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The rate of propagation of fourth sound (waves in which only the superfluid part of the liquid 
vibrates) is calculated for an He3-He4 solution. 

THE fact that He II consists of two components, 
the superfluid and the normal, determines anum
ber of peculiarities of wave propagation in the 
liquid. In a wave of first sound, which corresponds 
to ordinary sound, and which is propagating in a 
non-superfluid liquid, each element of volume of 
the liquid vibrates as a whole; the normal fluid 
and the superfluid move together. In second sound, 
the superfluid and the normal fluid vibrate "in op
position," so that the center of mass in every ele
ment of volume remains fixed. 

In He II, waves can also be propagated in which 
the vibration of the normal fluid is absent; only 
the superfluid vibrates. Propagation of such a 
type of waves in He II was considered by Atkins.[ I] 
The wave, which is propagated in He films and 
which leads to periodic oscillations of the thick
ness of the film, was called third sound. The 
wave which is propagated in narrow slits, and 
which generates oscillations of pressure and tem
perature, has been called fourth sound. Both third 
and fourth sound were recently observed experi
mentally .c2 ,3] Such waves should be propagated 
not only in pure He II, but also in He3 - He 4 solu
tions. The present paper is devoted to a consider
ation of fourth sound in an He3 - He 4 solution. 

If the slit thickness is much smaller than the 
penetration depth of a viscous wave 
~d « (27Jn/wpn)l/2, where d is the slit thickness, 
7Jn and Pn are the viscosity and density, respec
tively, of the normal component of He, w is the 
frequency of vibration), then the normal component 
of the liquid cannot vibrate, and hence the velocity 
of the normal component of the liquid is equal to 
zero. Under such conditions, the set of hydro
dynamic equations describing the sound propaga
tion in the solution takes the following form: 

? + div (p.v.) = 0, 

v8 + V (1:1 - Zc!p) = 0, 

a (pa);at = 0, 

( 1) 

(2) 

(3) 

a (pc)jat = 0 (4) 

where p is the density of the solution, ps and Vs 
are the density and velocity, respectively, of the 
superfluid, a is the entropy of a unit mass of the 
solution, c is the concentration of He3; Z and !-! 

are expressed in terms of the chemical potential 
of He3 and He 4 in the solution, J-! 3 and J-! 4, by 
means of the formulas 

1:1 = CJ:13 + (1 - c) 1:14 • (5) 

We eliminate Vs from (1) and (2), and use the 
thermodynamic identity 

dJ:1 = p-1 dp - adT + (Z/p) de. 

As a result, we get a system consisting of three 
equations 

- ~ z p + p.crt'lT-- t'lp + p.ct'l- = 0, p p 

ap + pd = 0, cp+pc = 0. 

The pressure p, the temperature T and the 
concentration c in a sound wave can be repre
sented in the form of the sums of the constant 
equilibrium values and small increments which 
change according to the law exp [ iw ( t - x/u)] 
( u is the sound velocity). By substituting p, T, 

(6) 

(7) 

and c in this form in (7), we get a set of algebraic 
equations. From the condition for the compatibility 
of the resultant set of equations, the velocity of 
fourth sound in the solution is determined. The 
square of the sound velocity is seen to be equal 
to 

u2 _ ~(ap) [t __()__(!_e._) ]2 +~{cr2 (aT) 
4 - p ap a.c + p ac p.T p acr P.C 

2 r. - ( ap) (aT) [t + c ( ap) J 
- PCX(j Tp T.c acr P.c p Tc p.T ' 

0 = cr - C (iJajac}p,y, a = - p-1 (ap!iJT)p,c· (8) 
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The coefficient of thermal expansion a is ex
traordinarily small; therefore, one can assume 
practically that ( ap/Bp )cr,c = ( Bp/ap )T,c· 

In such an approximation, and for small concen
trations of He3, we get 

u! =~ ap [1 +2_:_~- 2Cl 0T (1+~~)(cr4o +~)] 
p ap p ac ocr p ac ma 

+~[aT (a + ~)2 + kTc] = ~[1 + 2 _:_ ~ 
p ocr 40 ma ms p p ac 

- 2rl - 1 +-- cr4o + - U1 + - U2 
aT ( c ap ) ( kc ) J 2 P n 2 
a'> p ac ma p ' 

(9) 

where a40 is the entropy of pure He 4 and m 3 is 
the mass of the He3 atom. Thus, in the limits of 
small concentrations of He3, the velocity of fourth 
sound in the solution is expressed in terms of the 
velocity of first sound u1 and second sound u2 , 

just as for pure He 4. 

In view of the fact that u2 is small in compari
son with u1, and also, as a consequence of the 
smallness of the value of a, the velocity of fourth 
sound is determined in principle by the expression 

Ps (1 2 c ap) 2 u4=-p + p&C ul> 

that is, the velocity of first sound. 

In the low temperature limit, when the entropy 
of the liquid and the normal density are determined 
by impurities, we get from (9) 

u! = (1 + mc/m3 - ~aT) ui + 5kTcJ3m3, (10) 

where m is the effective mass of the impurity 
perturbations. 

Measurement of the velocity of fourth sound 
makes it possible to study the behavior of the 
atoms of He3 in He II and to determine the ratio 
Ps /p in narrow slit:o;, capillaries, and porous 
materials impregnated with liquid helium. 

The authors are grateful to Prof. I. M. Lifshitz 
and Prof. I. M. Khalatnikov for valuable discus
sions. 
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