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ABSTRACT

The conceptual SPICA mission is ambitiously intended

to make high-resolution infrared astronomical observations.

The spacecraft is to be launched by the H-ITA rocket into
a halo orbit around S-E L2. Long-term observation with
a large mirror is realized by advanced cryogenic technolo-
gies. The primary mirror is to be cooled to 4.5 K by mod-
ern mechanical cryocoolers with the assistance of effective
radiative cooling. In this paper, numerical 3-D analyses
are carried out to study basic thermal characteristics of
the infrared telescope system. As a result, technical re-
quirements for the mission have become clear.

Key words: Orbits: S-E L2 — Size: 3.5 m diameter — Mis-
sions: SPICA — Cryogenics: mechanical cryocooler

1. INTRODUCTION

The SPICA (Space Infrared Telescope for Cosmology and
Astrophysics) concept is a mid- and far-infrared telescope
to be launched by the H-ITA rocket in 2010. An epoch-
making astronomical surveys will be hopefully carried out
in a halo orbit around one of the Sun-Earth Lagrangian
libration points (S-E L2) as shown in Figure 1 (Nakagawa
et al. 2000). The conceptual telescope system is equipped
with a large mirror of 3.5 m and state of the art infrared
detectors, which make it possible high-resolution observa-
tions for a long period of 5 years or longer. (See Figure 2.)
These excellent features are attributed to the effective ra-
diative cooling and the innovative cryocooling system. The
primary mirror and focal plane instruments (FPI) must be
cooled down to 4.5 K without massive cryogen. Thus, the
whole telescope system should possess efficient structure
for thermal radiation.

On the other hand, we have been developing a me-
chanical cooling system for 4 K, consisting of the 2-stage-
Stirling (2ST) cooler and the Joule-Thomson (JT) circuit
with the *He gas (Narasaki & Tsunematsu 2000). The
same type of mechanical cryocooler will be used to cool
down a superconductive detector for the atmospheric ob-
servation mission “SMILES” (Superconducting Submilli-
meter-Wave Limb-Emission Sounder) and be technically
validated. Besides, SPICA is equipped with a far-infrared
detector of stressed Ge:Ga operated at 1.7 K. Based on

technologies developed for the 4 K cryocooler, an advanced
mechanical cryocooler for 1.5 K, where the *He gas is used
in the JT circuit, is experimentally researched with a pro-
totype model.

In this paper, we carry out axial and radial temper-
ature predictions, considering the aperture ratio, the ra-
diation area, the shield thickness and materials as design
parameters. We are aiming to obtain thermal characteris-
tics of this infrared telescope for the detailed design.

L4
L3 L1 L2
o @
Sun Earth
LS

Figure 1. Sun-Earth Lagrangian libration points
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Figure 2. Point-source sensitivity
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2. TELESCOPE CONFIGURATION

At S-E L2 point the spacecraft is exposed to heat fluxes
from the sun and the earth in the same direction. That
means that the earth albedo is negligible and the thermal
design for radiative cooling becomes relatively simple. In
order to cool down the primary mirror and the FPI to 4.5
K, we need to combine radiative cooling and mechanical
cooling effectively (Murakami & Narasaki 2000). A pro-
posed conceptual configuration of SPICA is depicted in
Figure 3. The telescope with the sun shield is located at
the upper part of the figure, while the bus module with
the solar array paddle is mounted in the lower part.

As shown in Figure 4, the primary mirror and the FPI
are surrounded by the baffle and by the telescope shell.
The heat flow from the outside can be blocked by the
sun shield and by three shields. However, each compo-
nent is thermally connected through structure supports
and wire harnesses. The heat flow between cold stages is
mainly determined by the thermal conduction, since the
thermal radiation becomes much smaller than between hot
stages due to small absolute values of temperatures. MLI
(Multi-Layer Insulator) is also effective for blocking the
heat transfer from a hot stage.

Figure 3. Conceptual Configuration of Telescope

3. THERMAL DESIGN ANALYSIS

The cryogenic system in SPICA has been investigated by
Hirabayashi et al. (2000). Some ideas were proposed and
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Figure 4. Schematic Drawing of Cryogenic System
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Figure 5. H-IIA rocket fairings

discussed for thermal design. However, the configuration
of SPICA has not been completely determined. It is im-
portant to study various cases with different parameters
such as size, shape, layout, material and so on.

In this paper, we first construct 3-D mathematical
models for the telescope system, and execute preliminary
thermal design analyses for different sizes of telescope, val-
idating the mission feasibility numerically.

3.1. ANALYTICAL MODEL

A basic analytical model for thermal analyses is created,
considering requirements as below.

1. The telescope must be fitted to a fairing size of the
H-ITA rocket for the launch.

2. The aperture of telescope should be maximized for en-
hancement of the observation ability.

3. The heat transfer into the 4.5 K stage must be less
than 15 mW due to ability of mechanical cryocooler.

Here, the 5S-type fairing is supposedly chosen in Fig-
ure 5. Three types of analytical models are depicted in
Figure 6. The basic analytical model of Figure 6(b) is de-
signed for the 5S-type fairing, where the maximum width,
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(a) Slim type (b) Basic type

Figure 6. Analytical models

the height and the mirror diameter are 4.4 m, 6.0 m and
3.4 m, respectively. As for the slim type, the basic type is
expanded by 1.2 in the vertical direction and is shortened
by 0.8 in the horizontal direction. The flat type is config-
ured in the opposite way. Both the slim and the flat types
are used for comparison of the telescope size.

3.2. ANALYTICAL CONDITIONS

Boundary conditions are indicated in Table 1, where tem-
peratures of the bus module, the primary mirror and the
FPI are fixed in analyses. It is assumed that the heat flux
from the sun enters to the sun shield vertically, and struc-
tural components such as the shields, the telescope shell
and the baffle are made of the aluminum alloy. It is also
noted that the thermal conduction through structure sup-
ports of CFRP and wire harnesses of Manganin is consid-
ered.

3.3. RESULTS

A three-dimensional thermal analysis for the basic-type
telescope was performed. A temperature distribution of
SPICA is shown in Figure 7. It shows that radiation cool-
ing works well on the sides of shields exposed to the deep
space.

Table 1. Boundary conditions

(c) Flat type

Parameter Value
Bus module 250 K
Mirror and FPI 4.5 K
Space background 3K
Solar heat flux density 1.4 kW/m?
Solar absorptivity o 0.3
Emissivity of radiator €,aq 0.9
Emissivity of MLI surface ésurmri 0.04
Effective emissivity of MLI ecamir 0.015

Figure 7. 3-D temperature distribution
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Figure 8. Heat flow in the telescope system

The heat flow of the whole system is calculated as de-
picted in Figure 8. It reveals that the thermal radiation
is dominant at hot stages, while the thermal conduction
becomes remarkable at cold stages. It is because thermal
radiation is proportional to the fourth power of tempera-
ture. Hence, the heat transfer to colder stages should be
shielded with MLIs at hotter stages. In fact, MLIs are at-
tached to the bottom parts of the shell and the shields as
illustrated in Figure 8.

As a result, the heat load to the 4.5 K stage (i.e. the
primary mirror and the FPI) is approximately 23 mW
by assuming the Joule heating of 15 mW in the FPI.
That means that the heat load must be removed from
the 4.5 K stage by mechanical cryocoolers. That require-
ment seems technically feasible, because the *He Joule-
Thomson circuit combined with the 2-stage-Stirling cooler
for 20 mW@4.5 K has been developed for the SMILES
mission, which will begin operations at the Japanese Ex-
perimental Module “Kibo” of ISS in 2004.

Other 2 types of models were also analyzed. The heat
loads to the 4.5 K stage were 22 mW in the slim type
and 25 mW in the flat type, respectively. It was made
clear that the heat transfer from the bus module is closely
related to the heat load to the 4.5 K stage.

4. CONCLUDING REMARKS

Numerical 3-D analyses were carried out to investigate
the basic thermal characteristics of the infrared telescope
“SPICA”.

It was found that the configuration of thermal shields
and of MLIs strongly influences the temperature distri-
butions in the whole system. However, the effective ra-
diative cooling reduces the heat flow into the 4.5 K stage
significantly. As a result, it was shown that modern me-
chanical cryocoolers ensure the mission feasibility without
massive cryogens. In that sense, improvement in reliability
of mechanical cryocoolers is indispensable for the success
of mission.

It should be noted that mirrors deform at low tem-
perature. Therefore, in order to obtain the detailed design
of SPICA, we need to carry out thermal-structural com-
bined analyses with a complicated mathematical model
including cryocoolers.

In addition, time-dependent calculations are necessary
for further discussions of the cooling time and of variations
in temperatures.
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