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Measurements have been made of the transition (lambda) temperatures at which solutions of He' in He4

first show superQuidity by observation of the thermal isolation of a vessel which contained the solutions and
which was cooled to low temperature by a paramagnetic sa)t. The incidence of superQuidity was accom-
panied by a high heat inQux to the solution produced by a convection of film Qow to the high temperature
together with return Qow in the vapor phase. The solution with the highest concentration, namely 89 percent
He', had a lambda-temperature of 0.38'K; solutions with smaller He' content (concentrations down to
42 percent He' were investigated) showed higher lambda-temperatures ranging up to 1.15'K. It was con-
cluded that pure He' could not be superQuid above 0.25'K and most probably is not superQuid down to O'K.
From the results conclusions have been drawn regarding the free energy of pure He' in the liquid II state on
the basis of the two-Quid model.

1. INTRODUCTION

N 1947 it was shown by Daunt, Probst, Johnston,
Aldrich, and Nier' that in dilute solutions of He' in

He4, the He' did not partake in superQuid Qow. This was
con6rmed by another method, also using dilute solu-
tions, by Lane, Fairbank, Aldrich, and Micr. ' It had
been suggested by Pollard and Davidson' and by
Franck' that the criterion for the superQuid Qow of the
helium isotopes was whether they obeyed the Bose-
Einstein statistics, in which the low temperature de-
generation phenomenon was responsible, according to
the theory of F. London, ' for the occurrence of the
superQuid properties of liquid He4. Although the early
experiments"" on dilute mixtures of He' in He4 lent
considerable support to this view of the importance of
the statistics, a contrary opinion was subsequently put
forward by Landau and Pomeranchuk' who suggested
that in very dilute solutions any solute would not
partake in superQuid Qow. Subsequent and more de-
cisive evidence has been gained from the measurements
of Osborne, %einstock, and Abraham~ on the Qow

properties of pure liquid He' which showed no sign of
superQuidity at any temperature between 1.05'K and
its boiling point' (3.2'K), thus favoring the basic theory
of F. London. It was considered to be of interest to
extend to lower temperatures the experimental tests
for the superQuidity of He' and details of these observa-
tions down to a temperature of 0.25'K are given in this
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paper. A second point of interest to which the experi-
ments reported herewith are pertinent concerns the
thermodynamics of solutions of He' in He'. From
measurements of the vapor pressures of such solutions,
it has recently been concluded by Taconis, Beenakker,
Nier, and Aldrich' that for dilute solutions in the helium
II phase the He' dissolves in the "normal" constituent
of the liquid only, resulting in high concentrations of
He' in the vapor phase of low temperatures. " Some
conclusions that can be drawn from this peculiar law
for the solubility of He' in liquid helium II have been
made by Stout, ' de Boer," and by de Boer and
Gorter, "'-"' who have calculated the variation of the
lambda-temperature, Ty, with He' concentration, even
up to 100 percent concentration. Since these theoretical
calculations diGered markedly from one another in the
high concentration range, because of basically dif-
ferent assumptions regarding the free energy of liquid
helium, it was of interest to investigate the variation
of Tq in He'+He4 mixtures. Some results on this up to
28 percent He' concentration have been published by

' Taconis, Beenakker, Nier, and Aldrich, Physica 15, 733 (1949)
and Phys. Rev. 75, 1966 (1949).

'a The marked differences between the values of the distribution
coefficient (C&/CL, ) obtained by Taconis, Beenakker, Nier, and
Aldrich and those obtained previously by Fairhank, Lane,
Aldrich, and Nier fPhys. Rev. 73, 729 (1948)j and by Daunt,
Probst, and Smith fPhys. Rev. 74, 495 (1948}j, are undoubtedly
partly due to the improved stirring of the liquid adopted by
Taconis et al. , thereby avoiding concentration gradients in the
liquid with the lower concentration of He' on the surface. It
would, however, also be expected that the concentration gradients
would be less marked at higher average concentrations of the
liquid owing to the automatic stirring produced by differences in
vapor pressure for different concentrations. Indeed calculations
indicate that such an effect may contribute in large measure to
the variations in the results of the three different experiments
quoted above, their results indicating that without exception in-
creasingly large values of Cz/CL, were observed for increasing
average concentrations. Such an explanation seems more straight-
forward than that based on the special assumptions put forward
by F. London and O. K. Rice (Phys. Rev. 73, 1188 (1948)).

Io J. W. Stout, Phys. Rev. 76, 864 {1949)and 74, 605 (1948)."J. de Boer, Phys. Rev. 76, 852 (1949).
~ J. de Boer and C. J. Gorter (to be published in Physica);

Phys. Rev. 77, 569 {1950).~' We are grateful to Professor J. de Boer for kindly sending us
the manuscript of this paper before publication.
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Frc. 1. Experimental apparatus.
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(1936). See also Kurti, Rollin, and Simon, Physica 3, 266 (1936).
'~ R. V. Rollin and F. Simon, Physica 6, 219 (1939).
"J.G. Daunt and K. Mendelssohn, Nature 141,911 {1938}and

Proc. Roy. Soc. A170, 423, 439 (1939).'"Another possibility of making thermal observations of
P -points would be by measuring the heat conductivity of the
solutions themselves and noting the temperature at which such
heat conductivity first begins to get anomalously large, such as
one could observe in pure liquid He4. Such a procedure, hov ever,
was thought to be less readily interpretable than the method
outlined above using the two phase convection process since (a}
over a long column of the solution, such as would be necessary
from technical considerations, quite appreciable concentration
gradients might be set up owing to internal convection of the
superfluid and normal constituents within the liquid itself, thus

Abraham, %einstock, and Osborne, "whereas our inves-
tigations reported here extend to 89 percent He' con-
centration, which invoIved measurements down to
0.2'K.

The general method for finding the )-temperatures
adopted by us depended on the anomalously high heat
inQux into vessels partially filled with liquid helium
below the X-point, first observed for pure liquid He'

by Rollin'4 and by Rollin and Simon. " This anoma-
lously high heat inQux is due to the motion of the
helium film formed from helium II up the walls of the
tube connecting the helium vessel to its surroundings,
such motion being toward the warmer end where it is

partially or completely evaporated, as has been inves-

tigated in detail by Daunt and Mendelssohn. " This
upward Qow of matter in the film is compensated by a
downward Qow in the vapor phase, bringing down to
the helium vessel the large heat of condensation of the
vapor. The X-point can be detected, therefore, as the
temperature at which this large heat inQux first occurs,
due to the two phase convection process. In the experi-
ments described below we investigated the heat inQux

into vessels partially filled with solutions of He' in He4

below 1'K in order to determine their X-points. "' In
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Frc. 2 Observed warm-up curves for the 79 percent He' solution

adopting this technique it was assumed that even in

the high concentration ranges a mobile helium film

would be formed from the liquid phase II, an assump-

tion which appears to be valid in view of the observation
of the superQuidity of the He4 component in concentra-
tions up to 28 percent He' by Abraham, %einstock, and
Osborne. " One advantage of our technique was that
concentration of the solution remained essentially
constant (see section on "Results" ) during the course
of any one experiment.

possibly falsifying the measurements, and (b) the heat influx to
the lower temperature end might be so large that accuracy of
temperature measurement of the temperatures below 1'K would
be impaired.

See Daunt and Heer (Phys. Rev. 76, 1324 (1949)) for further
details of such arrangements.

"Daunt, Heer, and Silvidi, Phys. Rev. 75, 1113 (1949)."J.G. Daunt and C. V. Heer, Phys. Rev. 76, 715 (1949)."J.G. Daunt and C. V. Heer, Phys. Rev. ?6, 1324 {1949).

2. THE EXPERIMENTAL METHOD

A volume of 3.2 cm' of gas at N.T.P. of a He'+He4
mixture of concentration 89 percent He' was kindly

supplied by the Isotopes Division of the AEC. In order

to cool the liquid formed from this mixture to very low

temperatures the gas was pumped by a Toepler pump,
"D" (see diagram given in Fig. 1) via a fine bore
stainless steel capillary, "E" (inside diameter 0.24 mm)
into a copper reservoir "C" inside the cryostat. This
reservoir, which was of 6-mm' volume, was pressed
inside a cylindrical pill, "A," made up of 5 grams of
chromium potassium alum powder compressed under

200-atmospheres pressure, a technique which was found

to give good thermal contact between the reservoir and
the salt. This arrangement of reservoir and salt was

mounted in a vacuum jacket on which was wound the
mutual inductance for measurement of the susceptibility
of the salt." It was cooled to helium temperatures by
immersing it in a Dewar filled with liquid helium from

a small Simon-type expansion liquefier" and tempera-
tures below 1'K were attained by equipment identit;al
with that previously described. ""

In order to reduce the heat inQux to the reservoir
"C" at low temperatures, a second salt cylinder, "8,"
of mass 5 grams, also of pressed chromium potassium
alum powder, was mounted higher up the stainless steel
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89+2
89&2

0.37~0.03
0.38~0.03

Ty V/2. 18

0.17~0.015
0.175~0.015

Oct. 20

Oct. 27

Nov. 1

Nov. 3

81~2
81+2
81+2

78+2
78a2

71+2
71+2
71&2

61~2
61+2
42+2

0.54~0.03
0.57~0,03
0.58~0.03

0.65~0.03
0.64~0.03

0.69~0.03
0.71+0.03
0.68+0.03

0.81~0.03
0.83~0.03
1.15&0.05

0.25~0.015
0.26~0.015
0.27+0.015

0.30~0.015
0.30+0.015

0.32~0.015
0.32+0.015
0.31+0.015

0.37+0.015
0.38a0.015
0.52+0.025

capillary (see Fig. 1), so as to serve as a heat barrier to
the Qow of heat along the capillary from the helium bath
maintained at about 2.2'K to the reservoir. This barrier
salt, "B," was also cooled magnetically simultaneously
with the lower pill, "A," it being situated in the
fringing field of the magnet which served to magnetize
the latter. Magnetic measurements of the temperatures
of the barrier salt, "B,"could be made alternately with
those of the lower salt, "A" surrounding the reservoir,
by means of a second mutual inductance.

In order to test the apparatus, and in particular to
make sure of the eKcacy of the thermal contact
between the reservoir and the salt "A," an experiment
was carried out using pure He' in the reservoir space.
Sufhcient He' was liquefied to fill the reservoir about
half-full at 2.2'K. The salts were then cooled, salt "A"
to 0.25' curie and salt "B"to 0.3' curie and the warm-up
time observed. This was very fast (2 minutes) corre-
sponding to an average heat influx of 600 ergs/sec. This
high heat inQux" was due, as described earlier, to the
motion of the helium film up the walls of the capillary
tube to the warmer end where it was evaporated. This
upward Qow of matter was compensated by a downward
Qow in the vapor phase, bringing down to the lower
temperature the large heat of condensation of the
vapor. From this experiment it was concluded that the
thermal contact and time for establishment of thermal
equilibrium between the reservoir, "C," and the salt
'"Much smaller average heat influxes have been observed in a

somewhat similar arrangement employed by Hudson, Hunt, and
Kurti { Proc. Phys. Soc.London 62, 392 (1949)j for other purposes.
In comparing this work, however, it must be remembered that
the pressure head establishing the vapor Bow is given by the
helium vapor pressure at the temperature of the bath, which for
the temperature of 0.9'K reported in Hudson, Hunt, and Kurti's
work was smaller by more than a factor of 10 than in our experi-
ments. Our calculations of the considerable effect that the bath
temperature has on the net heat influx to the salts in our arrange-
ment were checked by making several demagnetizations with
pure He4 in the reservoir starting from different bath tem-
peratures between 1.05'K and 1.3'K.

TABLE I. X-temperatures, Tg, of solutions of He' in He' for
various concentrations, X, of He. Column 5 gives the fractional
value of the X-temperature of the solutions compared with the
) -temperature, (2.18'K), of pure He'.
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~ N. Kurti and F. Simon, Proc. Roy. Soc. A149, 152 (1935) and
%. J. de Haas and E. C. Kiersma, Physica 2, 335 (1935).

s' N. Kurti and F. Simon, Phil. Mag. 26, 849 (1938).
~ H. Van Dijk and D. Shoenberg, Nature 164, 151 (1949).

"A" were satisfactory for measurements down to 0.2'
curie.

An identical experiment using pure He' in the reser-
voir space was carried out at the end of the long series
of runs on He'+He' mixtures, in order to check for
possible changes in the apparatus with time, which
yielded a result identical with the first after a period of
over four months.

The experiments on solutions of He' in He4 were
carried out in the following manner. First, the salt"B"and the salt "A" together with its reservoir, "C,"
almost filled with solution were demagnetized simul-
taneously to low temperatures and then the rise of tem-
perature of both salts with time observed magnetically.
The temperature on the P' or "Curie scale" was cal-
culated in the usual manner, "" by assuming Curie's
law for the paramagnetic susceptibility of the chromium
potassium alum in the temperature range involved. The
calculation of the temperature of the helium bath,
necessary for calibrating the apparent Curie constant
for our arrangement, was made from vapor pressure
measurements, using the tables given by Van Dijk and
Sho b g"

Diagrams giving typical warm-up curves for both the
salts "A" and "B"are given in Figs. 2 and 3, which
give the results of one measurement on the 79 percent
He' solution. Figure 3 is an enlarged diagram of the
results shown in Fig. 2 near the ) -point at 0.65'K. The
curves show the galvanometer deQections plotted
against the time, where the galvanometer deQections
are proportional to 1/T*. For the temperature range
used the specific heat of the salt is proportional to 1/T
and hence the slopes of the curves plotted in Figs. 2 and
3 are directly proportional to the heat inQux.

From Fig. 2 it will be seen that the salt "B"which
acted as a heat barrier warmed up to the temperature
of the bath relatively quickly. This was due mainly to
the fact that it absorbed the heat of condensation of the
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gas in the capillary which Bowed down immediately
after demagnetization. ~'

The salt "A" initially warmed up slowly, so long as
salt "8"was well below 1'K, due to the small pressure
difference in the capillary between them. %hen salt
"8"reached the bath temperature, however, salt "A"
commenced to warm up rapidly, at the we11-marked

point "b" in the curve (see Fig. 2). This rapid warming

up of "8"was due, as described previously, to the two
phase convective process of heat in6ux operative below
the )-point of the solution, and continued until the
X-point was reached (point "a"of Figs. 2 and 3).Above
the X-point (point "u") the heat in6ux to salt "A"
became much smaller, owing to the breakdown of the
two phase convection. These X-points, observed by the
change in slope of the (1/2') versus time curves, were
always clearly observable, as is shown in Fig. 3, where
the heat inQux to salt "A" changed from 140 ergs/sec.
above point "a" to 50 ergs/sec. below point "u."

Curves similar to that of Fig. 2 were observed for the
other concentrations of He', the lower concentrations
heing obtained by adding measured volumes of pure He4.

3. RESULTS

The observed values of the X-temperature, as inter-
preted by the technique reviewed in the previous sec-
tion, for various concentrations of He' are given in
Table I and are shown graphically by the circled points
of Figs. 4 and 5. The four points marked in Figs. 4
and 5 are the results obtained by a diferent method in
the liquid heIium temperature range of Abraham, %'ein-

stock, and Osborne. "
The possible errors in assessing the concentration of

He' in the solutions are due to (a) possible inaccuracy
in measurement of the concentration in the unre-
frigerated gas, and, (b) possible differences in the con-
centration in the solution and in the unrefrigerated gas.
Under (a), the initial concentration of the gas mixture
was measured before dispatch by the AEC with an
optical spectrograph and stated to be 88.7 percent He'
with He as diluent. In diminishing the concentration,
measured volumes of pure He4 were added, the accuracy
of estimation of any one concentration value thus
produced being ~1.0 percent, this error being due to
possible inaccuracy of assessment of the original volume.
As a 6nal check, the concentration of the most diluted
mixture was measured mass-spectroscopically giving a
result in agreement with our calculation. Under item
(b), two possible causes of discrepancies between the
solution concentration and the unrefrigerated gas con-
centration need to be considered. First the solution con-
centration may be diminished owing to the relatively
large concentration in the vapor. ' This efkct was neg-
ligible, however, owing to the small vapor volume
available and to the small vapor pressures below 1'K.

~'This was checked (a) by the fact that the observed vapor
pressure of the solution fell with time along a curve identical with
that for the susceptibility of salt "B"and (b) by demagnetizing
from various initial temperatures.

Secondly the heat influx to the solution in the reservoir
would cause internal convection of the superQuid and
normal constituents within the liquid and thus tend,
since the He' does not partake in superBuid Row, ' to
produce a vertical concentration gradient in the solu-
tion. At such high average concentrations and with such
small liquid depths (6 mm) as used here, however, the
vapor pressure gradients which mould accompany such
concentration gradients would provide adequate stirring
(see reference 9a). It was concluded that the effective
solution concentration would not di8er from. the
unrefrigerated concentration by more than 2 percent.

The possible errors in assessment of the X-tempera-
ture on the absolute scale could arise from, (a) differ-
ences between the Curie scale for a spherical specimen, "
T,*, and the absolute scale, T'K, (b) eBects due the
shape of salt "A" on the evaluation of T,*, and (c)
diKculties in interpretation of the exact transition point
from the measured warm-up curves (see Figs. 2 and
3). Under (a), it is estimated that in the temperature
range involved, 0.35 degrees and upward, T'K —1',*
for chromium potassium alum is less than 0.01 degrees. "
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FIG. 5. Plot of the )-temperatures, T&, of the solutions (as a
fraction of the )-temperature, 2.18', of pure liquid He4) against
He' concentration, X. Points marked Q are the results reported
herewith. Points marked are the results of Abraham, Weinstock,
and Osborne, reference 13. Curve B is the theoretical result of de
Boer and Gorter, reference 12. Curves E and P are theoretical
results reported herewith (see text).

~ J. H. Van Vleck, J. Chem. Phys. 5, 320 (1937);M. H. Hebb
and E. M. Purcell, J. Chem. Phys. 5, 388 (1937).
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FIG. 4. Plot of the )-temperatures, Tp, of the solutions (as a
fraction of the X-temperature, 2.18'K, of pure liquid He') against
He' concentration. The points marked Q are the results reported
herewith. The points marked are the results obtained by
Abraham, %'einstock, and Osborne, reference 13. Curve A is the
theoretical result of Stout, reference 10. Curve B is the theoretical
result of de Boer and Gorter, reference 12. Curves C and D are
for 6rst-order transitions calculated by de Boer, reference 11 (see
text).
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Under (b), it should be stated that the temperatures
quoted in this paper are uncorrected for the shape
factor of the salt "A". Its interior contained the
irregularly shaped reservoir which rendered correc-
tions difficult to assess. It was estimated, however,
from the geometry of our arrangement that the tem-
peratures quoted here are not smaller than T,* by
more than D.D3 degree. Finally under (c), we estimated
T~ from the tangents drawn to the curves at either side
of the X-point. This results in a possible error estimated
to be &0.02 degrees. The ) -point at the 42 percent
concentration was, owing to the fast warm-up en-
countered at the high temperature involved, in more
doubt that the ) -points observed below 1'K.The results
of these considerations in temperature and concen-
tration assessment are collected in Table I.

4. DISCUSSION

(A) The Superfluidity

The lowest X-temperature observed in these experi-
ments was 0.38'K for the 89 percent He' solution. If
pure He' were to show superQuidity, its )-temperature
would therefore be below 0.38'K, and from extrapola-
tion of the experimental results it would certainly be
below 0.25 K. Moreover from the agreement between
the results and the thermodynamical theory, " (to be
discussed), which is based on the assumption of non-
superQuidity of He' at all temperatures, it is concluded
that liquid He is a non-superQuid liquid. This is in
agreement with the theory of F. London, ' in which
superQuidity of the liquid phase would occur only for
the isotope obeying the Bose-Einstein statistics. "' It is
of interest to note, however, that many of the detailed
properties of the condensed state of pure He' were
predicted exactly by de Boer and Lunbeck, " inde-
pendently of consideration of the statistics involved.

(3) Statistical and Thermodynamic Considerations

Two basic properties of pure liquid He' and of solu-
tions of He' and He4, based on experimental evidence,
have enabled statistical thermodynamic formulations to
be evolved for the variation of the X-temperature with
change in concentration of He'. These properties are
(I) the non-superfluidity of pure liquid He', as discussed
previously, and (2) the unusual solubility law for He'
in liquid helium II. Under item (2), it was found by
Taconis and co-workers' that the results of their meas-
urements of the vapor pressures of such solutions
could be explained by assuming that He' does not
dissolve in the superQuid part of liquid helium II.
Assuming these two properties, the variation of the
)-temperature with He' concentration has been cal-

"'As a further check it would be of interest to investigate the
properties of Hee in liquid He4, perhaps by a method analogous
to that used 6rst by Daunt ef al. (see reference 1) for dilute
solutions of He3 in He4."J.de Boer and R. J. I.unbeck, Physica 14, 510 (1948).

culated by Stout, " de Boer," and by de Boer and
Gorter. "The results of these calculations are given in
Fig. 4, where curve A is due to Stout and curve 8 to
de Boer and Gorter. Both curves A and 8 represent
the X-temperatures for transitions of second order.
Curves C and D give the phase diagram for transitions
of 6rst order as calculated by de Boer" and by de Boer
and Gorter. " A erst-order transition would result in
the solution splitting into two separate phases, helium I
and helium II, such that the helium II phase contains
only a small fraction of the He' atoms. (In Fig. 4,
curve C is for the helium I phase and curve D for the
helium II phase. )

The large differences between curves A and 8, both
of which refer to transitions of second order, are due to
differences in arbitrary assumptions made regarding
the free energy of liquid helium II, (pure He'). It would

appear that the choice made by de Boer and Gorter
(curve 8) for this free energy is in closer agreement with
experiment. '4'

The points obtained by Abraham, Keinstock, and
Osborne, "as shown in Fig. 4, together with our results
for the higher concentration range, form a moderately
continuous curve. The slight discrepancies may be due
partly to the difference in the methods of observation
of the X-temperatures and partly to the difficulties that
arise at higher temperatures in assessing the concen-
tration of He' in the solution, due to the high concen-
trations in the vapor phase. ' Unfortunately, it is not
possible from these results to decide whether the
transition is of hrst or second order, although the
observed X-temperatures lie close to those calculated
for a first-order transition (curve C). This uncertainty
is due to the fact that small differences in the assump-
tions made regarding the free-energy of helium II
make large differences in the computed Tq versus con-
centration curves. It can only be concluded that, if the
transition is of first order, the free energy expression
adopted by de Boer and Gorter, "yielding curve C, is
satisfactory.

On the other hand, if the transition is of second order,
as seems to be indicated by recent vapor pressure
measurements of %einstock, Osborne, and Abraham, "
Fig. 5 shows some of the Tq versus concentration curves
that can be computed. In Fig. 5 curve 8 is due to de Boer
and Gorter;" curves E and F have been computed
using similar methods, adopting the assumption that
the "normal" density p„of helium II is proportional to
T', rather than T' as assumed by de Boer and Gorter.
This seventh-power variation of p„seems probable at
the lower temperatures from the recent measurements
of Andronikashvilli. "Curve E is for a linear variation
with temperature of the free energy, G at p„=p (total)

'4' For further detail regarding this phenomenological approxi-
mation for the free-energy of helium I, see C. J. Gorter, Physica
15, 523 {1949).

~ Keinstock, Osborne, and Abraham, Phys. Rev. 77, 400 (1950).
'Andronikashvilli, J. Exp. Theor. Phys. U.S,S.R. 18, 429

(1948).
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whereas curve F is for quadratic variation"' (see de
Boer, reference 11).It will be seen from I'ig. 5 that the
experimental points lie somewhere in between the
various theoretical curves, all of which difI'er only
slightly in the phenomenological basis for their com-
putation.

It is concluded, therefore, (a) that the experimental
results do not provide evidence for establishing whether
the X-transition of the solutions is of first or second
order; (b) from the ger. eral agreement of the results
with the theories of de Boer and Gorter, that the basic
assumptions of non-superQuidity of pure liquid He and
of the Taconis solubility law receive welcome con-
firmation, and (c) that the general type of free-energy
function for liquid helium II (pure He') which forms
the basis of the computations shown in Fig. 5 is satis-
factory for both types of transition, even down to the
lowest X-temperature measured (0.38'K).

As is well known the "condensation" temperature,
Ty, of a perfect Bose-Einstein gas is proportional to the
number density of particles to the two-thirds power.
The observed decrease in the X-temperature of liquid
He'+He' solutions with decreasing He4 concentration,
as reported herewith, might be ascribed therefore to this
decrease in the number density of Bose-Einstein par-

'"The quadratic temperature function is indicated by extra-
pclation of the entropy versus temperature curve below Tz (see
Daunt and Mendelssohn, Proc, Roy. Soc. A1SS, 237 (1946)) and
is the same as that obtained for the roton spectrum postulated
by Landau (J. Phys. U.S.S.R. 11, 91 (1947)).

ticles. Although the conditions obtaining in a perfect
gas cannot adequately represent those of liquid helium,
it was considered to be of interest to calculate the
expected variation of Tq for a perfect He'+He' gas
mixture with concentration, x, of He', assuming the
liquid mixture densities. The liquid mixture densities
were calculated by assuming the law for perfect solu-
tions using the known values of the molar volumes of
pure liquid He' (27.6 cc) and pure liquid He' (37.5 cc}
at the lowest temperatures. The result of this calcu-
lation is given by curve H of Fig. 4, Tz at x=0 being
normalized to 2.18'K. In view of tke range of experi-
mental error in mes, surement of Tz (especially, as noted,
that for the point at x=42 percent) it would appear
that curve II represents the results as adequately as
curves j3 and E which are the closest fit to the experi-
mental results on the basis of the theory of de Boer and
Gorter. 12 It is hoped to present later the detailed rela-
tionship between these various methods of calculation
of Ty.

Xone added irl, prooj 0 G.
—. E.ngel and O. K. Rice

[Phys. Rev. 78, 55 (1950)]have recently also proposed
a thermodynamic model to allow calculation of T& as a
function of x for high concentrations of He'. In it, as
in the models discussed above, the observed results can
only be calculated after making ad hoc assumptions
regarding the free energy of pure liquid He4 in the
normal state. A detailed discussion must, however, be
postponed for a subsequent communication.
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On the Azimuthal Asymmetry of Cosmic-Ray Intensity
above the Atmosphere at the Geomagnetic Equator*
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Hy means of Geiger-Mueller tube telescopes in an Aerobee sounding rocket fired to high altitude at the
geomagnetic equator, information on the azimuthal asymmetry of the cosmic-ray intensity above the
atmosphere has been obtained. These results, in conjunction with previously reported vertical intensities
and specific ionizations at X=0' and X=41'N, are consistent with the hypothesis that most of the primaries
are positively charged protons with differential number spectrum of the form dN =EE "dE in the energy
region 5 to 23 Bev.

1. INTRODUCTION

A PREVIOUS paper reports cosmic-ray intensities
above the atmosphere at the geomagnetic equator

as obtained by means of Aerobee sounding rocket A10
fired from the USS Norton Sound on March 17, 1949.
From the same set of data, information on the azimuthal
asymmetry' has been derived by a detailed analysis of

* Supported by the Navy Bureau of Ordnance under Contract
NOrd 7386.

' J. A. Van Allen and A. V. Gangnes, Phys. Rev. 78, 50 (1950).
2 A preliminary and partially incorrect report was given at the

Echo Lake Conference (June, 1949). A corrected manuscript was
subsequently submitted for inclusion in the report of the con-
ference.

the variation of the counting rate of telescopes .408,
XOV (axes at 45' to the rocket axis) as the rocket
rotated about its longitudinal axis. This information is
presented herein.

2. EXPERIMENTAL RESULTS

It is essential in measurements of this type to know
the angular motion of a system of axes fixed in the
rocket, and hence of the telescope axes, during the
Right of the rocket above the appreciable atmosphere.
Two devices were used in the A10 Right for this purpose.
The first was a system of sixteen photoelectric cells,
whose apertures were systematically arranged to cover


