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A new subkelvin refrigerator, the superfluid Stirling cycle refrigerator, uses a
working fluid of YHe-4He mixture in a Stirling cycle. The thermodynamically active
components of the mixture are the Ille, which behaves like a Boltzman gas, and the
phonon-roton gas in the *1lc. The superfluid component of the liquid is inert. Two
refrigerators have beon built and temperatures of 340 mK have been achieved.



The superfluid Stirling refrigerator, a new method for cooling below 0.5 K

J.G. Brisson, V. Kotsubo® , and G.W. Swifl

Condensed Mater and Thermal Physics Group, Los Alamos National Luboratory, Los Alamos, New

Mexico 87545

A new subkelvin refrigerator, the superfluid Stirling cycle refrigerator, uscs a working fluid of 3He-%He
mixwre in a Stirling cycle. The thermodynamnically active components of the mixtere are the 3p1e, which
behaves like a Bolizman gas, and the phonon-roton gas in the 4He. The supcrfluid component of the liquid
is inert. Two refrigerators have been built and iemperatures of 340 mK have been achieved.

1. INTRODUCTION

The superfluid Stirling refrigerator (SSR)
uses a SHe-4He working (luid in a Stirling cycle!
to cool below 0.5 K. The thermodynamically
active components of the mixtre are the e,
which behaves like an ideal gas, and the phonon-
roton gas of cxcitations in the 4He. The
superfluid component of the mixture acts as an
incrt background. action of the refrigerator.

The SSR is cquipped with pistons that arc
bypasscd with superleaks. Since the superfluid
component of the mixture freely flows through
these  superlcaks, the compressions and
cxpansions are performed only on the normal
components of the YHe-41e mixture,

This refrigerator has several advantages over
other methods of continuously cooling below 0.5
K. ‘The Stirling refrigerator docs not have
expensive scaled pumps required by dilution and
YHe refrigerators, 1t does not generate the high
magnctic fickls of a demagnetization stape. The
SSR is efficient; the refrigerator delivers
microwalts of cooling powet for tens of watts of
diive power.  The SSR does not require
modification to work in i zcro gravaty
cnvironment; this, coupled with its low power
consumption, makes the refvigesator ideal for
sub-Kelvin applications v space,

2. THE STIRLING CY(CLE

g, 1 shows a pracocal Staliog retrigerator,
The machine consists of o hot and cold piston
connected by a regenenitor, an wivay ol
narrowchanoels throoph a matenal with a Luge
heat eagawity. Initially the working, Huid, o low
pressure ideal gas, s m the hot eylinder, wd the
cold piston as i fally insented position, The
pas is compressed asothermally i the hot
cyhinder, reyevimg s heat o atheraal reservonr,

Both pistons are then moved in tandem so that
the gas reversibly (and isochorically) dumps heat
to the regenerator as it ravels from high w low
temperaturc. The low tcmperature gas is now
allowed 0 isothermally expand in the cold
cylinder, absorbing heat from a low temperature
reservoir. ‘1 he pistons now move o isochorically
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Figure 1. A schematic diagram of a standard
Stirhng, refrigerator.

force the gas back through the regenerator
rcahsorbing the heat deposited there carlier. The
refrigerator is now bhack in the original state and
is ready repeat he cycle.

3. THE FIRST REFRIGERATOR

Fig. 2 shews o sehematic diagram of the Lirst
SSR2:Y The hot piston is held at 12K hy a
pumped THe pot. The regencnator consists of
thirty 200 micron-ID CuNi capallaries immersed
in i pure CHe bath, which supphies the heat
capacity requited it the repeneriton. Fach piston
is made with two mickel bellows which e
connecled by a superleak made with Vycor gliass,
The repenerator side of cach piston contains the
Yie Hie wotking lnd; whereas, the back sude
ob cach iston iwis as reservorr for the supedud
e that Hows thiough the superleak.
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Figure 2, A schematic of the first SSR. The
double arrows indicate the motion of the the
pistons.

This relrigerator was operaied nt typical
speeds of (.25 rpm ( 4 minutes per cycle) with
piston volumc displacements of 0.9 em? and
lypu.ul He concentrations of 12%.

The ultimate teinperiture reached by this
refrigerator is $90 mK. The net cooling power of
this retrigerator at 700 mK s approximately 5
Huw,

4. THE SECOND REFRIGERATOR

Fig. Y is a schematic diagram of the second

SSR4. This SSR consists of iwo refrigeratorsthat
operate: 1807 apart from cach other, ‘e pistons
arc double neting, and the repenertor is a heat
exchanger between the counterflowing flunds in
cach hall of the SSR. The regeneritor consists of
a towl of 238 250-micron D 40 micron-wall
thickness CuNa capillaries silver soldered in a
hexngomally close packed aray with alicimating
rows comesponding to cach halt of the SSR. The
pistons are made from welded bellows with
nesied convolutions to mininuze the clearanee
volume in the piston, The ‘He 4 working
Huid resudes on both sides of the pistons,
This refrigerntor was operated al typacal specds
of 4 pm (M seconds pee cycle) with pistion
volume displacements of (08 em’ and typieal
Yhie concentiations of 6.6%.. The volumd in cach
hall of the retnpemton s 7/ cm?

The wlumae wempemtuie weiched by thix
rehigenatas o doae 18 WO mK. The et cooling,
power of this ichiigecatm s approximately 166
HW at 700 mK and appooximiately S pWw ot
SOOmN,

DRIVE

ROD HOT PISTONS (1 K)

Figure 3. A schematic of the second SER. The
double arrows indicate the motion of the drive
rods. ‘The arrows in the regencrator indicate the
counterllow in cach hall’ of the reg:~crator.

5. CONCLUSTIONS AND FUTURE WORK

There are cflects at both high and low
temperatures that make the working  tluid
bebavior deviate from that of an ideal gu.\ Al
high wemperatures the excitations in the e
caomribule, and at low temperataes the YHe
becomes a Fermi gas. We hope 1o charctenz
and understand both phenomena m the SSR.

We have demonstrated the vialility of the
superllnd Sticling refngerator, The S5R has
couled continuonsly to temperatures of 40 mK
and shows much promise ol achieving lower
emperatines,
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