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In consideration of a finite lifetime of thermal phonons and other factors which were neglected
in our recent work, a new improved formula for the attenuation coefficient of first sound in liquid

helium is derived.

The temperature dependence of the velocity of first
sound in liquid helium is a basic subject which has been
studied experimentally for many years,! resulting in
significant information. For instance, a study of the ul-
trasonic attenuation coefficient led Maris and Massey? to
the conclusion that the energy dispersion in the liquid is
actually “anomalous” rather than “normal.” Conclusive
experimental evidence concerning the absence of a quad-
ratic term in the dispersion relation was obtained by
Roach, Abraham, Ketterson, and Kuchnir® through a
direct measurement of the difference in velocity of simul-
taneous sound waves of different frequencies. The studies
by Jackle and Kehr and Dynes and Narayanamurti* gave
further information on the mechanism concerning sound
propagation. On the other hand, in the pioneering
theoretical work of Andreev and Khalatnikov,” and in a
later article of Singh and Prakash,® the so-called normal
energy dispersion was used. This and other aspects con-
cerning the sound propagation in liquid helium have been
studied.’

On the other hand, it has been known for many years
that the attenuation coefficient of first sound shows a peak
at around 1 K away from the transition point. Khalatni-
kov and Chernikova® noted that rotons play an important
role for the temperature variation of first sound at low
temperatures, but they did not use the anomalous disper-
sion. We have recently looked into the effect of the anom-
alous energy dispersion on the attenuation coefficient at
low temperatures® and derived a formula:
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co is the sound velocity, u is the Griineisen’s constant, pg is
the mass density of liquid helium, and 7 is the coefficient
in the dispersion relation

e=cop(1+yp2+---). 4)

y is positive (anomalous dispersion) in liquid *He. Other-
wise, T* could not be introduced as in Eq. (3).

Equation (2) is of an interesting form, and yields
T*=1.54 K for y/h =1.51 A% This temperature gives a
peak of a(T) at T,,, =1.26 K. However, experiments have
shown that the peak can be below 1 K and depends on fre-
quency. Therefore, improvement on the previous theory is
necessary. The present Brief Report has been written for
this reason.

At low temperatures, the limiting form of the attenua-
tion coefficient is given by Eq. (2), although the numerical
factor 30 may depend on specific theoretical conditions.
For instance, Khalatnikov and Chernikova arrived at a
formula with a factor 60. Such a difference can be under-
stood when a finite lifetime of phonons is taken into con-
sideration.

According to Kwok, Martin, and Miller, and Pethick
and ter Haar, '° the attenuation coefficient for such a case
is given by
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where p is the average phonon momentum and the sign of
the second term has been changed because the formula
was derived originally for ¥y <0. Since 3p processes were
used, it could be used for the anomalous case by this sign
change. We note that in the limit wt— oo, it is reduced
to Eq. (2), while if wt>>1>3yp2wr, it agrees with
Khalatnikov and Chernikova.

The finite lifetime of thermal phonons affects the tem-
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perature dependence of the attenuation coefficient given
by Eq. (1) and is expected to cause a to depend on fre-
quency. Moreover, the cross product of Griineisen’s con-
stant » and y which was ignored in our previous work®
will be retained. The product is small, but when a small
temperature range about 1 K is concerned, it must be re-
tained. Such a product appears in the form uyp2 As a
result, Eq. (2.24) of our previous article® is replaced by

b xu+D)? on_ p?
po A3 9c 1+3yp?

2
Im [% —cd

u—3
1+u

2
x [1+ ypz] dp.

6)

We note that frequency o is coupled with a relaxation
time z. In a single-relaxation-time approximation, the
frequency @ used in the previous work is replaced by
1/w+i/t. This results in a factor wz/[1+ (w7)?] in the
expression of a(7T). Moreover, for consistency we have in-
troduced a cutoff momentum for momentum-space in-
tegrations. The reason is simply that the use of the disper-
sion relation up to the y term in Eq. (4) is correct only for
small momentum transfer. Therefore, momentum-space
integrations become not integrable but require numerical
calculations, and the results are expressed in terms of cer-
tain functions instead of constant factors.

We have arrived at
2
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The functions F(x) and G(x) are illustrated in Fig. 1.
Their asymptotic values, which were used in the previous
work, are G(o0) =474/15 and F(o0) =(% )'2/z. On the
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FIG. 1. Functions G(x) (left ordinate) and F(x) (right ordi-
nate) in the range of relevant values of x.

other hand, the function f(x) in Eq. (8) is new, and is due
to the cross products of y and u. Its expression is

-1/2
fu)= [1—2(L§l] . (10)
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For u=2.8, f(2.8)=0.98 so that this correction is not
very large. However, in general, it causes a nonnegligible
effecton T*.

Since F(x) and G(x) depend on T, the present attenua-
tion coefficient is rather involved. Nevertheless, we note
that both G(x) and F(x) approach their asymptotic value
when x exceeds 10. This particular x value corresponds to
a peak temperature 7, =0.8 K. Therefore, let us consider
the neighborhood of x =10. For wz=1 and u =2.8, we
find from Eq. (8) that T* =1.17 K. This yields a peak
point T, =0.95 K. This value is not very far from 0.8 K.
Therefore, our approximate consideration in the vicinity
of x =10 is self-consistent. We can conclude that with the
present improvements the peak position has been reduced.
Moreover, the new formula indicates that a increases
when w7 increases. These are in accord with experiments.
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