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mel'nitsyn, "who suggested that a similar effect
could possibly occur in a toroidal system if the
plasma were nonuniform.

The authors are most grateful to V. N. Tsyto-
vich for valuable discussions.

B. A. Demidov, N. I. Elagin, and D. S. Franchenko,
Dokl. Akad. Nauk SSSR 174, 327 (1967) [Sov. Phys.
Dokl. 12, 467 (1967)].

S. M. Hamberger and M. Friedman, Phys. Rev.
Lett. 21, 674, (1968).

V. A. Suprunenko, E. A. Sukhomlin, and V. T. Tolok,
Plasma Phys. 12, 627 (1970).

J. W. M. Paulet aI. .. Nature 216, 363 (1967); R. Z.
Sagdeev et al., in Proceedings of a Conference on
Plasma Physics and Controlled Nuclear Pusion Re-
search, NovosiM~sk, U. S. S.R., 1968 (International
Atomic Energy Agency, Vienna, Austria, 1969),
Vol. I, p. 47.

M. Forrest et al ., Culham Laboratory Report No.
CLM R-107, 1970 (unpublished); G. A. Bobrovsky
et al ., unpublished; B. Coppi and E. Mazzucato,
Princeton University Plasma Physics Laboratory
Report No. MATT-720, 1969 (unpublished), and ref-
erences therein.

H. A. Bodin et al., in Proceedings of the Third
European Conference on Controlled Pusion and Plasma
Physics, Utrecht, 1%e Netherlands, 1968 (%'olters-
Noordhoff Publishing, Groningen, The Netherlands;
1969).

E. C. Field and B.D. Fried, Phys. Fluids 7, 1937

(1964); T. E. Stringer, J. Nucl. Energy, Pt. C 6, 267
(1964).

B. B. Kadomtsev, Plasma 1hxbulence (Academic,
New York, 1965).

U. N. Tsytovich, Non L-inear Effects in Plasma
(Plenum, New York, 1970).

V. N. Tsytovich, Culham Laboratory Report No.
CLM P244, 1970 (to be published).

G. I. Budker, At. Energ. 1, No. 5, 9 (1956) [Sov.
At. Energy 1, 673 (1956)].

O. Buneman, Phys. Rev. Lett. 1, 101 (1958), and
Phys. Rev. 115, 503 (1959).

3Ya. B. Fainberg, J. Nucl. Energy, Pt. C 4, 203
(1962); M. . Seidl and P. Sunka, Nucl. Fusion 7, 237
(1967).

4J. H. Adlam et al. , in Proceedings of a Conference
on Plasma Physics and Conh"oiled Nuclear Eusion
Research, Nooosibirsk, U. S. S. R., 1968 (International
Atomic Energy Agency, Vienna, Austria, 1969),
Vol. I, p. 573.

'H. Dreicer, Phys. Rev. 115, 238 (1959).
isR. Z. Sagdeev, in Proceedings of Symposia in Ap-

p/ied Mathematics, edited by H. Grad (American
Mathematical Society, Providence, R. I., 1967),
Vol. 18, p. 281.

'S. M. Hamberger, J. Jancarik, and L. E. Sharp,
in Proceedings of the ¹nth International Conference
on Phenomenain Ionized Gases, Bucharest, Rumania,
1969, edited by G. Musa et al. (Institute of Physics,
Bucharest, Rumania, 1969).

A. I. Karchevskii, V. G. Averiv, and V. N. Bezel'-
nitsyn, Pis'ma Zh. Eksp. Tear. Fiz. 10, 26 (1969)
[JETP Lett. 10, 17 (1969)].

NEW RELAXATION EFFECT IN THE SOUND ATTENUATION IN LIQUID 'He UNDER PRESSURE*
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Observation of the first-sound attenuation in liquid He under pressure has revealed a
new relaxation mechanism which is not predicted by any present theory.

In previous work we have shown that certain
aspects of the theory of sound attenuation in liq-
uid 4He are not in agreement with experiment at
very low temperature. ' In the collisionless re-
gime (cur»» 1, where 7» is the wide-angle pho-
non-phonon relaxation time) the calculated atten-
uation due to a three-phonen process is given by'

m (u+1) ks
p h c

&&[tan '(2(uw»)-tan '(37 p2~7»)], (1)

where p and c are the density and sound velocity,
respectively, and u = (p/c)&c/Bp. The dispersion
constant, y; usually thought to be positive, is de-

fined through the relation e=cp(1-yp'), where E'

and P are the energy and momentum, respective-
ly, of an elementary excitation and p =—3k BT/c is
the average thermal phonon momentum. The
measured attenuation was always found to be
greater than that predicted by Eq. (1). A recent
precise determination of u has eliminated the
possibility that an uncertainty in that parameter
might account for the discrepancy. ' The change
of the sound velocity with temperature also dis-
agreed with theory although in this case the mea-
sured change was smaller than the predicted
value. ' Moreover, this change was observed to
be smaller at higher frequencies, i.e., opposite
to that predicted by theory. The calculation of
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the velocity shift has been extended recently' and

is now in better agreement; however, the fre-
quency effects still remain at variance with ex-
periment.

It has recently been pointed out' that a negative
value of y would lead to twice the attenuation in
the limit ISyP'vrl»1 (rather than to zero atten-
uation as would be the case for positive y). Re-
cent inelastic neutron scattering experimentsv
indicate that the magnitude of y must be smaller
than 10". The longest 7, on the other hand,
would be the "size-effect limited" value, i.e.,
d/c where d is some cell dimension. For a typi-
cal cell dimension and for the lower tempera-
tures and frequencies the inequality is then only
marginally satisfied. Also, the higher-frequency
data clearly show that the attenuation is increas-
ing less than linearly (with frequency) whereas
a negative value of y would require a higher than
linear dependence. Thus we feel that the expla-
nation for the extra attenuation likely lies else-
where, especially in view of the observation of
the very rapid relaxation process to be discussed
shortly.

In an effort to shed more light on this problem
we have extended our studies to include the pres-
sure dependence of the sonic attenuation. Pre-
vious studies" of the pressure dependence
showed that the attenuation decreased as the
pressure increased; this is in qualitative agree-
ment with Eq. (1) since the sound velocity in-
creases with pressure. These studies were lim-
ited to relatively high temperatures and low fre-
quencies, however, and did not reveal the fea-
tures to be discussed here. %e have measured
the temperature dependence of the sound attenua-
tion for several values of the hydrostatic pres-
sure and at frequencies of 15, 45, 105, and 256
MHz. These measurements were performed us-
ing a 'He- He dilution refrigerator which regu-
larly cools to 17 mK. Such low temperatures
permit an unambiguous normalization of the at-
tenuation (and velocity) to its zero temperature
value. The Cu sonic cell employed was similar
in construction to those used in previous mea-
surements' except for the addition of a cylinder
of sintered Cu, in contact with the liquid, to in-
sure heat transfer. Also, the length of the sonic
path was increased to 2.02 cm. Sound was gener-
ated and received by 15-MHz unloaded x-cut
quartz transducers. The ultrasonic comparator
used has been described previously. ' All tem-
peratures were measured using a cerium mag-
nesium nitrate magnetic thermometer.
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Figure 1 shows the measured temperature de-
pendence of the sonic attenuation at 0.0, 1.1,
3.0, 8.4, 14.0, 15.5, 16.4, 17.8, 19.0, and 24.7
atm for a frequency of 105 MHz. Shown for com-
parison in Fig. 2 are some of the corresponding
pressures as calculated from the theory of Kha-
latnikov and Chernikova" and Van de Meijden-
berg, Taconis, and Be Bruyn Ouboter. " Com-
parison of Figs. 1 and 2 immediately shows that
theory and experiment are in striking disagree-
ment at high pressure. For pressures up to 8.4
atm we see a temperature dependence similar to
the T4 dependence predicted by Eq. (1) although
the magnitude of the measured attenuation is
again larger than that predicted by theory. For
pressures between 14.0 and 19.0 atm we observe
that this initial temperature dependence is fol-
lowed by a shoulder a,fter which the attenuation
rises steeply. For I' =24.7 atm the attenuation
rises steeply at all temperatures with no sign of

FIG. 1. The temperature dependence of the mea-
sured attenuation for a frequency of 105 MHz at various
values of the hydrostatic pressure. The solid lines
are smooth curves through the data. A T temperature
dependence would be a straight line of slope 2 on this
graph.
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FIG. 2. The texnperature dependence of the attenua-
tion as calculated from the theory of Kbalatnikov and
Chernikova for 105 MHz and for pressures correspond-
ing to some of the experimental values of Fig. l.

and P„p, 6 are the roton momentum, mass,
and energy gap, respectively. The pressure de-
pendence of the quantities entering these relaxa-
tion times are known" and computation shows
that &7&„and m7» are both much larger than
unity in the temperature range of the shoulder.

Khalatnikov and Chernikova state that their
theory is valid at very low temperature only so
long as t&&«~», where t» is the scattering time
chax'acterizing the colinear foux -phonon process.
Eckstein and Jackie" have shown that t» is given
by

107.0 (u+1)4k 2'
» y 92+3 ~2c8@7y

and, since 7» 'o= T, there will be a transition
to the region ~» - 7» below some temperature.
Using y from the neutron data we find that I»
« ~» in the temperatuxe range of interest, i.e.,
the theory of Khalatnikov and Chernikova should
be valid. ' (The theory of Eckstein and Varga"
predicts y~c 'p ' ' and thus should not change
radically with pressure. )

If we eliminate the phonon-phonon contribution
to the attenuation by taking the limit (d7» « I, but
keep (dT~ && 1, we fiIld the attenuation ls given by

a T component. The other frequencies studied
show similar behavior. The shoulder observed
at the intermediate pressures strongly suggests
a relaxation effect where m~ goes through unity
in passing from a collisionless mode of propaga-
tion to a hydrodynamic one. The theory of Kha-
latnikov and Chernikova contains two important
relaxation times:

9&&13! k2' (u+1)
PP 218 P 7 (Oe5)2

arising from so called wide-angle phonon-phonon

scattering, and

y ~9/2 4 1/2

(2 )1v/2P PO ! Tg/2e 6/22 T
h7 p'C'

from elastic phonon-roton collisions, where

+ ~ + ~ +++2

(The direct Rayleigh-like acoustic phonon-roton
scattering is negligible, since it is proportional
to cu'7' 'e '2 .) This temperature dependence
agrees qualitatively with the data for tempera-
tures which lie above the shoulder and this sug-
gests that it is the phonon-phonon part of the
theoxy which is in error. The data clearly show,
however, that the shoulder moves to lowex tem-
perature as the pressux e increases whereas all
the mechanisms of phonon-phonon scattering
give a 7 ' varying approximately as (7'/c)", i.e. ,
the shoulder would move to higher temperature
since the velocity increases with increasing
density.

A rnechanisrn that has approximately the right
pressure dependence is roton-xoton scattering.
Khalatnikov" shows that the scattering time,
7„„, for this process goes as e ~ so that the
temperature where w&„„=1 would vary with pres-
sure in the same direction as b, (decreasing with
increasing pressure). The theory of Kha. latnikov
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and Chernikova assumes w~„„«1 and under this
condition predicts an tuv component at low tem-
perature. On the other hand our data show that
the &T' component disappears above the shoulder
(cov & 1) and thus the shoulder cannot be identified
with roton-roton scattering.

If we approximate the scattering time produc-
ing the shoulder (whatever its nature) by the
form ~ '=aT", then to Ieproduce the shape of
the curve a value of n =—4 is required. Further-
more, the shoulders at different frequencies (and
pressures) require somewhat different exponents,
thus indicating that a simple power law for the
relaxation process is inadequate. (The exponent
n appears to increase with increasing tempera-
ture. ) In no case can a value of n approaching 9
account for the data, since such a steep tempera-
ture dependence would generally result in a well
defined peak rather than a shoulder. The same
holds true for an exponential temperature de-
pendence. Clearly these data require a total re-
examination of the theory of sound propagation in
liquid 4He at low temperature.

%e would like to thank B. M. Abraham, S. G.
Eckstein, and Y. Eckstein for stimulating dis-
cussions.
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