an extremely narrow
line ).

We now consider the case in which a significantly
large fraction of the incident photons is scattered (up
to 30% in experiments with nitrobenzene). In this case
the previous treatment will not be suitable because of
the great sensitivity of the solutions of (55) and (57) to
small changes in either wg or Gg. Moreover the
whole idea of separate modes loses its meaning since
there is significant growth of the power in the mode
during the very short duration of the light pulse in the
resonator and the modes overlap.

We transform Egs. (65)—(57), assuming that the
losses are the same for all photons (wg = W) and that
the gains are the same (GB = G). Designating the total
number of scattered photons by Y(t), we write

(66)

dy
& _yxe-w), (67)
X _X(YG+w), (68)

dae

where G is the peak value obtained from (56). The
initial value is presumably the number of thermal
photons present in the modes.

Dividing (67) by (68) and integrating the result we
find

X=X+ Y=Y G g =In(F30) » (69)

From this result one may in principle obtain X(Y)
and, putting this in (68), one may find X(t). In view
of the mathematical difficulties, however, we limit
ourselves to the optimal and most interesting case,
in which w = W. In this case we have from (67) and (68)
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X4V = (Xo-+Yg)e™, (70)
which with (69) gives
- , Gb(e—wt—1 -1
Y = bt {1~rdexp [—(’:’—w—)J} , (71)

where b =X, +Y, and d = X;/Y,. This solution, for
X,G/w = 40, d = 10 is shown in Fig. 5. The graph

of X(t) is shown in the same figure. As may be seen
X(t) falls off exponentially as X; exp (—wt), while
Y(t) goes from comparatively small values to a max-
imum. Then X(t) abruptly falls approximately to zero,
since all of the photons which were originally in the
exciter light have been transferred to the scattered
light. The scattered light then falls off exponentially.
It follows from (71) that the time tp for obtaining the
maximum scattering obeys the same condition (61) as
in the case of weak scattering. An estimate of the
spectral width of the output line gives the same result
as in the case of weak scattering [cf. (66)]. In this
respect the two limiting cases give similar results.
Numerical estimates made on the basis of the above
theory give results in good agreement with the experi-
mental data for nitrobenzene.

4. OPTICAL MASERS UTILIZING STIMULATED
RAMAN SCATTERING OF LIGHT

The experimental and theoretical papers discussed
above showed that stimulated Raman scattering can be
expected to be widely useful in transforming laser ra-
diation from one spectral region to another. Moreover
a variety of optical masers may be constructed using
stimulated Raman scattering.

As mentioned above, the experimental investigations
of stimulated Raman scattering used a ruby laser as
the source of stimulating radiation. This was neces-
sary because the threshold for stimulated Raman scat-
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FIG. 5. Curve 1 (right-hand ordinate) is a graph of Eq. (71)
for the ratio of the number of scattered photons to the initial num-
ber of photons in the exciting pulse Y/X, as a function of wt for
a value of the parameter d = X,/Y, = 10**. Curve 2 (left-hand ordi-
nate) gives the ratio of the number of exciting photons to the
initial number of photons X/X, as a function of wt. Curve 3 shows
the behavior of X/X, as a function of wt in the absence of stimu-
lated Raman scattering.
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FIG. 6. Experimental set-up for obsetving inverted Raman
spectra.

tering is quite high, i.e., energy densities of the order
of 1,000 (watts/cm?)/cm™ are necessary and may be
obtained from other radiation sources only with great
difficulty. However it is of course true that it is in
principle completely possible to obtain stimulated
Raman scattering using ‘‘ordinary’’ excitation sources.

A paper by Becker (18] hag appeared quite recently
in which an experiment was undertaken to obtain opti-
cal maser action using the principle of Raman scatter -
ing. The experimental arrangement used in this ex-
periment is shown schematically in Fig. 6. The mate-
rial investigated was w-quartz. The sample of @-
quartz was prepared in the form of a cylinder with
polished ends. The ends were polished to the surface-
parallelism and flatness specifications customary for
optical masers. The cylinder was cut so that its axis
coincided with the symmetry axis of the crystal. The
source of exciter radiation was a specially prepared
high powered spiral quartz lamp with electrodes of
liquid mercury. The lamp was pumped out in a high
vacuum. The lamp was pulsed to obtain the maximum
light output power. The electrical energy for the lamp #
was stored in high-voltage capacitors. The apparatus
provided electrical discharges with energies from
0.25—250 joules. Under these conditions the maximum
electrical power in the discharge was 20 megawatts.
The emission was recorded on a spectrograph espe-
cially prepared for this purpose which included a
quartz spectrograph and a rotating table. The rotating
table permitted one to vary the position of the sym-
metry axis of the sample with respect to the axis of
the spectrograph, which made it possible to decrease
substantially the fraction of parasitic ultraviolet radi-
ation falling on the spectrograph. Under these condi-
tions the author succeeded in studying the lines of «-
quartz in the range from 93 to 1500 cm~!. The maxi-
mum efficiency of the apparatus was obtained using
photoelectric recording. In this case the entrance slit
of the photomultiplier coincided with the focal plane of
the camera.

An investigation was made of the dependence of the
ratio of the intensities of the Stokes and anti-Stokes
Raman lines on pump energy. The Raman scattering
was excited by the ultraviolet lines of mercury at 2537
and 3650 A. The author was able to vary the pump en-
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ergy within wide limits. In exciting the Raman spectra
with the 2537 A line the pump energy varied from 6 to
100 joules; when the 3650 A line was used the energy
varied from 0.25 to 15 joules.

It is known from theory (cf. for example [12]) that
under normal conditions the ratio of the intensities of
the anti-Stokes lines Iag to the Stokes lines Ig is al-
ways less than unity. The author observed an anoma-
lous effect, i.e., Ing/Ig > 1. This inversion effect was
observed not only in the lines at the fundamental fre-
quencies but also in the overtones and combination
frequencies. Inversion was observed in more than 70
lines in all. In Fig. 7a we show schematically the or-
dinary (i.e., for small flash-lamp energies) spectrum
of the Raman scattering from a@-quartz. Even under
these conditions one finds several lines for which
Ias /Ig is larger than unity. The author explains this
by the fact that the duration of the flash is small and
the molecules cannot follow the pumping intensity be-
cause of anharmonicity. In Fig. 7b we show the form
of the spectrum for large pumping energies. It is clear
from the figure that all of the anti-Stokes lines have
larger intensities than the Stokes lines. It was found
during the experiment that the 3650 A line was more
effective. For example, for a pumping energy of 6
joules the Raman spectrum excited by the 3650 A line
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FIG. 7. The Raman spectra of a-quartz (fundamental vibrations)
obtained under pulsed excitation: a) inverted, b) ordinary spectrum.
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is completely inverted, whereas the spectrum obtained
from the 2537 A line has the normal appearance. The
author observed that the inversion effect appeared when
a definite threshold was obtained and moreover that
this threshold was very sharp {changing the voltage on
the condenser bank by 10% led to complete inversion

of the spectrum ). It should be pointed out that this ex-
periment was carried out without the use of resonator.

In order to explain these results the author investi-
gated theoretically the possibility of causing optical
maser action using Raman scattering. Starting from
the theory of Plachek [12] and using his methods,
Becker obtained [18] expressions for the transition
probabilities per unit time at the characteristic vibra-
tional frequencies of the molecules and at the anti-
Stokes frequencies. From an analysis of these ex-
pressions the author reached the conclusion that it is
in principle possible to make an optical maser using
the Raman effect. The physical picture of this phe-
nomenon is essentially the same as that given by
Townes et al. (cf. Sec. 3).

Considering the well known expression for the ratio
of the intensities of anti-Stokes to Stokes lines in
Raman scattering

1, N 4

Db lC=J)
(where w; and wy are the frequencies of the exciting
radiation and the molecular vibration respectively, and
N./N, is the ratio of the populations in the excited and
unexcited states) the author concluded that inversion
could be obtained only when the temperature of the
system was negative. Under ordinary conditions the
ratio N,/N; obeys the Boltzmann distribution, i.e.,

hor

Ne o TRT
Ny

Thus under ordinary conditions Iyg/Ig is always less
than unity. Hence Iy /Ig > 1 may be obtained only if
the system exhibits population inversion, i.e., if T < 0.
The author (18] considers his experiment to prove the
presence of population inversion and thus to open up
the possibility of laser action at frequency wy.

The results of this paper are very interesting but
should, we think, be approached with caution. For ex-
ample, the author maintains that he observed a quan-
tum mechanical amplification of the order of 25 dB
for the anti-Stokes lines of 1230 and 1398 cm ™! (third
harmonic of the frequency 466 cm -1y, However in
order to observe gain at any frequency it is necessary
that radiation be present at this frequency. The author
explains that the Stokes line with frequency 1230 cm ™
overlaps the mercury line at 28622 em™ i.e., the con-
dition is fulfilled for this line. However the anti-Stokes
line with frequency 1398 cm ™! does not correspond with
any observed ultraviolet radiation and hence gain at
this frequency is unexplained.

The feasibility of optical masers (including lasers
in the infrared) operating on the basis of stimulated
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Raman emission has been discussed elsewhere by other
authors, for example by Townes[m], and Javan[13].
Moreover Loudon 18] investigated theoretically the
possibility of making optical masers operating on the
vibrations of the crystal lattice. He obtained a theo-
retical expression for the laser threshold. Numerical
calculations from this formula give ny > (1 -R) x 2

x 10% photons per cm?, where ng is the number of ex-
citing photons, R is the reflectivity of the mirrors,
taking all losses in the cavity into account. Similar
calculations were made by Zeiger (7] The magnitude
of the threshold determined by Zeiger was somewhat
greater than found by Loudon.

In conclusion we note that the study of stimulated
Raman scattering is developing extremely rapidly.
Doubtless further work will afford a more thorough
understanding of the phenomenon and will elucidate the
possibilities for its practical application.

Note added in proof. Since this review went to press a number
of new papers on stimulated Raman emission have appeared.
Referencesl®’ ?'] treat a series of questions on the theory of two-
photon processes, including in particular processes occutring in
lasers operating via stimulated Raman scattering. Both papers
derive expressions for the threshold for Raman laser action.
Referencel?] deals with the experimental testing of several con-
tradictory ideas in the papers of Terhunel”} and Zeiger and Tan-
nenwald['7], involving the angular distribution of the radiation
from a Raman laser. Two papersl **#*] report Raman laser action
in new materials. Eckhart et al.[ #’] obtained laser action in the
Raman lines of diamond, calcite and a-sulfur. Mink and co-work-
ers investigated laser action in hydrogen, deuterium and methane.
Laser action was obtained in the spectral region from 6000 to
30,950 cm™'. Also, we have recently succeeded in obsetving
stimulated Raman scattering in several organic liquids.
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