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The absorption coefficients of first and second sound in superfluid liquid helium are calculated. These 
are connected with the surface and volume dissipative processes under the specific conditions of sound 
propagation in narrow channels, involving the damping of the normal component of the liquid. It is 
shown that the contribution of various dissipative processes in the sound absorption depends on the de­
gree of damping of the normal component. 

IN a number of theoretical and experimental resear­
ches u-41 , the propagation of waves have been studied in 
superfluid helium under the conditions of partial or 
complete damping of the normal component. Such a 
situation arises in the propagation of sound in super­
fluid helium filling narrow channels. The character of 
the wave propagation is determined by the ratio of the 
transverse dimensions of the channel d to the ;fenetra­
tion depth of the viscous wave .Av = (277/WPn) 1 2 , 0 = d/.Av· 
If 0 » 1, then the normal component oscillates freely, 
and first and second sound propagate in the superfluid. 
For 0 << 1, the normal component is entirely damped 
and the first sound is modified into fourth sound while 
the second sound becomes a rapidly damped heat 
wave. l1 ' 21 For the case 0 ~ 1, a strong dispersion of 
the sound velocities takes place, depending on the 
parameter 0. 

The absorption of sound in superfluid helium is 
brought about by various dissipative processes. They 
can be tentatively divided into two types: volume-as­
sociated with the viscous coefficients (77, t 1, t 2, t3) and 
the thermal conductivity, and surface-associated with 
the friction of the normal component of the liquid with 
the walls of the channels and with the heat flow through 
the wall. 

From the fact that 77 and t 2 make a contribution to 
the absorption of first sound (0 » 1) (generally, this 
statement is valid when small effects proportional to 
the coefficient of thermal expansion of helium, are not 
taken into account), and /;3 and K appear in place of 
them in the absorption of fourth sound (0 « 1), l1 J it 
follows that the contribution of the various mechanisms 
to the absorption of the sound should change, depending 
on the degree of damping of the normal component. The 
present paper is devoted to the clarification of this 
problem. 

We shall solve the complete set of equations of hydro­
dynamics (retaining the dissipative terms) together with 
the equation of thermal conduction of the wall with: ac­
count of the following boundary conditions at the wall: 
vanishing of the normal component of the total current 
and the tangential component of the velocity of the 
normal part of the liquid, continuity of the heat flux: 

988 

(p,v. + PnVn, n) = 0, [vn, n] = v, (1)* 
(Tcrpvn +xVT, n) = -xw(VTw, n), -xw(VTw, n) = a(T- Tw), 

where Ps, Pn, Vs, Vn the density and velocity of the 
superfluid and normal components of He4 ; T and K are 
the temperature and coefficient of thermal conductivity 
of the liquid; Tw, «w, Cw are the temperature, thermal 
conductivity coefficient and heat capacity, respectively, 
of the wall; a is the heat resistances of the boundary 
between the wall and the liquid helium. By solving the 
set of hydrodynamic equations in the usual way, l1 ' 2 J we 
find the dispersion equation from the boundary condi­
tions. This equation determines the waves traveling 
along the channels. 

For clarification of the contribution of viscous proc­
esses to the sound absorption, we neglect the thermal 
conductivity of the walls «w and the heat resistance of 
the boundary; then the dispersion equation takes the 
form 

ku4- ku2 {k12 + k22 + ir P P1k 22 - P2k 12 } + ( 1 + ir....£...) k12k22 -·· 
Pn P1-P2 Pn 

- i-x _ __!!!_(k22- k 112) [k12 ( 1 + ir_!!_)- ku2 ( 1 + ir~)] = 0. 
CHe u22 Pn Pn 

Pn iw ( 4 • ) X P2 = - --+ ( 2 2) -3 TJ + ;,2- ~1P · 
p, P• UJ - u2 

Equation (2) is similar to the equation obtained inl2 J, 

only the dissipative terms are taken into account here. 
It should be noted that the equation remains valid for 
any shape of the channels along which the sound is 
propagated. The form of the channel determines the 
dependence of the function r on 0, which determines the 
degree of damping of the normal component of the 
liquid. A similar dispersion equation can be obtained 
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if we solve the set of hydrodynamic equations without 
boundary conditions, but by introducing the additional 

. . th t' f t• [1,4 J damping term -pwrvn m e equa Ion o mo 10n. 
For a cylindrical channel, 

Pn . . Pn 2lt(kad) 
r=--p(mt+zm2)=-t p k3dl0 (kad)-2lt(kad)' 

where k~ = iwpn/77. The absorption of first sound, due to 
friction of the liquid against the wall, is equal tol3 J 

(I) 1 W apnfP 
'\'0 =-----; 

2 U10 1- bpn/P 
(3) 

here u~6 = u~(1- bpnfp), a and bare functions of o and 
as 1i - oo, both approach zero, and as 1i - 0, a- 0, 
b - 1. Since the character of the functional dependence 
of a and b on 1i depends weakly on the shape of the chan­
nel, we write down the results for the cylindrical capil­
lary, where 

211(k3d) R 2II(kad) 
a-Im b= e . 

- k3dl0 (k3d)' kadlo(kad) 

The volume absorption of first sound, associated with 
TJ and /; 2 , changes identically for change in o and has 
the form 

(I) 1 (4 ) w2 (1-b) 2-a2 

v~.t.=2 3'1'] + ~2 PUI03 1- bpn/P . 
(4) 

For 1i » 1, we get the well-known result from (4) for 
first sound. l5 J Upon decrease in 1i the contribution to 
the absorption of first sound of TJ and /;2 decreases and 
even becomes negative, remaining here less than the 
absorption associated with the slipping past of the 
normal component, since the frequencies w < 106 sec-1 

can be propagated at small o. But at large 1i (o > 3), 
propagation of higher frequencies is possible and, inas­
much as the volume absorption is proportional to w2 , 

while the absorption associated with the slipping is 
proportional to w, it becomes of the same order as 
y <1> and in the limit of first sound (6 » 1) becomes the 
fu6ndamental mechanism determining the absorption of 
first sound. A graph is shown in the drawing of the de­
pendence of y 1 = y <1> jo /y <1> on 1i, where y <1> is the vol-

T/' b 2 

ume absorption of first sound as 1i - oo (curve 1). 
As follows from the dissipative function, l5 J the sound 

absorption associated with TJ and /;2 is proportional to 
[div vn]2 ; therefore in the increase in the degree of 
damping of the normal component of the liquid, the 
contribution of these terms to the sound absorption 
should decrease. 

The absorption of sound associated with /;3 has the 
form 

(I) 1 P•2 w2 b2- a2 
'\'t, =2~pu163 1- bpn/P. 

In the limit of fourth sound ~6 « 1) this absorption 
reaches a maximum value [1 and should decrease 
rapidly upon increase in 1i , vanishing in the limit of 
first sound. 

(5) 

. th 1 t• (1)/ (4 ) The figure shows a plot of ere a 10n y = Y~;3 Y~; 3 , 

where y ~~ = Psw 2 i;3/2u: is that part of the absorption 

coefficient of fourth sound which is connected with ~3 

(curve 2). A similar dependence on o is obtained also 
for absorption due to the thermal conductivity of the 
liquid: 

(I) X PsPn w2 U22 b2- a2 

'\'x = 2CH~ U133 U1o2 1 - bpn/ P (6) 

1 
Dependence of the relative of sound f,D Z 

absorption coefficient on li forT= 1.8°K: 
!-sound absorption associated with 71 and 
~2 ; 2-sound absorption associated with 
~ 3 ; 3-sound absorption associated with 
~I· 

The quantity i; 1 makes a contribution to the absorption 
of first sound in the presence of damping of the normal 
component: 

(7) 

As is seen from the drawing (curve 3, y~ 1 > = 
-yt(t1PsW2/pulr1), this part of the absorption is im-
portint in the region of strong dispersion and in the 
limiting cases (6 - oo and 1i - 0) it generally disappears. 
This is connected with the fact that the sound absorption 
is proportional to div vn div Ps(Vn- Vs) and in the limit 
of fourth sound (6 = 0) the velocity of the normal com­
ponent of the liquid vn = 0, and in the limit of first sound 
(6 - oo) the normal and superfluid parts oscillate as a 
single unit, and the velocity of the relative motion 
Vn- Vs is equal to zero. 

As we see from the considerations given above, in the 
presence of damping of the normal component, all dis­
sipative processes begin to play a role in the absorption 
of first sound. Here the situation is similar to that ex­
isting in solutions of He3-He4 , where, from the pres­
ence of He3 atoms, the relative velocity vn- vs in the 
propagation of ordinary first sound differs from zero 
and all the coefficients of second viscosity make a con­
tribution to the sound absorption. l6 J We note that the 
contribution of volume mechanisms to the sound ab­
sorption increases with decrease in temperature, w 
whereas the absorption connected with the friction of 
the normal component with the walls of the channel de­
creases. 

For the coefficient of second sound, we get the fol­
lowing result: 

,J2>=vo<2>+~~[~(~ .... +~2-2~1P+~p2)+cx ·j. (8) 
y· 2 U263 PnP 3 He 

where y t is the absorption due to friction of the 
normal component of the liquid with the wall [2 J and heat 
transfer through the wall. 

As we shall see, all the coefficients of second vis­
cosity and the coefficient of thermal conductivity enter 
into the absorption coefficient of second sound, indepen­
dent of the degree of damping of the normal component. 
As 1i - 0, the coefficient y <2 > goes to infinity (u2ti - 0) 
and as o - oo (u26 - u2 , y 02 > - 0) we get the well-known 
result for the absorption coefficient of second sound. 

For account of the heat conduction of the walls and 
the heat resistance of the boundary, we can neglect the 
volume mechanisms of dissipation. Then the dispersion 
equation takes the form 

where 

k11•- k112 [k1•(1 + ir) +k22 (1 +M) (1 + irp./pn)] 

+ (1+M)kl2k22 (1+irp/pn) =0, 

i (1 1+i)-l 
M=R1+iR2=-d C -+-- , 

w He a '\'Xw 

(9) 
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and for the squares of the wave vectors of first and 
second sound, we get the following results: 

l 2- k 2 1 + irp/ Pn [ 1 + k,2 p,r2 ] 
ftil- 1 1+irp8/pn k;2pn(1--i-M)(1+irps/Pn) 2 ' 

(10) 

(11) 
As is seen from these formulas, in the presence of large 
heat conduction of the walls, there is a strong dispersion 
only for the velocity of second sound. So far as first 
sound is concerned, only the terms proportional to u~/ui 
are decreased here, and in the limit when 6 = 0 (the 
limit of fourth sound), we get the result of lll • 

The absorption of first sound, which is connected 
with the heat flow through the wall, is equal to 

(!) 1 w U22 PnPs R2 b2 - a2 (12) 
Yxw=zu-;-;-u,62 p2 (1+R,)2+R221-bpn/P. 

It depends on 6 and, similar to the absorption due to !;3 
(curve 2), it is maximal in the limit of fourth sound and 
vanishes in the limit of first sound. The factor 
Rz/[(1 + R1)2 + R~] is maximal when R1 « Rz ~ 1, as is 
easy to see. Such a case can arise for sufficiently 
narrow channels filled with superfluid helium in the 
case of strongly heat-conducting walls. For copper at 
T = 1.3°K, the heat resistance of the boundary, associa­
ted with the Kapitza discontinuity, a= 0.12 W/cm 2-deg.[7) 
For capillaries with a diameter d ~ 3 x 10-4 em at the 
sound frequency w ~ 4 x 104 sec-1 

y,.~l""' :!·10·' em-\ Y6< 1l~ 2·10-3 cm-1 • 

In the limit of fourth sound, when o « 1, we get 
from (12) 

(4) J fD ll22 Pn R2 

Yxw=-;!'-;, u,z p (i +111)2+flz2. (13) 
Then, for R1 and Rz << 1 and R1 and R2 >> 1, we get, 
respectively, lll 

For the velocity and absorption of second sound, we 
get from (11) 

'[( p )2 p2]"' u,o==l'~12l 1---;;-mz +m12 '"fr ' [(1+R1) 2 +Rl)'lo 

(16) 

(17) 

As follows from these considerations, the presence of a 
large heat conduction of the walls increases the velocity 
dispersion and the absorption of second sound, produced 
by the damping of the normal component. 

The authors are grateful to Prof. M. I. Kaganov for 
discussion of the results of the research. 
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