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ted which show that the damping exceeds the
Feynman value above 1.4'K for the larger ori-
fice and above 0.8'K for the smaller orifice.
This increased damping is believed to be caused
by turbulent normal fluid flow. There also
were no undamped oscillations at any measur-
able level.

A third kind of flow region occurred at velo-
cities greater than 1.5 cm/sec for the large
orifice and 4.6 cm/sec for the small orifice.
Qualitatively the liquid motion in this region
is characterized by almost total energy loss
on the first & cycle of the motion. We believe
that at velocities an order of magnitude great-
er than the critical velocity, more complex
and complete superfluid turbulent flow occurs
than that pictured by the Feynman model.

We have measured in detail the energy loss
associated with superfluid helium flow through
orifices of radii 5.6X10 ' and 1.7X10 cm.
The results of this experiment agree quantita-
tively with Feynman's model. At certain tem-
peratures a critical velocity was measured
for each orifice below which no energy loss
was found. The value of the critical velocity
for the large orifice was approximately 25%
lower than predicted by Feynman and for the
small orifice about 300'fo higher than predict-
ed. Above this critical velocity we found a
range of velocities where the energy loss for
each orifice agrees with the Feynman model.
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During the past few years, stimulated light
scattering from liquids has been studied both
theoretically and experimentally by many work-
ers. ~ In this connection, two phenomena —the
stimulated Brillouin effect' and stimulated Ray-
leigh-wing scattering' —have been of recent in-
terest. In the spontaneous scattering of light
from liquids, the corresponding Brillouin and
Rayleigh-wing scatterings have been observed. 4

At the same time, however, there exists anoth-
er important component of the spontaneously

scattered light for which a corresponding non-
linear optical process has not yet been observed.
This is the ordinary thermal Rayleigh scatter-
ing (which we shall simply call Rayleigh scat-
tering, as opposed to the Rayleigh-wing scat-
tering mentioned above) which usually consti-
tutes the bulk of the unshifted component in the
well-known Brillouin-Rayleigh triplet. '

The origin of spontaneous Rayleigh scatter-
ing is well understood. It is associated with
nonpropagating thermal fluctuations which man-
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ifest themselves in light scattering indirectly,
through their abi1ity to inf1uence the density
secondarily. This is required because in a de-
scription in which the density and temperature
are taken as independent thermodynamic vari-
ables, the dielectric constant is insensitive to
changes in temperature, i.e., T(8e/8T) p «p(86/
8p)T. For this reason' also, the direct produc-
tion of thermal fluctuations by electric fields
present in intense light beams is small —much
smaller than the direct production of density
fluctuations through electrostriction. Accord-
ingly, the stimulated Rayleigh effect has not
yet been observed experimentally.

In the present Letter, we discuss a different
kind of direct coupling between the light and
thermal fields which, indeed, is strong enough
to allow the existence of the stimulated Rayleigh
effect in back-scattering, provided that certain
easily satisfied conditions are met. The mech-
anism which we propose is the production of
thermal energy following light absorption through
electronic transitions in liquids (e.g. , colored
solutions) which absorb laser light. While Brueck-
ner and Jorna' have indicated the possible im-
portance of absorptive heating in causing laser-
induced instabilities in fluids, they did not ob-
tain the specific conclusions reached in the pres-
ent work.

In the following, we discuss the combined
influence of absorptive heating and electrostric-
tion on the solutions of the linearized hydrody-
namic equations for fluids, under the assump-
tion that the absorbed electromagnetic energy
is instantly and locally thermalized (so that
heat production is proportional to the local val-
ue of the square of the optical electric field).
The possible effects of fluorescence and of long-
lived excited states are ignored in the present
treatment. The equation which we obtain for

the nonlinear susceptibility shows the effects
of electrostriction and absorptive heating to
be linearly independent to a high degree of ap-
proximation. Hence, the ordinary stimulated
Brillouin gain, as a function of frequency, re-
mains unchanged. The contribution associat-
ed with the heating shows three maxima, one
each lying in the lower frequency wing of both
the Stokes and anti-Stokes Brillouin lines, while
the third, and strongest, lies in the anti-Stokes
wing of the thermal Rayleigh peak. Because
the resonances in the gain function are narrow,
convolution with the laser profile is necessary
in order to relate the present results to labor-
atory situations. The results obtained after
convolution suggest that (1) for laser light ab-
sorption coefficients greater than a critical
value [see Eq. (17) and Table I], the stimulat-
ed Rayleigh line exhibits a lower threshold than
the stimulated Brillouin line, (2) the stimulat-
ed Rayleigh gain is at least twice that of the
Brillouin doublet arising from absorptive heat-
ing, and (3) the stimulated Rayleigh line shows
an anti-Stokes shift approximately equal to the
half-width of the laser intensity distribution.

The linearized hydrodynamic equations have
been given by Hunt. ' Mountain has recently
employed them in his study of spontaneous light
scattering from liquids. After modification
to include the effects of electrostriction and
absorptive heating, these equations are

8' c,', q 8, c,'P,p- 7' p-——7' p- v' Tet' y po Bt y

+2@2

-1) 8 1—p =—nco.E', (2)Bt 4m

Table I. Material parameters, n cr, and gain ratios for representative liquids.

Liquid

(Q ) C
pc qa ~b c ~R

V P co B R cr
s (10~ erg/g 'K) (10~'K ~) (10~ cm/sec) (Mc/sec) (Mc/sec) (cm ~) BD max(G

Carbon tetrachloride
Acetone
Methyl alcohol
Carbon disulfide
Benzene
Ethyl ether
Water

1.46
1.36
1.33
1.63
1.50
1.35
1.33

0.84
2.1
2.5
0.95
1.7
2.3
4.2

1.18
1.32
1.18
1.14
1.18
1.51
0.20

0.95
1.19
1.21
1.17
1.17
1.03
1.46

630
270
300
65

350
290
380

18
21
12
37
27
16
26

0.25
0.34
0.31
0.62
0.65
0.36
3.10

3.60
2.65
2.76
2.07
2.83
2.71
2.91

Fleury and Chiao, Ref. 5. Calculated from 23k 2/p pycc Assuming j.L =0.025 cm
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(t) =M 'p(t)n-, [-,'(n'+2)]'E(t) (3)

with p(t) being determined through Eqs. (1) and

(2), M being the molecular mass, nmol the
molecular polarizability, and &~(n'+ 2)' a local-
field correction.

where the notation is standard, p and T repre-
senting the density and temperature fluctuations,
po being the unperturbed density, n the light
absorption coefficient for the liquid at the la-
ser frequency, n the index of refraction, and
c the speed of light. The terms on the right-
hand sides of Eqs. (1) and (2) represent the elec-
trostrictive and absorptive couplings with the
electromagnetic field. [To be exact, only the
low («optical) frequency components of E'
should be included in Eq. (2).] The Lorenz-
Lorentz law has been assumed in calculating
the electrostrictive coupling constant.

The electromagnetic field is analyzed through
Mmvvell's equations using nonlinear polariza-
tion terms as described by Bloembergen. ' The
nonlinear polarization is

E (t)=2(E exp[-i(k z-&u t)]

+E *exp[i(k z-(u t)P, (4)

E (t)=-,'IE exp[i(k z+u& t)]

+E *exp[-i(k z+e t)]j,

E~ being the scattered field, and

i(kz -vt) -i(kz-&ut)]
p(t) = —,[pe + p*e

where k =kL+k& and ~ = coL-~~. An equation
similar to Eq. (6) holds for T(t). Upon substi-
tution of Eqs. (4)-(6) into Eqs. (1) and (2), ne-
glect of source terms oscillating at frequencies
other than ~, elimination of T from the result-
ing equations by substitution, solution of the
remaining equation for p in terms of EL and

E&, and substitution of this result into Eq. (3),
we obtain, for the nonlinear susceptibility,

The method of solution of Eqs. (1) and (2) is
the usual steady-state approach where the fields
are written, for the case of back-scattering,
as

n (n2+2i2 pncnp c 'k'/y+[ —,'(n —1)][—,'(n'+2)]k2( —Xk'+ip c &o)

NLS 8 411M ( 3 ) L [-(@2+(c 'k /y) i(71k'/p -)(d](—Ak +2ip c e)+i[(y-1)/y]p c mc 2k'
0 0 ov 0v 0

Equation (7) reduces to the standard result for
Brillouin scattering provided that e and X are
negligible —conditions which have been satis-
fied in standard experiments to date. Equation
(7) shows resonances in the vicinity of co=0,
+coB, where vB= c0k, the Brillouin line shift.
We shall now limit our attention to these res-
onances.

~=0.—In this region one can write for the
imaginary part of the nonlinear susceptibility
[noting that the second term in Eq. (7) is far
off resonance]

NLS

n (n'+ 2 )' pncn

4aM ( 3 ) L yc &u'+(&r )''
II101

r

v R

where I'R= 23k'/poyc„, the spontaneous Ray-
leigh linewidth. Because of the narrowness
of this function, it is necessary to convolve
it with the laser line for practical purposes.
Assuming a Lorentzian profile for the laser

n ('n +2)2
mol

rMi3i
pncn

xk IE I

' . . . , . (9)S L yc ~'+(-,'r +-,'r )'
v L R

This curve has a positive maximum equal to

R max
G )

n (n'+ 2i' Pncn 1

v L R

indicating growth in the backscattered wave.
The line is anti-Stokes shifted by an amount
—,'(I'L+ I'R), which is experimentally detectable
under normal circumstances. This is in sharp
contrast to the cases of stimulated Brillouin
and Rayleigh-wing scattering in which laser
photons are converted to lower energy photons,
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the excess energy appearing in the liquid excitations. In the present process, laser photons are con-
verted into higher energy photons, the extra energy being supplied by the thermal fluctuations, which
in turn, are created through prior absorption of electromagnetic energy. The anti-Stokes shift can
be traced to the fact that in absorptive heating, liquid molecules tend to migrate away from high-
field regions (provided P & 0) thus lowering the index of refraction —in contrast to the situation for
the electrostrictive and molecular-alignment effects responsible for stimulated Brillouin and Ray-
leigh-wing scattering.

& =++B.-In these regions,

n (n'+ 2)'

NLS 4mM ( 3 1 L

(Pncn/yc )((u '/(u)(m -&u ') + [2 (n'-1)][3(n2+ 2)]((u 2/c 2)1

(~2 ~ 2)2+ (p ~)2
B B

where I"B=qk'/p0 is the spontaneous Brillouin
linewidth. The second term leads to the usual
Brillouin Stokes component while the first,
which has positive maxima in the vicinity of
+~B, gives rise to the Brillouin Stokes-anti-
Stokes doublet mentioned previously.

Again, the convolution of the laser line with
the gain curve is necessary, and (calling the
first term GBD and the second term GB) leads
to the result

o. (n'+ 2)'
mo1

/

BD M ( 3 l S L

Pnco.

yc ((uw(u )'+-,'(I' +I' )''2, (12)
v B L B

leigh to Brillouin doublet gain js

BD max L R
(15)

n /n'+2 ' 1
mol~

3 S L c

Inasmuch as this ratio is always greater than
2, the existence of the doublet is probably dif-
ficult to establish experimentally. The ordi-
nary Brillouin gain has as its positive maxi-
mum (after convolution)

where the upper sign is taken for ~&0, and

the lower sign for ~ &0, and

n (n'+ 2)' 1
mo

B M E, 3 f S L 2c

(n'-1) —.'(I' +I' )
x I I ca)

2 l (&u-&u )'+-,'(I' +1" )' (13)

Now, when (GR)max&(GB)max, the Rayleigh
line exhibits the lower threshold and predom-
inates over the Brillouin Stokes line. In terms
of the absorption coefficient, this condition
is

(n'-1)(n'+2)yc cu I' +r
cr ( 2 J( 3 )P«'c I' +I'

The Brillouin doublet has its greatest positive
gain at frequencies ur = ++B+-'(I L+ I'B). The
maximum gain associated with these peaks
1S

( BD)

n (n'+ 2)' Pncn 1

M ( 3 J S L 2yc I" + I"I~ iZ I2, (14)

with the result that the ratio of stimulated Ray-

e being a critical value for the absorption
coefficient.

Table I gives material parameters for sev-
eral liquids together with estimates of acr
and the gain ratio. It can be seen that the val-
ues of o.cr are not inconveniently high, and
that the stimulated Rayleigh line may be ob-
servable in a number of liquids.

In the foregoing analysis we have neglected
a variety of possible influences associated with
the over-all rise in temperature through ab-
sorptive heating. These could be spurious ef-
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fects, such as bubble formation, together with
less drastic effects such as the alteration of
liquid parameters with temperature. (For ex-
ample, if the sound speed changes during the
laser pulse, the effective Brillouin gain could
be substantially changed. ) While there is no
obvious reason why these effects should not
considerably alter the phenomena predicted
in this paper, experiments on CC14-iodine so-
lutions by Rank, Cho, Foltz, and Wiggins'
indicate substantial agreement with the pre-
dictions of this paper.
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When plane-polarized, monochromatic light
is incident on certain liquids such as nitroben-
zene, the backscattered light is known to con-
sist of several components: a sharp Rayleigh
peak, Brillouin components, and a broad Ray-
leigh wing. The sharp Rayleigh peak and the
Brillouin components are totally polarized,
while the Rayleigh wing is depolarized. By
the use of light from giant-pulse lasers, the
gain-narrowed stimulated radiation correspond-
ing to Brillouin scattering and to the Rayleigh-
wing scattering' have been observed in some
liquids. However, no stimulated radiation cor-
responding to the polarized Rayleigh peak scat-
tering has been identified experimenta11y. The
purpose of this communication is to report the
observation of a new stimulated radiation which
is believed to be attributable to thermal Ray-
leigh scattering.

The polarized Rayleigh peak which can be
observed with light of conventional intensity
shows no frequency shift and has been interpret-
ed by Landau and Placzek' to arise from entro-
py fluctuations which do not propagate in the
scattering medium. Recently, Herman and Gray
have shown theoretically that intense laser light

incident on an absorbing liquid can produce stim-
ulated Rayleigh scattering from localized ther-
mal fluctuations. Rapid thermalization of the
molecules which absorb at the laser frequen-
cy and the subsequent generation of large den-
sity fluctuations, coherent and localized, leads
to the enhancement of the thermal density fluc-
tuations already present in the liquid. The back-
scattered light in the liquid can then have ex-
ponential gain as it travels through the liquid.
They predicted that the stimulated thermal Ray-
leigh line should show a frequency shift of ap-
proximately one half of the half-intensity width
of the laser light to the anti-Stokes side. Fur-
ther, a liquid which readily produces this stim-
ulated effect should have a large ratio of its
coefficient of volume expansion to its specific
heat, and an absorption coefficient of consid-
erable magnitude at the laser frequency.

Unlike other stimulated effects, stimulated
thermal Rayleigh light is almost indistinguish-
able in frequency from the incident light. It
was, therefore, necessary to take elaborate
precautions to eliminate possible sources of
error due to the reflections of laser light from
the various optical surfaces. The light from
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