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INTRODUCTION

UNTIL recently, He3 could be observed only in the
form of individual atoms in a cloud chamber or with the
aid of a mass spectrometer of high resolution. Helium
extracted from the atmosphere contains only 10~4% of
He3, and the content in helium from gas sources is
smaller by one order of magnitude. However, after it
became possible to produce tritium, which is trans-
formed after beta decay into He3, in noticeable amounts
in atomic reactors, He3 became accessible to extensive
investigations, including in the field of low tempera-
tures.
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FIG. 1. Temperature dependence of density of He3.

The low-temperature properties of He3 have been
the subject of more than 700 papers, and there is a
number of review articles t l"1 1 ] reporting the experi-
mental and theoretical data on He3 and its solutions in
He4. Naturally, it is impossible to review all these pa-
pers in a single article, and we present here only the
main characteristics of He3 and its solutions in He4,
discuss certain features of its properties, connected
principally with the quantum nature of liquid helium,
and estimate the advantages offered by the use of He3

to obtain temperatures much lower than 1°K.

1. GENERAL PROPERTIES. p-T, p-T, and i/-T
DIAGRAMS

In its general properties, He3 is very similar to He4,
but since its nuclear spin is % and its magnetic mo-
ment is 1.07 x 10"23 erg/G (0.7618 of the proton mo-
ment), it has a number of distinguishing features at low
temperatures. Since He3 has the lightest nucleus of all
the noble gases, and the interaction between its atoms
is the smallest, it is the last of the gases to turn liquid,
and has the lowest atomic density in the liquid state.
This density is almost one-third that of hydrogen and
smaller by a factor of 1.3 than that of He4. The temper-
ature dependence of the density of He3 under phase-
equilibrium conditions and for certain pressures of the
liquid and gas phases is shown in Fig. 1. The curves
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were plotted from the data of Kerr/121 Peshkov/131

Grilly and Mills/141 Rives and Meyer/151 and Walker
and Fairbank.[16]

As seen from the figure, in the liquid phase at satu-
rated vapor pressure in the case of 0.5°K, and at higher
pressures in the case of higher temperatures, maxima
of the density (9p/3T = 0) are observed, leading to a
sharp decrease of the thermal convection and, conse-
quently to an appreciable decrease of the heat transfer —
a very unpleasant effect that must be coped with when
working with He3. He3, just like He4, remains liquid
down to absolute zero. At low pressures, three phases
of solid helium were observed: body centered cubic
(bee), hexagonal close packed (hep), and face centered
cubic (fee). The triple point of coexistence of liquid and
the two solid phases is at T = 3.15°K and p = 140 atm.
Figure 2 shows the p-T diagram of He3 and He4. It is
seen from this diagram that at still higher temperatures
and pressures transitions to the fee solid phase are ob-
served in solid He3 and He4. According to Shuch and
Mills/171 the triple points of the transitions are at
T = 15.98°K and p = 1341 atm for He3 and at T = 14.9°K
and p = 1100 atm for He4.

The density of liquid solutions of He3 and He4 was
measured by Ptukha.1-181 According to her data, it is the
densities that are approximately additive, pv = p3v
+ p4(l — v), and not the molar volumes, as should be the
case for ideal solutions. Here pv is the density of a so-
lution with He3 molar concentration v = He3/(He3 + He4),
p3 is the density of He3, and p4 is the density of He4.
The temperatures and pressures are in this case the
same. In Fig. 2, the vapor-pressure curves end at crit-
ical points, which, according to the measurements/13 '19]

correspond to T c = 5.20° K and p c = 2.26 atm for He4

and T c = 3.38°K and p c = 1.22 atm for He3. The curve
of transition of liquid He4 from the superfluid state into
the normal state, the so-called A. line, goes from T^
= 2.172°K and p x = 37.8 mm Hg-the saturated vapor
pressure1201—to an intersection with the crystallization
curve at Tx= 1.765nK and pA= 29.9 atm.[21] The vapor-
pressure curves on Fig. 2 are based on the internation-
ally accepted temperature scale of 1958 (Ts8) for He41-221

and on the 1962 temperature scale'231 for He3. The tem-
perature scale for He3 has been determined from 0.2°K
to the critical point and corresponds to the equation
ln f t= -2-49174 _|_4-80386_0,2860017' + 0.198608ra

— 0.0502237713 + 0.00505486714 + 2.24846 In 7\

where p3 is the pressure in mm Hg at 0°C and at a
gravitational acceleration g = 980.665 cm/sec2. Table I
gives the vapor tension of He3 on the basis of the fore-
going formula, but recalculated to 20°C and to an accel-
eration 981.56 cm/sec2.

The melting curve of He3 is represented in the inter-
val from 1 to 3.15°K (the phase transition of the solid
He3 from the cubic into the hexagonal phase) by the
equation

p = 24.559 +16.639712 - 2.06597"3 + 0.112127"1,

where p is the pressure in atmospheres. According to
the authors of :24], the standard deviation from this for-
mula is 0.061 atm.

Figure 3 shows the T-v diagram of He3 and He4. The
liquid-vapor equilibrium curves at temperatures above

0)1051120,3 050.7 1 152 3 15 7 10 152030 50 T°K
FIG. 2. p-T diagram of He3 and He4.
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FIG. 3. T - v diagram of He3 and He4.

1.5°K are presented in accordance with the experimen-
tal data of l2S~2Si. At lower temperatures, the curves
are only tentative and were obtained on the basis of the
assumption that p = ap3v + p4(l -v) and vv = ap3iVp,
where p is the vapor pressure over a liquid in which
the molar concentration of He3 is equal to v; p3 and p4
are respectively the pressures of pure He3 and He4 at
this temperature; vv is the concentration of He3 in the
vapor phase and a is a constant that varies from 1.2
at T = 2.1° to a = 4 at 1°K and a = 7 at 0.6°K. Ap-
proximately such a dependence can be proposed on the
basis of the work of Sommers.I27)

The equilibrium curves between two liquid phases*
at saturated-vapor pressure are based on experimental
data.c28~32] The equilibrium curves between the solid

*On the basis of the latest data [147] the concentration of He3 along
the dissolution curve at T < 0.15CK is given by the equation v = 0.0637
(1 + 10.8T2).
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phases at pressure close to 36 atm are also based on
experiments.1331 The dashed lines denote the lines of
thermoosmotic equilibrium, i.e., equilibrium along
capillaries or porous partitions, through which super-
fluid helium (He4) passes without resistance and He3

passes many times more slowly. In this case there is
rapidly established a dynamic equilibrium correspond-
ing to the presence of temperature and concentration
gradients whose distribution is described by the dashed
lines. It should be noted that at increased pressures the
T-v diagram of He3 in He4 is quite complicated, has not
yet been finally established experimentally,134"36] and
will not be considered here.

2. REFRACTIVE INDEX AND DIELECTRIC
CONSTANT

On the basis of a number of measurements137"401 it
can be concluded that both for He4 and He3, in either the
liquid or gaseous state, the following formula is satis-
fied with sufficient accuracy (within less than 1%) for
the molar polarization

3 rfi — 1 M _A ly\
An n2 -f 2 p

and accordingly for the dielectric constant
3 z—lM_ll.

4JT e + 2 p '
here n is the refractive index, t the dielectric con-
stant of helium, M the molecular weight, and p the
density of the helium. For these equations, the constant
is A = 0.123 cm3/mole.

3. COMPRESSIBILITY AND THERMAL EXPANSION

Using the foregoing formulas, we can measure the
compressibility of He3 by observing the shift of the in-
terference fringes. Thus, for example, for the com-
pressibility of gaseous He3 at temperatures from 1.6°
to 3.4°K and densities up to 0.04 g/cm3, the following
relation was obtained::371

-£- = 27,357T-2.3-103p+1.8-10y, (3)

where p is the pressure in atmospheres, p the density

(2)

FIG. 4. Compressibility curves of -Sj,
liquid He3. The numbers on the curve "?
denote T in degrees K. -̂ ,

a o.z t» B£ as w
Ap, atm

FIG. 5. Relative density of liquid
He3 (pip 1.2°K).

W T,°H

of gaseous He3 in g/cm3, and T the temperature in de-
grees Kelvin.

The curves shown in Fig. 4 were obtained for the
compressibility of liquid He3 by the same method.:37]

Figure 5 shows the curves of relative variation of the
density of liquid He3 with increasing temperature,
measured1403 on the basis of formula (2) from the
change of frequency (15 MHz) of a resonant circuit with
a helium-filled capacitor.

There are also direct measurements'^11 of the mo-
lar volumes and coefficients of thermal expansion of
liquid He3 obtained by filling the measuring volume with

Table II. Molar volumes and coefficients of thermal
expansion of liquid He3 at saturated-vapor pressure

T«2

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
0.38
0.40
0.42
0.44

cm3/mole
36.8346
36.8337
36.8312
36.8275
36.8226
36.8168
36.8104
36.8034
36.7961
36.7885
36.7809
36.7733
36.7658
36.7586
36,7517
36.7451
36.7391
36.7335
36-7285
36.7241
36.7203
36.7171
36.7146

03X103

-0.00
-2.31
-4.28
-5.92
-7.27
-8.34
-9.16
-9.76

-10.15
-10.35
-10.38
-10.26
-10.01
-9.63
-9.15
-8.58
-7.93
-7.21
-6.43
-5.60
-4.73
-3.84
-2.92

0.46
0.48
0.50
0.52
0,54
0.56
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40

cm /mole
36.7128
36.7117
36.7113
36.7116
36-7126
36.7143
36.7197
36.7302
36.7447
36.7630
36.7849
36.8103
36.8392
36.8715
36.9073
36.9467
3S.9901
37.0376
37.0897
37.1467
37.2091
37.2773
37.3517

(13X103

-1.98
-1.04
-0.09
+0.86

1.81
2,75
4,60
6.82
8.94

10.96
12.89
14.76
16.60
18.46
20.37
22.38
24.53
26.85
29.37
32.11
35.07
38.22
41.55

1.45
1.50
1.55
1.60
1.65
1,70
1.80
1.90
2.00
2.10
2.20
2.30
2.40
2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20

cm /mole
37.4326
37.5201
37.6144
37.7151
37.8219
37.9339

—
38.201
38.507
38.854
39.243
39.680
40.173
40.734
41.377
42.124
43.033
44.049
45.304
46.818
48.652
50.876

03X103

44.99
48.46
51.87
55.65
61.00
65.60
—

75.10
84.69
94.57

104.83
116.84
130.50
146.93
167.06
191.88
222.34
259.33
303.50
355.24
414.53
480.86
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Table M. Molar volumes and coefficients of
compressibility of solid He3 and He4

Pressurebars

Melting
1000
2 000
3 000
4 000
5 000
6 000
8 000

10 000
12 000
14 000
16 000
18 000
20 000

Observed
relative

change of
volume—AV/V2000

Hel

0
0.074
0.125
0.164
0.199
0.253
0.293
0.327
0.353
0.373
0,391
0.406

He*

0
0.082
0.133
0.173
0.206
0.258
0.299
0.331
0.357
0.380
0.398
0.415

Molar
volumecm̂ /mole

He»

17.00
12.25
10.72
9.93
9.38
8.96
8.59
8.01
7.58
7.21
6.94
6.72
fi.53
6.37

17.56
12.86
11.07
10. IB
9.60
9.15
8.79
8.21
7.76
7.41
7.12
6.86
6.66
6.'18

Compressibilitycoefficient
1

fj =- -r10-5
Hel

102
17.6
9.72
7.05
5.60
4.67
3.9i
3.01
2.44
2.01
1.75
1,55
1.40
1.27

/ dV
bar"1'

He

10'1
19.
10.
7.
5.
4.
4.1
3.
2.
9
1.
1.
1.
1.

}•I
5

i 8

10

17
( 7

18

SO

'»7

i t

n

H e 3 . T h e d a t a o b t a i n e d i n t h e s e m e a s u r e m e n t s a t s a t u -

r a t e d - v a p o r p r e s s u r e a r e g i v e n i n T a b l e I I .

T a b l e I I I l i s t s d a t a c 4 2 ] o n t h e p r e s s u r e d e p e n d e n c e o f

t h e m o l a r v o l u m e s a n d t h e c o m p r e s s i b i l i t y c o e f f i c i e n t s

o f s o l i d H e 3 a n d H e 4 a t T = 4 . 2 ° K a n d t o p r e s s u r e s u p

t o 2 0 , 0 0 0 b a r ( 1 b a r S J 1 a t m ) .

4 . S U R F A C E T E N S I O N

O w i n g t o t h e w e a k i n t e r a c t i o n b e t w e e n t h e a t o m s o f

l i q u i d h e l i u m , i t s s u r f a c e t e n s i o n i s v e r y s m a l l . T h e

s u r f a c e t e n s i o n o f H e 3 a t t h e l o w e s t t e m p e r a t u r e s i s

o n l y a = 0 . 1 5 2 d y n e / c m , w h i c h i s 5 0 0 t i m e s s m a l l e r

t h a n i n w a t e r , a l m o s t 1 0 0 t i m e s s m a l l e r t h a n i n l i q u i d

n i t r o g e n , 2 0 t i m e s s m a l l e r t h a n i n h y d r o g e n , a n d 2 . 3

t i m e s s m a l l e r t h a n i n l i q u i d H e 4 . I t i s c u r i o u s t h a t t h e

p l o t s o f a / a 0 a g a i n s t T / T c , w h e r e a 0 i s t h e v a l u e o f

t h e s u r f a c e t e n s i o n a t T = 0 ° K a n d T c i s t h e c r i t i c a l

t e m p e r a t u r e , a r e t h e s a m e f o r H e 3 a n d H e 4 . F i g u r e 6

s h o w s a p l o t o f a a g a i n s t T f o r H e 3 , c o r r e s p o n d i n g t o

t h e d a t a o f Z i n o v ' e v a , : 4 3 : i a n d f o r H e 4 i n a c c o r d a n c e

w i t h t h e d a t a o f A l l e n a n d M i s e n e r . [ 4 4 J

5 . A D S O R P T I O N

T h e a d s o r p t i o n o f H e 3 b y a c t i v a t e d c h a r c o a l w a s

m e a s u r e d b y H o f f m a n , E d e s k u t y , a n d H a m m e l . [ 4 5 ] A c -

c o r d i n g t o t h e i r d a t a , t h e h e a t o f s o r p t i o n o f H e 3 i s

1 9 0 J / m o l e a t 3 ° K a n d 1 8 0 J / m o l e a t 2 . 4 5 ° K . T h e

a m o u n t o f s o r b e d H e 3 a t p r e s s u r e s r a n g i n g f r o m 0 - . 1 t o

0 . 9 o f t h e s a t u r a t e d - v a p o r p r e s s u r e a t a g i v e n t e m p e r -

a t u r e ( 2 . 4 5 ° a n d 3 ° K ) r e m a i n s p r a c t i c a l l y u n c h a n g e d

a n d a m o u n t s t o 0 . 4 3 c m 3
0 / m 2 , A t l o w e r p r e s s u r e s , t h e

a m o u n t s o f s o r b e d H e 3 d e c r e a s e d s h a r p l y .

r z 3

F I G . 6 . S u r f a c e t e n s i o n o f H e 3 a n d H e " .

B r e w e r , S y m o n d s , a n d T h o m s o n : 4 6 ] m e a s u r e d t h e

a d s o r p t i o n o f H e 3 b y a g l a s s f i l t e r i n w h i c h t h e p o r e s

w e r e c a p i l l a r i e s m e a s u r i n g a p p r o x i m a t e l y 3 0 A . A c -

c o r d i n g t o t h e i r d a t a , 0 . 5 c m j / m 2 i s s o r b e d a t T = 3 ° K

a n d p / p s a t = 0 . 1 . T h e a m o u n t o f s o r b e d H e 3 i n c r e a s e s

a l m o s t l i n e a r l y w i t h i n c r e a s i n g p r e s s u r e a n d r e a c h e s

1 . 1 c m 3 / m 2 a t p / p s a t = 0 . 9 . H e r e c m 3 i s t h e v o l u m e

o f t h e g a s a t 1 a t m p r e s s u r e a n d t = 0 ° C , p / P s a t * s * ^ e

r a t i o o f t h e p r e s s u r e o f t h e g a s t o t h e p r e s s u r e o f t h e

s a t u r a t e d v a p o r a t t h e g i v e n t e m p e r a t u r e , a n d m 2 i s a

s q u a r e m e t e r o f a c t i v e s u r f a c e o f t h e s o r b a n t . A t

T = 0 . 6 2 5 ° K , t h e v o l u m e o f t h e a d s o r b e d g a s i n c r e a s e s

a l m o s t l i n e a r l y f r o m 0 . 8 c m f j / m 2 a t p / p s a t = 0 . 1 t o

1 . 2 c m o / m 2 a t p / p s a t = 0 . 5 , a n d t h e s o r p t i o n d o e s n o t

i n c r e a s e a n y m o r e , u p t o s a t u r a t i o n p r e s s u r e . I t s h o u l d

b e n o t e d t h a t u n d e r a n a l o g o u s c o n d i t i o n s t h e a m o u n t o f

s o r b e d H e 4 i s l a r g e r b y a f a c t o r 1 . 2 - 1 . 3 .

I n t h e s o r p t i o n o f H e 3 - H e 4 m i x t u r e s , l a r g e e n r i c h -

m e n t o f t h e s o r b e d H e 4 p h a s e w a s o b s e r v e d . [ 4 7 : i T h u s ,

a t a n H e 3 c o n c e n t r a t i o n i n t h e a d s o r b e d p h a s e f r o m

0 . 0 0 1 5 t o 0 . 0 0 5 , t h e c o n c e n t r a t i o n o f t h e v a p o r p h a s e

e x c e e d s t h e c o n c e n t r a t i o n o f t h e a d s o r b e d p h a s e b y 2 3

t i m e s a t T = 1 . 6 ° K , b y 1 6 t i m e s a t T = 1 . 8 ° K , b y 1 3

t i m e s a t T = 2 ° K , a n d b y 1 0 t i m e s a t T = 2 . 3 ° K .

6 . S O U N D I N H E L I U M , Z E R O S O U N D

T h e v e l o c i t y o f s o u n d i n H e 3 w a s m e a s u r e d b y a n u m -

b e r o f w o r k e r s . T h e t e m p e r a t u r e d e p e n d e n c e o f t h e

s o u n d v e l o c i t y i n l i q u i d a n d s o l i d H e 3 a n d i n s o l u t i o n s o f

H e 3 i n H e 4 , p l o t t e d f r o m t h e e x p e r i m e n t a l d a t a / 4 8 " 5 1 3 i s

s h o w n i n F i g . 7 . T h e c u r v e f o r l i q u i d H e 4 w a s p l o t t e d a t

s a t u r a t e d - v a p o r p r e s s u r e , w h i l e t h e c u r v e s f o r 2 5 % a n d

7 5 % s o l u t i o n s H e 3 i n H e 4 w e r e o b t a i n e d a t a t m o s p h e r i c

p r e s s u r e . O n t h e c u r v e s f o r H e 4 a n d f o r t h e 2 5 % s o l u -

t i o n o n e c a n s e e t h e c h a r a c t e r i s t i c c h a n g e o f t h e c u r v e

o n a p p r o a c h i n g t h e A p o i n t . T h e d a m p i n g o f s o u n d i n

p u r e H e 4 h a s a m a x i m u m 1 1 5 2 3 a t t e m p e r a t u r e s a t w h i c h

t h e m e a n f r e e p a t h o f t h e p h o n o n s b e c o m e s c o m p a r a b l e

w i t h t h e w a v e l e n g t h o f t h e s o u n d . T h u s , a t 1 4 M H z f r e -

q u e n c y , t h e m a x i m u m o f t h e d a m p i n g c o e f f i c i e n t K

= 3 c m " 1 ( A = A o e x p [ - k x ] ) l i e s i n t h e r e g i o n 0 . 9 ° K . I n

s o l u t i o n s o f H e 3 i n H e 4 w i t h c o n c e n t r a t i o n v = 0 . 0 1 2 , t h e

c o e f f i c i e n t d e c r e a s e s t o K = 1 c m " 1 , a n d a t v = 0 . 0 5 2 i t

d e c r e a s e s t o K = 0 . 5 c m " 1 .

T h e l o w e r c u r v e a t t e m p e r a t u r e s h i g h e r t h a n 0 . 5 ° K

c o r r e s p o n d s t o s a t u r a t e d - v a p o r p r e s s u r e , a n d b e l o w

0 . 2 ° K t o a p r e s s u r e o f 0 . 3 2 a t m . A s s e e n f r o m t h e f i g -

u r e , a s h a r p c h a n g e i n t h e s p e e d o f s o u n d i s o b s e r v e d

a t T ~ 0 . 0 1 - 0 . 0 2 ° K . T h i s c h a n g e i s a c c o m p a n i e d 1 5 1 2 b y

c o n s i d e r a b l e d a m p i n g ; t h u s , f o r e x a m p l e , a t a s o u n d
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frequency 45.5 MHz, the damping coefficient changes
from K = 5 cm" 1 at T = 0.2°K to a value K = 200 cm" 1

at T = 0.03°K, and then, after K = 200 cm" 1 at T
= 0.012°K, it decreases rapidly with decreasing temper-
ature, again reaching values lower than K = 10 cm" 1.

For a lower frequency, 15.4 MHz, the maximum
damping is observed at T = 0.01°K, where K = 90 cm" 1.
This phenomenon, which is unique to He3 and is con-
nected with the quantum character of sound at very low
temperatures, was theoretically predicted by Landau/5 3 3

called by him zero sound, and first observed by Keen,
Matthews, and Wilks. [ 5 4 ] Figure 7 shows also plots of
the speed of sound in He3 against the temperature at
pressures 2 and 8 atm. [ 4 9 : l

Figure 8 shows a plot of the speed of sound against
the pressure in solid He3 and He4 for different crystal
lattices—cubic (bcc) and hexagonal (hep). The curves
are based on experimental data,c 5 C ] but the authors
themselves note that the speed of sound in solid helium
should depend on the direction. This is manifest in the
experiments by the fact that the values of the speed un-
der the same conditions vary as much as 12% from ex-
periment to experiment. The damping of sound in solid
He3 was of the order K = 0.3-0.7 cm"1. Data on the
speed of sound in gaseous He3 are available : 5 5 ] only in
a very narrow region. At T = 4.2°K the speed of sound
in He3 increases from 163 m/sec at p = 3.58 atm to
194 m/sec at 4.81 atm. At T = 3.315°K and
p = 3.99 atm, the speed of sound is 208 m/sec. The
measurements were made at 14 MHz. It is seen from
these data that the speed of sound in gaseous helium is
somewhat larger than the speed of sound in liquid He3.

7. SECOND SOUND

Thermal oscillations in liquid He3 propagate as or-
dinary rapidly damped thermal waves. However, solu-
tions of He3 in He4 have a broad region of superfluid
phase (see Fig. 3), in which the thermal oscillations
propagate in the form of weakly damped waves of sec-
ond sound. To be sure, near the A. line, particularly for
solutions of large concentration, the damping of second
sound is quite appreciable. A plot of the speed of second
sound against temperature, plotted for several concen-
trations on the basis of experimental data : 5 6 ] at satu-
rated-vapor pressure, is shown in Fig. 9. For compar-
ison, a plot of the speed of second sound against the
temperature : 5 7 : l is shown for pure He4.

8. SPECIFIC HEAT

The specific heat of liquid He3 at saturated-vapor
pressure c 5 8" 6 0 : l and at p = 29 atm, : 5 9 ] and also the spe-
cific heat of solutions of He3 and He 4 : 6 1 ' 6 2 ] at saturated-
vapor pressure with molar He3 concentrations equal to
0.05, 0.094, 0.15, 0.29, and 0.48, are shown in Fig. 10.
For comparison we show a plot of the specific heat of
He4 against the temperature at saturated-vapor pres-
sure. ie32 The curves for v = 0.29 and v =0.48 at low
temperatures terminate at temperatures corresponding
to the start of the stratification into two liquid phases.

At very low temperatures and at He3 concentration
in liquid He4 equal to 0.05 (lower curve of Fig. 10), the
specific heat of the solution coincides with the specific
heat of an ideal Fermi gas consisting of He3 atoms, but

zr, m/sec

FIG. 8. Pressure dependence of the
speed of sound in solid He3 and He4 at
a temperature close to the melting tem-
perature. SOB
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FIG. 10. Specific heat of H e 3 , H e 4 , and of solutions of He 3 in H e 4 .

w i t h a n e f f e c t i v e m a s s l a r g e r b y 2 . 4 t i m e s .

T h e r e a r e m e a s u r e m e n t s ' ^ 6 4 - 1 of t h e s p e c i f i c h e a t of

H e 3 a n d H e 4 a t c o n s t a n t v o l u m e C v w i t h d e n s i t y of a p -

p r o x i m a t e l y 0 . 9 9 o f c r i t i c a l i n t h e d i r e c t v i c i n i t y of t h e

c r i t i c a l p o i n t . T h e r e s u l t s o f t h e m e a s u r e m e n t s a r e

g i v e n i n t h e f o l l o w i n g f o r m :

f o r He3 : 0 < r c - r < 0 . 1 , - ^ = - 0 . 3 7 In ( ^ ^

f o r He4: ^-= - 0 . 6 2 In

) + 1 , 7 , (4)

) - 0 . 5 , (5)

) + 2 . 0 , (6)

^ ( ^ ) - 1 . 6 , (7)

w h e r e R = 8 . 3 1 J / m o l e - d e g , a n d T c i s t h e c r i t i c a l

t e m p e r a t u r e . F i g u r e 11 s h o w s a g e n e r a l f o r m : 6 5 ] of t h e

0 < r - 7 - c < 0 , 0 1 ,

0 < r c - r < 0 . 1 ,

0 < r - r c < 0 . 0 1 ,
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FIG. 11. Specific heat Cv, Cs, and
Cp of liquid He3.
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temperature dependence of the specific heat of liquid
He3 at constant volume Cv, along the evaporation curve
C s , and at constant pressure Cp. Measurements:66]

have shown that the specific heats of He3 and He4,
which form a monatomic layer covering the sorbed sur-
face almost completely (0.74 for He3 and 0.8 for He4),
from 0.25° to 4°K, are proportional to the square of the
temperature. The Debye temperature characteristic of
the two-dimensional model is equal to 28°K for He3 and
31°K for He4. The specific heat of solid He3 at temper-
atures from 6.3 to 14°K and at molar values from 24.4
to 12.57 cmVmole can be expressed, according to the
measurements of l67>6a\ in the form

! ^ (J/mole-deg). (8)

The dependence of the Debye temperature 0 on the
molar volume v, for both hexagonal crystals (hep) and
cubic crystals (bec), is given by the formula

dln8
d In v

= —2,5.

At the transition point, at v = 20 cm3/mole, 0 = 35°K
for hexagonal crystals and & = 29° K for cubic crystals.

The specific heat of solid hexagonal crystals of He4

was also determined1^93 from formulas (8) and (9). The
values of the Debye temperatures coincide in this case
with the values of © for cubic He3 crystals. In place of
the term AT in formula (8), the authors propose also a
correction proportional to T"1 exp (-*/T), indicating
that the value of $ coincides with the value obtained
from the activation energy in the self-diffusion proc-
ess. It follows from the experimental data,1673 however,
that the correction to the Debye term in formula (8) has
an irregular character, changes from 0 to 0.009 J/mole,
and is connected with the imperfection of the crystals
due to the impurities or vacancies in this location.

9. HEATS OF PHASE TRANSITIONS

The heats of evaporation and melting of He3 and He4

are usually calculated with the aid of the thermodynamic
equation

where H is the heat of the transition, T the absolute
temperature, Vj the volume of the less dense phase, v2
that of the denser phase, and dp/dT the derivative of
the pressure with respect to temperature along the
phase-equilibrium curve.

The upper curves of Fig. 12 show the temperature
dependence of the heats of evaporation of He3 and He4,

FIG. 12. Heat of evapora-
tion and melting of He3 and
He4.
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obtained from formula (10) on the basis of experimen-
tal data on the molar volumes and vapor-tension
curves. :70"72] The available experimental data:73"75]

obtained by direct measurement of the heat of evapora-
tion agree with the data obtained with formula (10).

The lower curves of Fig. 12 represent the heat of
melting of He3 and He4, also calculated from formula
(10) on the basis of experimental data on the molar vol-
umes and the (p-T) melting curves.176 '793 For He4 in
the interval 1.45-1.78°K, there is a small region of ex-
istence of a body-centered cubic (bec) phase (see
Fig. 2). According to estimates by formula (10), the
heat of transition from the hexagonal (hep) phase into
the less dense cubic (bee) phase, amounts to 0.4 J/mole
at T = 1.7°K.

At 0.77°K and p = 25.0 atm, a minimum is ob-
servedc8°3 on the melting curve of He4, and therefore
the heat of melting vanishes at this point, while at tem-
peratures lower than the minimum crystallization of
He4 by compression leads not to a release of heat but
to absorption of heat. To be sure, this heat is only
3.5 x 10"4 J/mole at T = 0.7°K, and is even smaller at
other temperatures.

A transition of He3 from the hexagonal to the cubic
phase was observed1143 at 3.15°K. The heat of the tran-
sition, calculated from formula (10), is approximately
1.8 J/mole at 3.15°K and only 0.5 J/mole at 2°K. As
seen from Fig. 12, the heat of melting of the hexagonal
phase is somewhat higher than that of the cubic phase.
On the lower left of Fig. 12 is shown, magnified ten
times, the heat of melting of He3 at temperatures below
1°K. Special notice should be taken here of the fact
that below 0.32°K the heat is absorbed rather than r e -
leased upon crystallization, and the heat of the transi-
tion is approximately 0.25 J/mole at 0.15°K, making it
possible to use the process of adiabatic crystallization
to obtain very low temperatures.

10. ENTROPY DIAGRAM OF He3

The entropy diagram for He3 was plotted1593 by using
the formula

T
C _ f c dl

" « " ' (ID
and extrapolating linearly the temperature dependence
of the specific heat to 0°K, or else by calculating the
entropy of gaseous He3 at 1.5°K, subtracting from it the
entropy of the transition from the liquid phase to the gas
phase using the heat of transition measured at the same
temperature/313 and then calculating the entropy for
other temperatures from formula (11).
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It is possible, however, to use the fact that at
T = 0.32°K the melting curve of He3 has a minimum and
the entropies of the solid and liquid helium should be
equal at this point. Taking into account, further, the
fact that the Debye temperature of solid helium is much
higher than 0.32°K, and therefore the contribution of the
phonon part to the entropy is very small, and that mag-
netic ordering in solid He3 begins, in the extreme case,
below several hundredths of a degree (as follows from
Anufriev's experimentsi8Zi on adiabatic crystallization),
it can be assumed that at this point the entropy of the
liquid and solid He3 differ very little from R In 2. The
value of the entropy for other states can be obtained
from the available data on the specific heat of solid and
liquid He3, the heats of transition, and also the differ -
ence of the entropies upon compression/83-1 The er/^opy
diagram obtained in this manner is shown in Fig. 13.
The curve which is lower up to 1° K and higher above
1°K corresponds to the entropy of the liquid in equilib-
rium with the saturated vapor. The curves marked 1,
5, 10, 30, and 50 atm correspond to values of the entro-
py of the liquid at pressures 1, 5, 10, 30, and 50 atm.
The lower curve of this series, at temperatures higher
than 0.32°K, corresponds to the entropy of the liquid in
equilibrium with the solid He3, and below 0.32° K to the
entropy of the liquid at a pressure p = 29 atm. The ver-
tical line at 3.15°K corresponds to the triple point,
where the liquid and hexagonal and cubic phases of He3

coexist. The lines marked (bcc) and (hep) correspond
to the entropies of the cubic and hexagonal crystals in
equilibrium with each other. The upper line of this
part of the diagram corresponds to the entropy of the
cubic crystals in equilibrium with the liquid. The place
where the entropy of the solid He3 drops sharply in the
region of low temperatures is set arbitrarily, since
there are no reliable experimental data concerning the
temperature of the start of spin ordering in solid He3.

11. MAGNETIC PROPERTIES

As already mentioned, the He3 atom has spin % and
a magnetic moment fi = 1.07 x lO '^erg /G, or 0.7618 /ip

(where ju.p is the magnetic moment of the proton).
Therefore the magnetic susceptibility of He3 gas in the
region where it is possible to use not quantum but clas-
sical statistics, is equal to

nil2

f (12)

where n is the number of atoms of He3 per cm3 and k
is Boltzmann's constant. At 2°K and n = 1.6 x 1022 cm"3

(corresponding to the density of liquid helium) we have
X = 2.2 xlO"9, i.e., its absolute magnitude is almost im-
possible to measure. However, many measurements
were made of the temperature dependence of x with the
aid of nuclear-resonance and spin-echo technique. Fig-
ure 14 shows the results of measurements by Beal and
Hatton,c84] performed on liquid He3 at different pres-
sures.

At temperatures higher than 2°K, liquid He3 satisfies
the Curie law, i.e.,

Sj J/mole-deg
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I f w e p l o t x T / B a s a f u n c t i o n o f T = T / T F w h e r e

T p = 3 B / 2 x o i s t h e F e r m i t e m p e r a t u r e a n d x 0 i s t h e

v a l u e t o w h i c h x t e n d s w h e n T — 0 , t h e n a l l t h e e x p e r i -

m e n t a l d a t a f i t o n e c u r v e ( F i g . 1 4 ) . T h e n T d e p e n d s o n

t h e p r e s s u r e i n t h e f o l l o w i n g m a n n e r :

P, a t m : 0 . 7 3.(5 1 1 1 8 2 7

TF, K : 0 . 5 5 0 . 5 0 . 4 1 0 . 3 0 0 . 3 2 .

M e a s u r e m e n t s ' 8 5 3 o f t h e t e m p e r a t u r e d e p e n d e n c e o f

t h e m a g n e t i c s u s c e p t i b i l i t y o f s o l u t i o n s o f H e 3 a n d H e 4

i n t h e m o l a r - c o n c e n t r a t i o n i n t e r v a l f r o m 0 . 1 4 t o 1 . 0 0

h a v e s h o w n t h a t t h e C u r i e l a w i s s a t i s f i e d a c c u r a t e t o

1 % a t t e m p e r a t u r e s f r o m 1 . 9 t o 2 . 9 ° K . T h e a u t h o r s

p r o p o s e t h a t t h e s a t i s f a c t i o n o f t h e c u r i e l a w i s d u e t o

t h e c o m p e n s a t i o n o f t h e d e v i a t i o n s c a u s e d b y e f f e c t s

c o n n e c t e d w i t h e x c h a n g e i n t e r a c t i o n b e t w e e n t h e n u c l e a r

m o m e n t s a n d w i t h t h e i n t e r a c t i o n t h a t l e a d s t o s a t i s f a c -

t i o n o f t h e P a u l i p r i n c i p l e . I t c a n b e p r o p o s e d t h a t i n

t h i s c a s e t h e a b s o l u t e v a l u e o f t h e m a g n e t i c s u s c e p t i -

b i l i t y i s d e t e r m i n e d b y f o r m u l a ( 1 2 ) .

M e a s u r e m e n t ^ 6 2 ' 8 6 J o f t h e m a g n e t i c s u s c e p t i b i l i t y

o f s o l u t i o n s o f H e 3 i n l i q u i d H e 4 i n t h e t e m p e r a t u r e i n -

t e r v a l f r o m 0 . 0 5 ° t o 0 . 7 ° f o r v = 0 . 5 a n d f r o m 0 . 0 4 °

t o 0 . 2 6 ° K f o r v = 0 . 0 1 3 h a v e s h o w n t h a t x i s v e r y c l o s e

t o t h e m a g n e t i c s u s c e p t i b i l i t y o f a n i d e a l F e r m i g a s

w h o s e d e g e n e r a c y t e m p e r a t u r e c o i n c i d e s w i t h t h e

v a l u e s o f T p d e t e r m i n e d f r o m m e a s u r e m e n t s o f t h e

s p e c i f i c h e a t , ( x c a n b e c a l c u l a t e d w i t h t h e a i d o f t h e

t a b l e s o f c 8 7 ] . )

M e a s u r e m e n t s o f t h e m a g n e t i c p r o p e r t i e s o f s o l i d

H e 3 h a v e s h o w n c 8 8 ' 8 9 j t h a t i n t h e c a s e w h e n t h e e x p e r i -

m e n t s a r e c a r r i e d o u t u n d e r e q u i l i b r i u m c o n d i t i o n s t h e

XT/B

w

05

0

-

- A

.18.0

* 3.6

-0.7

where B is the Curie constant. At lower temperatures,
the ordering of the magnetic moments connected with

0.1 S2 OS W 2£ 5.0 t

F I G . 1 4 . D e p e n d e n c e o f x T / B o n r = T / T p .
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magnetic susceptibility of solid He3 obeys the Curie law,
at least when T exceeds 0.06°K. Experiments with He3

are made complicated by the very long times, on the or-
der of tens of minutes, necessary to establish thermal
equilibrium between the system of nuclear spins and the
crystal lattice. In this case even small (0.05%) admix-
tures of He4 greatly affect the measurement results.

Measurements have been reported1903 of the nuclear
susceptibility of He3 sorbed on glass. The susceptibility
of the first layer obeys the Curie law in the temperature
interval from 0.3° to 2°K, and the susceptibility of the
second layer is determined by the formula x = B/(T + ©)
with a Curie temperature 0 = 0.04°K.

12. RELAXATION TIME

Since the magnetic susceptibility of He3 is very low
and all the reported measurements have been performed
by ac nuclear resonance methods, a very important
role is played by the time ti of establishment of ther-
mal equilibrium between the system of interacting nu-
clear spins and the liquid or solid helium as a whole,
and also the time t2 of establishment of equilibrium
within the spin system. It is clear from the very defini-
tion that tx is larger than or equal to t2.

The data concerning tx in liquid He3 are subject to
great scatter. This is connected with the fact that any
paramagnetic impurity located on the walls of the ves-
sel with the liquid He3, or else suspended in the helium
itself, leads to a noticeable decrease of tx. The longest
relaxation times tx were observed in the experiments
of Romer,1-913 where regardless of the magnitude of the
magnetic field, from 1.5 to 12 kG, tx varied monotoni-
cally from 300 sec at 0.75°K to 400 sec at 2°K and
600 sec at 3CK. These relaxation times were smaller
by a factor of about 1V2 than those calculated on the
basis of the Torrey formulac92]

1 2jfrft/v
77= Jw7F~ ' (14)

where y is the gyromagnetic ratio, a the atomic diam-
eter (a as 2.7 A), N the number of He3 atoms per cm3,
and D the self-diffusion coefficient. Formula (14) is
valid under the condition U)OTO « 1, where a)0 is the
frequency of the Larmor precession, and the correla-
tion time is TC = a2/6D = 3 x 10"12 sec. In this case
t2 Wti.

It follows from (14) that the relaxation time tx can
be very large at temperatures much lower than 1°K,
where ~ T"2.

According to the measurements of Garwin and
Reich,c93] the relaxation times U in solutions of He3 in
He4 reach thousands of seconds. In their experiments
with pure He3, however, the times tj were much shorter
than those obtained by Romer;[91] it can therefore be
assumed that, owing to the presence of magnetic impur-
ities in the suspended state or on the walls, the values
of the relaxation obtained were too low in solutions as
well.

Measurement of the relaxation time ti in solid He3

crystals is quite difficult, since the condition woTo<< 1
is not satisfied here and ti increases with increasing
frequency at which the measurements are performed.
In addition, the presence of Zeeman energy in the
nuclear-spin system greatly complicates the processes

of establishment of thermal equilibrium, producing as
it were three weakly interacting heat baths1-943 with ex-
change and Zeeman nuclear-spin energies and with the
lattice-vibration energy. The establishment of equilib-
rium is very strongly influenced by small impurities of
He4 and by lattice inhomogeneities. Measurements1^53

under identical conditions give for ti in the cubic (bcc)
phase of He3 values which are approximately one hun-
dredth those in the hexagonal phase.

The relaxation times in solid He3 change from frac-
tions of a second at T = 1°K to thousands of seconds at
lower temperatures and higher densities. However,
there are no fully reliable data on the relaxation time
in pure He3 crystals.

13. SELF-DIFFUSION IN He3

The spin-echo technique makes it possible to meas-
ure the coefficient self-diffusion in He3. If a signal
produced by nuclear-spin precession is observed in an
inhomogeneous magnetic field after a train of oscilla-
tions at the resonant frequency caused the spins to ro-
tate through 90°, then the signal attenuates rapidly, ow-
ing to the different precession frequencies in different
magnetic fields. If one more train of oscillations is now
applied, turning all spins through 180°, then they begin
to precess in the opposite direction, and were there no
diffusion, they would all be gathered after a certain
time in the position they occupied immediately after the
90° pulse, i.e., a signal of the same amplitude, called
spin echo, would be observed. However, owing to self-
diffusion, the spins are shifted, then are inaccurately
phased, and therefore the amplitude of the echo signal
decreases. The ratio of the amplitude of the echo signal
to the amplitude of the first signal is

where t is the time between the 90° train and the echo,
T2 is the time of exchange relaxation, y is the gyromag-
netic ratio (y = wo/Ho = 2 x 104 rad/sec-G), g = 3H/3x
is the gradient of the magnetic field (in G/cm), and D is
the self-diffusion coefficient (in cm2/sec).

Measurements made by this method1933 on liquid He3

in the temperature interval from 1° to 4°K yield

D cm2/sec -5.9-10-Mn (—) (16)

where p is the density of the He3 and T is its temper-
ature in degrees Kelvin.

At temperatures below 0.03-0.05°K, the coefficient
of self-diffusion in liquid He3 is inversely proportional
to the square of the temperature:

D = -±. (17)

The value of A changes with pressure l951 from
A = 1.5 x 10'6 at 0.3 atm to A = 1.2 x 10"6 at 5 atm. and
A = 2 x 10"7cm2 deg/sec at 27 atm.

It should be noted that measurements of the coeffi-
cient of self-diffusion in liquid He3 are subject to cer-
tain doubts, since a dependence of D on the dimensions
of the vessel is observed,1961 although it should not oc-
cur in principle. When the diameter of the pyrex glass
vessel is increased from 2.5 to 10 mm, the self-diffu-
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sion coefficient D at saturated-vapor pressure and a
temperature 1-3°K increased1-98-1 by approximately
30%.

The self-diffusion coefficient in solid He3 was meas-
ured by Reich.:971 It turned out that the diffusion proc-
ess has in this case a thermal-activation character and
is described in the cubic (bcc) phase by the equation

D = Doe-T°iT, (18)

where Do = 3.3 x 10"5 cm2/sec independently of the den-
sity, and To is the melting temperature of He3 at the
corresponding density. Thus, To = 13.7°K at an He3

density p = 0.156 g/cm3.
In the hexagonal (hep) phase of He3, the activation

energy for diffusion is approximately double and corre-
sponds to To = 38°K.

14. DIFFUSION AND THERMAL CONDUCTIVITY IN
SOLUTIONS OF He3 IN He4

The diffusion of He3 in liquid He4 at temperatures
above the X point is a process similar to diffusion in
ordinary liquids. According to measurements by
Careri et al.[9a:l

$> cm /sec l^, cm

> = (4±2)-10-5
 Cm2/sec. (19)

Below the X point, He3 takes part in the motion of
the normal part, therefore very rapid transport of He3

is possible, with simultaneous motion of the He4 in the
form of the superfluid part. This produces, besides the
difference in the concentrations also a temperature dif-
ference, i.e., thermoosmosis is observed. If a constant
heat flux is produced in the solution, then a stationary
state is established, in which the following relation will
hold between the He3 concentration gradient and the
temperature in the case of weak solutions'991

i?v(vr)=-svr, (20)
where R is the gas constant, v the molar concentration
of He3 in the solution, and S the entropy per mole of
pure He4.

In this case the heat flux is

v \MRv Vpno' ' = - x e f f v r , (21)

where p is the density of the solution, M the molecular
weight of He4, pn othe part of the normal density (pn)
of the solution due to the rotons and phonons, D the dif-
fusion coefficient, K the thermal conductivity coefficient,
and Keff the coefficient of effective thermal conduc-
tivity.

The first term in this formula corresponds to the
heat transfer due to the motion of elementary excita-
tions as a whole (motion of the normal part of liquid
helium), and the second, with K, corresponds to heat
transfer, analogous to the usual thermal conductivity,
i.e., due to diffusion of thermal excitations.

As seen from (21), the coefficients of thermal con-
ductivity K and of diffusion D in solutions are organi-
cally related and can be determined separately only
if one of them is much larger than the other. Ex-
periments of this kind were performed by Ptukha1-101-1

and made it possible to determine D at temperatures
above 1.3°Kand K at temperatures below 1.3°K. Ac-
cording to Ptukha's measurements, at concentrations

as 0/ as v y is IT W 2.1
r,"K

FIG. 15. Temperature dependence of the mean free path of He3

atoms dissolved in liquid He4, upon scattering by phonons (/jpn),
rotons (7ir) and by each other at molar concentrations v= 1.39 X
10'4 (/„(£,)). 1-32 X 10"3 (/ij(e2)), and 1.36 X 10"2 (/ii(e3)), and also
the cross sections for scattering of phonons by He3 atoms (ophi) and of
the diffusion coefficient D of He3 in solution. The designations
/jj(e j 2 3) on the figure are placed exactly over the corresponding lines.

v = 1.39 xlO'4 and 1.32 xlO"3 the diffusion coefficient
does not depend on the concentration. Its dependence on
the temperature is shown in Fig. 15.

At temperatures below 1°K, the main role in heat
transfer is played by the phonons, and the thermal con-
ductivity decreases with increasing concentration.
Thus, at T = 0.7°K the thermal conductivity drops from
5xlO'2W/cm-degat v = 1.39 x 10'4 to 1.2 xlO' 2 at v
= 1.32 x 10"3 and to 1.3 x 10"3 W/cm-deg at v = 1.36
x 10"2. Figure 15 shows also the free path of the ther-
mal excitations and of atoms of He3 dissolved in He4,
calculated by Ptukha on the basis of the theory of diffu-
sion and thermal conductivity of weak solutions of He3

in superfluid helium.:100] The diffusion of He3 in He4 in
a gas with average concentration of approximately 8%
He3 at pressure 15-30 mm Hg. was measured by
Bendt.:102] He measured not the diffusion coefficient D
directly, but the product nDfx (g/cm-sec), where n is
the number of atoms per cm3 and \i = 2.84 x 10"24 g is
the reduced mass for collision of He3 atoms with He4

atoms. In the temperature interval between 1.74° and
296°K, the value of nDfi changes from 3.99 x 10'6 to
1.18 x 10"4 g/cm-sec. In the range from 1.7° to 4°K
nDjLi can be represented in the form

n£>|i = 2.58-10-T>-™ g/cm-sec (22)

and above, up to 300°K, in the form

n/3n = 3.i5-io-9r064 g/cm-sec (23)

15. THERMAL CONDUCTIVITY OF He3

Figure 16 shows the results of measurements of the
thermal conductivity of gaseous He3 and He4, made by
Fokkensk et al. r l 03 ] at pressures on the order of 0.1mm
Hg, and also the data on the measurements of the ther-
mal conductivity of liquid non-superfluid He4 and liquid
He3 at pressures of approximately 0.6 atm,[1043 and
measurements at temperatures from 0.9° to 0.06°K at
two pressures. l l05}

In the upper portion, on the basis of measurements
by Bertmann et al., :106 '107:l are plotted the temperature
dependences of the thermal conductivities of solid He3

and He4 and of crystals with molar concentrations of
He4 equal to 0.013, 0.04, 0.1, and 0.5 at crystal molar
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FIG. 16. Thermoconductiv i ty and viscosity of H e 3 and H e 4 .

v o l u m e s of 1 9 . 5 c m 3 / m o l e , a n d f o r H e 4 — w i t h m o l a r

v o l u m e 2 1 c m 3 / m o l e .

I t i s i n d i c a t e d i n t h e p a p e r s of B e r t m a n e t a l . t h a t

t h e H e 3 a n d H e 4 w e r e v e r y p u r e , b u t t h e d e g r e e of p u r -

i t y w a s n o t d e t e r m i n e d n u m e r i c a l l y . A t t h e s a m e t i m e ,

i t i s c l e a r f r o m o t h e r i n v e s t i g a t i o n s / 1 0 8 ) 1 0 9 ] t h a t t h e

t h e r m a l c o n d u c t i v i t y of s o l i d h e l i u m d e p e n d s s t r o n g l y

n o t o n l y o n t h e p u r i t y b u t a l s o o n t h e p e r f e c t i o n of

t h e c r y s t a l s . I n a n y c a s e , t h e t h e r m a l c o n d u c t i v i t y K

of a c y l i n d r i c a l H e 4 s i n g l e c r y s t a l of 2 . 5 m m d i a m e t e r ,

g r o w n a t 8 5 a t m , c a n r e a c h 5 0 W / c m - d e g a t T

= 0 . 9 ° K . t l 0 8 ] T h e r e f o r e a n u m e r i c a l a n a l y s i s of t h e

t h e r m a l - c o n d u c t i v i t y c u r v e s a n d c a l c u l a t i o n s of t h e s o -

c a l l e d " U m k l a p p " p h e n o m e n a a n d t h e a s s o c i a t e d d e -

c r e a s e of t h e r m a l c o n d u c t i v i t y a t l o w t e m p e r a t u r e s c a n

b e p e r f o r m e d o n t h e b a s i s of t h e p r e s e n t e d d a t a o n l y a p -

p r o x i m a t e l y .

1 6 . T H E K A P I T Z A J U M P

K a p i t z a [ 1 1 0 1 o b s e r v e d t h a t a t l o w t e m p e r a t u r e s , w h e n

h e a t i s t r a n s f e r r e d f r o m a s o l i d t o l i q u i d h ' l i u m , a t e m -

p e r a t u r e j u m p o c c u r s o n t h e b o u n d a r y . T h e j u m p c o n -

s i s t s i n t h e f a c t t h a t t h e t r a n s f e r of h e a t i s i n t h i s c a s e

c o n n e c t e d p r i m a r i l y w i t h t r a n s i t i o n o f p h o n o n s , s o u n d

q u a n t a , f r o m t h e s o l i d i n t o t h e l i q u i d , a n d t h e p r o b a b i l -

i t y of s u c h a p r o c e s s i s l o w . T h u s , a t a l a r g e a c o u s t i c -

s t i f f n e s s d i f f e r e n c e , t h e f r a c t i o n of t h e s o u n d e n e r g y

p a s s i n g t h r o u g h t h e b o u n d a r y i s

K = ipiu | cosO/p s « s , \")

w h e r e p / , u^ a n d p s , u s a r e t h e d e n s i t y a n d s p e e d of

sound respectively for the liquid and solid, and -$• is the
angle of incidence of the sound on the boundary in the
solid. The total energy flux car r ied by the phonons of
the solid into the liquid through a unit surface of the
boundary is

s K cos0 si cos2 6 sin # rffl =
2pi u

3ps
(25)

w h e r e S ^ i s t h e a v e r a g e e n e r g y of t h e p h o n o n s p e r

c m 3 of t h e s o l i d . I n e q u i l i b r i u m , t h e s a m e a m o u n t of

h e a t w i l l b e c a r r i e d f r o m t h e l i q u i d i n t o t h e s o l i d . If

t h e t e m p e r a t u r e TL of t h e s o l i d i s n o t e q u a l t o t h e t e m -

p e r a t u r e T 2 of t h e l i q u i d , a c o n s t a n t h e a t f l u x i s p r o -

d u c e d .

(26)

o r

-(cm 2 deg
(27)

h e r e c p h = 1 9 4 4 T 3 / M 6 3 J / g - d e g i s t h e p h o n o n p a r t of

t h e s p e c i f i c h e a t of t h e a s o l i d w h o s e m o l e c u l a r w e i g h t

i s M a n d w h o s e D e b y e t e m p e r a t u r e i s 0 . S u b s t i t u t i n g

i n (27) t h e d a t a f o r c o p p e r ( M = 6 5 . 5 4 g / m o l e a n d G

= 3 3 9 ° ) a n d H e 3 (pt = 0 . 0 8 g / c m 2 , u/ = 1.9 x 1 0 4 c m / s e c ) ,

w e g e t

i? 3 = 1300/r 3 c m 2 d e g / W ( 2 8 )

a n d f o r H e 4 ( p / = 0 . 1 4 5 g / c m 3 , u/ = 2 . 4 x 1 0 4 c m / s e c )

i? 4 = 570/r s c m 2 d e g / W ( 2 9 )

I n a s m u c h a s s o l i d h e l i u m a l s o h a s a n a c o u s t i c s t i f f -

n e s s w h i c h i s m a n y t i m e s s m a l l e r t h a n t h a t of c o p p e r ,

f o r m u l a ( 2 7 ) c a n b e e m p l o y e d f o r i t , t o o . I n t h i s c a s e

f o r s o l i d H e 3 w i t h p = 0 . 1 3 g / c m 3 a n d u = 6 x 1 0 4 c m / s e c

w e h a v e

i ? 3 s - 250/7'3 c m 2 d e g / W (30)

a n d f o r H e 4 w i t h p = 0 . 2 g / c m 3 a n d u = 6 . 6 x 1 0 4 c m / s e c

w e h a v e

f? 4 s --160/T 3 c m 2 d e g / W ( 3 D

I t i s c l e a r t h a t t h e p i c t u r e u n d e r c o n s i d e r a t i o n g i v e s

o n l y t h e g e n e r a l p h y s i c a l i d e a of t h e p r o c e s s , a n d d o e s

n o t t a k e i n t o a c c o u n t t h e a n i s o t r o p y of t h e s o l i d a n d t h e

p r e s e n c e of t r a n s v e r s e w a v e s . T h i s , h o w e v e r , c h a n g e s

t h e r e s u l t s v e r y l i t t l e , w h i l e m o r e d e t a i l e d c a l c u l a -

t i o n s [ 1 1 1 > n z i g i v e f o r R v a l u e s of t h e s a m e o r d e r . A t

t h e s a m e t i m e , t h e e x p e r i m e n t a l r e s u l t s s h o w t h a t t h e

t e m p e r a t u r e d e p e n d e n c e of R , a s a r u l e , d i f f e r s f r o m

T " 3 , a n d t h e a b s o l u t e v a l u e s of R d e p e n d v e r y s t r o n g l y

o n t h e s t a t e of t h e s u r f a c e a n d a r e s m a l l e r b y s e v e r a l

d o z e n t i m e s t h a n w o u l d f o l l o w f r o m t h e e s t i m a t e s g i v e n

a b o v e . T h u s , a c c o r d i n g t o t h e d a t a of L e e a n d F a i r b a n k

w e h a v e f o r H e 3 a n d c o p p e r f r o m 0 . 4 ° t o 2 ° K

R = 1 3 0 / T 2 c m 2 d e g / W , w h i l e F a i r b a n k a n d W i l k s [ 1 1 3 : l

o b t a i n e d f o r H e 4 a n d c o p p e r R = 4 5 / T 2 .

K u a n g W e i - y e n c l l 4 ] o b t a i n e d t h e r e l a t i o n
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R = 21/T2-6 cm2 deg/Wfor copper and He4 from 0.57° to
2°K. Anderson et al. [105: give for He3 a value R
= 200/T3 at temperatures from 0.05° to 0.1°K, and R
~ 1/T4 in the interval 0.1-0.4cK. At increased pres-
sures in liquid helium, only a small change takes place
in the heat jump,1-114-1 smaller by several times than
follows from formula (27).

For solid He3, Anderson et al . c l l 5 ] obtained
R = 60/T3 cm2 deg/W in the interval 0.07 xO.2°K, but
from 0.2° to 0.7°K the thermal resistance is inversely
proportional to T4.

It is thus clear at low temperatures (T < 0.1°K), the
Kapitza jump is the greatest obstacle to the establish-
ment of equilibrium in the apparatus, and all experi-
ments give a sharp increase of R with decreasing tem-
perature. However, the large difference between the
data of different experiments and between the experi-
mental and theoretical estimates indicates that the con-
ditions on the boundary of the solid are far from ideal.
A possible cause is the presence on the surface of me-
chanically finished metals of a strongly deformed
amorphous layer1114'118J of thickness 5 x 10"7-10'6cm,
which leads to an increase of the effective surface and
to "acoustic transparency" of the boundary. The reso-
lution of this contradiction should be found in subse-
quent experiments.

17. VISCOSITY

Figure 16 shows data on the temperature dependence
of the viscosity of liquid He3 tm"119] at saturated-vapor
pressure and at p = 14 atm. At temperatures lower
than 0.1° K, the dependence of the viscosity of liquid He3

on the temperature, at saturated-vapor pressure, is
close to 7] = 3.2 x 10"8/T2 poise.

For comparison, we present the data of [117> im for
the viscosity of liquid He4 above the \ point and the
viscosity of the normal part of superfluid He4 below the
A, point. On the lower right are plots of the tempera-
ture dependence of the viscosity of gaseous He3 and He4

according to the measurement data of c121'122J, at a
pressure of a fraction of a mm Hg. At the critical point,
the viscosities of gaseous and liquid helium should be
equal. However, viscosity of the gas is independent of
the pressure in first approximation, therefore it is not
clear from the curves of Fig. 16 how the viscosities of
the liquid and gaseous helium can be comparable at the
critical point. It is obvious that further experiments
are necessary to answer this question.

18. EXPERIMENTS AIMED AT FINDING THE TRAN-
SITION OF LIQUID He3 INTO THE SUPERFLUID
PHASE

Inasmuch as, in analogy with electrons in supercon-
ductors, the He3 atoms are prone to noticeable pair in-
teraction, owing to the presense of nuclear spins, He3

should become superfluid at very low temperatures.m

This question is the subject of a large number of pa-
pers. In the first experiment1-123-1 in which it was pos-
sible to measure the specific heat of liquid He3 to the
very lowest temperatures obtainable and measurable
with the aid of cerium-magnesium nitrate (CMN), a
maximum of the specific heat is observed at tempera-
tures on the order of 0.055°K as seen from Fig. 17
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FIG. 17. Specific heat of liquid He3 and of cerium-magnesium ni-

trate (CMN) obtained in the experiments of [123 ] (below) and [124 ]
(above). 1-specific heat of calorimeter (CMN) with liquid He3; 2-spe-
nific heat of one calorimeter (CMN); 3-specific heat of liquid He3, ob-
tained as the difference between curves 1 and 2. Dashed curve-theoreti-
cal [12S] with transition temperature T\= 0.0055°K.

(lower curve 3). The presence of such a maximum can
be attributed to the transition of He3 into the superfluid
phase. The theoretical1-124-1 plot of the specific heat
against the transition temperature T^ = 0.055° K is
shown by the dashed curve in Fig. 17. The blurring of
the experimental curve indicates that there is no equi-
librium distribution of the temperatures in the appara-
tus. In this experiment, the calorimeter was a sphere
compressed of CMN crystals having an average dimen-
sion 10 fi. The liquid He3 was introduced in the pores
between the crystals. There was 1 cm3 of liquid He3

for 14 grams of CMN. The heat was introduced into the
calorimeter almost homogeneously, with the aid of gam-
ma sources installed on both sides. The temperature T
was determined from the magnetic moment of the CMN
in the known measuring magnetic field

r = 4 . (30')

The constant A was chosen such that the maximum
value M m a x observed in the CMN at the lowest tem-
peratures corresponded to a temperature T m a x
= 0.0032°, in accordance with the data of Daniels and
Robinson.C125J

Similar measurements11261 were made in apparatus
in which CMN crystals measuring about 150 /n filled a
cylinder whose height was equal to its diameter. There
was 2 cm3 of liquid He3 for 6.5 g of CMN. The tempera-
ture in these measurements was determined also in ac-
cordance with formula (30), but in accordance with their
calibration, the authors assigned a value T m a x
= 0.0018° K to the temperature of the maximum of M.
The calorimeter was heated by a wire-wound heater. It
is clear that at sufficiently small measured magnetic
fields the maximum of M should occur at the same
temperature for a sphere as for a cylinder. Therefore
the upper part of Fig. 17 shows the results of measure-
ments of the specific heat of liquid He3 in such a scale
that the lower and the upper curves in a given vertical
section have the same temperatures. Which of the given
temperature scales is closer to the thermodynamic
scale can be determined only by further experiments.
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As seen from the upper curve 3 of Fig. 17, a faster
decrease of the specific heat of He3 begins also below
3 x 10~3oK, but it is much less pronounced than on the
lower curve 3. This can be attributed to the fact that in
the second experiment the conditions were even farther
from equilibrium than in the first experiment, owing to
the larger dimensions of the CMN crystals and owing to
the inhomogeneous heat release. In addition, according
to the data of the authors of [126:l

) the specific heat of the
CMN increases with decreasing temperature even more
slowly than c ~ 1/T2, as was observed11253 for spheri-
cal samples and as was observed in the given investi-
gation at temperatures above 0.008°K. At the same
time, owing to the presence of the maximum of M at
Tmax = 0.0018°, the values of the specific heat, in this
temperature scale, should increase more rapidly on ap-
proaching Tjy[, becoming infinite at the point T — Tjyj.
All this confirms that the conditions in the second ex-
periment were far from equilibrium.

In a detailed article/127-1 the authors of the second
paper11261 ignore the smeared-out maximum of the
specific heat in their own experiments, and attempt to
attribute the maximum in the first investigation to the
presence of a maximum in the time of establishment of
thermal equilibrium between the liquid He3 and the
CMN crystals. The specific heat of the He3 being cx~T
and that of the CMN c2~T"2 , the time of establishment
of equilibrium is equal to T = Rc1c2 /(c1 + c2) and can
have a maximum only when the resistance on the bound-
ary varies not like R ~ T~3, but more weakly: R ~ T ~ \
In addition, in the second investigation, owing to the
larger dimensions of the CMN crystals, the time of es -
tablishment of equilibrium should be 30-40 times larg-
er than in the first investigation, whereas the authors
regard their experiments as being performed under
conditions close to equilibrium. It must therefore be
recognized that the explanations of the authors of [127]

are contradictory. In any case, their conclusion that
a deviation from the linear temperature dependence of
the specific heat of liquid He3 begins below 0.01°K must
be recognized as being not verified experimentally. For
a more reliable establishment of the temperature de-
pendence of the specific heat of liquid He3 at tempera-
tures below 0.01°K, and also for a more reliable ob-
servation of the transitions of He3 into the superfluid
phase, it is necessary to perform experiments that en-
sure conditions closer to equilibrium, and to use a
thermometer having a lower Curie temperature and a
smaller relaxation time, for example, a nuclear ther-
mometer. Unfortunately, such experiments are very
complicated.

When the He3 goes over into the superfluid phase,
ordering of the magnetic moments begins, i.e., a change
in its magnetic susceptibility.:124] Experiments aimed
at observing the dependence of the magnetic suscepti-
bility of liquid He3 on the temperature were performed
by the same authors[127:l as the experiments with the
specific heat.[126: According to these data, from 10 to
3.5 mdeg the susceptibility is practically independent of
the temperature. It is clear from Fig. 17 that, in the
temperature scale employed by the authors, a decrease
of susceptibility connected with the transition of the
liquid He3 into the superfluid phase should be expected
at temperatures below 3 mdeg. The magnetic suscep-

tibility of HeJ has not yet been measured at these tem-
peratures.

Osgood and Goodkind[128J report in a recent paper
that they cooled liquid He3 to approximately 0.004°K by
nuclear adiabatic demagnetization of copper. However,
owing to the low accuracy of the results and the lack of
reliability of the temperature, these experiments like-
wise do not give a definite answer. The value of the spe-
cific heat, when the temperature is reduced from
0.05° K, has a tendency to decrease rapidly, but the
magnetic susceptibility remains practically unchanged.

It is therefore very desirable to experiment further
at the lowest temperatures; this would make it possible
to establish more accurately the temperature of the
transition of He3 into the superfluid phase, all the more
since theoretical calculations show that He3 should go
over into the sugerfluid phase at sufficiently low tem-
peratures. [129, 130]

19. THEORETICAL ESTIMATES

Helium has the simplest atom, and from this point of
view helium is the most convenient object for the con-
struction of a condensed-state theory capable of gener-
alizing and explaining the available experimental data.
At the present time, we are still far from the construc-
tion of general theory of the condensed state, but under
certain conditions several properties of helium can al-
ready be explained theoretically qualitatively and quan-
titatively. The properties that can be calculated most
accurately are those of weak solutions of He3 in He4,
where the He3 atoms move in the superfluid He4 as in an
ideal liquid, without experiencing any friction, but hav-
ing a large effective mass m, equal to 2.4 the mass of
the He3 atom. The He3 atoms interact with each other
weakly and constitute, as it were, an ideal Fermi gas.

As is well known/1313 for a Fermi gas with spin 1/2
the distribution of the particles with respect to the mo-
menta p is given by the formula

2 dp
(31')

where v is the volume, K is Planck's constant, k is
Boltzmann's constant, fi is the chemical potential,
£ = p2/2meff is the energy of the He3 atom, and meff
= 2.4 mHe3 = 1.2 x 10"23 g.

The degeneracy temperature of the s

2meff A; (32)

where n is the number of helium atoms per cm3, and v
is the molar concentration of the He3 in the solution. At
temperatures much higher than T,j, formula (31) differs
little from a Boltzmann distribution. In this case the
specific heat per cm3 of solution will be practically con-
stant, just as the specific heat of an ideal gas, and will
equal

c-4*«v. (33)

At v = 0.05 we have T^ = 0.34°K and, as seen from
Fig. 10, when 0.6 > T > 0.2°K the specific heat of a 5%
solution is actually almost constant and agrees with for-
mula (33). At higher temperatures, the specific heat of
He4, which is negligibly small below 0.6°K, begins to
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make an appreciable contribution. There is no talk of
the thermoconductivity and the viscosity of the " g a s "
under these conditions, since at temperatures 0 .3-
0.7°K they are much smaller than the thermal conduc-
tivity and viscosity of the normal part of liquid He4.
At temperatures much lower than Td for the solution
of He3 in He4, which exists, as seen in Fig. 3, up to
concentrations v ~0.06 and at 0°K, the laws governing
the degenerate Fermi gas should be valid. In this case
the specific heat is

ci=^WT- (34)

Table IV

At v = 0.05 we have c$ = 120 T J/mole-deg (per
mole of He3 atoms). Using Stoner's tables/132-1 we can
determine the specific heat in the entire temperature
region from 0°K to T = 2Td.

It is seen from Fig. 10 that when T is lower than
0.05°K the specific heat of 5% solution of He3 is actu-
ally proportional to T and agrees with formula (34).

In the degenerate state, the velocity of the particles
depends very little on the temperature and is equal to

*< cm/sec (35)

The order of magnitude of the mean free path can be
defined as [133]

(36)

where a = 5 xlO"15 cm2 is the gas-kinetic cross sec-
tion for the scattering of the He3 atoms. The viscosity
is in this case

'efr»F»v

and the thermal conductivity

6oT

and the self diffusion is

D ~ _ novT* '

(37)

(38)

(39)

At v - 0.05, for He3 in liquid helium, ry (poise)
= 2.6 xlO"7T2, * d (W/cm-deg) = 4.4 xl0-«/T, and
D (cm2/sec) = 5.9 xlO-5/T2.

The results of more accurate theoretical calculations
by Bardeen et al.[1343 and by Emery/1353 based on ex-
perimental datac62] on the diffusion of nuclear spins in
solutions of He3 in He4, are given in Table IV. Table IV
lists also the values of the specific heat of solutions of
He3 in He4, obtained by Abel et a l . c m ] For v - 0.05,
the relation K ~ T"1 begins to hold starting with
0.009°K, and for v = 0.013 starting with 0.007°K. It is
possible that the values obtained by the authors for the
specific heat are too low, since the average concentra-
tion in the measured interval, owing to thermoosmosis,
can be much lower. In addition, the measurement of the
temperature by determining the magnetic susceptibility
of a cylindrical CMN sample with height equal to its di-
ameter, as was done in this investigation at tempera-
tures close to the Curie temperature, raises some
doubts. It is seen from Table IV, however, that the theo-

B7-2,
lCr5cm2/sec
xr,
erg/cm-sec
10-B poise

V = 0,013,
exp.

1.72 62

H136

theor
1.72

19.1
66

v—0
exp.
9 62

24 136

,05,
theot

9

64
75

retical estimates based on formulas (37)-(39) and the
experimental values are of the same order of magni-
tude. The relatively larger value of D compared with
K can be connected with the fact that an interaction,
analogous to that which leads to spin waves, exists be-
tween the magnetic moments of the He3 nuclei.

On the basis of the experimental data, Bardeen et
al. :134] calculated theoretically that, in a solution of He3

in the superfluid state, superfluidity appears also in a
"gas" consisting of He3. According to their data, when
v = 0.05 the transition temperature should lie near T c
= 5x10~9°K, and when ^ = 0.013 T c = 2.0 x 10"8°K.
The optimal concentration is v = 0.016, for which T c
= 2.2xl0"6 oK.

The theory of an ideal Fermi gas cannot be applied
to liquid He3. The strong interaction causes the degen-
eracy temperature to be only 0.5°K, instead of the 5°K
given by calculation with the aid of formula (32).

Landau[m:l developed a theory of the Fermi liquid,
based on the assumption that while it is impossible to
consider individual He3 atoms at sufficiently low tem-
peratures (T < 0.05°K), it is possible to consider weak-
ly interacting excitations that are located in the self-
consistent field of other excitations, the number of
which is equal to the number of atoms. In this case, the
energy of the entire system is no longer equal to the
sum of the energies of the individual particles, and is a
functional of the distribution function. However, for the
function n(e) the Fermi distribution

n (e) = [eH-HW -\-1]-* (40)

remains valid, but in this case e, being a functional of
n(c), depends on the temperature.

The effective mass of the quasiparticles is deter-
mined by the relation

"Jeff = IS. (41)

where p0 is the end-point momentum of the Fermi dis-
tribution of the quasiparticles at absolute zero, and vp
is the Fermi velocity of the quasiparticles.

The specific heat of the Fermi liquid is

C=f-g-V/'m"ff"Wr. (42)

where n is the number of particles per unit volume.
Abrikosov and Khalatnikov,[2a and also Hone,[138:

calculated the specific heat, viscosity, magnetic-moment
diffusion, magnetic susceptibility, and speed of sound on
the basis of the Landau theory of the Fermi liquid.
Hone1-138-1 presents a table of the parameters of liquid
He3, calculated on the basis of the experimental data on
the density, magnetic susceptibility, and speed of sound.
Table V gives a number of the parameters calculated by
Hone, and also the Fermi velocity of the quasiparticles.
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Table V

223

Pressure, atm

p, g/cm3

po/h, 10-8 cm*
meff ;m

c, m/sec
r|rz, poise-deg2

Y.T, erg/cm-sec

2

m/sec

f theor.
\ exp. [»']
f theor.
1 exp .

DT2. cm deg sec ; ne1 exp. [9S]

0

0.082
0.785
2.82
58.6
182

1.5-10-8
3.2-10-n

57
48

4.2-10-5
1.5-10-1

2.75

0.089
0.808
3.06
55.5
223

1.2-10-6

45

2.9-10-6
1.0-10-8

7.75

0.097
0.831
3.40
51.4
276

0.87-10-"

30

l.j-10-8
0.62-10-B

0

0
0

16,5

0.106
0.856
4.04
44.6
335

.73-10-6

2',

.85-10-6

.35-10-6

As seen from Table V, there is agreement with the
small amount of available experimental data. However,
owing to the presence of magnetic impurities, the exper-
imentally-obtained spin diffusion is as a rule overesti-
mated, and therefore the discrepancy is appreciable.

One of the greatest successes of the Fermi-liquid
theory is the predicted existence of zero sound.:53J At
low temperatures, the relaxation time is T ~ 10"12 T ' 2

sec, and therefore very large attenuation should
be observed at higher temperatures for ordinary sound
(WT » 1) at LOT ~ 1 and, as seen from Fig. 7, weakly
damped acoustic oscillations, called by Landau zero
sound, should be observed again at T < 0.01° K and WT
« 1 in liquid He3. A feature of zero sound is that
whereas ordinary sound corresponds to oscillations of
the radius and of the center of the Fermi sphere, zero
sound is connected principally with periodic deforma-
tions of the Fermi sphere along the sound-propagation
direction. This phenomenon was already described in
greater detail by Pitaevskii.:139]

Thus, it can be concluded that the Fermi-liquid the-
ory explains quite satisfactorily the properties of liq-
uid He3 at temperatures lower than 0.05° K and down to
the transition into the superfluid phase.

The main properties of liquid He3 have been inves-
tigated experimentally above 0.05°K, and there is a
wide scope here for the activity of the theoreticians.

20. USE OF He3 TO OBTAIN VERY LOW
TEMPERATURES

Inasmuch as He3 has the lowest boiling temperature
it is possible, by simple pumping of its vapor in cryo-
stats described in the literature/140"142-1 to obtain and
maintain temperatures from 3° to 0.3-0.2CK. However,
the singularities of the diagram of state of He3 and of

its solutions in He4 make it possible to obtain tempera-
tures that are much lower.

One of the methods, proposed by London et al.L143}

and realized most successfully by Neganov et al./144-1

consists of using the heat of the transition of He3 from
a phase rich in He3 into a phase rich in He4. As seen
from Fig. 3, at temperatures below 0.88°K the solu-
tions of He3 in He4 become laminated into two phases —
a light one, containing essentially He3, and a heavy one,
in which the main part is He4. There are still no exact
data on the heat of transition of He3 for one phase to the
other, but if we use the thermodynamic relation

q = T(Sl-S2) (43)
and recognize that at very low temperatures the entropy
of He3 in solution, in accordance with formula (34), is
numerically equal to the specific heat, i.e., Si
= 103 T J/mole-deg when v - 0.64, and that the entropy
of the second phase is practically equal to the entropy
of pure He3, i.e., Sj = 17 T J/mole-deg, then at T
< 0.05° K the heat of transition is

9 = 867-- j /mole (44)

Using (43) and Stoner's tables,[132: we can calculate
the entropies and the heats of the transition with an ac-
curacy that is determined by the data on the lamination
curve of the solutions of He3 in He4. These quantities
are listed in Table VI.

The experimental setup for obtaining very low tem-
peratures is shown in Fig. 18. A diffusion pump 1 and a
rotary pump 2 are used to pump out and compress He3

of concentration close to 100%. The He3 is cooled then
in bath with liquid nitrogen and condensed in a capillary
by heat exchange with a bath of liquid He4 (4). It then
flows through a thin capillary (5), acquires a pressure
close to zero, is cooled in an evaporation bath (6) and

Table VI.

T, °K

0
0.025
0.050
0.075
0.100
0.125
0,150
0.175
0.2

vi

5.00
4.93
4,73
4.48
4.13
3,80
3.47
3.18
2,92

V2

7.00
6.96
6,83
6.63
6.40
6.14
5,79
5.47
5.10

Entropy of He in

J/mole-deg

0
0.4
0.8
1.3
1.7
2.0
2,4
2.9
3.3

Ssol ,
J/mote-
deg

0
2.6
5.0
7.0
9.0

10.6
11.9
12.9
13.6

J/mole

0
0.055
0.21
0.43
0.73
1.07
0.42
1.75
2.06

aminated solutions and

T.'K

0,25
0.30
0,35
0.40
0,45
0.50
0.55
0,60

v,

2,48
2.13
1,85
1.62
1.44
1.30
1,19
1.08

va

4.55
4.07
3.67
3.30
2.99
2.72
2.48
2.26

J/mole-
deg

4.0
4,6

J/mole-
deg

14.8
15.8

heat

J/mole

2.70
3.36
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FIG. 18. Diagram of device for ob-
taining very low temperatures.

in a heat exchanger (7), and proceeds to the upper part
of the dissolution bath (8). In the dissolution bath the
He3 evaporates, as it were, into the lower phase, from
which the "gaseous" He3 proceeds by viscous flow un-
der the influence of the concentration difference to the
evaporation bath (6), where it is evaporated and pumped
out with the pumps, thus closing the cycle. In order to
cause the He3 to move from the region of low tempera-
tures into the region of higher temperatures, it is nec-
essary to overcome the thermoosmosis forces. Table VI
and the lower left part of Fig. 3 show the dependence of
v on T, corresponding to dynamic equilibrium of the
thermoosmosis forces. Therefore at v = 0.05 and at
low temperatures, in order to extract He3 at T = 0.6°K
it is necessary to have a concentration lower than v
= 0.01. The calculations for the operation of such a
cryostat have been published l l l5i and shows that its
cooling capacity W at a temperature T is

W(W) = 437'2<? mole /sec (45)

where Q is the rate of circulation of the He3 in moles
per second. The working temperature is determined in
this case by the relation

r K = i8(£)0 '5 , (46)

where P is the area of heat exchanger (7) in cm2 and Q
is in moles per second. The numerical data on Fig. 18
describe one of the calculated modes with a heat-ex-
changer (7) having an area P = 5 x 104 cm2. The cooling
capacity of such a regime is only 5 erg/min. It is clear
that it is impossible to ensure such a small influx of
heat, taking into account the appreciable thermal con-
ductivity of the He3 itself and its solutions, and the pre-
sented figures should be regarded more readily as the
temperature limit below which the cryostat will not op-
erate in practice.

When the He3 goes over from the evaporation bath (8),
at a concentration 0.05, into the evaporation bath (4),
with concentration 0.01, approximately 13 J/mole is ab-
sorbed, and the He3, which flows downward in the heat
exchanger, carries only 1.7 J/mole. Therefore the He3

rising in the heat exchanger (7) has a temperature close
to the temperature of the dissolution bath practically all
the way to the evaporation bath. To compensate for the
cold flowing downward, and also for the heat of evapo-

FIG. 19. Cryostat for one-
time operation, based on the
heat of transition of He3 in
solution.

ration of He3 at a circulation 1.6 x 10 '* mole/sec, it is
necessary to release approximately 6 mW in the evapo-
ration bath.

A cryostat for one-time operation, without a compli-
cated heat exchanger, is shown in Fig. 19. A solution
of He3 in He4 with approximately 30% concentration is
first condensed in it, after which circulation begins and
lowers the temperature. After a temperature 0.6-0.7°K
is reached in the evaporation bath, the heater of the
evaporation bath is turned on, and the temperature of
the latter is maintained constant. The almost pure He3

becomes recondensed in the dissolution bath, and after
the entire phase that is rich in He3 is pumped over from
the evaporation bath, rapid cooling of the dissolution
bath begins. At the same time an amount of He3 is
added through the internal capillary, sufficient to fill
the entire dissolution bath, after which, continuing the
circulation, the temperature of the dissolution bath is
lowered to 0.06°K, after which the circulation stops and
pumping of the vapor begins from both the inlet and the
outlet. As the He3 is pumped off, the dissolution-bath
temperature drops to a value established by the heat
influx. Temperatures lower than 0.006°K were obtained
and maintained for 30 minutes in the device shown in
Fig. 19.

Vilches and Wheatleycl48: produced a setup with a
preliminary cooling cycle effected by dissolution and
circulation of He3. With the aid of the first stage, using
superconducting switches, the second stage, designed
for one-time operation, was cooled to T = 0.03°K, after
which the switches were disconnected, the gas was
pumped out from the evaporation bath of the second
stage. They succeeded in obtaining a temperature of
approximately 0.0045° K and in maintaining it for about
30 minutes. It should be noted that according to the
temperature scale employed by the American authors,
the temperature is assumed to be lower by a factor of
1.8.

One more method of obtaining low temperatures with
the aid of He3, a crystallization method, was proposed
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by Pomeranchuk [ U 3 : l and real ized by Anufriev. : 82 ] As
seen from Fig. 12, the maximum cooling capacity of
such a process is 0.3 J /mole at T = 0.25°K. At lower
tempera tu res , the crystall ization heat is

Table VII. Cooling capacity per cm3

of refr igerant

(47)

The process of crystall ization by p re s su re is con-
nected with deformation of the c rys ta l s , and may be a c -
companied by appreciable heat re lease . If this difficulty
is ever circumvented, then, excluding nuclear demag-
netization, character ized by very long t imes required to
establish thermal equilibrium between the lattice and
the system of nuclear spins, the process of crys ta l l iza-
tion of He3 makes it possible in principle to obtain t e m -
pera tures « 0.001° K.

For one-time p rocesses , when the refr igerant is
cooled to a definite low tempera ture and then draws heat
from the investigated sample, it is advantageous to com-
pare the cooling capacity contained in one cm3 of the r e -
frigerant.

Let us consider p rocesses that take place in the op-
t imal reg ime, in which, following the attainment of a
specified tempera ture , further demagnetization, c rys t a l -
lization, or pumping of He3 occur at a constant t empe ra -
ture T. In this case the maximum cooling capacity is
defined as q = TAS, where AS is the difference between
entropies at the beginning and at the end of the p rocess .
Table VII l is ts data on the maximum entropy difference
between two phases and on the cooling capacity per cm3

of different substances: ammonium fer r ic alum
MH4Fe(SO4)4 • 12H2O (AFA), ce r ium-magnes ium nitrate
Ce2Mg3 (MO3 )x2- 24H2O (CMN), copper, liquid He3 in
crystall ization (He3,) and the transit ion of He3 from one
liquid phase to the other (He3 —• He4). It is seen from
the table that nuclear demagnetization ensu res , at low
tempera tu res , approximately the same cooling capacity
as crystall ization of He3. It must be taken into account,
however, that nuclear demagnetization cools the system
of nuclear spins, and that this cold must be t ransmit ted
through the crysta l lattice to other bodies, making this
process quite difficult. Thus, when T = 0.001°K and the
thickness of the cooled layer of liquid He3 on copper is
one micron, the time necessary to establish thermal
equilibrium is on the order of 4200 sec , i .e. , more than
one hour, as a resul t of the Kapitza jump. In general , at
mill idegree t empera tu res , the question of establishment
of thermoequil ibrium is of decisive significance. In the
absence of a magnetic field, the specific heat of metals
is approximately one-thousandth the specific heat of l iq-
uid He3, and therefore the t ime required to cool them
with helium is shor ter by a factor 1000, thus facilitating
their use as the rmomete r s .

Thus, owing to the bet ter heat- t ransfer conditions,
and also owing to the possibility of working in magnetic
fields, the use of He3 a s a refr igerant i s clearly pref-
erable . In addition, down to t empera tu res on the order
of several mill idegrees in an He3 dissolution cryostat
it is possible to real ize a continuous removal of heat at
the very lowest level, r egard less of the presence of the
magnetic field (H < 106 G), which is a lso an undisputed
advantage.

Therefore the statement made by Abel et al.1-127-1

that " i t is impossible to attain a la rger tempera ture

T, °K AFA
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ff=10 KG

1300 7000
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2.2-10-"ff2r-2_
2.8lO-a<>H*T-*
q = TAS, erg/cm3

r = o,oi°K,
H= 100 kG

8600
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0.22(1-270,25)

88 000
11000

440

He3 -> He4

2.47"

60 000
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1

change in liquid He3 by changing any external p a r a m -
e t e r s that influence the state of the H e 3 " must be r e -
garded as er roneous and, to the contrary, the use of
He3 is recommended for the production and maintenance
of the very lowest t empera tu res , at any rate when
speaking of a rea l t empera tu re , i .e. , when a state close
to thermal equilibrium is desired.

CONCLUSION

We attempted in this review to descr ibe, on the basis
of the most reliable experimental data, the main prop-
e r t i e s of He3 and, to a certain degree , its solutions in
He4. In addition, we est imated the advantages of using
He3 to obtain the very lowest t empera tu res . Naturally,
a review of this size cannot claim an exhaustive exposi-
tion of the known proper t ies of He3, but it is seen from
the presented mater ia l that the experimental data with
respect to the main proper t ies of He3 a r e available for
tempera tures higher than 0.05°K, but there is no theory
capable of explaining them qualitatively or quantitative-
ly. In the region 0.05-0.006°K, the Landau Fermi-l iquid
theory gives a qualitative and a quite good quantitative
description of the experimental data. Many new phenom-
ena, part icularly zero sound, were predicted on its
bas i s . The experiments in this region a re not very r e -
liable, principally owing to the lack of thermal equilib-
r ium and the lack of good the rmomete r s , and also to
the absence of a tempera ture scale coinciding with the
thermodynamic sca le . Below 0.006°K there a r e only
very few experiments , and all were performed under
conditions not very close to thermal equilibrium. At the
same time it is precisely in this region that the most
interesting phenomena, connected with the transi t ion of
He3 into the superfluid phase, a re to be expected. This
question is par t icular ly interest ing, since one should
expect in superfluid He3 the manifestation of the same
quantum laws that appear in superconductivity of e l e c -
t rons in metal , but here there is no crysta l lattice and
the phenomena should be observed in a s impler and, if
we can use the expression, purer form.
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