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We have observed the propagation of sound 
in liquid He3 at 0.32 atm and at frequencies of 
15.4 and 45.5 MHz down to a temperature T* 
of 2 mdeg on the magnetic temperature scale 
valid for powdered cerium magnesium nitrate 
(CMN) in the form of a right circular cylinder 
with diameter equal to height. As the temper­
ature r ises the sound attenuation increases, 
reaches a maximum, and then decreases. At 
low temperatures the attenuation is proportion­
al to T*2 and is independent of frequency. At 
high temperatures the attenuation is proportion­
al to co2/T*2, where co is the angular frequen­
cy. The sound propagation velocity is relative­
ly temperature independent at both high and 
low temperatures but near the attenuation max­
imum the velocity changes. 

In 1957 Landau1 predicted that at sufficiently 
low temperatures a new type of sound, which 
he called zero sound, could be propagated in 
liquid He3. Based on Landau's idea, a more 
detailed theory of the velocity and attenuation 
of sound in both the hydrodynamic (first sound) 
and zero-sound regions was worked out by Kha-
latnikov and Abrikosov.2 At temperatures suf­
ficiently high that quantum effects are unimpor­
tant, it is predicted that the attenuation of ze­
ro sound be proportional to T2 and independent 
of frequency. In the first-sound region it is 
predicted that the attenuation is proportional 
to OJ2/T2, corresponding to classical viscous 
attenuation with viscosity proportional to T~2. 
Both of these temperature and frequency de­
pendences are observed in the present exper­
iments. In what follows we shall show that there 
is quantitative agreement with theory on veloc-
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ity changes and semiquantitative agreement 
on attenuation, so that the present experiments 
clearly demonstrate the phenomenon of the prop­
agation of zero sound. 

The first experiments to support strongly 
the existence of zero sound in He3 are those 
of Keen, Matthews, and Wilks,3 who measured 
the effective acoustic impedance of liquid He3 

and found a transition from a high-temperature 
to a low-temperature regime at about 0.092°K 
for a frequency of 1000 MHz. It was not pos­
sible for them to measure the propagation char­
acteristics of the sound nor, as it will be shown 
here, to deduce correctly by means of theory 
the velocity change between first and zero sound. 
However, on the basis of the present experi­
ments there is no doubt that the phenomenon 
observed by them was indeed the transition 
from first to zero sound. 

Only a few brief remarks.on the present ex­
periments can be made here. Most details are 
thoroughly discussed elsewhere.4 The cell used 
for the measurements is illustrated schemat­
ically in Fig. 1. The CMN acts both as refrig­
erant and as thermometer. The sound propa­
gation in the He3 occurs in a small gap between 
a fused quartz ultrasonic delay line and a r e ­
ceiving crystal of X-cut quartz of fundamental 
frequency 15 MHz. The delay line serves to 
allow the transient in the receiving crystal, 
caused by electrostatic pickup from the initial 
pulse at the transmitting crystal, to damp suf­
ficiently before the sound pulse reaches the 
gap. The gap length used for the experiments 
reported here was 1.38 x l 0 ~ 2 cm and was pro­
vided by three small quartz flats. The princi-
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FIG. 1. Schematic drawing of sound cell. Electrical 
isolation of the receiving from the transmitting circuit 
was accomplished by wrapping both transmitting and r e ­
ceiving leads with one layer of 0.000 64-cm brass foil, 
surrounding the bottom of the transmitting crystal with 
brass foil, and having the top half of the delay line, 
which was gold plated, electrically grounded to the 
shields on both the transmitting and receiving transmis­
sion lines, which were grounded together. Neither the 
electrical shield for the receiving circuit nor the gold 
plating with connecting wire on the quartz delay line is 
shown in the drawing. 

pal experimental difficulty was electrostatic 
shielding of the receiving from the transmit­
ting circuits, consistent with a very small r e ­
sidual heat leak to the sound cell. 

The CMN thermometer used here is of the 
type which measured the self-diffusion coeffi­
cient in He34 '5 to be proportional to r*~2 to 
below 3 mdeg K. Cryogenic conditions were 
extremely good. Approximately two hours were 
required to warm from 2 to 3 mdeg K. There 
were no limitations on the number of data points 
which could be obtained. 

Measurements were made by triggering s i ­
multaneously an ultrasonic pulser and a sweep-
delay circuit in an oscilloscope. A delayed, 
expanded sweep, showing the first few cycles 
of the received pulse at times shorter than those 
in which multiple reflections in the gap might 

cause difficulties, was photographed. Atten­
uation measurements were made by selecting 
definite parts of the pulse and measuring the 
amplitude of the oscillations. A calibrating 
pulse was frequently used to compensate for 
changes in the over-all gain of the electronic 
apparatus. Velocity measurements were made 
by measuring the relative phase between the 
received sound signal and a "clock" signal, 
the latter obtained from an apparatus at room 
temperature similar sonically to the low-tem­
perature apparatus except that there was no 
gap. Absolute velocities were calculated from 
the relative phase measurements using the sound 
velocity measurements of Abel, Anderson, 
and Wheatley6 and using the measured thickness 
of the quartz spacer. Frequencies were deter­
mined by measuring the period of the received 
oscillations as displayed on the oscilloscope. 
In order to obtain an attenuation coefficient it 
was necessary to know the zero-attenuation 
limit for the received signal. This was obtained 
by plotting the logarithm of the gain-corrected 
signal height either against T*2 at low T or 
against r*~"2 at high T and extrapolating to ze­
ro. 

The results of the measurements are shown 
on Fig. 2 where both amplitude-attenuation co­
efficient and velocity are displayed. With the 
present gap and signal available it was not pos­
sible at 45.5 MHz to measure values of a great­
er than 200 cm""1, which accounts for the ab­
sence of high attenuation-coefficient data for 
this frequency. Attenuation coefficients below 
about 10 cm""1 are particularly subject to er ­
ror and hence should not be weighted heavily. 
The straight lines on the attenuation plot are 

*o=A0T*2\ (1) 

and 

a ^ A ^ T * - 2 , (2) 

where A0 = 1.57 xlO6 (1/cm K°2) and A! = 2.68 
x lO- 1 8 (sec2 K°2/cm). Values of A0 and Ax ob­
tained in different runs are given in Table I. 
The value of A0 for run 1 is subject to greater 
error than the others due to calibrational dif­
ficulties. 

The velocity measurements on Fig. 2 corre­
spond to an average first-sound velocity cx of 
187.9 m/sec (by definition from Ref. 6) and 
an average zero-sound velocity c0 of 194.4 m / 
sec for a pressure of 0.32 atm. The measured 
value of {cQ-cJ/cy is then 0.035± 0.003. 
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Table I. Values of the coefficients A0 and At of Eqs . 

(1) and (2) for s eve ra l r uns . 
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FIG. 2. Amplitude at tenuation coefficient and sound 
propagation velocity as a function of magnetic t e m p e r a ­
tu re in pure liquid He3 at 0.32 a tm and for f requencies 
of 15.4 and 45.5 MHz. Each point shown on the g raph 
is the average of s eve ra l r aw data poin ts . The s t r a igh t 
line drawn through the l o w - t e m p e r a t u r e attenuation da ­
ta r e p r e s e n t s Eq. (1), while the s t ra igh t l ines drawn 
through the h igh - t empera tu re data r e p r e s e n t Eq. (2), 
with cu/27r equal to 15.4 and 45.5 MHz. With the p r e s e n t 
gap it was not poss ib le to m e a s u r e the 45.5-MHz a t ten­
uation coefficient above a =200 cm""1. The smooth 
curve jus t above the attenuation data for 15.5 MHz i s a 
plot of Eq. (6) with io/2ir= 15.4 MHz and a>0 and at given 
by Eqs . (1) and (2). 

Also important is the temperature T m a x * 
at which one finds maximum attenuation or max­
imum rate of change with temperature of the 
velocity. Under the simplest assumptions this 
temperature corresponds to OJT = 1, where r 
is the relaxation time for velocity, which is 
assumed to have a T~2 temperature dependence. 
However, more generally one would expect 
co1 / 2 /Tm a x* to be a constant at the maximum. 
Table II shows the results of an analysis of 
this point, both for the present experiments 
and for those of Ref. 3. Inspection of the table 

Run 

rH
 

2 
3 
4 

CO/27T 

(MHz) 

15.4 
15.4 
45.5 
15.4 

^ 0 
[106 (K°2 c m ) " 1 ] 

1.44 
1.57 
1.58 
1.62 

[ i o - -18 
^ 1 

sec 2 K o 2 / c m ] 

2.74 
2.65 
2.66 
2.65 

shows that, in the case of attenuation measure­
ments, in which T m a x * is well determined, 
the frequency dependence is quantitatively veri­
fied. It is difficult to estimate 3Pm a x* from 
the velocity measurements, so the scatter is 
greater. However, it seems clear from these 
data that the transition observed in Ref. 3 is 
indeed to be attributed to a transition from first 
to zero sound. 

Our results can also be compared with the 
theory of Khalatnikov and Abrikosov2 in which 
the velocity of zero sound is found to be given 
by the implicit equation 

(3) 

where w(s0) = {($0/2)ln[(s0 + l ) / ( s 0 - l ) ]} - l , SQ 
-C§/V¥> anc* vF *s *-ne Fermi velocity. Recent­
ly determined7 values of the Fermi-liquid param­
eters are F0 = 10.77, F x = 6.25, and v? = 53.8 
m/sec for a pressure of 0.28 atm (close to the 
present one). At this pressure cx = 187.2 m/sec. 
Solving Eq. (3) for s0 one finds s0 = 3.597 [and 
w(s0) = 0.027 033]. This leads to [(CQ-CI)/ 
c l ]o 28 atm = ^ ' ^ ^ > i n r e m a r k a b l e agreement 
with the measured value at 0.32 atm of 0.035 
± 0.003. Using a theory for energy transfer 
from a solid to liquid He3, Keen, Matthews, 
and Wilks3 found (c0-c1)/c1 = 0.10± 0.03, a larger 
effect than observed here. Assuming the es ­
sential correctness both of the experiments 
of Ref. 3 and of the present ones, the discrep­
ancy in the value of {c0-c1)/cl must be attributed 
to an inadequacy of the theory explaining ener­
gy transfer into the liquid. 

In regard to attenuation, at high temperatures 
one expects2 

al=—~^(l+F1/3Wr1. (4) 
J. 0 C2 

For the values given above for the parameters 
in Eq. (4), one finds T l T

2 = 1.5xlO"12 sec K°2. 
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In the zero-sound region one expects2 

1 
C0T0 

jH l w W (P1 .»][ i±g^ I- i t^).» l v W]- , j . (5) 

From the values given above for the parame­
ters in Eq (5), one finds r0T

2 = 1.1 x l0~ 1 2 sec 
K°2, somewhat less than the value of TXT2. 
It is possible that r need not be the same for 
both first and zero sound. 

It should also be possible to relate the atten­
uation and velocity measurements by a Kramers -
Kronig relation, according to the work of Ginz-
burg.8 If the high- and low-frequency attenua­
tion coefficients are given by Eqs. (1) and (2), 
then one can estimate the absorption coefficient 
a at any frequency by 

l/a = l/a0 + l/ax. (6) 

Using this assumption one finds from Eq. (14) 
of Ref. 8 that 

Cn~C i = i a , ( « 0 « 1 (7) 

Evaluation of the data using Eq. (7) leads to 
{cQ-c1)/c1 = 0.040, about 14% higher than the 
mean experimental value. The attenuation ac­
cording to Eq. (6) is shown on Fig. 2, indicat­
ing that at 15.4 MHz Eq. (6) overestimates the 
attenuation by about 10% at the peak. Since 
the oversimplified attenuation coefficient giv­
en by Eq. (6) gives too large an attenuation near 
the maximum, one would expect Eq. (7) to over­
estimate the fractional velocity change. 

According to our assumptions the measure­
ment of ax is equivalent to a measurement of 
viscosity, since one expects 

a^Utf/pcfh, (8) 
where p is the mass density and r\ is the coef­
ficient of viscosity. The present experiments 
give r]T2 = 2.3 /iP K°2. Using, in principle, the 
same experimental method, we6 earlier found 

TJT2 = 2.8 /xP K°2, about 20% higher. As may 
be seen from Table I, random error in the pres ­
ent experiments is small compared to 20%. 
Other quantities which enter in determining 
the absolute value of t\ a re the frequency and 
the path length in the helium. The former is 
known to about 1% while the latter was deter­
mined independently by measuring the phase 
shifts in received sound on varying the p res ­
sure and by using values of ct versus pressure 
as determined in Ref. 6. The path length agreed 
within 2% with that obtained by mechanical mea­
surement. It is possible that a 20% difference 
in "observed" t\T2 could be caused by two ef­
fects. The first is that in Ref. 6 the scatter 
in the data was large, certainly of order 10% 
or more. Secondly, 77T2 was determined by 
drawing a T~2 line through the low-T data, 
though the data did not determine this temper­
ature dependence. Any line drawn in this way 
will overestimate rjT2. It is interesting that 
the value of rj determined here is in excellent 
agreement with a calculation7 of this quantity 
using Fermi-liquid parameters. A more se r i ­
ous discrepancy on the value of 77 is with that 
determined by another method by Betts, Keen, 
and Wilks,9 who find r?T2 = (3.8± 0.6) JUP K°2. 
However, there is a substantial scatter in their 
data, which go to 0.04°K, and it is possible 
that rjT2 is again artificially high as a result 
of forcing a T~2 fit at too high a temperature. 

One prediction of Landau1- with respect to 
zero sound could not be tested in this experi­
ment. In the present temperature range the 
attenuation coefficient is proportional to T2. 
However, at lower temperatures quantum ef-

Table II. Tes t of the as sump 
change of velocity the quantity 

O;/2TT 

(MHz) 

1000 
45.5 
15.4 

1 max 
<°K) 

0.0193 
0.0113 

tion that a t the temperatui 
a ; 1 / 2 / T m a x * is a constant . 

Absorpt ion 
(co/27r)1/2/rmax* 
[105 (sec1 / 2 K0)"1] 

3.5 
3.5 

re T m a x * 

1 max 
(°K) 

0.092 
0.018 
0.011 

Df maximum attenuation 01 

Velocity 
(o ; / 27 r ) 1 / 2 / r m a x * 
[105 (sec 1 / 2 K 0)- 1] 

3.4 
3.7 
3.6 

* 01 maximum r a t e 01 

Expe r imen te r 

a 
P r e s e n t work 
P r e s e n t work 

aRef. 3. 
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fects are important and the attenuation is pre­
dicted to be modified, eventually at very low 
T varying as co2 and independent of T. The tem­
perature region at which the change occurs is 
given by T =H(jo/2Tiky which is approximately 
0.34 mdeg K for CO/2TT =45 MHz. 

Finally, it would be very interesting to ob­
serve zero sound in a weakly interacting Fer­
mi liquid where distortion of the Fermi surface 
could be relatively large compared with pure 
He3, where the effective interactions are strong 
and distortions of the Fermi surface are small. 
At first sight the dilute solutions of He3 in He4 

would be ideal for this purpose, second sound 
in the solution being analogous to first sound 
in the He3. However, for zero sound to propa­
gate [see Eq. (3)], one must have approximate­
ly F0 +F1 > 0. Calculation of F0 +FX for a 5.0% 
solution of He3 in He4 using the potential sug­
gested by Bardeen, Baym, and Pines10 gives 
F0 +FX = -0.25. Hence it appears unlikely that 
zero sound can be propagated in the weakly 
interacting Fermi gas in a dilute solution. 
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The phenomenon of anomalous Stokes gain,1 

observed when a laser beam travels through 
a Raman cell longer than a certain critical length, 
has recently been the subject of intensive dis­
cussions.2"4 In the present note, it is proposed 
that this anomalous gain is due to rapidly grow­
ing spatial and temporal instabilities which 
arise when intense laser beams interact with 
the medium. By incorporating the light-medi­
um coupling terms in the linearized hydrody-
namical equations of momentum and energy, 
we will show that for a fluid such instabilities 
are indeed predicted by the solutions of the ap­
propriate dispersion relation. The process 
considered here is essentially that of stimulated 
Brillouin scattering, but with the reverse ef­
fect of the sound wave on the laser wave—by 
the varying induced dipole moment density 
—taken into account. 

The light wave is coupled to the fluid—assumed 

to be optically transparent, nonmagnetic, and 
electrically nonconducting-by the mechanisms 
of electrostriction, thermal energy deposition, 
and the high-frequency Kerr effect.5 For a lin­
early polarized light wave E, the electrostric-
tive force density "fes acting on a volume ele­
ment of uniform composition with dielectric 
constant € and density p is given by 

es -£'K^ *P/r BTT \dT ) 
V T , (1) 

where VT is the gradient of the temperature. 
The modified Navier-Stokes equation for a vol­
ume element of velocity v becomes 

p ^ = - V £ + f . +f . (2) 
^ dt vise es 

Here, p is the pressure without the field, and 
the viscous force density is f v i s c = (77' + ry)v(v* v) 
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