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A RECUPERATIVE SUPERFLUID STIRLING
REFRIGERATOR

J. G. Brisson and G.W. Swift

Condensed Matter and Thermal Physics Group
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A superfluid Stirling refrigerator has been built with a counterflow heat exchanger
serving as a recuperative regenerator. It has achieved temperatures of 296 mK with a 4%

3He-4He mixture. Cooling power versus temperature and speed is presented for a 6.6%
mixture.

INTRODUCTION

The superfluid Stirling refrigerator (SSR) uses a 3He-4He liquid mixture as a working
fluid. It operates at temperatures below 2 K where the 4He component of the working fluid
is superfluid. The 3He component of the working fluid, to first approximation, behaves
thermodynamically like an ideal gas in the inert background of superfluid 4He.l Using

pistons equipped with a superleak bypass, it is possible to expand and compress the 3He
solute "gas" alone. The SSR is a Stirling machine equipped with these "superleaked"

pistons to take advantage of the properties of the 3He solute to cool below 1 K. The proof
of principle was shown by Kotsubo and Swift in 1990.2,3

There are three other techniques for cooling below 1 K: 1) the 3He-4He dilution
refrigerator which utilizes the endothermic heat of mixing of 3He into 4He to reach
temperatures below 0.010 K; 2) the evaporation of 3He which can reach temperatures of 0.3
K; and, 3) adiabatic demagnetization of a paramagnetic salt. There are several advantages
of the SSR over each of the other techniques. The power consumption of a dilution
refrigerator is typically on the order of kilowatts; whereas, the SSR consumes tens to
hundreds of watts. The SSR has the potential to cool well below 0.3 K and out perform the
evaporative 3He refrigerator. Adiabatic demagnetization often requires magnetic shielding
between the refrigerator and the object to be cooled; obviously, the SSR requires no such
shielding. The dilution refrigerator and the evaporative 3He refrigerator are not naturally
suited to a zero gravity environment, whereas the SSR is unaffected by zero G.

DESIGN AND CONSTRUCTION

A diagram of our refrigerator is shown in Fig. 1. This refrigerator is actually two SSR's
operating 180 decrees out of phase with each other which allows the use of a counterflow
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Figure 1. The SSR. Pressure gauges are delineated with a "P", concentration gauges with
an "X" and thermometers with a"T". The calibrated germanium thermometer and the cold
platform heater, which are mounted on the cold platform, are not shown. The heavy arrows
show fluid flow direction in the regenerator corresponding to the piston motion direction
shown at the position sensors. The moving parts are shown with widely-spaced crosshatch-
ing.

heat exchanger to act as a regenerator for each of the SSR's . Our counterflow regenerator,
or recuperator, consists of a total of 238 0.305 mm O.D. CuNi tubes with 0.038 mm walls.
These tubes are silver soldered in a hexagonally close packed array with alternating rows
corresponding to each "half" of the SSR. We use silver solder to insure that the solder does
not become a superconductor at our operating temperatures and spoil the thermal
conduction between the tubes. The length of the regenerator is approximately 20 cm.



The pistons are made with welded bellows# which have convolutions that nest into one
another to minimize the dead volume. The hot platform pistons, held at 1.2 K by the
pumped 4He pot, are rigidly connected together and driven sinusoidally by a rigid push rod
from a room temperature drive. The cold platform pistons are similarly driven.

The hot pistons' stroke is 5.8 mm corresponding to a swept volume of 1.85 cm3. The
cold pistons' stroke is 5.0 mm corresponding to a swept volume of 1.6 cm3. The total

volume of liquid in the refrigerator is 14.3 cm3.

The superleaks shown in Fig. 1 are cylinders of Vycor glass approximately 3.6 mm in
diameter and 7.4 cm long. These allow the superfluid 4He to freely flow between the
halves of the refrigerator during its operation.

The heat exchangers are copper cylinders press fit into the large copper blocks on
which the pistons are mounted. The hot platform heat exchangers are 1.14 cm long with
four 0.8 mm diameter holes drilled longitudinally through the cylinder. The low
temperature heat exchangers are 1.14 cm long with 12 0.51 mm diameter holes.

The pressure gauges are of the flexible diaphragm type described by Straty and

Adams.5 The concentration gauges are coaxial capacitors where the 3He concentration is

obtained from the dielectric constant of the mixture.6 The thermometers shown in Fig. |
are intended to measure the heating/cooling due to the adiabatic compression/expansion of
the 3He. They are made by suspending a chip of carbon made from a 220 ohm Speer
resistor on thin manganin wires inside a hollow Stycast 1266 envelope. The helium
mixture is admitted into the Stycast chamber through a 0.8 mm diameter capillary.

The linear position sensors are mounted at 1 K to monitor the positions of the pistons in
situ. The position sensor consists of two counter wound copper coils on a thin walled
stainless steel tube. A pick-up coil wound on a ground stainless steel rod rides inside the
counterwound coils. We generally drive the outer coils with a 1 mA 1 kHz signal and
monitor the output voitage of the pick-up coil as a measure of position. The resolution of
this system is better than 0.025 mm.

The two fill lines into each of the SSR halves are sealed with low temperature
pneumatic valves mounted on the pumped helium platform. These valves are actuated

using pressurized 4He. If we did not use these valves, operation of the SSR would cause
the mixture to oscillate up and down the fill capillaries and put a significant heat load on
the refrigerator.

A calibrated germanium resistance thermometer’ is mounted on the outside of the cold
platform to monitor the temperature while a 220 ohm Speer resistor is used to monitor the
temperature of the hot platform.

Further details of construction can be found elsewhere.8

PROCEDURE AND RESULTS

The refrigerator was cooled to 1.2 K and loaded with a 4% 3He-4He mixture. The
pneumatic valves were closed and the refrigerator was operated at various speeds to find a
minimum temperature of 296 mK at a speed of 1 cycle every 43 seconds.

We then reloaded the refrigerator with 6.6% 3He-4He mixture and measured the cooling
power as function of temperature and operating speed. This was done by actively
temperature controlling the cold platform for a chosen temperature and speed for at least 15
minutes to allow the refrigerator 10 come to steady state. We then averaged the heat
delivered to the cold platform heater over 10 cycles to determine the average cooling power
of the SSR. The cooling powers are shown in Fig. 2 for three operating speeds of 1 cycle
every 19, 27, and 45 seconds for temperatures between 0.3 and 1.1 K.

DISCUSSION

Figure 2 shows that there is an optimal operating speed at each temperature to
maximize cooling power. Thus the maximum cooling power curve for an SSR consists of
the upper envelope of the lines we show in Fig. 2.
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Figure 2. Plots of cooling power versus temperature for the SSR. Each curve corresponds to a
fixed operating speed and is labeled with the time necessary for the SSR to complete one cycle.

We could not stably operate the refrigerator at speeds higher than 19 s per cycle since
the critical velocity of the 4He in the superleaks would be exceeded. This results in the
rapid warming of the refrigerator and large pressure oscillations in the SSR due to the
compression of the 4He. A higher speed refrigerator would require larger superleaks.

The SSR's reduction in cooling power at low temperature is due to the redistribution of
the 3He in the refrigerator and the effectiveness of the recuperator. This distribution is
affected by both the fountain pressure in the warm end® and the Fermi gas hehavior of the
3He in the cold end.

It is of interest to estimate of the Fermi temperature of the 3He in the cold piston when
the SSR is operating at 320 mK. For the sake of simplicity we assume that the fountain
pressure in the hot piston is negligible and that the 3He behaves as an ideal Boltzmann gas
throughout the refrigerator. We assume that the volume of the regenerator is negligible and
that the volumes of the hot and cold pistons are the same. Under these assumptions it is
easy to show that X¢ = 2 Xay/(1+ Tc/Th) where X¢ is the concentration in the cold piston,
Xav is the average concentration in the refrigerator, T is the cold piston temperature, and
Th, is the hot piston temperature. In our refrigerator Th is 1.2 K; T¢ is 0.32 K; and, Xay is
6.6%. Using our equation we find X¢ is 10.4%. This corresponds to a Ferini temperature
of 540 mK. Clearly, this SSR is operating with a Fermi gas in the cold pistons and that a
proper analysis of this refrigerator will require considerating the Fermi gas' thermodynamic
properties. It is interesting to note that a 10.4% solution phase separates at 240} mK.?

CONCLUSIONS AND FUTURE WORK

We have built a superfluid Stirling refrigerator capable of reaching temperatures of 296
mK. The cooling power is linear with temperature at a fixed speed. The single stage
Stirling refrigerator can achieve all temperatures obtainable with a continuous evaporative
3He refrigerator.

In the future, we plan to investigate the contibution of the Fermi nature of the 3He to
the cooling power at low temperatures and to investigate the contribution of the phonon-
roton gas to the cooling power above 1 K. An improved recuperator should lower the
ultimate temperature reached by a singic stage SSR. Multistaged SSRs will allow futher



reductions in temperature. A pulse tube version!0 of these refrigerators will be the first
step towards the elimination of moving parts of this refrigerator.
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