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Nomenclature
A = surface area, m?
B = external magnetic flux density, T
Cz = specific heat capacity for constant B, J - kg=! - K~!
1 = current, A
L = magnetinductance, H
L; = latentheat of evaporation of *He, J - mol™!
M = magnetic moment, J - T~!
Py = vapor pressure above *He fluid
0 = cooling power, W

Qra = parasitic heat leak, W
R gas constant,8.31J-K~! - mol~!

N = entropy,J-K™!

T = temperature, K

Tc = compression temperature, K
Tg = expansion temperature, K
X; = 3He concentration

X, = *He concentration

e = emissivity
= Stefan-Boltzmann constant, 5.7 x 1078 W-m™2 K~*

Introduction

RYOGENIC cooling systems have found applicationsin a va-

riety of spacecraft missions ranging from Earth remote sens-
ing and surveillance missions to astronomical observatories. The
achievement of high sensitivity in an infrared instrument requires
cryogenic cooling to lower the background photon noise levels
and also to lower any residual dark current or thermally induced
noise in the detector itself. Similarly, cryogenic coolers are nec-
essary to reduce the detector noise in gamma-ray spectrometers
and shot noise in the detector amplifier systems. Superconducting
technologiesinherently need cryogenic cooling, whereas newer ap-
plications include in situ propellant liquefaction for a Mars sample
return mission.

The cryogenic technologies that can be used for ground-based
applications may be efficient and have high heatlift and high relia-
bility but are in most cases totally unsuited for spacecraftuse. Apart
from the need to achieve the required heatlift at the various temper-
ature stages specific to the instrument, there are further demanding
requirements on the cooling system to make it suitable for use in
space. Among these requirements are that the instrument should be
capableof being fully tested on the ground; it should have low mass;
it should have low volume; it should have a small mounting area; it
should be able to survive the high gravitational acceleration levels
during launch; there should ideally be several temperature stages

available for cooling of baffles, optics, and detectors to their (dif-
fering) required temperatures; it should have excellent temperature
stability characteristics;it should have (for a periodic system) good
reproducibility of performance; it should have very high reliability
levels for the several-yearduration of a typical flight; the thermody-
namic efficiency should be high; the power consumption should be
low; and the system should be relatively immune to radiation dam-
age. Most of these specifications also apply to electronic controllers
that monitor and drive the cryocooler systems. The overall cryo-
genic design should be the best compromise between the payload
requirements, the cooler performance, and the constraints imposed
by the space environment. However, stringentrequirementstogether
with the very limited payload quantities being built each to a unique
design do result in space cryogenic systems being very expensive.

There are a wide variety of cooling techniques,each of whichhave
their advantages, disadvantages,and optimal temperature ranges. It
is common practice to use a combination of these techniques to
achieve the required performance, typically by precooling the outer
shields of the system to the lowest temperature possible with a sim-
pler system. The most straightforwardtechnologiesare passive sys-
tems, for example, radiators (temperatures down to ~80 K), solid
cryogens(to ~7 K), and liquid cryogens (to ~1.2 K). Superfluid *He
cryostats have flown on all of the far-infrared astronomy missions
to date, but these cryostats have the disadvantages of high launch
mass and limited lifetime [ 10 months for the Infrared Astronomical
Satellite (IRAS) and 24 months for the Infrared Space Observatory
(ISO)]. An alternative is to use small active mechanical systems,
or so-called cryocoolers, to achieve temperatures down to ~2 K.
The fundamentals of cryocooler technology have been reviewed by
Walker.! Cryocoolers are generally in one of two categories: re-
cuperative or regenerative. Regenerative systems use a high heat
capacity matrix to extract heat alternately from and give up heat to
the working fluid. In recuperative cryocoolers, this is done by us-
ing the return flow of the working fluid itself. Cryocoolers have the
advantages of much lower launch mass than liquid or solid cryogen
dewars and have a design life time of several years. Even lower tem-
peratures below 0.3 K can now be achieved in flight using sorption
cooling by reducing the vapor pressure above >He liquid, adiabatic
demagnetizationof a paramagneticsalt, or dilutionrefrigerationthat
makes use of the enthalpy differencebetween pure *He and a mixture
of *He and “He. Such systems are currently in the process of un-
dergoing space qualification or have recently flown. Pomeranchuk
coolingand adiabaticnuclear demagnetizationhave not yet been de-
veloped for space applications because the temperature range over
which they are useful is lower than that currently needed.
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Cryogenic technologies used for space missions have been pre-
viously reviewed in 1992 by Wanner? and in 1996 by Jewell.> Here
we summarize the significant progress that has been achieved in
development, space qualification, and flight experience of these and
newer cryogenic technologies. We focus on civilian missions due
to the classified nature of much of the defense-related research. A
comprehensive and recent overview of cryogenic applications and
of civilian space cryogenic missions is given in an excellent article
by Collaudin and Rando.* and we, therefore, describe here only a
selection of the missions that have flown. Sub-Kelvin temperatures
are generally needed only by missions addressing fundamental sci-
entific questions rather than with commercial aims, but sub-Kelvin
coolers are nonethelessdescribed here for the purpose of complete-
ness and because significant advanceshave been made in these tech-
nologies over the past decade. It is not possible to list all references
of interest; rather, pointers toward only the most importantdevelop-
ments are given in conjunction with citations for important review
papers. A survey of advances in ground-based cryocooler technol-
ogy is given by Radebaugh.’® For space cryocoolers, it is hoped that
this review will be used together with the useful compendium of
cryocoolers for temperatures ranging from 10 to 120 K that has
recently been compiled by Curran et al.® and Glaister et al.” Each
of the main cooling techniques will now be reviewed in terms of
its theoretical basis of operation and its applicability for use with a
cryogenic spaceborne instrument.

Radiative Coolers

The technique of passive radiative cooling is the easiest method
of cooling available. Radiators are simple, reliable, and have a long
lifetime and low mass. Radiators have been extensively used on
spacecraftfor heatrejection at ambient temperature and can be used
at lower temperatures provided exposure to cold space is possible.
However, the maximum level of heat radiation varies as

Q = AgoT* 1)

At temperatures of 70 K, assuming a radiator area of 0.1 m? and
a perfect emissivity, only 100 mW of cooling power is possible in
the ideal case, from which the parasitic load from the support struc-
ture must be subtracted. For a low-Earth-orbit mission, the ability
to achieve this cooling is further constrained by stringent point-
ing constraints that reduce the cold exposure time. Other potential
problemsincludenonideal thermal conductivity (which creates tem-
perature gradients across large radiators), difficulties with test and
performance verification on-ground, and problems with surface fin-
ish contamination on-ground and in-orbit due to micrometeorites
and/or outgassing.

The radiators are usually implemented in two stages, with the
outer stage mechanically mounted to and thermally insulated from
the spacecraftstructure. This outer stage provides thermal shielding
of the inner stage from the spacecraft, the sun, and the Earth. The
cryogenic components are connected to this inner stage, which is
mounted to and thermally insulated from the outer stage. A natural
extension to this design is the multistage radiator, which does offer
improved performance, but still has comparatively large conductive
andradiative parasiticloads on the cold plate. The V-grooveradiator
uses several canted shields and allows multiple reflections of the
radiation outward to reduce the radiative load. The radiator also has
a structural support that partially disconnects postlaunch to reduce
the conductive heatleak *~'® Cushman et al."" describe a design of
radiator that has achieved a no-load base temperature of 34 K with
rejection temperature of 91 K. Another type of passive radiator has
beendesignedthatuses a parabolicreflectorarrangement. The shape
and the locationof the innermostfocal pointof the ellipticalreflector
is defined such that no (specular) reflection of radiation coming
from the sunshield hits the second-stage radiator. This design will
be implemented on the Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCTAMACHY ) experiment'? to be
launched on ENVISAT in March 2002, and also on the Meteosat
Second Generation Spinning Enhanced Visible and Infrared Imager
(SEVIRI) instrument'? for launch in mid-2002.

Much lower radiative base temperatures can be achieved if the
spacecraft is in a thermally favorable orbit such as a solar orbit
or a sun-Earth libration point. Orbits for radiatively cooled space

telescopes have been discussed by Farrow.!* The orbit is one of
several parameters that must be traded at the system level,'> but
equilibrium temperatures of ~40 K can then be expected due to ra-
diative cooling alone for spacecraftdesigns such as the Edison (see
Ref. 16). As Wade!” has noted, the predictions of radiative cooling
to below 20 K for missions are based on studies assuming idealized
beginning-of-life devices and, as such, are unrealistic of real mis-
sions. Nonetheless, low first-stage radiative temperatures of 40 K
with ~10 mW of heatlift are feasible and can result in significantly
improved performance for whatever cryogenic techniques may be
used to achieve final instrument cooling, for example, the closed
cryocoolers to be described.!®

Open-Cycle Coolers

Open-cyclesystems use stored fluid or solid cryogens. Cooling is
producedby the latent heat of vaporization or sublimation, together
with the residual enthalpy of the vapor as it warms toward ambi-
ent temperature. The cryogen is stored in a vessel that is insulated
from the external environmentand to which the cooled components
are thermally connected. The major advantages of these systems
are their high level of reliability, their ability to achieve excellent
temperature stability, and their large amount of cooling power. The
latter means that the required temperature can nearly always be
maintained, even at the expense of reduced lifetime due to increased
boiloff of cryogen. When interfaced with the detector system, there
are no problems with microphonic vibrations and/or electromag-
netic interference (EMI). The major problem is with the very high
mass-to-lifetime ratio, which for a mission of several years means
that a very large and heavy cryostat is necessary. This high mass
increases launch costs and may further reduce the available instru-
mentmass. The on-ground preparationproceduresare also complex,
especially with the limited access to the launch vehicle just before
launch. The cryogen loss due to the parasitic heat load can be re-
duced by using the enthalpy of the vented vapor to cool the shields
and the structural supports.!® Other design concepts include the use
of support struts for the cryostat that are rigid enough to withstand
the launch and that are then partially or fully disconnected in-orbit
to reduce the parasitic heatload on the cryogens 2°-2

Table 1 lists the critical temperatures, normal boiling points, and
triple-point temperatures of common cryogenic fluids, with boiloff
temperatures ranging from 90 K for oxygen to 3 K for *He. Per-
formance comparisons for spaceborne cryostats have recently been
given by Holmes et al.”® There are four methods of open-loop cryo-
gen storage for spacecraft applications: single-phase fluid storage
at supercritical pressure, two-phase fluid storage at subcritical pres-
sure, high-pressure gas storage, and solid cryogen storage. We now
briefly address each of these in turn.

Supercritical Storage

The critical pressure for the fluid is that pressure corresponding
to the critical temperature, above which only a single-phase rather
than a two-phase mixture can exist. In a supercriticalstoragesystem,
the cryogenis kept at a pressure higher than the critical pressure of
the fluid. The stored mass remains as a homogeneous single phase
and has a tendency to expand out of the vessel because of the high
pressure inside the vessel. This concept was used for oxygen and
hydrogen storage on early flights [including Apollo (Fig. 1)] and
remains in use on STS because there is no phase separation and
consequentlyno problem of fluid confinement. Temperaturesas low
as 5K canbe producedby usingheliumas the working fluid. Because

Table1 Critical temperatures, normal boiling points,
and triple-point temperatures of common cryogenic fluids

Critical Normal boiling Triple-point
Fluid temperature, K point, K temperature, K
Oxygen 154.6 90.2 54.4
Argon 150.7 87.3 83.8
Nitrogen 126.1 77.3 63.2
Neon 44 .4 27.1 24.5
Hydrogen 33.2 20.4 13.9
Helium-4 5.2 4.2 e
Helium-3 33 32 e
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Fig. 1 Apollo 13 supercritical hydrogen and oxygen tanks.

of the pressure decrease as the cryogen is vented, the temperature
must be regulated by control of the fluid flow. This requirement
increases the complexity of the system. Another disadvantageis the
mass of the high-pressure storage vessel, so that this technology
suits shorter missions 2*

Subcritical Storage

In a subcritical storage system, the fluid is stored at a pressure
lower than the critical pressure, and so exists in a liquid/vapor mix-
ture. The main problemin a 0-g environmentis that of keeping the
vapor phase separate from the liquid: only the gas is to be vented,
to retain the cooling power from liquid vaporization. For classical
liquids, the preferred method of phase separation is the controlled
expansion and vaporization of the liquid through a thermodynamic
vent system (TVS). A TVS is a combined Joule-Thomson valve
and heat exchanger. With superfluid helium, this is instead achieved
using the thermomechanical (fountain) effect. A pressure drop is
produced across a porous plug,2>?® thereby producing an associ-
ated temperature drop. Most of the liquid returns to its superfluid
state and is driven back into the tank by the higher pressure of
the warmer He II that is evaporating and escaping. Considerations
for operation of phase separators in 0-g have been described by
Hendricks and Karr.?” Other potential problems with this technique
include mass movement of the cryogenic fluid,”® flow choking and
breakthrough? and hysteresis effects 2

Temperatures as low as 1.2 K can be achieved using superfluid
“He confined by a porous plug. The superfluid has the properties
of high thermal conductivity and low viscosity, resulting in low
thermal gradients between the helium bath and the tank walls. The
behavior of superfluid *He in 0-g has been investigated by Mason
et al.’® Although the cryostat vents to a hard vacuum, the base tem-
perature is limited by the pumping speed though the porous plug,
or by the flow impedance necessary to exchange heat efficiently
with the shields. Lower temperatures can be achieved using *He,
but the high cost of this isotope precludes its use in open cycle sys-
tems. A system using surface tension to confine the liquid within
the pores of a low-density sponge has been developed at NASA
Goddard Space Flight Center (GSFC).*! Surface tension keeps the
liquid away from the cooler vent during 0-g operation. This tech-
nology is in current use for liquid-liquid (free interface) diffusion

Fig. 2 ISO.

for the crystallizationof proteins in 0-g (Ref. 32). The feasibility of
transferring superfluid helium in space has been investigated as an
option for extending mission duration.**3* The Superfluid Helium
On-Orbit Transfer (SHOOT) experiment on the STS successfully
demonstrated the feasibility of this by cooling down and refilling of
a warm dewar with transfer rates of up to 720 1h~!.

Cryostats with superfluid *He have flown on IRAS,* Spacelab,*®
Cosmic Background Explorer (COBE),*” Infrared Telescope in
Space (IRTS),* and ISO* (Fig. 2) as well as the ASTRO-E*° space-
craft, which was lost due to launch vehicle malfunction. The tech-
nology of superfluid cryostatsis now consideredmature, and further
missions to be flown in late 2002 include Gravity Probe-B (GP-B)*!
and Space Infrared Telescope Facility (SIRTF).** A warm telescope
launchhas been adopted for SIRTF,* and the primary and secondary
mirrors will cool radiatively in-orbitto ~50 K before the helium va-
por is used to cool them to base temperature. This mission strategy
significantly reduces the cryogen boiloff rate. Parallel studies were
undertaken to examine the relative merits of cooling the Herschel
Space Observatory (HSO) by mechanical closed-cyclecoolers,* or
by a superfluid “He cryostatbased on the ISO design.*> For reasons
of cost, prior experience with ISO, and technical maturity in 1997,
the cryostat version of the HSO spacecraft was chosen. HSO will
now use 2560 liters of superfluid “He for coolingto 1.7 K (Ref. 46).
Infrared Imaging Satellite (IRIS),*”+*® a follow-on mission to IRTS,
is being designed to perform an all sky point source survey and will
use 150 liters of superfluid *He.

High-Pressure Gas Storage

This effectis used in the Joule-Thomson (J-T) expansionsystems
described subsequently. For an open-cyclesystem, a major problem
is with the mass of the high-pressuregas tanks that must be used for
extended missions, and so this technique is not in common use.

Solid Cryogen Storage

The difficulties of liquid/vapor surface control led originally to a
preferenceto fly solid cryogensthat have no liquid-/gas-phase sepa-
ration problem. The cryogenhas a highereffectivelatentheat (which
comprises the heat of fusion) and has a marginally higher density
of storage, and also there is no mass movement of the cryogen,
particularly during the launch phase. Problems include the complex
on-ground filling and launch preparation process, the lower ther-
mal conductivity of the cryogen in its solid phase, and degradation
of thermal conductance between the cryogen and the wall over the
course of the mission. It is impractical to solidify helium, and solid
hydrogen at 20 K can be somewhat hazardous, but neon at 27 K is
a safe alternative.

Developments in the technology of early solid cryogen coolers
have been reviewed by Nast.** The Cryogenic Limb Array Etalon
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Spectrometer (CLAES) instrument™® on the Upper Atmosphere Re-
search Satellite (UARS) used solid neon and solid carbon dioxide®!
to cool the detectorsto 16 K, the spectrometer to 30 K, and the tele-
scope to 150 K. In-flight, the dewar exceeded the 15-month nomi-
nal mission lifetime by three months.’> The Near-Infrared Camera
Multi-Object Spectrometer (NICMOS) on the Hubble Space Tele-
scope was cooled to 58 K using a solid nitrogen dewar.>® The Wide
Field Infrared Explorer (WIRE) spacecraft* was designed to study
the evolution of starburst galaxies and search for distant ultralu-
minous galaxies. The design incorporateda primary solid hydrogen
cooler’® to cool its focal plane assembles to <7.5 K and a secondary
solid hydrogen cooler to cool the optics to <18 K. The nominal
mission lifetime was four months, but premature ejection of the
telescope cover following orbital insertion meant that the cryogens
vented within only two days.

Stirling Cryocoolers

The majority of space cryocoolers in development or in use are
derived from the so-called Oxford heritage coolers. These are in turn
based on the pressure modulators used on several spaceflights: the
Pressure Modulator Radiometer (PMR) on Nimbus F,*® the Strato-
spheric and Mesospheric Sounder (SAMS) radiometer on Nimbus
7,%7 the Infrared Radiometer on the Pioneer Venus Orbiter,*® and the
Improved Stratospheric and Mesospheric Sounder™% on UARS.
The primary design of these instruments was undertakenat the Uni-
versity of Oxford, and the development of Oxford heritage coolers
has been reviewed by Davey.5!

Stirling coolers are similar to Gifford-MacMahon coolers, which
are commonly used for commercial low-temperature refrigeration
but do not have valves. A simplified schematic of a Stirling cry-
ocooler is shown in Fig. 3, following Walker (Ref. 1, p. 45). The
compressor and displacer are separated by a regenerator matrix and
aheatexchangereitherside of the matrix. The molecules throughout
the working fluid undergo different thermodynamic cycles depend-
ing on the physical motions they undergo, but here we assume that
the fluid undergoes an ideal cycle. During compression, the pres-
sure increases, but the heat of compression is rejected so that the
process is isothermal at T¢ (process 1-2). During the transfer pro-
cess, both pistons move together with a constant volume between
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them. The fluid passes through the regenerator matrix which cools
it from T¢ to Tg (process 2-3). Next the expander piston moves
away from the regenerator, but the compressor piston remains sta-
tionary (process 3-4), so that the volume increases and the pres-
sure decreases. The temperature remains constant because heat is
extracted from the surroundings; this is the useful refrigeration. Fi-
nally, the two pistons move back together to their original positions
(process 4-1), and the fluid warms up as it passes through the re-
generator. Ideal Stirling cycle thermodynamic diagrams are shown
in Fig. 4.

Integral cryocoolershave the compressorand displacercolocated
within the same unit. This has the advantage of smaller volume and
lower pressure drops than for a split cryocooler where a transfer
line separates the compressor (and, therefore, the majority of the
vibration and EMI) from the displacer. A single-stage, split Stirling
cryocooler developed for space use®® is shown in Fig. 5. The com-
pressor is driven by a linear motor coupled directly to the piston.
The motor consists of a (stationary) permanent magnet and a soft
iron flux path. This stator gives a large magnetic flux density in the
gap that is occupied by a coil. The coil is rigidly connected to the
piston via a shaft, and the whole system oscillates when an alter-
nating current flows in the coil. To reduce power consumption, the
compressor operates close to the mechanical resonance frequency
of the gas spring provided by the helium gas. In addition, the piston
is supported on two sets of diaphragm springs attached to the shaft,
which have high radial stiffness to maintain precise linear motion
of the piston. Each spring is of a flat disk, spiral arm design and is
used in such a manner that life-limiting fatigue stress levels are not
approached. This mechanical suspension system maintains a very
small clearance at the seal, thus ensuring that there is no contact
and no wear that is critical for long-life applications. An alternative
but much less commonly used design is to use hydrodynamic gas
bearings to align the piston ®* The displacerunitcontains an integral
regenerator, which is mounted rigidly on a shaft. The displacer is
pneumaticallydriven by the pressure wave from the compressor but
has fine displacement control provided by a small internal linear
motor of the same type as for the compressor. A clearance seal is
maintained between the displacer and the thin-walled tube in which
it oscillates. Both the compressor and the displacer are fitted with
a position transducer that determines the displacement of the shaft
away from the nominal zero point. A cryocooler control electronics
system drives the compressorand displacer at the correct amplitude
and oscillationfrequency and at the correct phase angle between the
compressor and the displacer.
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These Stirling coolers have undergone space qualification®*®

and are now considered to be a mature technology for space use.
The results of the NASA spacecraftcryocoolercharacterizationpro-
gram have been published by the Jet Propulsion Laboratory®® and
GSFC,5768 and details of the U.S. Air Force cryocooler programs
have been publishedby the Air Force Research Laboratory.? Exam-
ples of currentinstruments flying Stirling coolers include Measure-
ments of Pollutionin the Troposhere (MOPPITT )™ (which uses As-
trium 80-K coolers) and Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER),”! both on the NASA Earth
Observing System (EOS) Terra spacecraft,and the radiometeron the
Odin spacecraft’? A single-stage Ball Aerospace Stirling cooler”
will fly on High-Resolution Dynamic Limit Sounder (HIRDLS)™
on the EOS Aura spacecraft. Single-stage Astrium Stirling coolers
will be flown on the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) and Advanced Along-Track Scanning
Radiometer (AATSR) instruments on ENVISAT.*7 Dual Stirling
coolers use a pressure wave generated by each of two compressors
into a common T-piece. The displacer has two regenerator matrices
with an intermediate stage at a nominal temperature of ~150 K.
Base temperatures down to below 20 K are possible using this sys-
tem. The Rutherford-Appleton Laboratory (RAL)/Astrium 20-K
cryocooler®”” achieves a heatliftof 120 mW at 20 K or 300 mW at
30 K and has been baselined for use on an absolute radiometer for
measuring total solar irradiance, which is due to fly on the Interna-
tional Space Station.”® The Ball two-stage Stirling cooler’ achieves
a heatlift of 400 mW at 30 K.

The option of using Stirling coolers to cool the outer shields of a
cryogen-basedinstrumenthas been investigatedto reduce the boiloff
rate, and thereby to extend the nominal lifetime of the mission, and
also to stabilize the temperature of vapor-cooled shields. The orig-
inal design of the Chandra X-Ray Observatory (previously named
the Advanced X-Ray AstrophysicalFacility) baselined single-stage
Stirling coolers to cool the dewar outer shield 38! Similarly, the
shields for the original design of the Spectroscopy of the Atmo-
sphere Using Far-Infrared Emission (SAFIRE) instrument proposed
for EOS were to be cooled by two single-stage Stirling cryocoolers
plus a two-stage Stirling cryocooler® These designs were subse-
quently rejected for reasons of cost and complexity, it being con-
sidered that the hybrid design incorporatedthe problems and failure
modes of both types of cooling technique. However, partly because
further experience has been gained with cryostats and Stirling cry-
ocoolers, this type of hybrid system has recently been reintroduced
and is the baseline for the design of IRIS* (ASTRO-F), which is
scheduled for launch in 2003.

Potential problems with Stirling systems include the generation
of microphonic vibrations and EMI from the reciprocating motion
of the drive coils and pistons. Extensive work has been done on de-
veloping low-vibration drive electronics 38 Integration of these
systems with sensitive infrared detectors is also of concern’7—%
The level of power consumption required for low-temperature op-
eration s high, even for efficient Stirling coolers, so that high levels
of waste heat must be rejected from the compressors and displacer.
Great care must be taken to ensure that there is no damage to the
fragile displacer cold finger during testing and during the launch
phase. It may be necessary to incorporatea locking mechanisminto
the design of the motors to ensure that excessive forces are not gen-
erated by motion of the pistons during launch vibration. Concerns
about reliability have been reduced by the use of clearance seals
for the compressors and by careful choice of materials. The suc-
cessful development of Stirling coolers resulting in their increased
efficiency and reliability has led to them often being the preferred
choiceof cryocoolerin the past, but these have now been superseded
somewhat by pulse tube coolers.

Pulse Tubes

Pulse tubes are the most importanttype of space cryocoolerunder
development and currently in use for temperatures from ~35 K
up to 80 K. The development of pulse tubes has been reviewed
by Radebaugh’°~> Basic pulse tubes were invented by Gifford
and Longsworth who achieved a temperature of 173 K with their
design®® A schematic of a pulse tube system is shown in Fig. 6.
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Fig. 6 Schematic of pulse tube cooler.

The pulse tube itself is a thin-walled cylinder with heat exchangers
locatedateachend. Itis supplied with pressure waves in the working
fluid through the regenerator. The pressure waves are generated by
a compressor, which for space coolers is of the ac gas-flow type.
For basic pulse tubes, the cooling effect relies on a heat exchange
mechanism between the gas and the wall, known as surface heat
pumping,” which creates a small phase shift between the mass
flow and the pressure oscillations. However, this becomes a loss
for pulse tubes that achieve lower temperatures. The orifice pulse
tube improves on the design of the basic pulse tube by adding a
needle valve V; and a reservoir volume at the closed end. These
make it possible to tune the flow for a larger total phase shift and,
therefore, an even smaller phase difference between the pressure
and the mass flow oscillations. This design considerably improves
on the performance of previous pulse tubes, but a large volume of
gas with no refrigerative effect still flows through the regenerator
because of the pressure oscillation. The double inlet pulse tube has
overcome this problem by adding a second valve V,, which directly
connects the hot end of the pulse tube to the compressor.’

The pulse tube is mechanically much simpler than other regen-
erative coolers because it has no cold moving parts. All of the
moving elements are at ambient temperature in the compressor,
which can be identical to that used in the standard Stirling cry-
ocooler described earlier, and so can benefit from the development
undertaken to make these reliable and efficient enough for space-
flight. Compared to a Stirling cooler, there is much less little vi-
bration and no EMI originating from the cold head, which makes
integration with the instrument more straightforward. What little
vibration remains is caused by small elastic deformation of the
pulse tube and the regenerator. Compared to J-T systems, there
are no critical small orifices that may plug, and the simplicity of
the cold end design makes it comparatively immune to working
fluid contamination. The pressure oscillations are also relatively
small. The pulse tube is therefore a preferred option over the J-T
or Stirling cryocoolerfor space missions. The first pulse tubes were
launched on the NASA John H. Glenn Research Center at Lewis
Field Small Spacecraft Technology Initiative (SSTI) spacecraft’®
The 55-K pulse tubes each with a heatliftof 1.75 W will cool the At-
mospheric Infrared Sounder (AIRS) instrument focal plane®”-*® on
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EOS Aqua and the Sounding of the Atmosphere Using Broadhand
Emission Radiometry (SABER) instrument®'%° on the Thermo-
sphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)
spacecraft, both to be launched in mid-2002. A pair of 65-K pulse
tube coolers!®!1%2 will cool four focal plane arrays on the tropo-
spheric emission spectrometer'®® on EOS Aura, to be launched in
2004. Pulse tubes were baselined for use on INTEGRAL %105 (al-
though this will now use Astrium Stirling 50-80 K coolers because
of the delay in space qualification of the pulse tube). Building on the
strength of the developmentand performance levels of pulse tubes,
newer applicationsinclude propellantliquefaction for Mars sample
return missions.!® Although multistaging has enabled laboratory
and commercial pulse tubes to achieve 4 K, these systems are not
yet qualified for flight use.

Much of the effort in developing spacecraftcryogenic systems is
currently aimed at achieving a better understanding of the underly-
ing thermodynamics of pulse tubes. The absence of a cold moving
regenerator leads to less EMI and microphonics, a more robust de-
sign, and simpler integration with the instrument compared to a
Stirling cooler. The potential problems associated with the use of
mechanical compressors must still be addressed, however.

J-T Coolers with Mechanical Compressors

Expansion of a nonideal working fluid from below its inversion
temperature results in a cooling effect (Fig. 7). This effect is made
use of in the J-T cycle, which is commonly used because of its
simplicity, reliability, and efficiency. Different working fluids can
be used to achieve a wide range of cooling temperatures. The basic
J-T cycle is shown in Fig. 8. A compressor is used to compress
the working fluid to a high pressure. The high-pressure gas passes
througha counterflow heatexchanger,whereitis precooledto below
its inversion temperature by the returning low-pressure gas stream.
The precooled gas is then expanded isenthalpically through an ori-
fice. It is not necessary for the expansionto create a two-phase fluid:
it may produce a single-phase gas. The expanded fluid absorbs the
heat load at constant temperature, and the low-pressure gas returns
to the compressor to complete the cycle.

Through the use of mixtures of gases as the working fluid, the
enthalpy change is greater, and the efficiency of the cooler can be
increased typically by an order of magnitude.'”” The characteris-
tics of several types of binary mixtures can now be fairly accurately
predicted.'®®="1% There are several advantages to using J-T systems.
The cold head inherently consists of small-diameter tubing, which
takes up little volume, can be made to be flexible and can be engi-
neered to have a low parasitic heatleak. In addition to improving the
netefficiency of the system as a whole, this may obviate the need for
separate heatswitches between multiple coolers and/or instrument
components at differing temperatures. The absence of cold moving
parts improves the reliability of the system and avoids the generation
of EMI at the cold end, with little associated vibration. The lines
connectingthe compressor to the cold head are at ambient tempera-
ture, and in consequence, the compressor can be located away from
the instrument. The compressor can be located near the spacecraft
heat rejection system, which eliminates the need for a heat trans-
fer system to remove heat generated by the compressor. However,
there is also the possibility that the J-T orifice will plug. To prevent
initial freeze out of contaminants in the cold stage, which would
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cause a partial or complete blockage in the J-T orifice, a contami-
nation control system continuously removes residual contaminants
from the working fluid. A partial or complete blockage is desig-
nated an outage rather than a failure because a heater at the orifice
can disperse the contaminants, which are then removed using a hot
reactive getter. The system can then cool down once more. Also, the
J-T specific power (required input power per watt of refrigeration
achieved) is high compared to other cryogenic cycles, particularly
at higher pressure ratios.

A 65-KJ-T system has been developedto operatein 0-g for space
use.! 1112 This uses an oil-lubricated compressor, which passes the
working fluid at 75 bars through a gas purifier. The oil scavenger
and the coalescer remove the oil from the working fluid, a getter
removes the gaseous contaminants, and a particle filter removes the
particulate contamination. The fluid enters the cold head at ambient
temperature and is cooled by counterflow heat exchange and a ther-
moelectriccooler.''® On exit from the heat exchanger, the flow splits
into two streams and is expandedto providecoolingat 122 and 65 K.
Each stream then returns to the compressor to complete the cycle.
This system has flown successfully on the STS in 1997 (Ref. 114).

Hybrid cryocoolersystems consistingof a J-T expansion system
precooled by a multistage Stirling system have been developed for
use at 4 K (Refs. 115 and 116) and at 10 K (Ref. 117). At these low
temperatures, the specific heat of the helium working fluid becomes
comparable to that of the regenerator matrices, so that the regener-
ative heat exchangers become very inefficient and counterflow heat
exchangers in conjunction with the J-T system are used instead.
These J-T compressors are similar to the Stirling compressors de-
scribed earlier, with the addition of one-way valves to provide a dc
flow to the J-T expansion orifice at the cold stage. The RAL cry-
ocooler heatlift capability is 11 mW at 4 K using “He and 3 mW at
2.5 K using *He. Theoreticalinversionpoints for the *He curve have
been compared to the experimentally available data by Maytal.!'® A
schematic of the system is shown in Fig. 9 and a photograph of the
cold end in Fig. 10. Space qualification of this 4-K cooler has been
undertaken'!”!20 and the J-T stage of the design is baselined for
precooling of the Planck High Frequency Instrument.'”! A 6-K J-T
system that uses a helium/hydrogen working fluid mixture is being
developedfor possibleuse on the Next Generation Space Telescope
(NGST),'?? based on a 10-K U.S. Air Force cooler.
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Brayton Coolers

Brayton coolers are similar to J-T systems, but instead of ex-
panding a working fluid using an orifice (which is irreversible and
inefficient), they use an expansion engine to expand the fluid more
efficiently. A schematic of a Brayton cooleris shownin Fig. 11. For
expansion engines, these coolers typically use turbines that have
gas bearings to achieve high reliability with low levels of induced
vibration. These types of coolers achieve high heatlift at relatively
high temperatures, but a challenge has been to miniaturize these
coolers without introducing significant parasitic losses.!?*!%* Re-
cent advances include successful development of a small, perma-
nent magnet-driven compressor that operates at speeds up to 10*
revolutions s~!, together with the demonstration of self-acting gas
bearings. The NICMOS instrumenton the Hubble Space Telescope
(HST) was originallycooled using solid nitrogen, but a thermal short
led to the cryogens being used up within two years. The instrument
will be cooled again using the NICMOS Brayton cooler, which has
a heatlift of 7 W at 77 K. This cooler flew on STS flight in 1998
and will be installed on the HST during the third servicing mission
scheduled for March 2002 (Ref. 125).

Sorption Coolers

Two drivers behind the development of sorption refrigeration for
space use were to eliminate the failure modes present in the me-
chanical compressorsand to achievea cooling system that was more
compatible with the detectorin terms of system integrationand de-
tector performance. Sorption refrigerators typically use a thermally
driven compressor to supply high-pressure gas to the cold stage.
For systems operating above ~2 K, the cold stage has a separate
expansion system. This is typically a J-T orifice, because the effi-
ciency of both the sorption compressors and the J-T systems im-
proves at high-pressureratios and low flow rates. General develop-
ments in the techniques of sorptionrefrigeration'?®!?7 together with
those applicableto cooling of astrophysicsmissions'*®!?* have been
reviewed.

‘ ‘%‘t;.;,@;:?'

Fig. 10 Stirling displacer and J-T 4-K cold end.

There are two types of sorption process. Physical adsorption, or
physisorption,relies on the relatively weak van der Waals forces be-
tween the refrigerant gas (sorbate) and the sorbent material. No co-
valentbonds occur, and the heats of physical adsorptionare low. Ac-
tivated charcoals, zeolites, and silica gels are some of the materials
used in physisorption cooling. Chemical adsorption, or chemisorp-
tion, involves the formation of a chemical bond (usually covalent).
Reaction occurs between the sorbentand sorbate, and so the heats of
chemisorption are typically much higher. Chemisorption materials
include metal hydrides and praseodymium cerium oxide (PCO).

Physisorption coolers have been developed over the past two
decades, resulting in a steady improvement in performance at-
tributable to the use of improved materials, higher preexpansion
J-T pressures, improved J-T precooling, and also regeneration of
the waste heat from cycling of each compressor. For example, ther-
mal switchescanbe usedto bring opposingcompressorsinto thermal
equilibrium. Alternatively,an active valved-regenerativesystem can
substantially improve performance.*® Considerable development
has been undertaken toward a 10 K periodic chemisorption refrig-
erator that potentially has a 10-year lifetime."*""!3> This research
includes further characterization of the sorbent material'*® and the
sorbent bed design.'** Stringent contamination control has been
necessary to minimize the risk of J-T blockage and sorbent degra-
dation. This technology has been flown as the Brilliant Eyes Ten-
Kelvin Sorption Cooler Experiment (BETSCE)'** on the Endeav-
our STS-77 mission.!*® The system achieved a base temperature
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of 10 K on one cooldown. No in-orbit degradation was found,
and so this flight has validated the use of hydride sorption cool-
ers in space. Specifically, microgravity effects were negligible on
the LaNi4 sSno» and ZrNi hydride powder conductivities,on the su-
percooling of the phase change material in the sorbent bed, and on
the ability of the liquid reservoir to separate and retain both liquid
and solid hydrogen.

A prototype 20 K chemisorption system built for the Long-
Duration Balloon Experiment!®’ used four LaNi,gSny, hydride
sorption beds for continuous operation to pressurize a J-T sys-
tem, with hydrogen as the working fluid. A derivative design will
cool both instruments on the Planck spacecraft to measure the
temperature anisotropy and polarization of the cosmic microwave
background.*® Sorption cooling is being considered as a potential
option for cooling of the instruments on NGST.!3%:140

Sorption coolers to achieve temperatures of less than 2 K have
been described by Duband et al.'*! and Kittel.'*> The difference
between these coolers and those described earlier for use at higher
temperatures is that these systems do not have a further expander
system. The cooling to base temperature is accomplished, first, by
achieving the saturated vapor pressure for the working fluid from
thermal compression alone. Second, on cooling down, the sorbent
material in the system adsorbs the vapor above the liquid, thus cool-
ing the cold stage down further. These coolers use activated charcoal
or zeolite as the sorbant and either *He or “He for the sorbate. The
vapor pressure above the *He working fluid decreases exponentially
with temperature as

Py o exp[—L3/RT] )

L5 tends to a constant at low temperatures, but the cooling power
is the given by the product of the mass flow and L;. The mass flow
decreases because it is limited by the pressure drop in the pumping
line, and this in turn is limited by the pressure difference between
the vapor pressure and the pressure in the sorbent pump. The va-
por pressure decreases rapidly with decreasing temperature, and the
pump pressure raises as the sorbent saturates. As a result, the cool-
ing power decreases as the temperature decreases, and a practical
limit to this type of cooler is a base temperature of ~0.25 K. A

schematic of a simple *He system for ground-based use is shown
(following Duband et al.'*!) in Fig. 12. This design only works in
the presence of gravity. All components are first cooled down to
~2 K, typically by pumping on the “He bath to which the cold plate
is thermally heat sunk. At this temperature the *He is all adsorbed
by the sorbent in the pump. The sorption cycle is started by heating
the pump to ~30 K to desorb the *He gas from the sorbent. When
the 3He gas pressure exceeds the saturated vapor pressure of *He
at the cold plate temperature, liquid condensesin the condenserand
falls into the evaporator. After condensationis complete, the pump
allowed to cool. The adsorptivity of the charcoal increases, which
reduces the vapor pressure of the *He gas. In turn this reduces the
temperature of the *He liquid. Typically, the temperature will fall
to ~0.3 K. The purpose of the steel wool is to prevent Taconis os-
cillations from occurring and does not affect the pumping speed.
Adsorption isotherms of helium on activated charcoal at the higher
pressures of interest for sorption coolers have been measured at the
Centre de Recherchessur les Trés Basses Températures (CRTBT)!4?
and NASA Ames Research Center.'** The adsorptionisotherms for
*He have been shown by Duband et al.!*! to be the same as those
of “He, as shown in Fig. 13. Figure 13 also shows the temperature
of the sorption pump during the cycle procedure. From process 1 to
process 2, the pump and, therefore, the gas is heated. Eventually the
sorbate will be hot enough to be desorbed from the charcoal, and
the reduced specific heat of the fluid alone results in a rapid increase
in temperature (process 2-3) with the gas eventually reaching sat-
urated vapor pressure. If the condensation point is colder than the
critical temperature of the fluid, the gas will condense and liquefy.
The pump is then allowed to cool and pumps on the liquid, which
in turn reduces the vapor pressure of the liquid and decreases its
temperature (process 3-4). During process 4- 1, the still has reached
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base temperature and the pump absorbs the vapor boiled off by the
incident heatload.

Helium sorption systems have been used for many years in
ground-based instruments. One problem with the single-stage >He
system is that the critical temperature for *He at 3.3 K is below
the temperature of a *He bath at 1 bar (standard atmospheric) pres-
sure. To achieve condensation of liquid *He, it is necessary to have
a bath temperature lower than 33 K. For balloon-based systems,
the reduction in the ambient pressure with increasing altitude en-
sures that this requirement is met, although the systems are in fact
usually cycled at sea level. The cryogenic instrument designed by
Torre and Chanin achieved 0.32 K in its first flight.!43-146 The Argo
balloon-bornecosmology experimentuses a 0.28 K *He refrigerator
with a hold time of 50 h (Ref. 147). Three flights of the Far Infrared
Survey (FIRS) and three flights of Medium-Scale Anisotrophy Mea-
surement 1 (MSAM1) used a 0.23 K refrigerator,'* looking at the
temperature anisotropy of the cosmic microwave background. This
system uses zeolite and has a hold time of more than seven days
with an ~100-uW heatload. A 0.3 K system was flown both on
the North American test flight and the 10-day Antarctic flight of
the Balloon Observations of Microwave Extragalatic Radiation and
Geomagnetics (BOOMERanG) payload, again to measure the tem-
perature anisotropy of the cosmic microwave background.** For
ground-based observations and aircraft flights, it is inconvenientto
have to pump on the *He bath each time the system is cycled, and so
two-stage systems have been developed that operate from a liquid
4.2 K bath.5%!5! These two-stage systems use a separate precooler
stage, similar to the >He sorption system but with *He as the work-
ing fluid. The critical temperature of “He is 5.2 K. By the pumping
on this independent “He volume, which is thermally connected to
the 3He condensation point, the *He can then be liquefied. These
multistage refrigerators are currently being produced by Duband'
and by Chase as described in Bhatia et al.!>?

Considerations for using a *He refrigerator in space have been
outlined by Kittel and Rodriguez.!** In the 0-g environment, it is
necessary to confine and separate the two phases of the working
fluid. This separation can be done by first using the necessary tem-
perature gradientsto condensethe liquid directly into the evaporator
and then to use a matrix to hold the liquid by capillary attraction.!>
Pore sizes typically below 10 um are needed. The effects of bub-
ble nucleation and growth during the evaporation phase must be
considered. Also, it is important to ensure that the thermal conduc-
tivity of the porous matrix does not degrade the thermodynamic
efficiency of the system. Tests using porous matrices to hold *He
and “He have been carried out at NASA Ames Research Center!
and at CRTBT. A single-stage system designed for a rocketborne
experiment’’ achieved 372 mK in flight.!® Figure 14 shows a
schematic for a further system developed for space use!>*!%° that
achieved 302 mK between three weekly cycles over the course of
the IRTS mission. The evaporator used a silica sponge to contain
the liquid *He. This sponge has low thermal conductivity, but low
density and high porosity. During pump cooldown, there is a large
heatload on the evaporator due to conduction down the pump tube.
The purpose of the thermal link on the tube is to shunt this heat
load directly to the heatsink. This prevents a large quantity of liquid
from being boiled away and also leads to a higher condensation
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Fig. 14 Space-based *He sorption refrigerator.

efficiency, which in turn leads to a longer hold time. This type of
sorption refrigerator will be used on the Spectral and Photometric
Imaging Receiver (SPIRE) instrument on the HSO.'®!

To achieve temperatures below 1 K, *He is used because it has
a higher saturated vapor pressure than *He at these temperatures.
Liquid *He also has a larger heat capacity than liquid *He, resulting
in a larger heat reservoir at the base temperature. Finally, >He is not
superfluid over this range of temperatures. If, however, a temper-
ature of only 1 K is needed, then *He is used instead. The major
concern in building an *He cooler is the presence of a film of super-
fluid “*He, which can creep along the wall of the pump tube. This
fluid creep not only reduces the residual liquid left for evaporation,
but also substantially increases the parasitic heatload on the evap-
orator because the thermal conductivity of the superfluid is high.
This effect can be eliminated through the use of a small diaphragm
or orifice at the pumping line-evaporator interface. A *He refrig-
erator has been successfully flown on a sounding rocket.'®* The
problems of liquid confinement are also encountered in develop-
ing a *He/*He dilution refrigerator for space use. Metal sinters and
sorption pumps have been used to alleviate these problemsby Roach
and Helvensteijn.!®*164 One problem with the >He and “He sorption
coolers previously flown in space is that they were dependenton a
superfluid “He cryostat for precooling. For IRTS, this limited the
mission lifetime, as is usually the case for a system flying liquid
cryogens. Several groups are developing a design with precooling
of the sorption system from a mechanical cryocooler. In summary,
sorption coolers are reliable, have no moving parts (unless flow
check valves are used), generate little EMI and vibration, and have
been qualified for use in space for temperatures as low as 0.3 K.

Adiabatic Demagnetization Refrigerators

The operating principle of adiabatic demagnetization refrigera-
tors (ADRs) is the magnetocaloriceffect, where the entropy changes
as a function of temperature and magnetic field according to!6’

C aM
ds==dr+(—) dB (3)
T T ),

This effectcan be used to achieve temperatures from ~20 K down to
the milli-Kelvin region, and early applications of adiabatic demag-
netizationrefrigerationhave been reviewed by Barclay.!% Magnetic
refrigerators can be incorporatedinto Stirling cryocoolers,using the
same working fluid as these regenerative cycles. These hybrid sys-
tems can then improve on the reduced efficiency of regenerators at
low temperatures.'%”-1%® For space-based applications at sub-Kelvin
temperatures, however, the main technology of interest remains that
of adiabatic demagnetization of paramagnetic salts.

The thermodynamic principles underlying this cooling technique
have been described by several authors (for example, Refs. 169 and
170). The thermodynamic cycle for an ADR is given in Fig. 15.
This diagram shows the variation with temperature of theoretically
determined values of entropy (normalized to the gas constant R)
for various levels of magnetic field applied to the salt. The ideal
cycle for states 1 to 2 to 3 is considered first. During isothermal
magnetization from state 1 to state 2, the field changes from its zero
level to (in this case) 6 T. The heat content Q of the salt changes by

S2
AQr =/ T,dS “4)
N

1

During the adiabatic demagnetization process from state 2 to state
3, the entropy stays constant. Finally, the system warms up along
the zero field curve from state 3 to state 1 (Fig. 15).

Temperature control is important for the stability of infrared de-
tectors. If the salt pill is completely demagnetized, then the base
temperature 73 is achieved, but the system has zero hold time at this
temperature. Control about a set point above the minimum temper-
ature 75 can be achieved using a resistive heater. This technique is
simple and reliable but is inefficient. Through partial demagneti-
zation initially to state 5, it is possible to periodically reduce this
residual field to compensate for the heatleak into the cold stage
(Fig. 15). The salt pill warms up from state 5 to state 6 from the
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parasitic heatleak and the optical/thermal dissipation. However, by
decreasing the residual field further, the pill cools from state 6 to
state 7, and so temperature control about (in this case) 100 mK is
achieved (Fig. 15). The process is repeated until no residual field
remains, after which the salt pill warms from state 8 to state 1, and
the cycle is repeated. Proportional integral derivative temperature
control has been used successfully for temperature control on many
cryogenic systems.!”! Temperature control using field regulation
in this manner has been described by Kittel'’>~!7* and Bernstein
etal.!”

The salt pill material should ideally have a number of charac-
teristics that make it appropriate for use in a space-based ADR. It
should have a high magnetic moment density and low enough mag-
netic interactions that it remains in the paramagnetic state down to
the lowest temperature of interest; have low density to keep the sup-
port structure small and minimize parasitic heatloads; be capable
of repeated thermal cycling between the heat rejection tempera-
ture (typically 1.6 K) and the base temperature; be chemically and
physically stable over the mission lifetime; be able to withstand the
residual level of incident radiation that passes through the shield-
ing provided by the spacecraft and the ADR; be able to survive
room temperature storage for the duration of the spacecraft assem-
bly and prelaunch phase; not be adversely affected by a preflight
bake-outtemperature of ~60°C, which is necessary to outgas many
of the volatile components in the spacecraft; and have a high ther-
mal conductivity. Salt pill development and testing has improved
the cycle efficiency while retaining the longevity of the pill for long
flight durations.’®!7” The paramagnetic salts commonly used for
the sub-Kelvin temperature range are hydrated salts, which contain
elements from the iron group. Ferric ammonium alum (FAA) and
chromic potassium alum (CPA) are two common such materials.
The dipole-dipole and exchange interactions in these compounds
are small, due to the relatively large spacing between magnetic ions.
This degree of ordering is necessary to achieve a low ordering tem-
peraturebecause the dipoles then interact with the externally applied
field rather than with each other. The large spacing between the ions
arises from the presence of the water molecules, but this can also
cause a problem because they are loosely bound and chemically
active. This can lead to a variation over time of the properties of
the salt pill at low temperature. FAA and CPA are mildly corrosive
and dehydrate when exposed to air or vacuum. They decompose
at moderate temperatures (40°C for FAA and 89°C for CPA). The
effect is reduced by compressing the salt into the shape of a pill
and sealing it with a fiber-glass tube. The salt pill subassembly must
be able to achieve good thermal contact from the salt pill to the
detector stage. One way of achieving this is to grow the salt pill di-
rectly onto gold-plated copper wires. The wires are silver-soldered
or welded to a copper post, which is thermally connected to the de-

tector stage. The electrical and thermal dissipation at the bolometer
stage is usually small compared to the parasitic heat load from the
suspensionof the salt pill, and so the design of the salt pill suspension
is critical.

The magnet functions correctly only if all parts of the windings
remain superconducting. If any part of the windings becomes nor-
mal, the Joule heating of the current passing through it will increase
the size of the normal zone. If the heating effect is large then it is
possible that the normal zone may propagate through the whole of
the magnet. The energy Q stored in the magnet is

o=1Lp 5)

If all of this energy is released, then a large amount of helium liquid
may be evaporated away and the stage warm to significantly above
base temperature. This process is referred to as a quench. A diode
is included in parallel with the magnet to limit the possible voltage
drop across the leads in the event of a quench, thereby protecting
the magnet.

ADRs have been successfully used in astronomical instruments
for ground-based telescopes, for example, at the Hale telescope'’®
and the South Pole at 100 mK (Ref. 179) and at 50 mK when used
with a *He precooler stage.'®® An ADR has been built at the Uni-
versity of Wisconsin for cooling an array of microcalorimeters to
60 mK and has now flown three times on a sounding rocket.'’®! A
prototype ADR for cooling superconducting tunnel junction detec-
tors has been developed for space use.!®? Practical considerations
for space use of ADRs have been outlined by Kittel.'®3 NASA GSFC
developed a prototype ADR ! followed by a flight model'>18¢ for
use on the x-ray spectrometer on Chandra. This mission originally
proposedthe use of Stirling mechanical cryocoolersto help cool the
outer vapor-cooled shield of the cryostat30-81-187 After rescoping
and the splitting of the mission into two flights,'%8 the spectrometer
was launched on the ASTRO-E mission with the ADR precooled
by solid neon and liquid helium cryogens,'®® but this payload was
lost because of a problem during launch and is now scheduled to be
flown again in 2005. A similar cryogenic design to that for Chandra
was baselinedfor cooling the bolometerson SIRTF.!® A demonstra-
tor ADR was built at the University of California, Berkeley,'”! and
served as a prototype for the original SIRTF ADR.!*>~1%* Although
the SIRTF mission was descoped and the bolometers removed from
this flight, the ADR has since been successfully flown on the fourth
and fifth flights of the balloon-borne Millimeter Wave Anisotropy
Experiment (MAX)!%>:1% and on the upgrade instrument Millime-
ter Anisotrophy Experiment Imaging Array (MAXIMA) for mea-
surement of the temperature anisotropy of the cosmic microwave
background.*® A similar balloon-borne experiment using an ADR
was developed at Brown University.'”’

ADR developmentis now focusing on multistaging and integrat-
ing with mechanical cryocoolers. A two-stage ADR using two salt
pills magnetized using a single solenoid has also been developed
at Berkeley."® These types of thermal guards have been used in
the past for laboratory ADRs.!?>?®® ADRs have been developed in
Europe for potential use on spaceflights requiring temperatures on
the order of 100 mK (Refs. 201 and 202). Modeling performed at
the Mullard Space Science Laboratory (MSSL) of an ADR pre-
cooled by mechanical cryocoolerhas shown that good performance
is still achievable even with precooler temperatures as high as 4 K
(Refs. 203 and 204). This higher temperature is important because
the cooling power of a closed-cycle cryocooler increases rapidly
with increasing temperature. In contrast to the Berkeley two-stage
ADR, MSSL has developed a double ADR with an individual mag-
net for each of two salt pills.2%*2° The double ADR has the advan-
tages of lower individual magnet currents and field levels, thereby
reducing the peak power dissipation on the cryocoolers. A double
ADR precooledto 6 K by a pulse tube cryocooler will be flown on
a sounding rocket in 2003 to precool superconducting tunnel junc-
tion detectors. GSFC has built a three-stage ADR, has designed a
four-stage ADR for continuous operation’”” and is investigating the
operation of ADRs from mechanical coolers2%

ADRs have high reliability and are insensitive to gravity orien-
tation, with the obvious advantages of these for space flight. The
magnetic fields can be of potential concern and need to be shielded.
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Magnetic shielding has been developed for returning the magnetic
flux from the solenoid and so mitigating the influence of EMI on
sensitive electronics 2°>2!% To improve the cycling efficiency of the
ADR, it is important to consider the effect of losses due to eddy
currentheating 2'! The size and power consumption of the refriger-
ators has been considerablyreduced, while maintaining the required
performanceand reliability. Some concerns with the generated mag-
netic fields and the possibility of a quench occurring still remain,
and ADRs do have a duty cycle, but these systems nonetheless now
present an attractive option for achieving temperatures below 0.3 K
in space. In summary, much of the basic development of ADRS is
now complete and work in progress is aimed at space qualification
of these systems, particularly integration with cryocoolers.

Dilution Refrigeration

Dilution refrigerationis a widely used cooling technique to tem-
peratures below 0.3 K in ground-based low-temperature applica-
tions. Dilution refrigeration has been reviewed by Radebaugh?!?
and will be considered here in some detail because this technology
has not yet been flown in space but is the baseline 0.1 K cooling
technique for the Planck spacecraft. We first describe the principle
of cooling, then discussthe modifications that are necessary for such
a system to operate in 0-g.

The phase diagram of liquid *He/*He mixtures is shown?!® in
Fig. 16. Above 0.87 K, the mixture is in a single-phase state for
all concentrations of *He, and so separation is never observed. For
mixtures with a concentration of *He greater than 0.064 that are
below 0.87 K, the mixture separates into two phases, one of which
isrichin*He and the other of whichisrichin *He. The *He rich phase
is less dense than the “He phase and in the presence of gravity will
float on top of it. As the temperature is reduced, the concentration
of “He atoms in the *He rich phase decreases exponentially, but
the concentration of *He on the diluted side tends to a constant
value*' of 0.064 so that even at the lowest temperatures we have
3He dissolved in superfluid “He.

The simplest design of dilution refrigerator (DR) for laboratory
use is shown in Fig. 17. The coldest part of this DR is termed the
mixing chamber and contains a phase-separatedmixture of *He and
“He at a temperature typically of a few tens of milli-Kelvin. The
upper phase is almost pure >He, and the lower phase contains a
concentrationof *He of 0.064. If we can pump *He out of the lower
phase, we create a net flow of 3He across the interface and achieve
coolingthroughthe latentheat of mixing: the mixture has a different
enthalpy from the total enthalpy of the individual phases. However,
the vapor pressure at these low temperatures is very low, and it is
not possible to achieve this pumping with standard vacuum pumps.
As the temperature increases, the partial pressure of *He increases.
Therefore, pumping is achieved using a separate distillation pot (or
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Fig. 17 Simplified schematic of DR.

still), which is maintained at a higher temperature than the mixing
chamber, typically 0.7 K. The fluid is precooled typically to ~1.3 K
via liquefactionin the condenser.

Problems arise with adaptationof the classical dilution system for
use in space because gravity is used to maintain the phase separation
in the still, the mixing chamber, and (for some systems) in the con-
denser. Additional demands are imposed by the complex pumping
installation needed to cycle the *He. The classical *He circulation
DR has three phase boundaries: the vapor/liquid interface in the *He
condenser, the dilute solution/concentrated solution interface in the
mixing chamber, and the vapor/liquid interface in the still.

The vapor/liquid thermal interface in the condenseris set by the
condenser thermal gradient. The wall temperature falls rapidly at
the condenser, and the fluid changes state over a short distance from
single-phase vapor to single-phaseliquid. Also, the tube is of small
diameter so that the fluid is roughly isothermal, and free convection
will not occur. Under these conditions, gravity is not an important
factor.

In Fig. 17, the *He is shown entering the concentrated phase and
diffusing across the interface. In practice, the *He is introducedinto
the dilute solution directly to increase mixing and to maintain the
concentrationequilibriumin the mixing chamber. If droplets of pure
3He do leave the mixing chamber and flow toward the still, then that
quantity of *He is not available for cooling and will flow around
the loop, adding a parasitic heatload on the mixing chamber as it is
recooled. Furthermore, that *He will evaporateon its way to the still,
interruptingthe flow of *He and, therefore, the dilutionin the mixing
chamber and the refrigeration. The position of the phase interface
in the mixing chamber is set by the amount of *He in the system.
To first order, the “He acts as a mechanical vacuum. If the still *“He
phase boundary is fixed, then the position of the phase interface
will be fixed. The still and connecting lines remain full of dilute
solution, and the phase interface remains in the mixing chamber
without breaking up even if part of the phase interface leaves the
mixing chamber.

The final phase boundary s in the still. Here, the dilute solutionis
asuperfluid so that the walls are coated with a superfluid film, which
can creepinto the pumpinglinesand contributea large parasiticload.
In 0-g, the film creep can reach through the cold section of the pump
lines, and the “He level will be much higher than in 1-g operation.
Therefore, the phase boundary in the still must be controlled for
successful 0-g operation.
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A DR foruse in a 0-g environmenthas been developed by Roach
and Helvensteijn.!%*!%* This refrigerator uses gas desorption from
charcoal pumps for all pumping operations, with a porous metal
sinter to confine and control the liquid phases at low temperatures.
The sinter pore size is coarser than that usually used to confine *He
because it was found that a very fine pore size impeded the flow of
dilute *He from the mixing chamber to the still. This systemis most
suitable for single-cycle operation, but can be modified relatively
easily for continuousoperation. An *He circulation DR for possible
0-g use has been investigated by Hendricks 23 It circulates “He,
but there is only one phase boundary, in the mixing chamber. Only
the mixing chamber operating point is on the phase separation line
in Fig. 17. The rest of the dilute solution has subcritical *He con-
centration. The demixing chamber can then operate at temperatures
above the phase separation point, and it is feasible that a *He vapor
precooler may not be needed. Tests of a porous metal phase separa-
tor for this system have shown that trapping of a *He/*He mixture
against gravity can be achieved. Another attempted method for 0-g
operation using electrostiction to separate and hold the two phases
in the mixing chamber has been investigated by Jackson,?'¢ but this
requires high electric field intensities and is yet to be demonstrated.

Instead of using osmotic pressure to extract *He from the dilute
phase in the mixing chamber, it is possible to use the mutual friction
between dissolved *He and “He to drive >He out of the mixture,?!’
provided the velocity of the “He is high enough. This is the prin-
ciple of operation of the Benoit DR. The two pure liquid isotopes
are precooled in a heat exchanger, then mixed together to produce
the cooling due to the enthalpy difference between the pure iso-
topes and the dilute mixture 2'® The viscosity of the *He-*He dilute
phase has been measured by Bradley and Oswald.*"* To keep vis-
cous heating to a minimum, the inlet gases flow through cylindrical
tubes of very small diameter. The gases are at a pressure higher than
the critical pressure, and there is only a small pressure drop due to
viscous losses. The mix return line is of slightly larger diameter,
and the three tubes are soldered together forming a recuperative
heat exchanger. In thermodynamic equilibrium, the *He concentra-
tion decreases with increasing temperature. To extract the >He at
the warmer end of the heat exchanger, it is necessary to avoid the
counterflow diffusion of *He in the tube by maintaining the *He in-
jectionrate at a level higher than the solubility limit. In these narrow
tubes, the surface tension maintains a sequence of concentrated and
dilute drops to avoid *He diffusion in the dilute phase.??® As the
temperature increases, the bubbles dissolve, and in the warmest part
of the heat exchanger, it is the mutual friction between *He and “He
that prevents *He counterflow. To run such a system, it is not nec-
essary to use a mechanical pump or circulator, but only to store the
pure isotopes at high pressure (and ambient temperature) and allow
the gases to flow at the correct rates and in the correct ratios into
the cryostat using mass flowmeters. The developmentof this DR is
described by Paragina et al.2*! This system precooled using the 4 K
hybrid J-T/Stirling cryocooler described earlier has been adapted
for potential use on astronomical missions.??>*** Figure 18 shows
a schematic of the Planck spacecraft’s High Frequency Instrument
that multistages many of the cryogenictechnologiesdiscussed here.
The 60 K heatsink is provided by three V-groove radiators viewing
the anti-sun direction from the L, Lagrange point of the sun-Earth
system. The 18 K stage and the 20 K stages for the instruments are
provided by hydrogen sorption coolers with J-T expansionat 18 K.
The 4 K stage is provided by this hybrid J-T/Stirling cooler and the
final 0.1 K stage by the Benoit DR. The J-T cooling effectat 1.6 K
of the returning diluted mixture is essential for thermal shielding
of the 0.1 K stage. The nominal cooling power of the system is
100 nW at 100 mK. Systems-level testing of microvibrations on a
bolometer cooled using this dilution system??* have shown that it
is possible to achieve a fair degree of immunity to the effects of
microphonics.

In summary, DRs have a long history of use in ground-basedex-
periments, but it is only very recently that the potential problems
associated with operationin a 0-g environment have been success-
fully addressed. Contamination remains a concern, and adequate
precautions must be taken to ensure that the working fluid remains
sufficiently pure to prevent blockage in the capillaries.
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Systems-Level Issues

Particular attention must be paid to systems-levelissues involved
in the use of cryocoolers. These include generated vibration and
EMI, voltageripples, thermal stability,and cold interfaces and warm
interfaces for heat rejection. Along with the cryocoolers, several
technologies are, therefore, being developed to facilitate the inte-
gration of cryocoolers with payloads. Cryogenic heat switches have
been developed to reduce the parasitic heatload on cold stages, or
to connect to a heat bath at specific points in the operational cycle.
Gas gap heat switches have been developed for missions including
IRTS, ASTRO-E, and Planck. The heat switches have a high on-
state conduction, have a low off-state conduction, can withstand the
launch vibration, and do not themselves generate any vibration or
EMI wheninuse.??~227 A mechanicalswitchusing differential ther-
mal contraction is described by Marland et al.>*® Thermal storage
units have been developed to potentially allow periodic switch off
of cryocooler systems and also to reduce thermal variations associ-
ated with the pointsource cryocoolers 2?*23° Systems engineeringof
cryogenicinstrumentsis discussedfurtherby Collaudinand Rando.*

Conclusions

Several cryogenic technologies have now been successfully de-
veloped for use on space missions. Radiators and open-cycle cryo-
gen systems were initially popular choices, and it is only within
the past decade that cryocoolershave become attractive alternatives
and indeed feasible for multiyear missions requiring temperatures
below 80 K. The latest technologies for sub-Kelvin temperatures
are presently undergoing space qualification. There is no ready an-
swer to the question of determining which is the optimal cryogenic
system to fly on a particular mission; a number of tradeoffs must
be made in, for example, the available heatlift, the reliability and
failure modes, the lifetime, the cost, and the ease of integration with
the instrument complement. The advantages of using cryocoolers
over cryogens are partly offset by the introduction of new problems
such as microphonic vibrations and electromagnetic interference,
and these integration issues are critical. Nonetheless, confidence
in the use of cryocooler systems for space has increased markedly
within the past decade.
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