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Abstract: This paper describes the general considerations for the design of the cryogenic system
for HII/L2 Mission (SPICA) operated at the baseline temperature of 4.5K and at the lowest
temperature of 1.7K during the cold mission life of 5 years or longer. The characteristic feature of
the system design lies in the He II-free cryogenic system to allow the elimination of a bulky vacuum-
tight outer shell, which, in turn, makes it possible to give suÆcient room for a large telescope mirror
and a longer cold mission life. The cryogenic cooling capability relies on closed-cycle mechanical
cryocoolers and radiator. A possible cryogenic design that ful�lls the cryogenic requirement for the
mission is presented here. In addition, the present status of available space cryogenic technology is
reviewed and the required technical development plan is also discussed for the design consideration
including the overview design and cryogenic components.

1. INTRODUCTION

The realization of the HII/L2 Mission being as a candidate for the next generation infrared
astronomical satellite highly relies on the design of the cryogenic system. In fact, the realization
of a cryogenic environment at 4.5K as the baseline temperature of the system and even 1.7K as
required for the far infrared detectors is not a severe technical concern as far as the realization
of such a temperature environment even in space is concerned. However, some diÆculties may
arise from the cooling scheme not based on the conventional one using stored He II as in the
cases of IRAS (Urback & Mason 1984), COBE (Volz et al. 1992), IRTS (Fujii et al. 1996)
and ISO (Seidel 1999) but based on the hybrid cooling system composed of a combination
of closed-cycle mechanical coolers and radiation cooler for long time, hopefully longer than 5
years. Because of the system composition restriction, a heavy vacuum-tight outer shell should
be eliminated, which save the weight and the space tremendously, and consequently a large
telescope mirror can be accommodated in the satellite. Furthermore, in such a system, the
life is not limited by the exhaustion of stored He II, which assures potentially longer cold life.
On the other hand, it should be noted that this system will be warm-launched totally at room
temperature and thus the cooling operation with cryocoolers starts after the system is put into
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Fig. 1: Comparison of the HII/L2 cryogenic system design with a conventionally designed He II-cooled
infrared telescope design (Nakagawa 2000).

the orbit. This may lead to such technical issues as how to conduct cryogenic test of the system
without the vacuum-tight outer shell in the ground and the potentially very long initial cooling
time on orbit as an inevitable consequence of so called warm launch.

2. HII/L2 CRYOGENIC SYSTEM

2.1 Cryogenic System Overview

The structural overview is illustrated in Figure 1 in which an illustration of a conventionally
designed He II cooled infrared telescope satellite is also presented for comparison. It is seen
the cryostat design without a tank for stored He II greatly contributes to the design with
a larger telescope mirror (< 3.5m in dia.). And the elimination of the vacuum-tight outer
shell that is, in general, very bulky and heavy greatly saves the total weight. Instead, closed
cycle cryocoolers, in particular a mechanical (Stirling) cooler, and radiators play an important
role for long life cryogenic cooling. On the other hand, the L2-point orbit greatly contributes
reducing the radiation heat input from the Earth because of small solid angle subtended by
the Earth and thus reduces the cooling load and provides easy Sun shield design because the
direction towards the Sun and the Earth is almost �xed with respect to the satellite.

2.2 Cryogenic System Composition

The provisional cryogenic requirement is de�ned as follows for the discussion purpose, as it is
not yet de�nitely �xed. It is of importance to note that a clear-cut technical distinction should
be set between stages at 4.5K and 1.7K in the cooling method.

30mW @4.5K as the baseline temperature for cryogenic system

10mW @1.7K for far-infrared detectors

An example of a design for HII/L2 cryogenic system composition is illustrated in Figure 2.
The thermal radiation from the Sun and the Earth are well shielded by the Sun shield located
on the �xed side of the satellite. The cooling of the stages at higher temperatures than around
100K is accomplished by the radiator circumferentially surrounding the cryostat facing toward
the deep space. The temperature stages in the range between 100K and 20K are cooled with the
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Fig. 2: Illustration of HII/L2 Cryogenic Cooling System Composition (Nakagawa 2000).

2-stage Stirling cryocooler, as radiation cooling is impractical because too large area is required
for radiator at such low temperatures. The cryocooler will be an improved version of the 2-
stage Stirling cooler that is currently under the life test for SMILES mission (Sub-millimeter
Limb Emission Sounder to be onboard the JEM of the International Space Station) with the
cooling capability of 200mW at 20K at the second stage and 1W at 100K at the �rst stage.
During the early phase in space, cooling from the room temperature state will be performed
with the cooling means mentioned above. It is estimated that it takes about 40 days for the
lowest temperature stage to reach around 20K.

Then, the primary J-T cooler with the working uid of 4He starts to be operated with the
hot stage temperature at 20K to establish the baseline temperature stage at 4.5K. Through
direct thermal contact with the J-T cold �nger the primary mirror and the FPI are cooled
down to about 4.5K and the telescope ba�e to about 10K. No technical diÆculty would arise
in the design of a closed-cycle cooling system with the primary J-T cooler because of rather
high pressure of the return gaseous 4He, around 0.1Mpa.

Further cooling down to 1.7K required for some far-infrared detectors is made with another
J-T cooler with the working uid of 3He. The selection of 3He as the working uid is based
on the far higher vapor pressure than 4He by about one order at 1.7K. Nevertheless, the vapor
pressure of 3He at 1.7K is about 11kPa, not high enough for re-compression with conventional
compressors required for composing a closed-cycle cooling system. The design of a 3He-gas
compressor system with the inlet pressure of, at the highest, about 11kPa will be left as a
future technical challenge. It is predicted from the consideration based on the compression
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Fig. 3: Illustration of the composition of the 3He J-T cryocooler system.

eÆciency of mechanical compressors that the system must be composed of, at least, 3-stage
compressors. A possible composition of 3He J-T cooler system is illustrated in Figure 3.

The result of the thermal analysis on the basis of the simple nodal network system without
the 3He J-T cooler portion is presented in Figure 4. It is seen that the thermal load to the 4.5K
stage amounts to 25mW including Joule heating in the FPI. This result seems to indicate that
the HII/L2 cryogenic system will be technically feasible. However, the design of the radiators
at the intermediate temperature range between 100K and 60K will be technically not easy
because the predicted �gure of the heat rejection, more than 1W, is rather large for limited
area for the radiators.

3. TECHNICAL PROBLEM AREAS

The following technical problem areas are identi�ed which way possibly arise in the stages
of technical development and the design for the HII/L2 cryogenic system.
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Fig. 4: The thermal analysis on the basis of the simple nodal network system without the 3He J-T
cryocooler system. Heat ux is expressed in mW otherwise indicated byW. The number indicated
in () is the node number.

3.1 3He J-T Cooler and Compressor

The inlet pressure to the compressor for the 3He J-T cooler is predicted to be about 8kPa by
taking into account the vapor pressure of liquid 3He at 1.7K owing out of the J-T chamber
of about 11kPa and the total pressure loss in the J-T counter-ow heat exchanger of about
3kPa. On the other hand, the exhaust pressure from the compressors should be as high as
0.3Mpa. These �gures suggest the overall compression ratio achieved in the compressor system
should be higher than 30. Consequently the compressor system may be a 3-stage construction
from the consideration based on the volumetric eÆciency of compressors. Such a multi-stage
compressor system is, in general, inferior to a single stage one in the reliability. In particular,
the design of the �rst stage compressor at the lowest pressure level that should be of oil-free
and zero-gravity compatible design would be the most serious technical matter although the
vapor pressure of liquid 3He is higher than that of liquid 4He by about an order of magnitude.

The mass ow rate of 3He in the J-T system is as small as of the order of 1mg/s, since
the cooling load at the lowest temperature, 1.7K, level is estimated to be very small, as small
as 5mW. This would cause another technical diÆculty in the designs of the counter-ow type
heat exchanger and the ori�ce size of the J-T expander plug. The ori�ce diameter, 20�40�m,
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is small enough to easily cause the ori�ce blockage by any particulate contaminant, though the
manufacturing of the �ne ori�ce is not a serious technical matter.

3.2 Thermal Isolation of the 3He and 4He Cryocoolers

In the initial cooling phase in space the 3He and 4He cryocoolers are not yet operated. Their
operation is started after the temperatures of the working gases at the inlet of the J-T ori�ces
are cooled below the inversion temperatures for J-T cooling. This means the bodies of cold
�ngers of inactive coolers rather work as thermal conduction heat leak paths that tremendously
deteriorate the overall cooling performance during the initial cooling phase if suitable thermal
isolation mechanism, such as a thermal switch, is not used for them. It functions to thermally
disconnect the cold �ngers of cryocoolers from the cryostat structure. This type of thermal
switch and its installation scheme should be developed.

3.3 Development of Long-life 2-stage Stirling Refrigerator

The life of the 2-stage Stirling refrigerator primarily decides the mission life of the HII/L2
system. In the latter phase of the preliminary life test of the refrigerator, slight deterioration
in the cooling performance was noticed. It is then pointed out that the bearing and seal of the
compressor should be improved to meet the cooling-life requirement. The new life test of the
modi�ed models is under way at Niihama Works, Sumitomo Heavy Industries Ltd.

4. REFRIGERATORS OPTIONS

4.1 He II Open-cycle Cooling System

He II-based cooling systems have been rather widely utilized in several space applications as
IRAS, COBE, IRTS and ISO. The engineering maturity of the system is now rather high.
Besides, the system has a number of great advantages that a temperature standard at He II
temperature is self-contained in it, the procedure of the cooling test on the ground is straight-
forward and the on-orbit initial cooling is very simple. However, the system is not selected for
HII/L2 because of the weight and volume penalty resulting from the requirement of a heavy
and bulky outer vacuum shell of the cryostat. A rough estimate of the required He II quantity
would be 100 Liter for a cooling mission with 10 mW cooling capacity for 1 year. This �gure
suggests HII/L2 would demand about 1000 Liter of He II to be carried to space. The nec-
essary He II tank volume would be in conict with the requirement of large telescope mirror
for HII/L2. He II-based closed-type cooling system does not seem realistic because the vapor
pressure of He II at the temperature range of 1.7K is too low to be compressed in mechanical
compressors.

4.2 Magnetic Cooler

Magnetic coolers enabling cyclic operation would be developed for such application as HII/L2.
Technical development of space-quali�ed high �eld super-conducting magnet, magnetic shield
to protect detectors and a heat switch is crucially required.
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4.3 Adsorption Compressor

An adsorption compressor is potentially suited in low inlet pressure applications. The space
application of this type of compressors is still under developmental stage.
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