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At high temperatures the law of corresponding states holds for liquid He’ and
liquid He*: The difference between the masses of He® and He* atoms can be
cancelled by choosing a temperature scale. This circumstance makes it possible to
determine on the basis of the experimental data on He* all thermodynamic and
kinetic characteristics of He* at T> 4 K.

1. In contrast with ideal gases, the exchange effects in liquid He® and liquid He*
weaken with increasing density n. The degeneracy temperature, 7, of He® and the
temperature at which He* undergoes a transition to the superfluid state, T, decrease
with increasing n. There is therefore a region of n and T in which He® and He* are
quantum liquids but not degenerate liquids™*: Tr; < T<E;, (1,0). In the entire tem-
perature interval: T, < T<E, , where E_ is the ionization energy of He’ and He*
atoms, the parameters E(n,O) and E,(n,O) are the only energy scale dimensions of
liquid He® and liquid He®, since in this region of 7 it can be assumed that
Ty =T, =0and E_ = . Since the interaction potential of a He’ atom is the same
as that of a He* atom, the only difference between liquid He® and liquid He* at the
indicated temperatures is the difference in their atomic masses. In this letter we show
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that the parameters E, and E, differ by only the factor 4 = m,/m, = 0.754:m E(n,0)

= myE;(n,0) if the densities are the same n, =n, = n. We also show that, having
taken advantage of the freedom in choosing the temperature scale, this small differ-
ence in the parameters makes it possible to obtain a relationship between the kinetic
and thermodynamic characteristics of liquid He® and liquid He*:

Ca(n, T)=Ca(n, AT), n3(m, T) =n4(n, A7),
. (1)
k3(n, )= X Ka(n, AT).

Here C, and C, are the specific heats per particle, «; and «, are the thermal conductiv-
ities, and 7, and 7, are the viscosities of He® and He?, respectively. The accuracy of
relations (1), which can be used at T>4/3T,, increases with increasing » and T. For
the temperature dependence of the pressures P; and P, we obtain the relation

1
Py(n, T)=XP4(",)\T)+"25- ‘ (2)

The parameter /3 is independent of » and T. Expression (2) can be used for all values
of T, since the exchange contribution to the pressures P; and P, is small. If we assume
that the He® and He* atoms are rigid spheres of radius r,, and if their statistical base is
not differentiated, relations (1) and (2) will be exact and the parameter 3 will be zero.
A system of rigid spheres actually does not have an energy scale other than the param-
eter # 2/mrZ, and relations (1) and (2) can be obtained by analyzing the dimensions
of C, P, 5, and « in a standard manner.® Accordingly, to justify relations (1) and (2),
we need only to show that a rigid-sphere approximation is valid for liquid He® and
liquid He* and to define the parameter S in (2).

2. We now turn to an exact expression for the total energy of a liquid per particle,
E*=E+V.

2 d3

B, T) =,§ S nn, T) %. fofr)glr, n, T)dr. (3)

Here n, is the particle momentum distribution function, g is a pairing correlation
function, v is a two-body potential, v = 1 for He*, and v = 2 for He®. Liquid He® and
liquid He* differ from other liquids in that their short-range order is poorly defined.
On the other hand, He? and He* differ markedly from ideal gases, since the occupation
numbers n, are small even at low T and the effects associated with the statistical base
of the atoms are weakened. Ignoring the short-range order and the exchange effects,
i.e., assuming that the liquids are completely structureless both in the coordinate space
and in the momentum space, we can determine the average potential energy ¥ on the
basis of a semiclassical estimate: g, =g, =1 for r>#; g, =g, =0 for r <¥,. The re-
versal point %, can be found from the relation v(#,) = E. Since at small 7 the potential
v increases exponentially*
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the value of 7, depends only slightly on T even in the classical limit when E = (3/2)T:

ufr) = vo{exp

—roé__ln—— T>vo.
Accordingly, ¥ depends only slightly on T and on the atomic mass m.

V==nv v= [ vfr)d®r
ro

l\)l»—-

At T =0 the average kinetic energy as a function of m can be found from the
identity

0E*(n,0)
m ————
am
Since the dependence of V on m is ignored, it follows from (3) and (4) that
E(n,0) =#2%/ml?, where / is the length parameter which depends on 7 but is indepen-
dent of m.

The energy E(n,0) is the only quantum scale of the liquid, since the parameter ¥
does not contain # in the chosen approximation. Noting, therefore, that in the classical
limit E = (3/2) T even for a nonideal liquid,” we can determine the 7" dependence of

E,

=—E(n, 0) . (4)

T

=, (3
E(n, 0)

E(n, TY=E(n, 0)f (n, 1)

At T = 0 the value of E thus determines the scale of E for all values of 7. The function
fin (5) is normalized by the conditions f(0) =1 and f= (3/2)r for r>1. These
results do not depend on the explicit form of the function f. The only important point
is that this function should be the same for both He® and He".

The expressions for C, P, and the parameter 8 can now be obtained on the basis of
thermodynamic identities,

oP dE*
C=93E*|aT P-T — =p? .
oT on

The parameter 8 can be expressed in terms of the density of He* at T=0and P=0:

2 =—l Klj — -3
n*g n*v'=— 11,72 bar; ne = 0.01635 A73.
6 no

The value of n, corresponds to the molar volume ¥V, = 36.84 cm®/mole.

3. The law of corresponding states for quantum liquids is described by relations
(1) and (2). The physical meaning of this law is such that it is possible to find
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combinations of observable quantities that do not have a Planck’s constant. It is clear,
therefore, that relations (1) and (2) have the correct classical limit when E(n,0)<T.
The relationship between C; and C, in (1) is consistent within 1% with the data of
Ref. 6 in the ranges 7 < T <29 K and 2.3 < n/n, < 3. The relation for x; and x, in (1) is
in agreement with the data of Ref. 7 at T4 K. The relationship between P; and P, in
(2) is consistent with the data of Ref. 8 at 7'< 13 K. There are surprisingly few data
on He? in the region 7= 3-5 K and n=n,, where the exchange effects are particularly
well defined. It is important to carry out special measurements of C, P, k, and 7 on the
isochores n, = n4 at 4T, = 3T in order to determine the region in which the relations
obtained by us can be used. Measurements of this sort would give a unique opportuni-
ty to distinguish the quantum effects from the exchange effects for liquid He® and
liquid He*.
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