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ABSTRACT

A cryogenic refrigerator cools a heat source by cycli-
cally concentrating and diluting the amount of 3Heina
single phase 3He-*He solution. The 3He in superfluid
4He acts in a manner of an ideal gas in a vacuum. Thus,
refrigeration is obtained using any conventional thermal
cycle, but preferably a Stirling or Carnot cycle. A sin-
gle phase solution of liquid 3He at an initial concentra-
tion in superfluid 4He is contained in a first variable
volume connected to a second variable volume through
a superleak device that enables free passage of 4He
while restricting passage of 3He. The 3He is compressed
(concentrated) and expanded (diluted) in a phased man-
ner to carry out the selected thermal cycle to remove
heat from the heat load for cooling below 1 K.

18 Claims, 8 Drawing Sheets
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1

SUPERFLUID THERMODYNAMIC CYCLE
REFRIGERATOR

BACKGROUND OF INVENTION

This invention relates to cryogenic cooling and, more
particularly, to cooling below 1 K using 3He as the
working fluid. This invention is the result of a contract

. with the Department of Energy (Contract No. W-7405-
ENG-136).

The routine use of temperatures below 1 K is vital in
fields as diverse as particle physics, for cooling polar-
ized targets and advanced detectors; astronomy, for
cooling infrared detectors; surface chemistry, for en-
hancing NMR sensitivity; materials science; and con-
densed-matter physics. However, such temperatures
can be reached only by using helium or magnetic mate-
rials, because only these materials have useful amounts
of entropy below 1 K.

There have been three methods for refrigerating
below 1 K: dilution refrigeration, 3He evaporation, and
adaiabatic demagnetization. These three methods are
discussed in O. V. Lounasmaa, Experimental Principles
and Methods Below 1 K, Academic Press (1974), incor-
porated herein by reference. The method most often
used for cooling below 1 K is liquid helium dilution
refrigeration, where the refrigeration is produced by
the endothermic heat of mixing of liquid >He and liquid
4He. Properties of 3He-4He mixtures at these tempera-
tures and dilution refrigeration are discussed in J. C.
Wheatley, “Dilute Solutions of He in ‘He at Low
Temperatures”, 36 Am. J. Phys., No. 3, pp. 181-210
(March 1968), incorporated herein by reference. Dilu-
tion refrigeration requires a two-phase regime where
3He can be dissolved in and separated from a 3He-*He
solution for cooling and recycling, respectively.

All of these methods have substantial drawbacks for
various applications. 3He evaporation refrigeration is
limited to temperatures above 0.3 K. Dilution refrigera-
tion does not work well in space, where it requires
elaborate phase boundary controls. Adiabatic demagne-
tization of a paramagnetic salt requires large magnetic
fields that can be detrimental to applications involving
other magnetic fields, e.g., NMR, or sensitive electronic
components, such as used in particle physics research.
All of these methods are inefficient and the working
apparatus is complex.

These problems are addressed by the present inven-
tion wherein YHe acts like an “ideal gas” in a thermody-
namic refrigeration cycle. Accordingly, it is an object
of the present invention to use 3He in superfluid 4He as
the working fluid in a single phase thermodynamic
cycle refrigerator.

= " Another object of the present invention is to provide
for cooling below 1 K using 3He in a zero gravity envi-
ronment.

One other object of the present invention is to pro-
vide alternate refrigerators for reaching temperatures
below 1 K that do not use magnetic fields.

Still another object of the present invention is to
provide a simple, relatively efficient refrigerator for
cooling below 1 K.

Additional objects, advantages and novel features of
the invention will be set forth in part in the description
which follows, and in part will become apparent to
those skilled in the art upon examination of the follow-
ing or may be learned by practice of the invention. The
objects and advantages of the invention may be realized
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and attained by means of the instrumentalities and com-
binations particularly pointed out in the appended
claims.

BRIEF DESCRIPTION OF THE INVENTION

To achieve the foregoing and other objects, and in
accordance with the purposes of the present invention,
as embodied and broadly described herein, the appara-
tus of this invention may comprise a refrigerator for
cryogenic cooling. A single phase solution of liquid 3He
at an initial concentration in superfluid 4He is contained
in a pump having a first variable volume. A second
variable volume of the pump contains He. Superieak
means connects the first and second variabie volumes
for cyclically varying the concentration of 3He in the
first volume for cyclically heating and cooling the solu-
tion in the first volume. At least one heat exchanger is
operatively connected with the first volume for thermal
energy exchange with the first volume.

In another characterization of the present invention,
the apparatus may comprise a Stirling cycle refrigerator
having a compressor, an expander, a regenerator there-
between, and a working fluid for cooling the expander.
The improvement of the present invention is 2 working
fluid comprising a single phase solution of liquid 3He at
a selected initial concentration in superfluid *He.

One other characterization of the present invention is
a method for cryogenic cooling. A single phase solution
of liquid 3He in superfluid *He is established at an initial
concentration. The concentration of 3He in the first
volume is cyclically varied while maintaining the single
phase solution for cyclically heating and cooling the
solution in the first volume.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated in and form a part of the specification, illustrate
embodiments of the present invention and, together
with the description, serve to explain the principles of
the invention. In the drawings:

FIGS. 1A-E are schematic drawings of a Stirling
refrigeration cycle according to the present invention.

FIG. 2 is a 3He-*He phase separation diagram.

FI1G. 3is a cross-sectional view of one embodiment of
a refrigerator using a single phase 3He-*He solution as
the working fluid.

FIG. 4 graphically depicts the average 3He concen-
tration in the expander and compressor as a function of
expander temperature, taken at four different speeds.

FIG. § graphically depicts the gross cooling power of
the refrigerator shown in FIG. 3 as a function of tem-
perature.

FIG. 6 graphically depicts a figure of merit defined as
QdA1+Tx/T.) as a function of the temperature differ-
ence between the compressor and expander.

FIG. 7 is a cross-sectional illustration of a pulse tube
embodiment of the present invention.

FIG. 8 is a schematic illustration of a superfluid re-
frigerator according 1o the present invention that uses a
Carnot thermal cycle.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

The present invention is directed to a new refrigera-
tion cycle using the unique quantum properties of a
single phase solution of 2He in 4He to obtain a superfluid
thermodynamic cycle refrigerator (“STR™). The exis-
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tence of heliums as liquids, not solids, near 0 K is 2
consequence of the large deBroglie wavelength of these
low-mass atoms; below about 1 K the deBroglie wave-
length of helium atoms with thermal velocities is as
large as the interparticle separation in the liquids. The
properties of liquid helium then depend on the quantum
states of the interacting many-body system, instead of
motions of separate atoms. Thus, the fact that 4He
atoms obey Bose statistics while 3He atoms obey Fermi
statistics largely determines the macroscopic behavior
of the two liquids. Pure *He, forming a Bose liquid,
undergoes a superfluid transition at 2.2 K and below 1 K
it is essentially in its quantum ground state. It has no
entropy, and flows without dissipation; thermodynami-
cally it is a vacuum.

In a dilute solution of 3He in such superfluid ‘He, the
3He atoms behave like a classical ideal gas, with a heat
capacity of (3/2)kp per atom and an equation of state
Pos=n1ksT, where kpis Boltzmann's constant, Pgsis the
osmotic pressure, n3 is the 3He atom number density,
and T is the temperature. At lower temperatures, below
about 0.1 K, the deBroglie wavelength is as large as the
spacing between 3He atoms even in a dilute solution and
the Fermi statistics of the 3He atoms dominate. Then
the 3He behaves like a Fermi gas instead of a classical
gas.

A STR according to the present invention uses this
superfluid 3He-4He solution as a thermodynamic work-
ing medium, cyclically compressing and expanding the
3He solute alone, i.e., concentrating and diluting the
3He in superfluid “He, to produce heating and cooling.
While the thermodynamic cycle discussed below is the
Stirling cycle, the 3He solute is suitable for use in any
thermodynamic cycle using gas expansion and compres-
sion, e.g. the Carnot or Brayton cycle. The Stirling
cycle is a preferred cycle because suitable components
are readily adaptable to low temperature operation and
because there are configurations of the Stirling-cycle
refrigerator that require no moving parts (see, e.g., U.S.
Pat. Nos. 4,953,366 and 4,858,441, incorporated herein
by reference). A STR, as hereinbelow described, has
reached 0.6 X from a starting temperature of 1.2 K,
with a cooling power of tens of pW at the lowest tem-
perature.

Referring now to FIGS. 1A-E, there is shown a
pictorial illustration of one embodiment of a STR, an
ideal Stirling-cycle refrigerator 10, using 3He-4He as a
working fluid. The basic Stirling cycle is a four step
cycle of isothermal compression, constant-volume re-
generative heat rejection, isothermal expansion, and a
constant volume regenerative heat absorption. Hot
compressor 12 and cold expander 14 are connected
through regenerator 16. Compressor 12 and expander
14 have pistons 18 and 26 that are driven cyclically, but
out of phase, so that the working fluid undergoes cyclic
compressions and displacements through regenerator
16. Regenerator 16 is a thermal reservoir that cyclically
exchanges heat with the working fluid. Regenerator 16
maintains a temperature difference between compressor
12 and expander 14 by having a low longitudinal ther-
mal conductivity and a large heat capacity and high
transverse thermal conductivity. As the fluid is dis-
placed from the compressor to the expander, the fluid is
cooled to the expander temperature before it enters the
expander.

In accordance with the present invention, STR 10
must accommodate 3He-*He as the working fluid. Pis-
tons 18 and 26 must work on the 3He solute only, and
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not on the relatively incompressible bulk 4He liquid.
Thus, pistons 18 and 26 are superleak pistons that allow
the superfluid “He component to flow through so that a
displacement of the piston compresses or expands only
3He. Compressor 12 and expander 14 each define a
working fluid, 3He-4He, volume 22, 28 and a bulk 4He
fluid volume 24, 32. It will be understood that the bulk
fluid in volumes 24 and 32 may contain only *He or may
contain some solution of 3He in 4He. The *He in the
bulk fluid volume is not a part of the refrigeration pro-
cess herein described. Pistons 18 and 26 reciprocate
freely through the superfluid 4He while compressing
and expanding 3He, i.e., concentrating and diluting 3He
in volumes 22 and 28.

FIG. 1A depicts a Stirling refrigerator at the begin-
ning of a cooling cycle. Volumes 22 and 28 are filled
with a solution of 3He in 4He at a predetermined con-
centration effective to maintain a single phase working
fluid at the expected operating temperatures.

It will be appreciated that the 3He solute can form a
more concentrated liquid phase above the 3He-*He
solution under certain conditions of temperature and
concentration. A JHe-*He phase diagram, Wheatley
supra. at p. 185, is shown in FIG. 2, where the regimes
marked He 11 and He I are superfluid and normal single
phase regimes, respectively, and the regime therebe-
tween is a two phase regime. However, concentrations
of 3He exist to maintain a single phase superfluid solu-
tion down to a selected operating temperature, down to
even 0 K. The present invention provides only a single
phase solution as the working fluid.

FIG. 1B shows the isothermal compression of 3He in
the working fluid in volume 22, where the bulk super-
fluid 4He flows through a superleak element, preferably
contained in piston 18, and is retained in volume 24 1t
will be understood that 4He can communicate between
volume 22 and volume 24 by any superleak device that
connects the volumes, e.g., by a superleak in an external
tube connecting volume 22 with volume 24. The heat of
compression Q is removed from the refrigerator by an
external heat sink (not shown) at temperature Tg. In
FIG. 1C, pistons 18 and 26 both move, displacing the
working fluid from compressor 12 to expander 14
through regenerator 16. Regenerator 16 provides good
lateral thermal contact with the 3He-4He working fluid
moving through regenerator 16 so that heat is trans-
ferred from the working fluid to regenerator 16. The
high heat capacity of regenerator 16 provides locally
isothermal conditions, reversibly cooling the tempera-
ture of the working fluid from T4 to Tc¢ during move-
ment from compressor 12 to expander 14.

FIG. 1D then shows an isothermal expansion of the
3He, where heat Qcis absorbed as the 3He is diluted by
4He moving from volume 32 to expanding volume 28
through superleak piston 26. In the fourth step, shown '
in FIG. 1E, pistons 18 and 26 move to displace the
3He-*He working fluid from expander 14 to compressor
12, where regenerator 16 transfers heat to the laterally
moving working fluid, returning the fluid temperature
from Tcto Tx.

Referring now to FIG. 3, there is shown one embodi-
ment of the STR described in FIGS. 1A-E. Refrigera-
tor 40 includes compressor 44 and expander 42 con-
nected through regenerator 50. Compressor 44 is com-
posed of bellows 62 (Servomotor FC-16 nickel bellows)
and copper piston 64 with superleak channel 66. Piston
64 is driven by reciprocating rod 74. Bellows 62 and
piston 64 define two variable volumes: working fluid
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volume 68 and bulk fluid volume 72. The total fluid
volume within each bellows 62, 46 is about 2 cm3. Vol-
ume 68 is closed with a ported flange 82 comprising 19
0.8 mm dia. holes drilled in a 1 cm thick copper flange
to act as a heat exchanger for removing the heat gener-
ated by 3He compression. Ported flange 82 is connected
to a 1.91 cm dia., 18 cm long copper tube 76 filled with
pure *He that acts as both a thermal reservoir and a
thermal link to a standard pumped “He coldplate 78 that
provides a starting temperature of about 1.2 K.

Expander 42 likewise includes bellows 46, copper
piston 48 with superleak channel 52 and reciprocating
rod 58. Bellows 46 defines working fluid volume 54 and
bulk Nuid volume 56. Working fluid volume 54 is closed
with ported flange 68 open to regenerator 50. The ex-
pander heat load is simply the heat capacity of expander
42. Expander 42 is thermally isolated from compressor
44 by three 25 cm long, 0.64 cm OD thinwall stainless
steel support tubes (not shown).

Superleak channels 52 and 66 are each filled with 4.65
cm long, 0.36 cm dia. rods of microscopically porous
Vycor glass (Corning 7930) sealed with Stycast 2850
epoxy. Vycor glass has channel diameters of about
10-% m that viscously lock the 3He solute, allowing
only the superfluid He component to flow through,
whereby a displacement of the corresponding piston
compresses or expands only the 3He.

Reciprocating rods 58, 74 are driven by 2 camshaft
and dc motor/gearbox (not shown) at a room tempera-
ture location. Each drive rod 58, 74 consists of a 1.77
mm OD stainless tube inside of a 2.4 mm OD, 1.8 mm
ID stationary tube, bent slightly where necessary. The
cams are 5.08 cm dia. ball bearings mounted 0.32 cm off
center to provide 0.64 displacements. The cams are
mounted on separate, but colinear, driveshafts con-
nected by a clamp, so that the phase between the cams
can be adjusted by loosening the clamp and rotating one
cam with respect to the other. Final volume displace-
ments by the reciprocating pistons 64. 48 are cyclical
and about 0.9 cm3/stroke, but vary somewhat between
pistons and the resulting motions are hysteretic and
non-sinusoidal in the non-ideal model described herein.

Regenerator 50 is an array of thirty CuNi capillaries,
each 0.20 mm ID, 0.37 mm OD, 38 cm long, stuffed into
a series arrangement of a 0.47 cm dia,, 2.86 cm long
CuNi tube, a 6.35 mm OD, 25 cm long stainless steel
tube, a 6.35 cm long section of 0.64 cm 0D,032cm ID
bellows, and a 0.32 cm dia., 2.5 cm long CuNi tube, all
sealed together with soft solder. The bellows form a
U-shaped bend to allow regenerator 50 to match ported
flanges 60 and 82 in expander 42 and compressor 4,
respectively. The capillaries are sealed at the ends of the
outer tube assembly with soft solder so that the
3He-*He solution can flow through the capillaries. The
outer tube assembly is filled with pure 3He to immerse
the capillaries in a high heat capacity reservoir. The
total heat capacity of regenerator 50 is calculated to be
1.1J/K a1 06K and 1.2J/K at 1 K.

Two separate fill lines (not shown) are used to fill
refrigerator 40. One line fills working volumes 54 and
68 and regenerator 50. Another fill line is connected to
bulk *He volumes 56 and 72 to allow the 3He concentra-
tions in each volume to be separately determined. The
fill lines are closed during operation with low-tempera-
ture valves pneumatically operated with pressurized
4He to reduce heat leaks.

In one series of experimental operations, refrigerator
40 was filled with a 12% 3He solution in working fluid
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volumes 54, 68 and bulk fluid volumes 56, 72. The ther-
modynamic properties of the 3He solute deviate slightly
from ideal-gas behavior at this high concentration, but
the cooling power at high temperature was increased.
FIG. 4 shows the average 3He concentration in the
working fluid in expander 42 and compressor 44 as a
function of expander 42 temperature for speeds of 0.07,
0.25, 0.31, and 0.45 rpm. For ideal-gas behavior, the
relation between the temperatures and concentrations
would be X Tc=XsTs where X and X, are the con-
centrations in expander 42 and compressor 44 and T s
the average compressor 44 temperature. In FIG. 4,
X Tc=1.6X4Ts The deviation from ideal-gas behavior
is partly due to the 3He solute showing slight effects of
the Fermi degeneracy and mostly due to “heat flush-
ing.” In the heat flush effect, the presence of a tempera-
ture gradient causes the “He normal-fluid excitations to
flow down the temperature gradient, and the superfluid
component to flow up the temperature gradient, with
superfluid-normal fluid conversion taking place at the
heat source and sink. The 4He normal fluid drags ‘He
atoms along with it, causing an excess buildup of 3He
atoms at the cold end.

The gross cooling power of the refrigerator is shown
in FIG. 5 as a function of temperature. The net cooling
power was first determined from cooling rate data,
using the measured heat capacity of expander 42 (FIG.
3), adding the calculated heat capacity of { the regener-
ator, and then multiplying by the rate of change of
temperature. To obtain the gross cooling power, the net
cooling power was corrected by 33 pW/rpm due to
heating from the bellows motion as determined by run-
ning expander 42 with no liquid in the refrigerator; and
for thermal conduction down the regenerator, support
structure, and fill lines of 11.5 uW/K, determined by
measuring the warmup rate with the refrigerator not
running.

The lowest average temperature of about 0.65 K was
reached during these runs with the phase between cams
set at about 100°. In a subsequent run, with a bulk super-
fluid having a 2% 3He concentration and a working
fluid having a 10% 3He concentration, a low tempera-
ture of 0.59 K was reached. Peak-to-peak concentration
amplitudes were about 0.45 of the average concentra-
tion, and peak-to-peak temperature amplitudes on ex-
pander 42 at the lowest temperatures were about 30
mK.

FIG. 6 displays a figure of merit, Q1 +Tw/T)asa
function of temperature difference between expander 42
and compressor 44. Q. is heat per cycle removed by
expander 42, obtained by dividing the measured cooling
power shown in FIG. 5 by the operating frequency. In
a classical-gas Stirling cycle, with given volume dis-
placements in the expander and compressor, a 90° phase
shift between the two, and negligible regenerator vol-
ume, the cooling per cycle is frequency independent
and the figure of merit is temperature independent. As
shown in FIG. 6, the refrigerator shown in FIG. 3 ob-
tained a figure of merit with a slight frequency depen-
dence and a large temperature dependence.

There are several possible inefficiencies and irreversi-
ble mechanisms in the disclosed embodiment of the
present invention. One likely source of inefficiency is
dependence of the heat capacity of the 3He solute on
number density. As the *He concentration increases, the
heat capacity per 3He atom deviates from the ideal gas
value of (3/2)ksT. This causes a parasitic flow of heat
down the regenerator since the heat capacity, and



5,172,554

1

therefore the amount of heat transported, is different on
the high concentration and low concentration strokes of
a cycle. This heat load is estimated to be about 20
ml/cycle.

An irreversible mechanism in the subject refrigerator
is irreversible heat transfer across finite temperature
differences, i.e., lack of isothermal conditions. There are
other effects such as superfluid turbulence, heat-flush
effects, and the 4He normal-fluid excitations, which are
numerous near 2 K.

There are many improvements in the STR that might
be made. Two-stage STR’s might reach very low tem-
peratures. Two STR’s running at the same average
temperatures, but 180" out of phase could regenerate
each other, thereby eliminating the pure 3He high-heat-
capacity reservoir. Moving parts at the expander, i.e., at
T., might be eliminated by incorporating an orifice-
pulse tube configuration such as shown in U.S. Pat. No.
4,953,366.

A pulse tube refrigerator 90 version of the STR is
shown in FIG. 7. Pulse tubes are used in a Stirling cycle
refrigerator to replace a displacer that introduces a
volume variation 90° out of phase with the compressor
volume variation so that gas moving through a connect-
ing regenerator is compressed at the compressor end
(hot end) and expanded at the displacer end (cold end).
A pulse tube is connected to the output end of a regen-
erator and has an open end connected to the regenera-
tor and a closed end. During a compression part of the
Stirling cycle, any element of gas in the pulse tube
moves toward the closed end and at the same time expe-
riences a temperature rise due to the adiabatic compres-
sion. During a plateau in the pressure oscillation, the gas
is cooled somewhat by heat transfer to the tube walls. In
the expansion part of the cycle, the same element of gas
moves toward the open end of the pulse tube and expe-
riences a cooling due to the adiabatic expansion. During
the next plateau, the gas is warmed through heat trans-
fer from the tube walls adjacent the open end. Thus,
each element of gas transfers heat toward the closed end
of the pulse tube. A more thorough discussion of pulse
tube refrigerators is found in Radebaugh, *Pulse Tube
Refrigeration—A New Type of Cryocooler,” 26 Jpn. J.
Appl. Phys., Suppl. 26-3, pp. 2076-2087 (1987), incor-
porated herein by reference.

Pulse tube refrigerator 90 includes pump 92, counter
flow regenerator 112, pulse tubes 118 and 122, “hot”
heat sink 114 and *“cold"™ heat sink 116. Pump 92 may be
formed from bellows 94 and 96 with superleak piston 98
therebetween. Pump 92 is supported within support
structure 104 with openings therethrough for 3He-*He
passage between the volumes defined by bellows 96 and
94 and counterflow regenerator 112. Piston 98 includes
a superleak passage 102, as hereinabove described, and
is reciprocated by a cycling rod (not shown) or the like.

The 3He-*He solution has a He concentration to
maintain single phase conditions at the selected operat-
ing temperatures for refrigerator 90. The 4He acts as a
medium for the 3He and simply moves through super-
leak passage 102 during oscillation of piston 98. The 3He
does not move through superleak passage 102 and is
alternately concentrated (compressed) and diluted (ex-
panded) within bellows 96 and 94 acting in 180° rela-
tionship.

It will be understood that the refrigerator defined by
bellows 94, hydraulic connecting line 106, regenerator
112, pulse tube 118, and heat sinks 116 and 124 operates
independent from the refrigerator defined by bellows
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96, hydraulic connecting line 108, regenerator 112,
pulse tube 122, and heat sinks 116 and 124. Thus, the
two refrigerators operate 180" out of phase and are
connected by orifice 124. As described in the *366 pa-
tent, supra, orifice 124 regulates *He flow in and out of
pulse tubes 118 and 122 at a phase effective to obtain the
required heat removal. It will be appreciated that orifice
124 can be replaced with individual orifices and reser-
voir volumes if individual cooling loads are provided
that require independent control.

FIG. 8 schematically illustrates an embodiment of a
STR using a Carmot thermal cycle. Carnot cycle refrig-
erator 130 includes 3He-4He solution pump 132 with
working fluid volume 136 and bulk fluid volume 138
separated by superleak piston 134, as herein above ex-
plained. The 3He-4He working solution in working
volume 136 is thermally linked to either refrigeration
Joad 172 or heat sink 174 by thermal circuits comprising
heat conductors 142, 144 with thermal switch 152 and
heat conductors 146, 148 with thermal switch 162, re-
spectively. Each thermal switch 152. 162 includes a
length of superconducting material 154, 164, such as
lead, surrounded by a solenoid coil 156, 166. Energizing
a solenoid coil 156, 166 applies a magnetic field to the
internal superconductor length 154, 164 effective to
drive the superconductor to a normal conductivity with
a concomitant increase in the thermal conductivity by
some orders of magnitude. Superconducting heat
switches are discussed in Lounasmaa, supra, at pages
260-262, and heat switches generally at pages 257-263,
incorporated herein by reference.

A typical Carnot cycle involves the following steps
starting with piston 134 moved to the maximum volume
of working fluid volume 136, i.e., the most dilute con-
centration of *He in the 4He superfluid, and with the
working fluid at a selected temperature, e.g., 0.05 K:

1. With both heat switches 152, 162 open, i.e., no
current in the associated solenoids 156, 166, piston 134 is
moved to an intermediate position, adiabatically com-
pressing the 3He in working fluid volume 136 so that its
temperature rises, e.g. from 0.05 K to 1 K.

2. Close heat switch 162 by passing current through
solenoid 166 and complete movement of piston 134 into
volume 136, compressing the 3He in volume 136 iso-
thermally, e.g. at 1 K, rejecting the heat to the heat sink
174, eg., at 1 K. .

3. Open both heat switches 152, 162 and move piston
134 to an intermediate position, adiabatically expanding
the 3He in volume 136 to lower its temperature, €.g.,

‘from 1 K to 0.05 K.

4. Close heat switch 152 by passing current through
solenoid 156 and move piston 134 to fully expand the
3He in volume 136 isothermally, e.g. at 0.05 K, absorb-
ing heat from the refrigeration load 172, e.g., at 0.05 K.
Thus, the STR can operate on a classical Camnot cycle
for refrigeration. ’

The foregoing description of preferred embodiments
of the invention has been presented for purposes of
illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form
disclosed, and obviously many modifications and varia-
tions are possible in light of the above teaching. The
embodiment was chosen and described in order to best
explain the principles of the invention and its practical
application to thereby enable others skilled in the art to
best utilize the invention in various embodiments and
with various modifications as are suited to the particular
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use contemplated. It is intended that the scope of the
invention be defined by the claims appended hereto.

What is claimed is:

1. A refrigerator for cryogenic cooling, comprising:

a single phase working solution of liquid He at a

predetermined initial concentration in superfluid
4He;

a bulk fluid containing superfluid “He;

first pump means defining a first variable volume for

containing said working solution, a second variable
volume for containing said bulk fluid, and means
for cyclically transferring said bulk fluid between
said first and second variable volumes;

first superleak means connecting said first and second

variable volumes to permit said bulk fluid in said
second variable volume to pass therethrough and
cyclically vary said concentration of *He in said
first volume for cyclically heating and cooling said
working solution in said first volume; and

at least one heat exchanger operatively connected

with said first volume for thermal energy exchange
with said working solution.

2. A refrigerator according to claim 1, further includ-
ing a regenerator having a first end operatively con-
nected to said first pump means for transferring said
solution from said first volume and a second end for
receiving said working solution.

3. A refrigerator according to claim 2, further includ-
ing:

second pump means operatively connected to said

second end of said regenerator and defining a third
variable volume for receiving said working solu-
tion and a fourth variable volume for containing
said bulk fluid;

second superleak means connecting said third and

fourth variable volumes for cyclically varying said
concentration of YHe in said third volume; and

at least one heat exchanger operatively connected

with said third volume for thermal energy ex-
change with said working solution.

4. A refrigerator according to claim 3, wherein each
said superleak means comprises:

a piston defining an opening therethrough; and

a superleak material filling said opening to enable He

to pass while blocking the passage of 3He.

5. A refrigerator according to claim 2, wherein each
said superleak means comprises:

a piston defining an opening therethrough; and

a superleak material filling said opening to enable ‘He

to pass while blocking the passage of 3He.

6. A refrigerator according to claim 1, wherein each
said superleak means comprises:

a piston defining an opening therethrough; and

a superleak material filling said opening to enable He

to pass while blocking the passage of 3He.

7. A refrigerator according to claim 4, further includ-
ing a shaft attached to each said piston for indepen-
dently reciprocating said piston.

8. A refrigerator according to claim 1, wherein said at
least one heat exchanger further comprises:

]
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a first thermal switch for connecting said working
solution to a refrigeration load when said first vol-
ume is expanding; and

a second thermal switch for connecting said working
solution to a heat sink when said first volume is
compressing.

9. A refrigerator according to claim 8, wherein said
first and second thermal switches are each comprised of
a superconducting material.

10. A Stirling cycle refrigerator having a compressor,
an expander, a regenerator therebetween and a working
fluid for cooling said expander, wherein the improve-
ment is a working fluid comprising a single phase solu-
tion of liquid 3He at a selected initial concentration in
superfluid 4He.

11. A Stirling cycle refrigerator according to claim
10, wherein said compressor and said expander each
comprise:

a single phase warking solution of liquid 3He at a
predetermined initial concentration in superfluid
4He;

a bulk fluid containing superfluid 4He;

first pump means defining a first variable volume for
containing said working solution, a second variable
volume for containing said bulk fluid, and means
for cyclically transferring said bulk fluid between
said first and second variable volumes;

first superleak means connecting said first and second
variable volumes to permit said bulk fluid in said
second variable volume to pass therethrough and
cyclically vary said concentration of 3He in said
first volume for cyclically heating and cooling said
working solution in said first volume; and

at least one heat exchanger operatively connected
with said first volume for thermal energy exchange
with said working solution.

12. A Stirling cycle refrigerator according to claim

11, wherein each superleak means comprises:

a piston defining an opening therethrough; and

a superleak material filling said opening to enable “He
to pass while blocking the passage of YHe.

13. A Stirling cycle refrigerator according to claim
12, further including a shaft attached to each said piston
for independently reciprocating said piston.

14. A Stirling cycle refrigerator according to claim
10, wherein said expander is an orificed pulse tube.

15. A method for cryogenic cooling, comprising:

providing in a first volume a single phase solution of
liquid 3He at a selected initial concentration in
superfluid 4He;

cyclically varying said concentration of 3He in said
first volume while maintaining said single phase
solution for cyclically heating and cooling said
solution in said first volume.

16. A method according to claim 15, wherein the step
of cyclically varying said concentration of 3He in said
first volume includes the step of cyclically expanding
and contracting said first volume.

17. A method according to claim 15, where cyclically
heating and cooling said solution in said first volume is
a Stirling cycle.

18. A method according to claim 15, where cyclically
heating and cooling said solution in said first volume is

a Carnot cycle.
* t L] - E



