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The current development status and prospects of the thermal control system of JAXA’s 
next major X-ray astronomy mission, ASTRO-H, are presented. ASTRO-H finished thermal 
balance tests (TBTs) with its thermal test model (TTM) in 2012 and is currently undergoing 
mechanical and electrical integration tests. ASTRO-H will be launched in 2015 after about 
one year of proto-flight model (PFM) system integration tests. The thermal mathematical 
models (TMMs) were correlated with the TTM TBT results, and the orbital thermal 
analyses were performed for 48 cases including not only the nominal cases but also the 
launch and contingency cases. According to the analysis results, some thermal designs such 
as the heater size and radiator area were changed. Also, some of the PFT hardware will be 
changed because of discrepancies found during and after the TTM TBTs. All of the design 
changes will be reflected to the PFM before system integration tests. The thermal design and 
the TMM will be finally verified by the TBTs in the PFM system integration tests campaign. 
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IR = Infrared 
I/F = Interface 
JAXA = Japan Aerospace Exploration Agency 
LHe = Liquid Superfluid Helium 
LHP = Loop Heat Pipe 
MLI = Multi-layer Insulation 
PFM = Proto-flight Model 
SGD = Soft Gamma-ray Detectors 
S/C = Spacecraft 
STM = Structural Test Model 
SXI = Soft X-ray Imager 
SXS = Soft X-ray Spectrometer 
SXS-XCS = Soft X-ray Spectrometer X-ray Calorimeter Spectrometer 
SXT = Soft X-ray Telescope 
TBT = Thermal Balance Test 
TCS = Thermal Control System 
TVT = Thermal Vacuum Test 
TMM = Thermal Mathematical Model 
TTM = Thermal Test Model 
UVC = Under Voltage Controller 
XCS = X-ray Calorimeter Spectrometer 
2ST = Two-stage Stirling Cryocooler 

I. Introduction 
STRO-H will observe black holes and clusters of galaxies by using a set of 

instruments with the highest energy resolution ever achieved and a wide 
energy range, spanning four decades in energy from soft X-rays to gamma-rays.1 

ASTRO-H is a three-axis stabilized spacecraft (S/C). There are four telescopes 
on the top of the Fixed Optical Bench (FOB): two Hard X-ray Telescopes 
(HXT) 2 and two Soft X-ray Telescopes (SXT). The constitution of ASTRO-H is 
shown in Fig.1. The two star trackers and the alignment monitor system are also 
mounted on the top of the FOB. The Hard X-ray Imagers (HXI)3 are mounted on 
the HXI plate, which is expanded to 6.4 m with the Extensible Optical Bench 
(EOB) in orbit to achieve the necessary focal length. The total length of the 
ASTRO-H before launch is 8.2 m and that in orbit is 14 m. 

The two science instruments for detecting soft X-rays, the Soft X-ray 
Spectrometer X-ray Calorimeter Spectrometer (SXS-XCS) 4 and the Soft X-ray 
Imager (SXI) 5 are mounted on the base plate, which is an octagonal shape with a 3-
m diameter. Eight side panels are mounted on the base plate, one per edge. The side 
panel on the +X-direction edge in Fig. 2 is designated as side panel #1 and the 
remaining panels are designated #2 to #8 in a counterclockwise direction 
from #1. The side panels #6 and #8, which have 10-mil (0.254-mm) 
silverized Teflon applied, are entirely used for SXI and SXS-XCS radiators, 
which shre the panels. The heat dissipated from the SXI and SXS-XCS is 
transported by separate heat pipes to the radiators. The SXI is thermally isolated 
from the S/C and other instruments: it is totally covered with multi-layer 
insulation (MLI) and mounted on the baseplate by a kinematic mount (Fig. 3). 
The SXS-XCS is also thermally isolated from the baseplate and the inside of the 
S/C, but it is radiatively coupled with deep space.  

The total heat dissipation from the SXS-XCS, which has 6 cryocoolers 
mounted on the exterior of the liquid superfluid helium (LHe) dewar, is 290 W. 
Figure 4 shows the SXS-XCS thermal control system (TCS). About one third of 
the total heat dissipation is radiated to deep space from the LHe dewar surface 

and the remaining heat is transported to the SXS-XCS’s own radiator by 
heat pipes. Four loop heat pipes (LHPs) are mounted on the two 

A 

Figure 1. Constitution of ASTRO-H. 

Figure 2. Coordinate system of ASTRO-H. 
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cryocoolers (two cold heads and two compressors) that are mounted in the 
middle shell of the LHe dewar to transport their dissipated heat to the heat 
pipes. There are three heat pipes (length: 3 m) on each SXS-XCS radiator, so 
that the heat dissipation is spread over the whole radiator. The four other 
cryocoolers are mouted on the aft dome of the dewar. Heat dissipated from 
two of them is transported to the heat pipes by two thermal straps. The heat 
dissipated from the other two is radiated directly to deep space and 
conducted to the LHe dewar. The SXS-XCS TCS is discussed further in a 
later section (IV-C).  

The Soft Gamma-ray Detectors (SGD),6 the only ASTRO-H instruments 
that detect gamma-rays, are mounted symmetrically on the outsides of side 
panels #1 and #5. The SGDs have their own radiators and heat pipes to 
allow cooling below –15 °C. The working fluid of all the heat pipes 
mounted on ASTRO-H  is ammonia (NH3).  

Almost all of the electronics are mounted on the inside of the side 
panels and their waste heat is radiated from the 10-mil silverized Teflon 
radiators on the side panels. The remaining area is covered with MLI.  

The whole structure above the side panels is covered with MLI to 
isolate the FOB from the external thermal environment. Furthermore, 
the exterior surface of each plate and truss tube of the FOB is covered 
with aluminized polyester film to minimize radiation coupling. This 
thermal design aims at the minimization of temperature gradients in the 
FOB. 

The conceptual details of thermal designs of the S/C and of typical 
science instruments are described in a previous paper. 7 

Six solar panels are mounted on the outside of side panel #3. The total 
power generation is below 3500 W. The total mass is estimated 2600kg.                                                    

ASTRO-H will be launched to an approximately circular orbit of radius 550 km and inclination 31°. As Fig. 2 
shows, any attitude within 0–30° relative to the y-axis can be achieved, with the limit on range determined by the 
sunlight incidence angles to the telescopes.  

The mission duration will be at least 3 years, with a goal of at least 5 years. 

II. ASTRO-H Program Status 
After the detailed design (Phase C) was completed, the ASTRO-H passed the first critical design review 

(CDR1) in February 2012. Manufacture of the PFM S/C structure, including the side panels and baseplate and the 
FOB, has begun. The components are provided to both the TTM and structural test model (STM). The system 
development tests campaign was started in April 2012. The thermal deformation test and the TBTs, as provided by 
the TTM, were finished in September 2012. The S/C was reassembled from the TTM to the STM after the TBTs 
were finished and the test campaign was restarted in March 2013 with the microphonics test. After this, the vibration 
and mechanical shock tests were conducted and the system development test campaign was successfully concluded 
in June 2013.  

The TMM and the mechanical mathematical models have been correlated with the test results and the orbital 
analyses have been performed. The thermal analyses have been finished, but the thermal distortion analyses are still 
ongoing. These are scheduled to finish in May 2014. The second CDR (CDR2) will be held in June 2014, after the 
thermal and mechanical designs have been verified. 

The mechanical and electrical integration tests campaign began in August 2013 after the STM parts were 
removed and the S/C was reassembled. The electrical and mechanical interfaces (I/Fs) between the system and the 
subsystems, including the science instruments, will be checked during the integration. The test campaign is 
scheduled to finish in May 2014. The instruments and components will be removed for subsystem performance tests, 
which will take three months. The parts will be integrated again in September 2014 for the PFM system integration 
tests campaign, which will include  the TBTs, a thermal vacuum test (TVT), and vibration tests. Finally, the flight 
model (FM) S/C will be transferred  to JAXA’s Tanegashima Space Center in 2015 and launched after about two 
months of flight operation. 

Figure 3. SXI TCS. 

Figure 4. SXS-XCS TCS. 
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III. Orbital Thermal Analysis 
ASTRO-H TTM TBT was conducted for three different parts of the S/C. 

Solar simulation tests were conducted for two of these parts: the top plate 
where the telescopes are mounted and the main structure. 8 For the HXI plate, 
an infrared (IR) test was conducted.  The TMM predictions were correlated 
with the test results so that the differences between the predicted temperatures 
and the measured temperatures are less than 5 °C. In addition, the TMM 
predictions for the subsystems, including the science instruments, were 
correlated with the subsystem-level TBT results. The system thermal analyses 
were performed by using the system’s correlated TMM, into which all the of 
subsystems’ correlated  I/F TMM results were integrated. As Table 1 shows, 
the number of nodes of the TMM simulator for the system reached 22919, 
which includes SXS-XCS and SXI radiator nodes. The integrated TMM 
simulator contains more than 38000 nodes, of which 15553 are subsystem I/F 
TMM nodes. Before the TTM TBTs were conducted, the system TMM 
simulator the subssytem I/F TMM simulator had 17440 nodes and 4769 
nodes, respectively, for a total of 
22209 nodes. Thermal Desktop 
(version 5.5) was used as the 
simulator.  

The analyses were performed for 
48 cases, categorized in Table 2. 
Some initial cases, such as those 
including faring jettison, were not 
analyzed before CDR1 because the 
operation conditions and the S/C 
attitude had not yet been determined. 
A wider range of S/C attitudes to both the sun and the earth were simulated for analysis of extremes of heat and cold, 
which resulted in 26 more cases of nominal operation than were analyzed during CDR1. Two cases were considered 
for the contingency (i.e., abnormal operation) cases. In the first case, the S/C loses the sun and searches for it by 
using the reaction control system. The S/C rotates 0.5 deg/s around its X- and Z-axes. In the second case, an 
undervoltage condition (UVC) occurs when the battery voltage drops below the nominal voltage of 36 V. Almost all 
of the instruments except for the essential components are turned off during the UVC case.  

The typical bus components have redundancies. For each primary analysis case, a secondary analysis 
wasperformed of a case in which all conditions are the same as in the corresponding primary case except that the 
primary components are turned off and the redundant components are turned on. 

As a result, 10 °C uncertainty for TMM is demanded by the ASTRO-H thermal design criteria, and this is not 
changed from earlier development phases, even after the TMM predictions were correlated with the TTM TBT 
results. In simulation, it was found that the predicted temperatures of some components mounted on the side panels 
did not satisfy the thermal design criteria. The thermal designs including heaters and radiator areas were changed in 
such a way that the predicted temperatures of each and every component falls into the allowable temperature range, 
which has 10°C temperature margins. Also, all thermal I/F conditions between the system and subsystems were 
satisfied for all analyses cases. 

IV. Thermal Design Changes after TTM TBTs 
Some parts of the thermal design were changed after the TTM TBTs, both to improve the TCS reason and to 

address other factors. The main design changes are described in the following sections. 

A. Changes Resulting from Thermal Analysis 
The radiator area of some parts of the side panels were increased or decreased so that the components mounted 

there would satisfy the restrictions on temperature (discussed in the previous section). Some parts made of silverized 
Teflon on side panels #2, #4, and #5 will be removed and replaced with parts made of MLI (Fig. 5). Some of the 
MLI mounted on side panel #5 will be replaced with 10-mil silverized Teflon to increase radiator area.  

Name Number
of nodes 

The TMM 
that system 
made

panels 10781

bracket 968

Components 60

Radiator 4406

Heat pipes 182

MLI 6522

The I/F TMM that 
subsystems made

15553

sum 38772

Table 1. Size of TMM. 

Table 2. Analysis cases. 

S/C
operation 
phase

Initial operation Nominal 
operation

Abnormal 
operation

Failure 
mode

launch Faring 
jettison

Initial 
operation

Worst 
hot

Worst 
cold

RCS-
sun
search

UVC SXS-XCS or 
SXI cooler 
failure

Number 
of analysis 
cases 

1 4 7 20 12 1 1 2
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Heaters will be added for the four bus components that cannot 
survive without the heaters, particularly during the initial operations 
and UVC. Conversely, a heater will be removed from a 
communication system component that meets thermal requirements 
without a heater. The TCS hardware refurbishment indicated above 
will be carried out after the electrical/mechanical integration tests. 
The other TCS parameters, such as thermo-optical properties of 
silverized Teflon, number of layers of MLI,  and thermal 
conductivities of panels were not changed. 

B. Silverized Teflon 
Two critical problems with the silverized Teflon happened during 

the TTM TBTs and during the baking before the TTM TBTs: 
deattachment and bubbling. These problems necessitated changes to 
the method of mounting the silverized Teflon. The silverized Teflon 
is mounted on a carbon-fiber-reinforced plastic or aluminum face 
sheet by thermally conductive double-sided adhesive tape without sanding the surface of 
the face sheet in advance. The three silverized Teflon pieces mounted on the SXS-XCS 
radiator peeled and fell off during the TTM TBTs, as shown in Fig. 6. The temperature at 
the location of the three silverized Teflon sheets becomes as cold as -80 °C. After the 
TTM TBTs, it was discovered that the lowest functional temperature of the adhesive tape 
is -40 °C. It is assumed that the shear stress at -80°C exceeded the adhesive strength of 
the tape. As a result of many experiments, it was determined that the silverized Teflon 
can be mounted with thermally conductive room-temperature-vulcanization adhesive on 
those radiators where the predicted temperature drops below -30°C in orbit, such as the 
SXS-XCS, SXI, and HXI radiators. 

The S/C baking is carried out for 72 h at 60 °C before the TTM TBTs. It was found 
that there were bubbles between the silverized Teflon and the panels, and the bubbles 
covered  34% of the silverized Teflon area after the baking. It is assumed that the 
bubbling is a result of residual air between the silverized Teflon and the panels and 
poor adhesion because of the lack of the sanding and the low pressure used for 
bonding. Some improvements to application methods to prevent bubbles were 
investigated and extensively evaluated for about a year. It was finally determined 
that all the silverized Teflon should be removed and replacement silverized Teflon should be put onto sanded panels 
by application of high pressure.  

C. Changes to the Main Science Instrument, SXS-XCS 
Deploying the SXS, which will realize the world’s first non-

dispersive X-ray  spectroscopic observation, is the main mission 
task of ASTRO-H. The temperature fluctuation of the SXS-XCS 
detector should be below several microkelvins to achieve the desired 
high energy resolution of 7 eV. Figure 7 shows a cross section of the 
SXS-XCS. The detector is cooled down to 50 mK by a cooling chain 
comprising an adiabatic demagnetization refrigerator,  LHe, and six 
cryocoolers. The performance of this system was tested on the 
engineering model (EM) SXS-XCS in October–December 2012 
after the TTM TBTs. It was found that the energy resolution could 
not achieve 7 eV because the microphonics of the cryocoolers 
reaches to the very-low-temperature part, where it thermalizes and 
thereby generates a temperature fluctuation. An investigation to 
determine the cause and a method of compensating took more than a 
year. It was found that micro-vibrations of four two-stage stirling 
cryocoolers (2STs) generated broadband vibrations above 200 Hz 
and this was the main source of degradation of the energy 
resolution. The 2STs were fixed to LHe Dewar so that both their 
waste heat and mechanical load flow into the Dewar. A passive vibration isolator between the 2STs and the Dewar 

Panel #2 Panel #4 Panel #5

Changed from silverized Teflon to MLI

Changed 
from MLI 
to 
silverized
Teflon 

Figure 5. Thermal design changes of  
side panels. 

Figure 6. Deattachment 
of the silverized Teflon. 

(2
ST

)

(2
ST

)

(2ST)

Figure 7. Cross section of SXS-XCS. 
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was proposed to prevent transmitting the micro-vibrations. 9 A flexible thermal strap made of carbon fiber will be 
applied to achieve the necessary thermal conductance (5 W/K) as determined by the case in which the 2STs are 
fixed to the Dewar. The feasibility of the isolator and flexible thermal strap has been investigated by mechanical and 
thermal analyses, and performance tests on the EMs of these systems will be started in May 2014. The FM isolators 
and the flexible thermal straps will be manufactured and integrated to the SXS-XCS by October 2014, after all the 
verification tests with the EM and the qualification model have finished. 

The heat load of the 2STs is dissipated by the radiation from the LHe Dewar to deep space together with the 
SXS-XCS radiators mounted on side panels #6 and #8. The 2STs generate 60 W of heat load in normal operation 
and 90 W in contingency modes (specifically, whena cryocooler fails). Between half and one-third of the 2STs’ heat 
load is transported to the heat pipes by the LHPs and thermal straps, as mentioned in the previous section. The SXS-
XCS is responsible for the TCS up to the LHPs and thermal straps, and the system is responsible for the TCS from 
the heat pipes to the SXS-XCS radiators. The maximum heat load from the SXS-XCS to the system is determined as 
110 W for the thermal I/F condition. The thermal I/F condition is set on the basis of the maximum heat load of the 
heat pipes with 180% margins. The SXS-XCS thermal design changes to meet this I/F condition. 

V. TBT Plan in PFM System Integration Test Campaign 
The thermal design will be finally verified by the TBTs in the PFT 

system integration test campaign, which will start in November 2014. The 
TBTs will be conducted simultaneously with the TVT; that is, the S/C 
electrical function tests will be conducted in a thermal vacuum environment. 
The TBTs will be carried out in a ⌀13 m chamber at the Tsukuba Space 
Center, which is the same as in the system TTM TBTs. The test 
configuration is also same as in the system TTM TBTs: the S/C main 
structure and the HXI plate are separated and set in a chamber as shown in 
Fig. 8. The HXI plate is enclosed by the IR panels, and so it is not 
illuminated by the solar simulator; the S/C main structure is illuminated. 
The HXT and SXT are not mounted because they are highly 
sensitive to contamination. Only one full thermal cycle (both hot and 
cold cases) are planned for the TVT, but this is still under discussion. 

 

VI. Conclusion 
ASTRO-H finished the system development test with the TTM and MTM in 2013 and is currently undergoing 

mechanical and electrical integration tests. The thermal design of ASTRO-H is verified by the TTM TBTs and the 
orbital thermal analysis by a TMM whose predictions have been correlated with the results of the TTM TBTs. Some 
of the thermal design changes, such as the changes to the radiator area and the heaters, are shown to be necessary 
from the results of analysis. Two critical problems with the silverized Teflon arose during the TTM TBTs and the 
baking before the TTM TBTs and resulted in changes in the method of mounting the silverized Teflon. The TCS 
hardware will be changed after the mechanical and electrical tests. Some parts of the thermal design of the SXS-
XCS will be changed as well, but these should not impact the system thermal design. The S/C thermal design will be 
finally verified by the TBTs during the PFT system integration test campaign, which will start in November 2014. 
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