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The liquid-vapor phase diagram for He3-He4 solutions are investigated by the method of nuclear mag­
netic resonance (NMR). The temperature dependence of the distribution coefficient is measured for 
six solutions with different amounts of He3• Singularities of the a(T) curves at TA predicted by the 
theory are found. Parts of the liquid-vapor phase diagram are studied in the vicinity of the A points 
of the solutions. The form of the diagram is studied in greater detail. Breaks are detected on the 
P(xm) curves. Specific heat discontinuities at the A points of the solutions are calculated on the basis 
of the data obtained. With increase in concentration, the specific heat jump for the He 1-He II transi­
tion decreases. The heats of solution and vaporization discontinuities are calculated. 

INTRODUCTION 

IN liquid solutions of helium isotopes singularities in 
the behavior of the thermodynamic properties of these 
solutions should take place, as is well known, in the 
He 1-He II phase transition. Based on the experimental­
ly observed fact[ 1 ' 21 that we are dealing with a second 
order phase transition in the given case, theoretical 
consideration of this problem has already been given in 
[3-61, These have made it possible to establish the fact 
that discontinuities should be observed at T A for the 
temperature derivatives of the total (P) and partial 
pressures and of the distribution coefficient (cv/cz), 
and also discontinuities in the heats of fusion (q3) and 
vaporization ( A3): 

(1) 

(2) 

(3) 

(4) 

here 6.Cp is the jump in the heat capacity at constant 
pressure at the transition temperature, k the Boltz­
mann constant, xv, xz the molar concentration of the 
vapor and liquid phases, respectively. 

( Ns) Xf c,-- _, __ 
- N4 1 -1-xl . 

The experimental study of the properties of He3-He4 

solutions[2• 71 made it possible to discover discontinui­
ties in the temperature derivatives of the saturated va­
por pressures; however, other features, of which we 
have spoken above, were not observed. In spite of the 
detailed study of the liquid-vapor phase diagram of He3 -

He\ the features associated with the phase transition 
were not reflected in it, inasmuch as the vicinity of TA 
was not specially studied. To obtain reliable data on the 
true character of the liquid-vapor diagram in the neigh-
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borhood of TA and of the distribution coefficient in 
He3-He4 solutions, it is most appropriate to make use 
of nuclear magnetic resonance (NMR). In this case, 
there is a possibility of the direct determination of the 
He3 concentration in the vapor and in the liquid, in a 
state of equilibrium, without removal of material for 
analysis. The present research is devoted to the study 
of the singularities of thermodynamic quantities, by 
means of NMR, at the A transition, and to a more pre­
cise determination of the liquid-vapor diagram of the 
He3-He4 system. 

METHOD OF MEASUREMENT AND THE RESULTS 
OBTAINED 

The essence of the method used consisted in the 
measurement, by means of a pick-up coil, of NMR sig­
nals from the liquid and vapor phases, located in equi­
librium. Inasmuch as the amplitude of the NMR signal 
at constant temperature depends only on the number of 
He3 atoms in the volume of the coil, [a-IOJ it is easy to 
determine the corresponding concentrations from the 
measured amplitudes: [UJ 

Xv Av Vv 

XI -:;t;v-;; (5) 

Here Av, Az are the signal amplitudes from the vapor 
and the liquid, respectively, and Vv and Vz are the 
molar volumes. 

For carrying out the NMR measurements, special 
apparatus was designed and constructed in which the 
method of differential approach was used. Inasmuch as 
the electronic part of the apparatus and the method of 
measurement have been discussed previously, [llJ we 
shall limit ourselves to a short description of the in­
strument. 

A glass ampoule 4 was placed in the part of a helium 
cryostat 1 located between the poles (Fig. 1) of a perma­
nent magnet. The NMR pick-up coil 3 is wound around 
the ampoule. Inside it is placed a teflon plumb 2 which 
is connected by the quartz thread 5 to the core of a sol­
enoid located outside the cryostat. This plumb can be 
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FIG. I. Apparatus 

moved along the length of the ampoule. The mixture to 
be studied is condensed in the ampoule. The amount 
condensed is so chosen that for the coil lowered below 
the plumb, the coil is completely filled with liquid, but 
when raised above the plumb, it is completely filled with 
vapor. 

By means of this arrangement, measurements were 
made of the NMR signal amplitudes from the vapor and 
the liquid as a function of the temperature for solutions 
of various concentrations. The solutions of helium iso­
topes were obtained by the mixing of pure He3 and He\ 
while the concentration was obtained with accuracy no 
worse than 0.1%. 

Figure 2 shows the experimental results for six so­
lutions with He3 content from 15.0% to 44.3%. Each 
curve is constructed by use of the results of many ex­
periments, fitted by the least squares method by means 
of an M-20 computer. The mean square deviation of 
the points from the curves amounted to 1. 5%. As follows 
from Fig. 2, the ratio of the amplitudes A of the sig­
nals for all the solutions studied increased smoothly 
with increase in temperature, undergoing breaks at the 
A points. 

According to the measured values of Av/Az and the 
known concentration of the liquid (xz), the equilibrium 
concentrations of He3 in the vapor (xv) were computed 
with the help of Eq. (5), in which the coefficient 1.08 ap-
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FIG. 2. Dependences of the NMR amplitudes on temperature for 
different He3 concentrations: 1-15.0, 2-21.6, 3-27.0,4-31.8 S-38.5, 
6-44.3 % He3 . The values of A.vf A1 shown on the ordinates correspond 
to curve 6. Each previous curve has been shifted relative to its predeces­
sor by 1 o-2 upward. 

FIG. 3. Dependence of the distribution coefficient cv/C[ on the 
temperature for different concentrations of He3 : 1-15.0, 2-21.6, 
3-27.0, 4-31.8, 5-38.5, 6-44.3% He3 • The values of ey/c1 shown on 
the ordinates correspond to curve 6. Each of previous curve has been 
shifted relative to its predecessor by 0.5 upward. 

pears, obtained as the result of control experiments 
with pure He3 • The values of Vv were calculated from 
the equation of state with the use of the values of the 
second virial coefficient. [121 The values of Vz were 
taken from [131 • The values of Xv thus found were used 
for the calculation of the distribution coefficient 

Cv Xv(i-x,..) 
a=-;;;= xl(i-xv) · 

(6) 

The temperature dependence of the distribution co­
efficient for the solutions studied is shown in Fig. 3 and 
Table I. Errors in the determination of cv/cz ranged 
from 4% (for xv = 0.50) to 8% (for xv = 0.80). It is 
clearly evident that there is a sharp break in the curves 
a(T) at TA, the present of which confirms the deduction 
obtained from theoretical consideration of the question. 
With the exception of the vicinity of the A points, the 
values of Cl' agree very well with data obtained from 
the liquid-vapor diagram. [141 

Table I 
X[ =<J,I50 X [~0.216 Xf ~0,270 X/.·~0.318 "I ~0.385 X [~0,!.43 

T f,=1:,960°K TA=1.839°K TA~I.750•K T>.~I.6~8·K T}..=1.513°K IT.-1.~2CJOK 

T, "K ICy/C[ T,'K ICy/'[ T,'K I Cy/C[ T, 'K lcvfcl T,'K lcy/C[ T, 'K ICy/C[ 

I 

1.45G 24, I I ,450 24,2 1.450 123.8 1,450 18.6 1,450 13,1 1.450 13,1 
1.500 22, I 1.500 21.6 I ,500 21.3 1,500 15,9 1,470 12.4 1,510 11.4 
1,553 20,0 1,550 19.2 1,550 18.6 1.550 13.3 1.480 11,9 1,600 8,5 
L60G 18,1 1,600 16.7 1,600 16.1 1,600 10,9 1',490 11,5 I. 700 6,7 
1.650 16,4 1,650 14,6 1.650 13,3 1.620 10,1 1.500 11.1 1,800 5,6 
1,70G 14,6 I. 700 12,4 I ,700 10,5 1.630 9,6 1,510 10.6 1.900 5,0 
I. 75J 12,9 I. 750 10.7 1,720 9,2 1,640 9,2 1,513 10.3 2,000 4,6 
1,80J 11,4 1.800 8,9 1,730 8,7 1,648 9.0 1,520 10.3 2,100 4,5 
•,,85J 10,1 1.810 8,5 1.740 8.3 (,650 9,0 1.530 10,3 2,150 4,5 
1.90J 9',0 1.820 8.3 1,750 7,8 1.660 9,0 1,540 10.2 
1.92) 8,5 1,830 7.9 1.760 7,7 1.670 9.0 1,550 10,1 
1 ,93) 8,3 L839 7,5 1,770 7,6 1.680 8,9 1,560 9.9 
1.94) 8,1 1.850 7,5 1.780 7,4 1,690 8,9 1.570 9,6 
1,95) 7,9 1.830 7,5 1,790 7.3 1:700 9,0 1.600 8.8 
(,960 7,7 1:870 7.5 I ,800 7 .I 1,720 8;8 1,650 7.8 
1,970 7,7 1.880 7.4 1,810 7 ,I 1.750 8,4 1,700 7,0 
1,980 7,7 !:390 ,. ·~I 6,9 1,800 7,7 1.800 6,2 
I ,99J 7.7 1,9GO 7,3 1,90) 6,1 1.900 6,5 1,900 5,5 
2,00J 7,7 2,000 6.4 2.000 5,3 2,000 5,6 2.000 4,9 
2.05G 7.2 2,100 5.3 2,100 4.7 2,100 4,8 2,100 4,6 
2.100 6,5 2,150 4.7 2.150 4,3 2.150 4,4 2.150 4.4 
2 ,15) 5,7 
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I.D'K 

I 
1,6'K 

I "'I I p ''/ I p 

0,385 27.93 0,334 33.45 
0,392 28,10 0,344 33,7 
0,399 28.21 0~ 354 33,75 

8:!~ 28,17 o. 362 34,05 
28,31 0.370 34.40 

0.422 28.5) o;318 34,65 
0,448 29,03 0,386 34,90 

*Pressure given in mm Hg. 

Data on the equilibrium concentration in the vapor, 
together with parallel measurements of the saturated 
vapor pressure of the solutions were used for the con­
struction of the diagram of state of the solutions shown 
in Fig. 4, where the data of [141 are also given. It is 
seen from Fig. 4 that the data obtained by the different 
methods are in excellent agreement with each other. 

Special interest attaches to the portions of the dia­
gram close to the ,\ transition, where, according to 
theoretical calculations, [61 there ought to be a jump in 
the derivatives (aP/axz)T and (allpjax~)T. For a de­
tailed investigation of the form of the diagrams near T, 
special experiments were performed, in which the de­
pendences of the saturated vapor pressure and the con­
centration in the vapor phase on the concentration in the 
liquid at constant temperature were measured directly. 
To obtain such data, a certain amount of pure He3 was 
added in individual portions to the solution of known 
concentration in the ampoule (Fig. 1), all at constant 
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FIG. 4. Liquid-vapor state diagram for He3 -He4 solutions: 0-data 
of [14], e-data of present research (He3 concentration given in units of 
N3 /(N3 + N4 )). 

1,7'K 1,75'K 

I 
!,B'K 

"'I p "I p "I p 

0,270 37,05 0,260 39,84 0,216 41,17 
0,279 37,46 g:264 40,10 0,221 41,45 
0,288 37,84 ,268 40,34 0,225 41,67 
0,296 37.92 0,274 40,40 0,230 42,03 
0,301 38.05 0,230 40.55 0,241 42,21 
0.307 38,35 0,285 40,85 0,250 42,67 
0,314 38,65 0,2915 4Q.95 o;2s1 43,07 
1;320 38,94 0,264 43,50 
0,325 39,21 0,276 44,07 

temperature. Measurements were then made of the sat­
urated vapor pressure and the ratio of amplitudes of the 
NMR signals. The NMR measurements served to deter­
mine the concentration in the vapor phase and as an ad­
ditional control for establishment of equilibrium in the 
ampoule. The vapor pressure was measured by a mer­
cury manometer with accuracy of 0.03 mm. The por­
tions of the diagrams obtained in this fashion are shown 
in circles in enlarged scale at the upper left of Fig. 4 
and in Table 11. The breaks are clearly evident at the 
values of xz corresponding to the ,\ points of the so­
lutions. 

DISCUSSION OF THE RESULTS 

Data on singularities of thermodynamic quantities at 
the ,\ points of the solutions can be used for calculation 
of the jump in the heat capacity aCp according to Eqs. 
(1)-(4). In the given case, the most reliable data on 
aCp can be obtained in the treatment of the tempera­
ture dependence of the quantity Ay/ Az. Actually, by dif­
ferentiating (5) at T = T,\ and xz = const, under the as­
sumption of ideality of the vapor phase, it is easy to ob­
tain the result 

t. (a!~xv)=t.[oln(:;/Al)]-·t.(a~~P 1)+t.(a~;~ ). (7) 

Using the value from (1) for a (a ln P jaT), the value 

( 8xv ) t.C p oT1 ( ) 
f.. fiT = Xv(1- Xv) kT~o2 OXI ' 8 

for a (a ln xjaT) obtained from [61 , and the expression 

(9) 

we find 

(10) 

Neglecting the second term in the denominator, in­
asmuch as it is much smaller than the first, we get 

(11) 

Formula (11) makes it possible to calculate aCp for 
the solutions of different concentrations according to 
the experimental dependences of Av/Az on T with the 
help of formulas obtained in the treatment of these 
curves by the method of least squares. The results of 
such a calculation are given below (see also Fig. 5): 
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x - ( Ns ) · 0 0,150 0,216 0,270 0,318 0.385 
I- Ns+N• I. 

I!Cp. __ cal_, 5.6 5,13 4170 4,26 3121 1,45 
,mole-deg 

Errors in the determination of Cp amounted to 10%. 
For pure He\ a value is used which was obtained in r151 

for direct measurements of the heat capacity which, as 
is seen from Fig. 5, agrees excellently with the path of 
the curve Cp(x z ). It is quite evident that the value of 
the jump in the heat capacity at T.\ depends essentially 
on the concentration and decreases with increase in x z· 

The quantity ~Cp can be calculated also from the 
jumps in the derivatives (ilP /ox z)T found in the present 
work. However, these data are less detailed and the er­
rors in ~Cp are seen to be very large. Evidently, the 
values of ~Cp obtained by Roberts and Swartzr161 in 
the treatment of data on the saturated vapor pressures 
with the help of relations similar to (1) are much less 
than ours for the same reason. It is interesting to note 
that the values of ~Cp found in the first treatment of 
the same data, published in r171 , are in good agreement 
with the results of the present work. 

Using the found values of ~Cp, we can calculate the 
jumps of a number of other thermodynamic quantity at 
the phase transition point, in particular, the heat of so­
lution and the heat of vaporization, according to Eqs. 
(3) and (4). 

The results obtained for ~q3 and ~A3 as a function 
of concentration are shown in Fig. 6. As is seen from 
the drawing, for solutions with a content of He3 of more 
than 25%, the dependences of both quantities on the con­
centration are similar: both ~q3 and ~.\3 fall off rapid­
ly with increase in the concentration. At low concentra­
tions, their behavior is different: ~q3(x) changes little, 
while ~.\3 reaches a maximum and then decreases, ap­
proaching zero, in correspondence with the fact that for 
pure He4 there is no jump in the heat of vaporization at 
the phase transition point He I-He II. 

All the features of the transition He I-He II observed 
in our research on solutions of the helium isotopes, are 
described, within the limits of accuracy of measure­
ment, by theoretical considerations obtained on the 
basis of the Landau theory. In the work of Sanikidze, r181 

the effect, not considered by the Landau theory, of log­
arithmic singularities of the second derivatives of the 
thermodynamic potential on the results obtained in r3-61 

was considered. It was shown r181 that the presence of 
logarithmic divergences should lead to a smoothing of 
the singularities of the thermodynamic properties of 
the solutions in the vicinity of the A point. However, in 
the given research, such a smoothing was not observed. 
Evidently this smoothing, if it does exist, takes place in 
a very narrow region ( < 10-3 deg). One cannot also 
eliminate the possibility that for solutions, Cp does not 
go to infinity and in this case there is no basis for mak­
ing more precise the formulas obtained in r3- 61 • These 
problems require further investigation. 

In conclusion, we note that the singularities on the 
curves ( oP /oXy) T• theoretically predicted by Sani­
kidze, r61 were not discovered by us. Evidently, it is 
necessary to increase considerably the accuracy of the 
measurements for the observation of these singulari­
ties. 
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FIG. S. Dependence of the jump in the heat capacity at the A tran­
sition on the He3 concentration. The value of t.Cp for pure He4 was 
taken from [15]. 

FIG. 6. Dependence of the heat of vaporization t.}\ 3 and of solu­
tion t.q3 on the He3 concentration at the }!. points of the solutions. 
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