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Capillary condensation refrigerator
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In a system consisting of 'He, He, and a porous material, manipulation of the He chemical potential
leads to modification of the He configurations. Changes in the He configuration change the phase
space available to the 'He and the entropy of the He changes accordingly. This system can be operated
as a refrigerator by judicious choice of its parameters.

A generic adiabatic refrigerator is a physical system for
which one has a control variable, x, whose value deter-
mines the accessability of some of the degrees of freedom
of the system, often a set of excitations of the system.
The refrigerator is operated by coupling the system to a
temperature reservoir, at a "high" temperature, with x
chosen so that the set of excitations is inaccessible. After
coming into thermal equilibrium with the temperature
reservior the system is isolated. From this moment on-
ward the entropy is constant; further evolution of the sys-
tem is adiabatic. Then, x is adjusted to make the set of
excitations accessible. These excitations soak up part of
the entropy residing in the other degrees of freedom of
the system and the system as a whole cools. '

Perhaps the most exotic example of an adiabatic refri-
gerator is the Pomeranchuk refrigerator in which the set
of excitations is the spin degrees of freedom of He fer-
mions. When in the liquid state the Pauli principle
operates to correlate almost all of the spina (to antialign
the spins of particles of the same wave vector) and to
make the spin degrees of freedom inaccessible. The
liquid state is achieved by suitable choice of the pressure,
x =P. Adjusting the pressure to cause the formation of a
solid localizes the fermions on lattice sites and frees them
of the demands of the Pauli principle. The spin degrees
of freedom become accessible in the solid phase and soak
up entropy from the liquid. (It was in such a refrigerator
that the He superfluid was discovered. ) The purpose of
this paper is to describe a refrigerator, involving the He
and He Quids, that uses the capillary condensation pro-
cess for He in porous media for control of the accessabil-
ity of the spin degrees of freedom of the He.

We begin by reviewing the capillary condensation pro-
cess for He in a porous medium. ' In order to be
specific about quantitative aspects of this process we dis-
cuss it in terms of a particular porous material, Nu-
clepore. The evolution of He configurations through a
complete capillary condensation hysteresis loop, brought
about by change in the He chemical potential, is de-
scribed using the Priesach model. ' We then discuss the
behavior of He in the presence of various He
configurations. When a small concentration of He is
added to the He-Nuclepore system there are two possi-
bilities for where it will reside. It may reside in the sur-
face state, available on the (free) surface of the He fluid
configuration, or it may reside in the bulk He Quid that
is in the "filled" pores of the He configuration. We re-
view the description of He in the surface state and in

bulk liquid. Finally we discuss use of the composite sys-
tem, He- He Nuclepore, as a refrigerator. A simple ar-
gument for the cooling process is presented. Then quan-
titative results from application of a refined form of this
argument to the He- He-Nuclepore system are present-
ed. Substantial cooling is found.

Consider a Nuclepore filter (a filter material that comes
in sheets I = 10 pm thick that have of order 10
pores/cm of nominal radius R =1000 A), in an evacuat-
ed space that contains He at temperature T= 1 K and
chemical potential (pressure) a few percent below the
chemical potential, p„„at saturated vapor pressure. '

This dilute He gas is in equilibrium with a He film ap-
proximately 10 layers thick, covering all of the surface
area of the filter. The film is held in place by the He sub-
strate van der Waal force. (The internal area of a filter is
about 10 times its superficial area, 2mRl X 10 =10 cm;
the two-dimensional tortuosity" is of order 10.) The sur-
face tension of the He would like to reduce the surface
area of this thin film of Quid. The best opportunity for it
to be successful is in the pores. The surface tension
works to collapse the annular cylinder of Quid in the
pores. The He film thickness in a pore of radius R,
h (R), results from competition of the van der Waal force
and the surface tension force. We have

a o.
P4 Psat= h3 (R —h)

where p is the density of bulk liquid He, o.=30 K-layer,
and o. =0.4 erg/cm is the surface tension.

As the He chemical potential is raised toward p„, the
He film thickens. At p~=pF (the point of absolute insta-

bility as illustrated in Fig. 3 of Ref. 4), the surface ten-
sion force overcomes the van der Waal force and
succeeds in collapsing the annular cylinder; He fills the
pore. This is the rudimentary pore filling or capillary
condensation event. " The pores in Nuclepore have a
spectrum of radii' that is spread around the average ra-
dius by about 20%. For a pore of radius R there is a crit-
ical chemical potential pF(R) at which the pore fills and
for the system as a whole there is a set of these chemical
potentials. Thus as the He chemical potential is raised
toward p„, there is a sequence of pore fillings that leads
to the distinctive feature in a volume (mass) isotherm that
is shown in Fig. 1. In this figure we show the volume of
the pore space filled with Quid, normed to the total
volume of the pore space, as a function of p4. The mass
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FICi. 1. Volume vs He chemical potential. The volume of
He fluid in the pores is plotted as a function of the He chemi-

cal potential as it is cycled from 72 to 100 to 10 to 50. Pore
filling occurs during the 72~100 part of this cycle. The He
fluid configurations at 5 points in the cycle, the filled circles, are
shown as (V, S) pairs. (The calculations that lead to this hys-
teresis loop are from Ref. 13. The He chemical potential is in
arbitrary units. )

isotherm is a hysteresis loop. It is found from realistic
modeling' of the He-Nuclepore system using Eq. (1), a
model of the pore emptying event and a Priesach-
Mayergoyz model ' of the capillary condensation pro-
cess. As p4 is increased pore filling occurs for the first
time beyond point 1 on the hysteresis loop. (see Fig. 1).
It is complete at point 5 on the loop, just before p4=p„, .
(The second part of the hysteresis loop, the upper-left
part, is generated upon decreasing p4 after complete pore
filling and is determined by the model of the pore empty-
ing event. For present purposes we are concerned with
the filling part of the loop, points 1 —5.) As the chemical
potential is increased to cause the increased filled pore
volume, points 1 —5, the surface area of the He Auid
configuration decreases. At point 1 the fluid
configuration has surface area of order 10 cm; at point 5
the surface area of the Quid configuration is the
superficial area only, about 1 cm; all of the interior sur-
face has disappeared. The volume-surface pairs at the 5
marked points along the pore filling part of the hysteresis
loop are shown on the figure as (V, S) pairs, V and S
normed by the total pore volume and the total surface
area (the superficial surface and the surface in the pores)
respectively; see Eqs. (4) below.

Let us now turn to the question of the behavior of He
that is added to the He-Nuclepore system. A single He
atom in the presence of He with a free surface' has the
lowest energy in the surface state, a state at —5.0 K well
localized in the surface of the He. In this state the He
atom translates parallel to the surface. ' As more He
atoms are added to a He Auid configuration, at fixed sur-
face area S, their density increases as does their Fermi en-
ergy. For the moment suppose we are at low enough
temperature that the He on the surface are degenerate.
The entropy per particle of the He in the surface state is
Ss /N+ k~(k~T/e~s), where eF s, the Fermi energy of

N& He particles in the surface state is proportional to
Ns IS.

There are states available to a He atom in bulk He
liquid at —2. 8 K. At N3 such that

In writing this equation we use variables that measure en-
ergy, number, volume, and surface area in terms of stan-
dards set by the structure of the physical system:
e0=vrfi Ima, p= bulk liquid density =a, No= (total
surface area of porous material) /a =—ST/a, Vr = total
volume of the pore space;

kBT

Ep

JV=
0

fiuid volume

VT

Quid surface

ST

(4)

(In these units the Fermi energy of the He on the surface
is A'z/4, where JV& is the number of Ne on the surface
in units of Np. Thus the total entropy of the He on the
surface is independent of their number and proportional
to S.) Now with JVfixed isolate the system and raise the
chemical potential of the He toward p„, so that all of
the pores are filled with He liquid. If we naively assume
that all of the He go into the bulk liquid, because 4'~0,
and that they are nondegenerate there, the system has en-
tropy at temperature Tf given by

SB
=JV ln 4 3/2NpkB g &Tf*

where g = VT/aST. Equating the two entropies we find

—5.0+ = —2.8, (2)
m Ss

He will enter the bulk liquid He for the first time. As
the number of He atoms is increased beyond N3 most of
them will go into the bulk He liquid. If this liquid is vast
the He will be nondegenerate with entropy per particle
SB/NB ~ kBlnN3A, T/V, where A, T is the thermal de Bro-
glie wavelength. It is the entropy difference between He
on the surface and in the bulk that we use for cooling. At
axed number of He we shift particles between surface
state and bulk Auid by manipulating the capillary con-
densation process.

Consider a system consisting of He, He, and Nu-
clepore. The He chemical potential is initially chosen so
that no pores are filled V~ V=O, 4=1. The number of
He and the initial temperature are chosen so that the
He is degenerate, e.g. , T, =100 mK, N3=0. 1 mono-

layers. The entropy of the system is

Ss
N k0 B
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' 2/3

exp Ti

The argument of the exponential is by assumption small
compared to 1, the He on the surface at T,- is degenerate,
so the final temperature is determined by the factor in
front of the exponential. We take V= 1 and IV=0. 1.
Thus the final temperature is determined primarily by the
geometrical factor g, a measure of the change in phase
space available to the He upon leaving the surface and
going into the bulk. For Nuclepore g =R/2a =150 and
Tf =20 mK. (The entropy made available by the bulk
He is much more than just the ln2 due to freeing up the

spin degree of freedom that we remarked on above. ) An
essential ingredient to the operation of the cooling pro-
cess described here is the reduction in available surface
that accompanies the opening up of the volume. It is the
porous media that lets us accomplish this.

The idea suggested by this simple argument is support-
ed by careful calculations of the entropy evolution for the
He- He-Nuclepore system. For the five He fluid

configurations shown on the hysteresis loop in Fig. 1 we
follow the entropy as the temperature varies by a factor
of 20, from T*=0 20 to T*=0 01, from 20 mK
& T~400 mK. We choose JV=0.2, an amount of He
such that when the full surface is available, 4=1, the
concentration on the surface is 0.20. As T varies, for the
(V, S) of a particular He configuration, the number of
He atoms on the surface and in the bulk liquid vary to

maintain chemical potential equilibrium. At each
(V, S, T) we find (JV~ =A' —Az, JVz). The entropy is tak-
en as the sum of these two independent components, a
bulk component and a surface component. As matters of
principle are involved here we use a simple model of the
He system. The He on the surface is taken to be a two-

dimensional ideal Fermi gas with bare mass. Similarly

the He in the bulk is taken to be a three-dimensional
ideal Fermi gas with bare mass. (No Fermi-liquid effects
nor modification of the surface tension with concentra-
tion were considered. These neglected effects produce
small changes in the resulting curves. )

Let us begin by looking at Fig. 2 in which we show the
number of He on the surface, JV+=N&/No, as a func-
tion of T' (it is the log base 10 of T* that is plotted on
the x axis), for the five He fiuid configurations shown in
Fig. 1. For curve 1, corresponding to point 1 on Fig. 1,
there is no bulk fiuid in the He configuration, A'z =1 at
all T. When bulk He liquid is present, as at points 2 —5,
the He population in this liquid is largest at high tem-
peratures. The lowest-energy state available to the He is
on the surface and it is to this state that the He goes as T
is lowered. When the amount of surface is reduced,
2—+3~4~5, the He is slower to take advantage of this
possibility. The most extreme case is the He
configuration corresponding to 5. A modest amount of
surface is available in this He configuration and at T~0
approximately equal amounts of He reside on the surface
and in the bulk liquid. (These scenarios are by no means
a best case. Porous materials other than Nuclepore offer
the possibility of reducing 4 as V~ 1 by much more than
Nuclepore. )

We now turn to Fig. 3 where we show the total entropy
of the system for the five He configurations from Fig. 1

as a function of temperature. We see in the evolution of
the entropy reflection of the qualitative features seen in
Fig. 2. When the He is on the surface the entropy is rel-
atively low and roughly proportional to the temperature.
When there is substantial He in the bulk liquid there is a
marked increase in the entropy of the system because the
He in the bulk liquid is nondegenerate (or nearly so).

Operation of this system as a refrigerator could begin
at point 1 at T=0. 1 K, at log(T*)= —1 on the scale
used in Figs. 2 and 3, on the curve with closed circles in

O

CQ

M

0

O

2

O

+ O
C40

O

O
O

—2.0 —1.8 —1.4
log(T)

—1.2 —1.0 —0.8 O
O

—2.0 —1.5 —1.0 —0.5

FICz. 2. JVz vs T*. The number of 'He atoms on the surface
is plotted as a function of temperature for the five fluid
configuration indicated in Fig. 1. The curve numbers are in
agreement with those used in Fig. 1. The x axis is log base 10 of
the scaled temperature from Eq. (4); the values of JV'z are scaled
by No as in Eq. (4), and equal to 1 when all of the He are on
the surface.

FIG. 3. Entropy vs T . The entropy of the system, normed
as in Eq. (4), is plotted as a function of T (as in Fig. 2 the x axis
is log base 10). The curve numbers and symbols are in agree-
ment with those used in Figs. 1 and 2. The dash-dotted lines as-
sociated with curves 2 and 3 are the entropy of the system for
the case where all of the 'He is confined to the surface.
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these figures. Upon isolating the system the He chemi-
cal potential is raised to bring the system at constant en-
tropy to point 5. (This step might be carried out for ex-
ample using a bellows and superleak to "Aood" the pore
space with He. It requires doing the work necessary to
change the He configuration. This work is done by the
mechanical system that moves the He, e.g., the bellows,
and is not a part of the energy budget involved in deter-
mining the cooling provided by the refrigerator. ) From
the filled triangle curve corresponding to the He
configuration of point 5 we see that the temperature
drops by approximately an order of magnitude, to
log(T*) = —2. This drop in temperature is less than that
of the naive approximation above but nonetheless sub-
stantial. (We have not included the entropy of the sub-
strate, in this example Nuclepore, in following the entro-

py of the system. We imagine use of this refrigerator at
temperatures of order 100 mK with substrates that carry
at most a phonon entropy, an entropy typically of order
10 k~ per particle at 100 mK, that can be neglected. )

What could you cool with the capillary condensation
refrigerator? The capacity of this refrigerator as we have

described it is very modest. If one could soak up a full k~
of entropy for every He in the system one would still be
limited by the small number of He atoms. At IV=0.2
there are of order 10' atoms on a 1-cm sheet of Nu-
clepore. Thus it would be best to use this refrigerator to
cool itself or other surface systems. There are currently a
number of interesting phenomena being sought in He
films at low temperature. Perhaps the most exciting is
the possibility of the superAuidity of polarized two-
dimensional He. ' In this regard notice that one could
use the half of the capillary condensation hysteresis loop
we have ignored to facilitate polarization of a He film.
One would polarize dilute, cold He in the bulk He
liquid and then turn it into a dense, polarized two-
dimensional Quid by reducing p4 and forcing pore empty-
ing. There are porous media other than Nuclepore that
may offer advantage, e.g. , they may have more favorable
surface-to-volume ratios or broader and more easily
manipulated hysteresis loops.

We believe that the discussion here demonstrates the
efticacy of a novel refrigeration scheme.
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