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HEAT CAPACITY OF DILUTE SOLUTIONS OF LIQUID He' IN He AT LOW TEMPERATURES*
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The heat capacity of dilute solutions of liq-
uid He' in He has been mea, sured for nomin-
al He' concentrations of 1.3 and 5.0% down to
about 10 mdeg K. The results show that in these
concentrations the He' is soluble in He down
to at least our lowest temperature, in confir-
mation of the prediction of Edwards et al. '
Contra, ry to recent results' on the hea. t capac-
ity of pure He' at low temperatures, the ratio
of heat capacity to temperature in the present
work is constant, within an experimental er-
ror of about 2%, from the lowest temperature
of 8 mdeg K up to about 35 mdeg K for the 5%

mixture. The data, for both mixtures are fitted
within experimental error by using the sa,me
value of the effective ma.ss and the theoretical
dependence of heat capa, city on temperature
and density given by Stoner' for an ideal gas
of Fermi-Dirac particles. It thus appears that
small quantities of He' in a background of liq-
uid He' may behave as a relatively weakly in-
teracting Fermi system whose density, and
hence degeneracy temperature, may be varied
a,t will. The properties of these dilute solutions
will be of great interest to study, particularly
in relation of those of pure He'.

The experimental method was similar to that
described by Abel et al. The solution of He'
and He4 was condensed into an epoxy cell con-
taining powdered cerium magnesium nitrate
(CMN), in the form of a right circular cylin-
der with diameter equal to height. The grain
size of the CMN powder was approximately
0.01 cm. Technical problems associated with
a possible heat leak due to the He4 film were
solved using the methods described by Vilches
and Wheatley. ' The cell contained 0.50 mole
of helium and 13.6 g of CMN. The filling ca,p-
illary wa, s not pumped. Heat was added elec-
trica, lly. The accura, cy of the He' concentra. -
tion was estimated to be about 10% for the
1.39o solution and about 3% for the 5.0% solu-
tion. Heat leaks were of the order of one or
bvo erg per minute. The "background" heat
capacity of the cell, due primarily to the CMN,
was determined with only He4 in the cell. Above
6 mdeg K it agreed with a determination of
CMN heat capacity which was a, by-product

of our earlier measurements so it is likely
that, at least in the range above 10 mdeg K,
the measurements of the background may be
trusted.

The results of the measurements a,re shown
in Fig. 1, where the background heat capacity
has been subtracted. In spite of excellent con-
ditions, from a cryogenic viewpoint, it was
possible to cool the dilute solutions only slight-
ly below 10 mdeg K. Under similar conditions
pure He' had been cooled to far below 10 mdeg
K. The reason is that the thermal time con-
stant in the present work was very long at low
temperatures —of the order of half an hour at
10 mdeg K.

For the nominal 5% mixture, the ratio C/T
may be used to obtain the ratio of effective
mass rn* to atomic mass m by the equation

where C is the measured heat capacity of a,

volume V of a, mixture containing lV, He' atoms,
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FIG. 1. Ratio of measured heat capacity to magnetic
temperature for two dilute solutions of Hea in He . The
lines drawn through the data are theoretical and based
on the tables of Stoner3 using values of m*/rn and x
given in the text.
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A,' is Boltzmann's constant, and 8' is (2m)-' times
Planck's constant. t/" was determined from the
measured number of moles condensed into the
cell, using the data of Kerr. ' For the 5% mix-
ture the ratio C/T is constant within 2-3/o from
35 to 8 mdeg K, its average value correspond-
ing to m*/m = 2.4, in good agreement with the
value 2.5 obtained from second-sound measure-
ments. ' Using the value 2.4, for m*/m, a val-
ue for the He' concentration x may be obtained
from the higher temperature data, where the
dependence on m*/m is not as great, using the
tables for the heat capacity of an ideal Fermi-
Dirac gas given by Stoner. ' In this way we find
x = 0.050, for the nominal 5.0% mixture. Using
x = 0.050, and m*/m = 2.4„ the smoothed heat-
capacity data are fitted to better than 1%, over
the full temperature range of measurement,
by the theoretical heat capacity given by Ston-
er. We then make the assumption that the same
value of m*/m would be valid for the nominal
1.3'%%uo mixture and determine x for this mixture
from the high-temperature data using Stoner's
tables, the result being x = 0.012,. The result-
ing theoretical curve based on this value of x

agrees with the experimental data to better than
3% over the full temperature range, there be-
ing a systematic deviation, not really outside
experimental error, in the direction requiring
a smaller value of m~/m for the 1.3% mixture.
Hence, if there is an effect of concentration
on m*/m, it must be less than a few percent
in the present concentration range.

No evidence for a phase separation was found
in the heat-capacity data. Further evidence,
of a qualitative nature, for the absence of a
phase separation was obtained from the tran-
sient response of a resistance thermometer
in the cell. If there had been a, phase of near-
ly pure He'below a phase of pure He', the
resistance thermometer would have respond-
ed much more violently during the application
of heater power than it actually did, based on
observations with only He4 in the cell. The
present experiments also show that the assump-
tions on which the new He'-He' dilution refrig-

erator is based are essentially sound. This
refrigerator should therefore have a low-tem-
perature refrigerating capacity roughly propor-
tional to T' down at least to 10 mdeg K. The
present experiments also are in agreement with
the original ideas of Landau and Pomeranchuk '"
on the nature of dilute solutions of He' in He'.
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fessor John Bardeen, Professor Gordon Baym,
and Professor David Pines.
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