
VOLUME 18, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1967

Coherent double-resonance effects were ob-
served in the form of a modulation of the emis-
sion from the J= 0 to 1 transition subsequent
to a 90' pulse, in the presence of a cw signal
at the Z= 1 to 2 resonance (24.3 Gc/sec). The
modulation is complete (Fig. 2) when the sig-
nal is exactly at resonance, but decreases in
depth while increasing in frequency with increas-
ing frequency deviation. This effect can be
treated simply by assuming that the 90' J= 0
to 1 pulse has left a0=a, = 1/v2. The signal
at &» will then modulate a, in accordance with
Eq. (2a) as applied to the Z= 1 to 2 transition.
The radiation at „is proportional to a„and
its time dependence can be put in the form
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+ (1-~,./n, .) cos(&,.-~„-n,.)t,
where 0» is the transition rate for J= 1 to 2,
and 5»=01» (E2 E-,)/O-For '.v» at resonance,
&» = 0 and the modulation frequency is exact-
ly 0». This method therefore provides a di-
rect measurement of the induced transition
probability, and hence the line strength. Equa-
tion (6) represents the beating of two slight-
'ly displaced signals. The components are iden-
tical with those observed in absorption double-
re sonance measurements. 4

Molecular echoes from the 0 to 1 transition
were observed by using O. l-p.sec pulses sep-
arated by time interval 7 of the order 1 psec.
The free ringing signal [Fig. 1(a)] must be
quenched for echoes to be observed. The non-
uniform Stark field used to accomplish this
splits the resonance line over a frequency range
of several megacycles, causing a loss of co-
herence in the emission in times short rela-
tive to a collision time. For these conditions,
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FIG. 2. Coherent emission at J= 0 to 1 resonance of
OCS. Top trace: without signal at J = 1 to 2 resonance;
bottom trace: with signal at J= 1 to 2 resonance.

echoes were observed exhibiting a rate of de-
cay twice that of the unmodified emission sig-
nal. We could find no evidence of a three-pulse
echo indicating that each collision redistrib-
utes the energy as well as randomizing the
phase of the radiating molecules.
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In 1940 Gross observed a broadening of the
Bayleigh-scattered light from liquids. '& He
attributed this to the finite time required to
produce thermal relaxation, the time required
being expressed as v =42ga2/kT, the Debye
relaxation time. Here g is the viscosity of the
liquid, a is the radius of the liquid molecule,

k is the Boltzmann constant, and T is the ab-
solute temperature. A broadening on the Stokes
side of a giant-pulse laser line was recently
observed by Mash, Morozov, Sta,runov, and
Fabelinskii in certain liquids. s They have termed
this the stimulated Rayleigh wing and have in-
dicated that the maximum of intensity in this
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feature should occur at a frequency shift from
the laser line of Av (in wave numbers), where
2wc(bv)(7') =1 and w is the characteristic reori-
entation time of the liquid. However, it is dif-
ficult to determine from their published spec-
tra whether they have observed a true Rayleigh
wing or unresolved lines attributable to opti-
cal mixing. ' The phenomenon of a stimulated
Rayleigh wing has been discussed by Bloemberg-
en and I allemand. ' They have deduced expres-
sions for the nonlinear 'polarization using a char-
acteristic time which is one-third that of De-
bye. Bloembergen and Lallemand' have observed
a. broadening of the laser line which they attrib-
ute to the stimulated Rayleigh effect. Lallemand'
has observed the effect of a change in temper-
ature on the width of the stimulated Raman lines
in several liquids.

In connection with some observations of op-
tical mixing in liquids, we have observed a, sharp
line on the low-frequency side of the laser line.
For the reasons given below, we believe this
to be the stimulated Rayleigh line.

Observations were made using a high-reso-
lution grating spectrograph of resolving pow-
er in excess of 300000 and with reciprocal dis-
persion of 4 cm '/cm on the photographic plate.
The light from a single-mode giant-pulse ru-
by laser of power up to 40 MW with a linewidth

of 0.025 cm ' and pulse duration of about 10
nsec was focused by a 10-cm focal-length lens
into a 10-cm cell containing nitrobenzene or
m-nitrotoluene. The light transmitted by the
cell was focused on the slit of the spectrograph.
A polarizer and a quarter-wave plate were in-

serted between the laser and the focusing lens
to prevent reinitiation of laser action in the
ruby due to the reflected Brillouin-scattered
light. ' This reduced the possibility of attenu-
ation of the laser energy due to optical mixing. ~

Figure 1 shows reproductions of the spectra
obtained for three temperatures. The line sit-
uated between the laser line, which is on the
left in each photograph, and the stimulated Bril-
louin line, the dark line on the right side of
each spectrum, is very sharp and has differ-
ent positions for different temperatures. The
frequency shift from the laser line is smaller
for lower temperatures.

It is quite clear that this line results from
a stimulated effect. It appears only for inci-
dent power in excess of 25 WDvV and the line
is very sharp indicating gain narrowing.

The measured frequency shifts of the stim-
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ulated Rayleigh components are indicated in
Table I. Also given are the viscosities, the
relaxation time and molecular radius comput-
ed from the viscosity and measured frequency
shift. The constancy of the molecular raQius
as shown in the last column over a range of
more than 100'K indicates the correctness of
the interpretation given the observed phenom-
enon. In addition, the relaxation time of 5&&10

sec measured by Starunov, Tiganov, and Fa-

Table I. Observed frequency shifts of stimulated
Rayleigh lines in two liquids at several temperatures.
The relaxation time, viscosity, and molecular radius
estimated from the relaxation time are also given.
The estimated error in measurement of &v is +0.002
cm

Dp

(cm ~)

1011~

(sec)
7l

(cP)
a

(A)
'

285
285
286
286
288
290
293
299
304
390

299

0.092
0,094
0.094
0.096
0.101
0.102
0.112
0.128
0.140
0.406

0.088

nitrobenzene
5.76
5.64
5.64
5.53
5.25
5.20
4.74
4.14
3.79
1.31

m-nitrotoluene
6.03

2.40
2.40
2.35
2.35
2.26
2.17
2.01
1.80
1.65
0.60

2.08

2.83
2.81
2.83
2.81
2.81
2.84
2.84
2.83
2.84
3.02

3.06

FIG. 1. Stimulated Rayleigh "Stokes" lines in nitro-
benzene at three temperatures: (a), 12'C; (b), 16 C;
(c), 31'C. The line at the left in each spectrum is the
incident laser line; the second, the stimulated Ray-
leigh line; the third, the stimulated Brillouin line.
The fourth component, which is weak, is at the Bril-
louin shift away from the stimulated Rayleigh line.
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FIG. 2. Plot of the frequency shift of the stimulated
Rayleigh line in nitrobenzene as a function of the ratio
T/q, where q is the viscosity for the range T =285 to
304'K.

of this component corresponds to that of a stim-
ulated Brillouin shift from the frequency of
the stimulated Rayleigh line.

It is apparent from the sharpness of the lines
observed, from the requirement on thresholds,
from the dependence of the frequency shift on

temperature and viscosity, and from the rea-
sonable value of molecular radius deduced that
the phenomenon observed is that of stimulat-
ed Rayleigh scattering.

The authors wish to thank Dr. A. H. Guenther
of the Weapons Laboratory, Kirtland Air Force
Base, for the use of the giant-pulse laser sys-
tern and Dr. R. V. Wick, now of that laboratory,
who assisted in the first observation of this
effect.

belinskii' in nitrobenzene is ie agreement with
the present result.

To show the dependence of the frequency shift
on temperature and viscosity of the liquid, the
frequency shifts for nitrobenzene are plotted
in Fig. 2 as a function of T/q. The~straight
line in the figure is drawn through the points
so as to have zero intercept at T/q=0. The
slope of the line was measured to be 7.73 &10
cm ~ P/'K. Using the relaxation time given
above, the slope would be 3k/8~'ca'. From
the measured slope, the molecular radius is
2.83&10 cm. This may be compared with
the radius of 3.4x10 cm estimated from the
molecular volume.

Table I also gives the results of measurement
in m -nitrotoluene indicating similar agreement.

In some instances it was possible. to observe
a weak fourth component. The frequency shift
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