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The amplitudes of oscillation of the pressure, temperature and concentration have been 
computed for waves of first and second sound in superfluid solutions of helium isotopes. 
It is shown that a surface with periodically changing temperature simultaneously excites 
first and second sounds in the solution, the intensities of which can have the same order 
of magnitude. 

IT is well known that oscillations of a different 
physical nature can propagate in superfluid He4: 

pressure oscillations ("first sound") and temper
ature oscillations ("second sound"). 1> In the wave 
of first sound, the normal and superfluid compo
nents vibrate so that 

Vn = Vs, (1) 

and in the wave of second sound, 

Ps 
Vn = --V8 • (2) 

Pn 

Here v n• v s• Pn• and Ps are the velocity and the 
density of the normal and superfluid components, 
respectively. It has therefore turned out that first 
sound in He4 is most suitably excited by mechani
cal means, and second sound by thermal means. 

In superfluid He3-He4 solutions, the situation is 
more complicated, because of the fact that the os
cillations of pressure and temperature produce os
cillations of the concentration; therefore, special 
features appear in the propagation and excitation 
of the sound. Elucidation of these features is the 
subject of this research. 

Starting from a linearized set of hydrodynamic 
equations for solutions, [i] one can, by analogy 
with [Z] express the amplitudes of the variable 
parts of the pressure P', the temperature T', the 
concentration c' and vn in terms of Vs· It is 
shown that in the wave of first sound, 

, ( c ap )-1 
p =PUt 1 + p-B-; u,, (4) 

1 lwe neglect throughout the thermal expansion coefficient 
a= -p- 1 (ap/aT) because of its smallness. 

T' = - u_:_ ~ ~ cr2 _:_ op ( 1 + __:_ op r! Us, (5) 
(J Pn O(J Ut2 p OC p OC 

Cps C op ( C op )-1 
c'=----- 1+-- Vs, 

UtPn p oc P fJc 
(6) 

and in the wave of second sound, 

Un =- -~( 1 + ~~)( 1- ~__:__-~e__)-! Us, 

Pn P OC Pn P fJc 

(7) 

P' = - pu2 ~ __:__ !!!!.___ ( 1 - _£>_s_ ~~-)-!us, 
Pn P fJc Pn p fJc 

(8) 

T' =- u~ ~~_u_:_(1- ~__:__~-)-!Us, (9) 
cr Pn ocr U22 Pn P fJc 

c' = -~ (t-~__:___?_r>_)-\s, (10) 
U2Pn Pn P OC 

where u1 and u2 are the velocities of first and 
second sound in a solution with density p and 
weight concentration of He3 equal to c; u is the 
entropy per unit mass, and u = u- c ou/oc. 

Thus, the conditions (1) and (2) are not satisfied 
in propagation of sound in He3-He4 solutions. For 
example, in a solution with 20% He3, for which 
cp -t op/oc ""' - 0.15, in the wave of first sound, 
vn = ( 1.2-1.5 )v s over a wide range of tempera
tures, while in second sound, Vn = - ( 0.6-0.8) 
x PsP;;iv s· Moreover, in solutions, oscillations of 
temperature take place in the wave of first sound, 
and oscillations of pressure in the wave of second 
sound, which greatly exceed the corresponding 
values produced by thermal expansion. These dif
ferences are the greater the greater the concen
tration of the solution (the value of cp -i op/ oc 
~ -0.4 for highly concentrated superfluid solu
tions). 

As a consequence, special conditions of excita
tion of sound appear. If we periodically change 
the temperature of a surface that is impenetrable 
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for the superfluid helium, then, inasmuch as on 
the boundary with a solid surface, the z component 
(perpendicular to the surface) of the total flow of 
matter is equal to zero (jz = 0 ). For the ratio of 
the intensities of the simultaneously excited first 
and second sounds, we get 

_!!_ _ Pnll2 ( ~ 8p )-2 

It - PsU! p ac . 
(11) 

For the same conditions in pure He4, if we take 
into account the coefficient of thermal expansion 
a, in accord with [2], we get 

where C is the specific heat of the helium. 
It is shown that, excluding the vicinity of the A. 

point, we get I2/It ~ 103 for He4 (from Eq. (12)), 
and I2 /It "' 10 for a solution with concentration 
c = 0.2 (from Eq. (11)), that is, in addition to sec
ond sound in the solution, first sound of perceptible 
intensity will be excited, while the intensity of the 
first sound in He4 will be vanishingly small for 
these same conditions. The temperature depen
dence of I2 /It for these conditions of excitation 
for the solutions is shown in the drawing. 

If a plane plate vibrates in the solution in a di
rection perpendicular to its surface, then the 
boundary condition jz = pv (which, for zero ther
mal conductivity of the plate, is equivalent to the 
equality of the velocities Vn and Vs with the ve
locity of vibration of the plate v: Vn = v s = v) 
leads for solutions to the relation 

J, - PnUt ( c ap )-2 

------ ' 
/2 PsU2 p ac 

(13) 

and for pure He4 

!!___ = PnUt ( ~ ~)-2 

/2 PsU2 ' p acr 
(14) 

In a solution with concentration c = 0.2 we have 
It/I2 "' 104, while in He4, we have It/I2 ~ 106, i.e., 
neither in the solution nor in pure He4 is any sec
ond sound propagated under such conditions. 

Equations (11)-(14) admit of an illustrative 
physical description. They reflect the fact that 
the coupling between the amplitudes of oscillation 
of the density (or pressure) and the entropy (or 
temperature) are brought about in first approxi
mation by the derivative 8p/8c (which is propor
tional to the coefficient of thermal expansion and 
is therefore small). In He4, the coupling of the 
first and second sound is determined by this fact 
alone, while the ratio of the intensities is propor-
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tional to a nondimensional quantity (ap-tap/Bc )-2 

is seen to be negligibly small. In superfluid solu
tions, except for the mentioned factor, which is 
neglected in this analysis, the coupling between 
the sounds is more effective because of the cou
pling in the density and the concentration, while 
the ratio of the intensities is proportional to the 
quantity ( cp-1Bp/8c )-2 which is several orders 
of magnitude larger than (ap-1Bp/8a)-2• 

Still another feature of the sound propagation in 
solutions of helium isotopes is connected with the 
oscillations of the concentration. In the sound 
propagation, the "attuning" of the concentration to 
the changing pressure and temperatures comes 
about. This is shown to be so important that the 
sound velocity depends on the quantity (cp-1Bp/8c) 
(particularly the velocity of fourth sound in solu
tions [3- 4] ). 

Let us estimate the amplitude of oscillation of 
the concentration in the sound wave. If we assume 
that the amplitude v s ~ 10-3 em/ sec then, for a 
solution with concentration c = 0.2 for T = 1.5 °K 
we have c' "' 10-4 in the wave of first sound and 
c' "' 10-2 for the wave of second sound. Such con
centration oscillations can be recorded in a sound 
wave, for example, by the method of nuclear mag
netic resonance. The possibility is not excluded 
that one can also produce a sound wave in the me
dium by exciting concentration oscillations only. 

The authors are grateful to Prof. B. N. Esel'son 
for interested discussions. 
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