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ABSTRACT Tho obsorved chango m the lambda transformation lemperature with
tho concentration of 3Ho mn +Ho gives for low concontrabions a negative linow shuft of 148
dogroes per mole concontration The lambda transiion is of Lhe second order and there soems
to he no upprocisble chango 1 the jump 1n tho spoeific hoat at tho lambdu pomt.

INTRODUCTION

The interosting phenomenon of ¥Ho not taking part in superflud flow, oh-
served by Daunt, Probst ef al, (1948) m dilute solutions of *He m "He, led to & new
method of 1sotopic separation in the liquid phase by superflwd filtration and also
to the conclusion that the lambda temperature of hqud ‘He would be a function
of the concentration of ¥He  Accordingly the presence of #TTe has a pronouncoed
offeet on the value of the lamhda pomt, which is slufted towurds Jower temperature
ax was first shown by Abraham, Woemstock et ol (1949) for a mixture with fe
concentrations upto 28 29/,  Similar experiments wero porformed hy Esclsohn
and Lazarev (1950) for a mixture with a concentration of about 1 5% and by
Daunt and Heer (1950) for mixtures with highr concentrations of 42%, to 89%

The specific heat moasurements of the liquid muxtures of o m "He havo
heen made by the helium group of the Kamerlingh Onnes Lahoratory, Leiden
Some of those results have already been published (Dokoupil, Kapaduis et al.,
1954 and 1959, Kapadnis and Dokoupil, 1955) In the prosent investigations
the valuos of the lambda temperature of the mixture for low concentrations of
3TTe m *He have been computed  For the sake of comparigon mumerical comput-
ations of the lambda temporatures line have also heen made from the theorjes in
voguc. The final check of the exact determination of the composition of the
samplos of the mixtures and its confirmation delayed appreciably those compu-
tations and the discussion of the results  In the mean tmo the temperature gealo
in the helium region has been changed Therefore we have recalculated all our
data using the new scale adopted mternationally.

EXPERIMENTAL

As the quantity of 3He at the disposal of the Leiden helium group was then
very small, tho method of a closed capsule complotely filled with the condensed
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mixture was developed and applied to the calorimotric determination of the specific
heal, (Dokoupr!, Kapadms et ol., 1954 and 1959; Kapadnis and Dokoupil, 1955).
Speaal attention was paid 1o the accurate delermmation of the transition tem-
pevature  Tho temperature interval in which the lambda point of the mixtwre
must Lie, was first dotormmed by a close scrutiny of the oxporimental points re-
presentang thoe specific heat of the mixture in the vicinity of the transition tempera-
ture  Yor the dotermunation of its vxact value separate runs through the tranw-
tion point were made with a contmuous heat supply, somotimes by the natural
warming up only (cspecially when tho hath level was very low). Thejvalues for
the lawhda {emporature of the mixture were computod from tho resulting dis-
contanmities m the slopes of the corresponding curves of temperature vepsus time
Tigure 1 shows such a typical plot used to computo the lambds temperatire of the
naxture
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Fig 1 A typwcal plot of the Galvanometer roudng va Tume (X —=0 010)

RESULTS AND DISCUSS1ION

The values of the lambda temperature corresponding to the concentration
of3He in "He, X = 1.00, 2.50, 7 13, 21 | and 41,79, arve T'~ 2162, 2.140, 2 072,
1.845 and 1 454°K respoctively, giving for low concontrations a negative shift of
1.48 degrees por mole concentration, which 1s lmear. Tho lambda transition 1
of the second order and there seems to be no appreciable change in the jump m
the specific heat at the lambda point.

The early oxpernnental observations of the lowering of the lambda point of ‘He
due to an admuxture of 9He, reported by Abraham et al., (1949) for concentrations
upto 28.2Y%, He by using a superleak {formed around a platinum wire, seem to be
largely in crror, presumably due to the concentration gradient set up in the liquid
mixture as a result of the hoat flush effect The value given for the lambda tem-
perature for tho concentration of about 1.5%, 3He by Eselsohn and Lazarev (1950)
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1+ also somewhat low, probably due to the uncertainty of the concentration  They
nsed an apparatus consisting of two reservowrs connected by & narrow u-n}u]lu.r:\'
and made use of an observation of the supra-surface flow as the ertorion for the
existence of the lambda temperature  Daunt and Heer (1950) used m their exper -
ments {or concentrations from 429%, to 899, ¥He, the same criterion and dotermined
the lambda temperatures at which the heat mftuxed o the resorvon changed ab-
wptly They expoected that their results wore not seriously atfected by tho
heat flush offoct.

The experimental results of King and Fairbank (1953) using the disappearance
of second sound at the lambhda pomnt as a eriterion, for concentations helow 4 20/,
3He revealod a linear dependence of the lambda temperature of the mixture on
the concentration of ¥He, giving negative slope of 1 5 degrees por mole conconira-
{f1ion These ohservations Jod to the suspicion that the carlier observations wore
crraneous. Tt was confirmed by our measurements of the specific heats of Iiquid
mixtures of *He and “He and later on by the oscillating pendulum cxperiments
performed by Dash and Tailor (1955), who obtained from thoir measurements of
the hehaviour of a torsion pendulum immersed 1 the hquds, transition tomper-
atures of the individual solutions by locating the discontimity m slope of the torsion
period versus temperature. This is oquivalont to finding the temperature st which
the normal fluid density bocomes equal to tho total denty  Their experments
also gave a negative linear shift of 1.47 4- 0 03 degrees per mole concentration
for the whole concoentration range (upto X = 0092) thoy studied.

It may be pointed out that in the experimoents of King and Fairbank, those
of this research and of Dash and Tailor the principles mvolved in the methods
to determine the lowering of the lambda pomt of iquid *He due to the presence
of ¥He in the mixture, are entirely different from each other  In spite of that tho
cxcellent agreement of the rosults suggests that for low concentrations at least
the obrerved negative shift of 148 dogrees per mole concentration may be
treated asan established fact.

Figure 2 shows the ratio of the lambda temperature of the mixturo to that
of pure *He as a function of the concentration of He upto X - 011 The ob-
rerved data as well as the numerical evaluations made from different theories
m vogue have been included in the figure

Tt 15 ovident from the work of Stout (1948) that tho Gibhs’ function written
according to the Jaws for perfoct classical solutions Teads to the second ordor lamhda
transition for liquid 4He, the lambda point of liquid *Ho remaining unaffected by
the admixture of He. In ordor to account for the oxperimentally ohserved
rhange in the lambda transformation temperature with tho concentration of 3He,
using classical thormodynamics it is necessary to inject a reflection of the quantum
nature of liquid helium through some experimentally ohserved phenomenon. Tt
was accounted for, in the theory of de Boer and Gorter (1950) by introducing the
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hypothesis put forward by Tacons et al. (1949), namely that the ¥He can be ro-
garded as hemg in solution with the ‘normal’” constituont of helnum I1 only. The
Tamhda temperature of tho mixture in this caso is given by

1 — X = oxp[ Sy(T — T,)[RT ]
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Fig 2. T, ve. Concontration of 3TTe 15 1Ho
@ This Roseurch,
| Abraham ct. ol;
A Dash and Taylor, and

¢ Rseleohn and lLazarev
i e ~— de Boor and Gortor,
- ——e—— Heer and Doanut;
R - - Mikura,
- —— - Nanda.
Tor givon X the value of T satisfying the above expression corresponds to 7', the
JamInda temperataree of the mixture  The choice of the Gibbg” tunction made
this theorotical model does not soem Lo be the proper one. The expression one
gels after making wse of the functional depondence of the Gihbs' function for pure
1He on the normal fluid fraction gives tenmperature mdependent entropy for Trquid
helmm 1 This implics that hquid helium I has zoro specific heat. Moroover.
the (1bbs™ function for the 1He cumponent as a function of temperature (linear or
quadratic m 7') and the normal fluid fraction of tho total number of 1He atoms m
thew thoory does not help much in bringing the theoretical 7'~ X curve in cJoso
agreement, with the experimentally observod values  The theory also gives much
)
X /X0
tunctaon for the *He component, The modification of this thoory made by Nanda
(1955) Toads to

higher values for the initial slope ( in both tho cases of the Gibbs

7\t awxe
X = | -4 () "(ﬁ) + e |

giving the variation of the lambda temporature with the eoncentration of
SHo. Thix oxpression, as seen from the figure 2, fails to improvo the
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situation  An approach to this problem was made by Trikha and Nonda, with
the assumption that "He dissolves in ‘He, normal as woll as superfluid  Thoy
substituted the ex- perimentally obsorved value of tho mitial slope m thoir
expression {or the lainbda temperature of the solution m order 1o assign o valuo
to the parameter called tho mterchange onergy  This adjustment did not Ioad Lo
tho desired agreement with the expermmental results  Ana ppropriate modifien-
tion of the form of the Gibbs” function for pure He or an entirely ifforont,
approach to mtroduce the quantum nature of the hquid m the dassical {heruo-
dynamiv Lreatment 15 nocossary.

Starting [rom an intorpretation of the lambda point 10 hquid helum as a con-
sequence of the Bose-Kinstein condensation, Heer and Daunt, (1951) put forward
the iden that the behaviour of the mixtures of *He and helium 1T could be deserthed
as an nleal mixture of a degencrate Bose-liinstein gas and a nondegenerate Termi-
Dunac gas  Thus, they assumed the statistical idependence of the Bose-Emstom
and the TFermi-Dirac systems in solutions of *He and 1He and showed that, the
Jamhda tewnperature of the mixture s given by the degeneracy temperaturoe of
the Bose-Emstewn systems  The expression for the lamhda temperature of the
mixtwe m this case is

2/3
. m_ [ =X
feE &Y
4

The agreoment with the expermmental 77, of tho muxture improvesa hit m this case
as seen from figure 2. However the thoory was criticzed by de Boor and Gorter

v

., O
(1952), who showed that the distribution fmmtnun(TV must have a discontmuity
'L

at the lamhda point as a consequonce of the fintte jumyp in the speclic heat of liqud
holrm at this temperature without rogard o the model used, m opposition to the
results of Heer and Daunt.  Mikura (1954 and 1955) modified this theory by miro-
ducng a Bose-1iinstemn liquad model for hguid helium ITmn which Ho IT s composed
of Bose-Binstoin particles m a smoothod potential well  Between the ground
state and the first execited state there is an energy gap KA, & buing the Boltzmann
constant, and the total number of particles arc clusterod togather in groups of
atoms. e introduced *He i this system as an wdeal Fermi-Dirae gus 1n a
smouthed potential woll. T appeared nocessary to introduce stil another
asswunplion
A = ANV N V4N V)

regarding the dependence of A on *He concentration to get agroement with expori-
mental data on the lambda temperature of the mixtures The refinement of the

{rcatment made by Mikura Jeads 10 a very close, rather a very good fit of his 7',
» X curves with the experimentsl data, as a result of the adjustment of the



360 D. @ Kapadnis

parameters in lus theory to that effoct. The lambda temperatures of the mixtures
are grven in this case, by the expression

7, 14X ( }'i;:i f)’ " Fyu(AITy
4

1y — [ 1—X Fyg(Bo/Th)

One gets aceordmg to Pomeranchuk’s niodel (1949) a negative shuft of about
0.8 degrees per mole concontration, by usmg the offective mass derived from second
sound experunents and taking for the lambda pomt the temperathre at wluch
the mass of the exeitsd particles hecomeos equal to the total mass  \This value
rather too low

Tho expermiontal lambda temporatures are in very good n,gre\?meut with
me —= T)‘ (1‘X)2I:i

givon by Goldstem (1954) from the asymptotic Bose-Emstein model by neglecting
the effect of *He on the total hquid density.

A nuniber of phienomenological and molecular theorios are availabloe at prosent.
The phenomenological approach made by de Boer and Gorter does noj give any
cluo 1o the understanding of the molecular origin of the deviations from the
Inws of perfect solutions A different choice of the Gibbs’ function and an intro-
duction of & non-deality parameter make no appreciable improvement in the
original theory  'The root cause of the disagroement with the experiments seems to
Lo in tho basie assumptions of the theory

The theories based on the difforence in the statistics are also unsatisfactory,
thougl the approach made by Mikura leads to rather very good agreement with
the experumental results  The parameters involved in this model vender it rather
cary to arrive at the desired results by their surtable adjustment. One can also
obtain the results in reasonuble agreement with the experiments, simply by making
8\ and either E or n concentration-dopendent,
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