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The phase transition to the superfluid state of helium contained in narrow pores with dimensions of 100-600 
A has been investigated by the calorimetric method. Singularities typical of a first-order phase transition are 
obsewed for helium in narrow pores (100-200 A). The parameter M in the J ,  theory of superfluidity and the 
coefficients A,, B ,  and C, in the three-term expansion of the thermodynamic potential are estimated. The 
latent heat of the transition and its dependence on the pore size are determined. 
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1. In the phenomenological theory of superfluidity Introducing the dimensionless variable rp = I)/$,, 
(the J, theory),"' the expansion of the thermodynamic where $, = (p,/m)112, and the relative temperature t 
potential in a power ser ies  in the order parameter has = T, - T, we obtain 
the form 

1 I 
@~r=@,+Al$l"-Bl$l'+-Cl$l\. . , 

2 3 (1) 
- .  

where 0, and a,, are  the thermodynamic potentials of 
homogeneous, stationary He-I and He-II near the A 
point, and A,  B, C a re  expansion coefficients, which 
a re  temperature dependent. In a modified variant of 
the $ theory, 

A=-A,(T,-T) I T,-TI": B - B ~  I T&-T I'/=, c=c,. (2) 

Under conditions in which coefficients of type (2) a r e  
used, all the terms in (1) that a r e  proportional to 1 J, 1 ', 
1 $I4, I $ I B ,  depend in the same manner on T, - T at  
equilibrium, and there is no basis for discarding terms 
of higher order in I $ 1 a s  T - T,. However, in narrow 
pores, where the equilibrium value of the density of the 
superfluid component p is less than the corresponding 
equilibrium value of for the bulk immobile He-11, the 
discarding of terms with 1 J, 1 and higher is already 
valid. 

In the three-term expansion (I), two restrictions can 
be placed on the coefficients A,, B,, C, (2) by requiring 
that they furnish the correct experimental value of the 
jump in the specific heat in the free (bulk) liquid Ac, 
= 5.2 x lo7 erg/g-deg, and the value of the coefficient 
in the temperature dependence of p,: 

(3 
where M = C,J,;/A, is a dimensionless parameter. 
Comparison of (3) with (1) gives 

(4) 
The parameter M is not determined within the frame- 
work of the phenomenological theory and must be esti-  
mated from experiment. It is  shown in the $ theory3 
that the value of the parameter M determines the type 
of the phase transition to the superfluid state: for M 
< 1 this transition should be second order, while for 
M > 1, i t  should be first order. 

The aim of the present work is the experimental in- 
vestigation of the character of the phase transition to 
the superfluid state of helium contained in narrow 
pores, by the calorimeteric method, and the deter- 
mination, on the basis of experimental data, of the 
parameter M and of the coefficients A,, B,, C ,  of the 
three-term expansion of the thermodynamic potential in 
a power ser ies  in the order parameter. 

2. The method of measurement consists in the fol- 
lowing: Heat is released at a given rate by a thermally 
isolated sample and the time dependence of the tem- 
perature in it is investigated. 
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The calorimeter was a Dewar with a volume of 10 
cm3, sealed with a ground stopper with a small aper- 
ture and provided with a guard ring preventing flow of 
the film. A porous medium was created in the calori- 
meter by filling it with powders chosen with the help of 
an electron microscope JM-50; the powder filling had 
pores with mean characteristic dimensions 100, 200, 
300, 500 and 600 A, respectively. An Allen-Bradley 
resistance thermometer was placed at the center of the 
medium. The calorimeter was suspended from a lifting 
mechanism. After filling, the calorimeter with the 
helium-II was raised slightly, thus cutting off a certain 
mass rn, of helium contained in the pores from the bath. 
Further, by shutting off the pumping of the bath vapor, 
self-heating of the helium took place in the pores, al- 
ways at a definite level of the helium in the bath and at 
a definite location of the calorimeter relative to the 
level in the bath. This assured identical rates of en- 
trance of the heat into the calorimeter in all the ex- 
periments. For comparison, a thermogram was pre- 
pared a t  the same time for the helium contained in an 
identically located calorimeter, the same a s  the first ,  
but without the powder (i.e., in a free volume of the 
helium). 

3. The thermograms taken for helium contained in 
500 and 600 A pores did not reveal any singularities, 
within the limits of experimental error ,  in comparison 
with the helium in the free volume. The thermograms 
taken for helium in the 100, 200, and 300 pores a re  
shown in Fig. 1. Along with the shift in the X point, i t  
was observed that at the time of the transition the tem- 
perature of the helium did not change, in spite of the 
continuous heat intake from the outside (the region of 
the plateau in Fig. I) ,  while the time duration of the 
plateau T was greater, the smaller the dimensions of 
the pores. Such a behavior is typical of a first-order 
phase transition associated with the absorption of la- 
tent heat. We note that the observed singularities a re  
not connected with the thermal properties of the pow- 
ders. 

Estimates show that the heat capacity of the powder 
i s  smaller by a factor of lo5 than the heat capacity of 
the helium in the calorimeter. Moreover, a control 
experiment, in which thermograms from two ther- 
mometers, located in different parts of the calorimeter 
and recorded simultaneously on two recorders, showed 
that the transition occurs simultaneously at both points, 

FIG. 1. Thermograms taken for helium in pores with mean 
characteristic dimensions of 100, 200, 300 A and in a free 
volume (read the curves in order from bottom to top). 

and consequently is not connected with the thermal 
conductivity of the powder material. 

The experimental values obtained for the shift in the 
A point do not permit a determination of the parameter 
M, since, first, the value of the shift depends weakly 
on the value of M,3 and second, the determination of M 
from the shift in the A point requires the presence of 
exactly determined pore dimensions. In our experi - 
ment, however each porous sample has i ts  own pore 
size distribution function, which makes difficult the 
quantitative comparison of the experimental results 
with the t) theory. It has not yet been possible to over- 
come this difficulty in any of the experiments known to 
us. 

Nevertheless, the experimental data do allow a deter- 
mination of the parameter M indirectly, through the 
quantity k = a c,/c, (where A  c, and A c, a re  the jumps 
in the heat capacities at the point of transition in the 
pores and in the free volume, re~pec t ive ly ) ,~  since the 
change in the parameter M for thin films most strongly 
affects the value of k (see Table 111 in the work of Ginz- 
burg and Sobyanins). The function kw), plotted on the 
basis of the Table mentioned, is shown in Fig. 2. 

The value of k is determined from the experiments in 
the following way. As was pointed out above, in the 
self -heating of the helium, the rate of heat release in 
the calorimeter i s  the same for a calorimeter without 
the powder and with one, i .e ., 

where c,, m,, (dT/dt), a r e  respectively the heat capa- 
city, the mass, and the rate of change of the tempera- 
ture for free helium in the calorimeter without the 
powder, while <, m,, (dT/d t ) ,  a r e  the same quantities for 
helium in the pores, and F,, = c, + k A  c, where c, is the 
specific heat of He-I. Thus, we obtain for k  

1 , - [ mu ( ~ T / w "  -cI] . 
Ac. c % ~ -  

In this formula, A  c, = 5.2 x lo7 erg/g-deg, c, and c, 
a r e  calculated from the known empirical formulas 

c,=-0.65-3.00 lg I Tx-T I [ Jlg deg] , 
c.=4.55-3.00 1g I TL-TI [ J / ~ .  deg], 

(dT/dt),, (dT/dt), a r e  taken from the thermograms. 
The ratio of the masses was estimated in a separate 
experiment, in which the calorimeter was suspended 

FIG. 2. Dependence of k(M) constructed on the basis of the 
data of Table 111 in Ref. 3. 
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FIG. 3. Dependence of the latent heat of transition L (in units 
of J / ~ )  on the mean characteristic size of the pores d (in A) 
in log-log scale. 

from an elastic filament: 

here 6, and 6 are  the periods of oscillation of the calor- 
imeter with powder in a vacuum and with helium-II 
near the A point, 6, and 6, are  the same quantities for 
the calorimeter without the powder, I,. and I, are  the 
moments of inertia of the helium contained in the pores 
and in free volume, respectively. Measurements have 
shown that for all the samples m,/m, = 0.60 * 0.02. 
According to estimates, the pores with dimensions 
100-300 A can be assumed to be narrow in the range 
Ti-TclOeK.  

Substitution of all the calculated quantities in (5) 
gives the value k = 3.0 a 0.6. According to Fig. 2, this 
value of the quantity k corresponds to M = 1.7 10.2. 
Thus, the-experimental data confirm the conclusion of 
the theory that at M > 1 the phase transition to the 
superfluid state in narrow pores is a first  order transi- 
tion. 

From the experimental data, we estimated the latent 
heat of the transition4 

Figure 3 shows the dependence of L on the average 
characteristic size of the pores d on a log-log scale, 
from which i t  follows that L - d-3'2. 

The value of the parameter M that we have obtained 
permits us to estimate the coefficients of (4): 
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