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Recent data on the heat and entropy of mixing of He? and He! are treated by use of the two-fluid theory
of He! together with Taconis’ hypothesis that the He? dissolves only in normal fluid. Solution of He? causes
normal fluid to be formed due to osmotic effects. It is assumed that the heat of mixing is a measure of the
amount of normal fluid formed. It is then possible roughly to calculate the entropy of mixing of He? and He?,
taking into account entropy of mixing of He® and normal He?, intrinsic entropy of the normal He? formed,
and the entropy of mixing of normal and superfluid. This gives reasonable agreement with experiment.
It is also shown that the theory indicates reasonably good fulfillment of the condition for internal equilibrium

between normal and superfluid.

ECENTLY Sommers, Keller, and Dash' have
measured the heat of mixing of He? with He* to
form an 8.6 percent solution of He® in Het at 1.02°K.
The integral heat of mixing was found to be about 0.17
cal absorbed per mole of solution, and the entropy of
mixing times the temperature was 0.06 cal per mole
less than would be expected from an ideal classical solu-
tion. Heats of mixing can of course be calculated from
any well defined theory of mixing of He® and He?, and
Nanda? has recently given a tabulation of results ob-
tained from several such theories. He has pointed out
that valuable information on the mechanism of mixing
might be obtained from data over a range of tempera-
tures. Though such data are not at present available,
it is to be noted that Sommers, Keller, and Dash
actually provided two items, the heat and entropy of
mixing, and together they can give more information
than the heat of mixing alone at a single temperature.
We should like to consider these data from a rough
mechanistic point of view, based upon a theory of
helium II around 1°K which we have recently de-
veloped.? This theory involves a rather literal interpreta-
tion of the two-fluid hypothesis, the superfluid and the
normal fluid (the latter being in the form of rotons when
the temperature is near 1°K) being separated in ordi-
nary space and having an entropy of mixing. This
lends itself very readily, as may be seen, to the appli-
cation of the Taconis* hypothesis which states that He?
dissolves only in the normal-fluid part of He! This
hypothesis we shall assume to be true, and from it the
positive heat of mixing can be understood in a qualita-
tive way. Addition of He® to He* produces osmotic
forces which cause more normal fluid to be formed,®
thus requiring absorption of heat.® We shall, in fact,
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try the very rough assumption that e/l the heat ab-
sorbed is due to the formation of more normal fluid,
and that this normal fluid requires the same amount of
energy (which we take from reference 3 to be 2.5 cal
per mole of normal fluid around 1°K) as when it is
formed in pure He*. This may seem especially question-
able when the normal fluid is in the form of rotons, and
when the total amount of normal fluid does not exceed
the amount of He?; nevertheless it seems to be the most
sensible first approximation. On this basis, the heat of
mixing found by Sommers, Keller, and Dash means that
the presence of 0.086 mole of He® in a solution con-
taining a total of 1 mole induces the formation of
0.17/2.5=0.068 mole of normal fluid at 1.02°K. The
original amount of normal fluid at this temperature is
negligible. Thus, by the Taconis hypothesis, the mole
fractions within the rotons are x3,=0.56 and x4,=0.44.

Actually the amount of normal fluid formed should
be calculated on the basis of a definite theory of mixing
by setting the chemical potential of normal fluid in a
mixture equal to that of superfluid. This requires some-
what involved considerations, however, and we shall
first proceed to estimate the entropy of mixture based
on the above estimate of the amount of normal fluid
formed, and shall later attempt to check the equality
of the chemical potentials.

In reference 3 we supposed that the normal fluid
consisted of rotons containing about 8 atoms each. We
shall continue to make the rough assumption that
normal fluid consists of rotons of 8 atoms each, but will
suppose that these may be partly He* and partly He?.
The entropy of mixing S..» of He! and He?® within the
rotons times the temperature will be

TS mr=—RTx3 Inxs,— RTx4, Inxy, (1)

per mole of rotons. Within the rotons there will be
2,=0.154 moles of material per mole of total fluid.

times the temperature is 0.11 cal per mole less than that for ideal
classical gases. Since the total volume is assumed to remain con-
stant in the mixing process, the effect of the mixing in this ideal
gas theory is a mutual dilution, which pulls the Bose gas molecules
into higher-energy levels (i.e., changes superfluid to normal fluid,
wherein the ideal gas theory resembles the one we are considering
here) and allows the Fermi gas molecules tosink into lower levels,
a partially but not completely compensatingfeffect.
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We thus have for the entropy of mixing within rotons
% T Smr=0.214 cal/mole.

We next consider the entropy of mixing of rotons and
superfluid. This is given by Eq. (1) of the cited paper,?
and we assume this is unchanged. We shall use this
equation in the form it takes when the number of rotons
is small compared to the number of superfluid atoms,

namely,
2

Here k is the Boltzmann constant, # is the number of
rotons, and V' is the total of atoms not in rotons. In this
case N=N'+mnq (where ¢ is the number of atoms per
roton, taken here as 8) is equal to Avogadro’s number.
Actually, it is hardly justified in the case under con-
sideration to suppose that the roton concentration is
small, and there are even likely to be some complica-
tions arising from coalescence of retons. We know so
little about how to handle this situation, however, that
it seems just as well to get a rough estimate by the use
of Eq. (2).

Assuming ¢=38, and recalling that in the case con-
sidered there are 0.154 mole in the rotons per mole
of material, we see that #=(0.154/8)N and N'/n
=8(0.846,/0.154). Hence for one mole of solution,

T'Srs=0.186 cal/mole.

Smrs=nk+nk In(N'/n).

Finally we have to consider the entropy S of the
He in the rotons formed on solution of He®. By Eq. (2)
of reference 3 this was % Inm in pure He?, m being the
degeneracy of the roton excitation. This means an
entropy of (k/¢) lnm per atom. The number of He!
atoms per roton in the present case is x4¢ and the total
number of rotons is #. We therefore have

)

and using = (0.154/ 8)N, recalling that x4=0.44, and
taking m=9.3 from reference 3, we have

TS4,=0.038 cal/mole.

S=nx4,k Inm,

Adding together the contributions we obtain for the
total entropy of mixing per mole of solution,

TSn=2%TSmr+TSmrs+TS4,=0.44 cal/mole.
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For a classical ideal fluid we would have
TSwm=—RTx; Inxs— RTx4 Inxy,

where, in this case, x3=0.086 and x4=0.914. This is
equal to 0.60. It is seen that our calculated value is 0.16
cal/mole less than the ideal energy of mixing times the
temperature, while according the Sommers, Keller, and -
Dash the observed entropy of mixing times 7" is 0.06
less than the ideal entropy. In view of the rather rough
approximations made, it appears that we have achieved
a reasonably good correlation of the entropy of mixing
with the heat of mixing. It should be noted that the
experimental data were also rough.

We now turn to the question of the equality of the
chemical potential of the superfluid with that of the
normal part of He*, namely the part in the rotons. The
chemical potential of the superfluid is equal to —7'S;,
where S, is the partial molal entropy of superfluid, the
enthalpy of superfluid being taken as zero. By Egs. (11)
and (6) of reference 3, we see that S, is roughly equal
to (#/N)R, which is very small. Hence, we must essen-

tially have _ _
H n— 7S ny (4)

for the normal fluid. [, is approximately 2.5 cal per
mole. In calculating S, we consider what happens when
a small amount of normal fluid, say, dn, atoms, is added
to the rotons. In the first place we note that it mixes
with the He® and the partial molal entropy of mixing
is — R Inx4,. Secondly, the partial molal entropy arising
from intrinsic entropy is (R/¢) Inm. Finally, there is a
change in the number of rotons given by dn=dn,/q, and
there will be a contribution from the entropy of mixing
equal to ¢'0Smrs/dn per molecule. Thus this contribu-
tion to the partial molal entropy is (R/q) In(N’/#), and
we may write

T8,=—RT Inxy+ (RT/q) Inm
+(RT/q) In(N'/n)=3.2.

Again, considering the roughness of the calculation,
this would seem to balance H, fairly well. Within the
limits of the approximations involved, we may be said,
then, to have a reasonable explanation for the heat
mixing of He? and He* at 1.02°K, and the attendant
change of entropy.



