
Experience from Astro-H

Noriko. Y. Yamasaki (ISAS/JAXA) + Astro-H team

1
B-mode from Space Part 2   2015/Dec/14-16 @ IMPU



Astro-H mission 
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Astro-H is an international X-ray observatory  which will be launched on 2016 
Feb 12th by HII-A rocket. There are 4 instrument, and SXS (Soft X-ray 
Spectrometer) is a X-ray microcalorimeter operated at 50 mK. 
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Takahashi+ 2010, Mitsuda+2010 @SPIE



SXS
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SXS operational duty cycle 
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Redundant and extended 
mission operating mode: 
Three stage ADR operation 
without liquid helium. 
 
Performance: 
50mK hold time = 15.4 hours 
Recharge time = 42 minutes 
Detector settle time: < 30 
minutes 
! Duty cycle = 92% 
(Requirement = 90%) 
 

The sensor is a Si microcalorimeter array of 32 pixel, 3x3 mm2. 
SXS sensor +ADR are fabricated at GSFC, and installed in the dewar in Japan. 



Energy resolution E/ΔE>1000
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ΔE< 5eV  
at 5.9 keV Mn Kα 

Microvibration interference not observed with isolators 
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✔dE = 4.4 eV

Performance identical to 
detector subsystem 
testing at NASA

✔σT = 0.56 µK rms
 (rqmt = 2 µK rms)

50mK detector stage
temperature

All coolers hard mounted
with isolators

σT=0.56μKrms



SXS dewar
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1. SXS-XCS に期待されるサイエンス
   2014 年打ち上げ予定の ASTRO-H 衛星に搭載される SXS-XCS はマイ
クロカロリメータの技術を使用した精密分光器であり、以下の 3 つが主な
サイエンスとして期待される。(1) 銀河団高温ガスの熱エネルギーと運動エ
ネルギーの総量を知ることで、銀河団の全体像を知る。(2) ブラックホール
のごく近傍の重力ポテンシャルで決まる物質の運動を測定し、相対論的時空
を解き明かす。 (3) 銀河団のダークマター分布を求め、異なる年齢の銀河団
の質量を決めることで、銀河団の進化にダークマターとダークエネルギーの
果たす役割を調べる。

Parameter Requirement
Energy resoluion 7 eV (4 eV goal) FWHM
Energy range 0.3 - 12 keV
Residual background 1.5 x 10-3 cts/s/keV
Field of view 2.9 x 2.9 arcmin2

Detector array 6 x 6
Pixel size 800 µm
Angular rsolution 1.7 arcmin (1.3 arcmin goal) HPD
Effective area 160 / 210 cm2  (at 1 / 6 keV)
Lifetime 3 years (5 years goal)
Counting rate 150 cts/s full array with <5% dead time
Energy scale accuracy  +/- 2 eV (+/- 1 eV goal)

N A S A  G o d d a r d  S p a c e  F l i g h t  C e n t e r A S T R O - H / S X S  
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(MS) 290 K
OVCS  140 K
MVCS  100 K
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from IVCS to 
He tank

MLI 
MS-OVCS: 50 layers
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Layers
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Cut-away view of the Dewar
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Total mass=360kg, Power= 580 W

•SXS-XCS は、X 線のエネルギーを温度上昇として読み出す極低温分光器、マイクロカロリメータである。XCS はシリ
コン温度計と熱容量の小さい HgTe 吸収体から成り、50 mK で動作する。
•SXS の cooling chain は 2段スターリング冷凍機 (2ST) 2 台 (~20 K)、 4.5 K ジュールトムソン冷凍機 (JT) 1 台、超
流動ヘリウム (~1.2 K)、2段式断熱消磁冷凍機 (ADR; 50 mK) から成り、さらに、cryogen free 観測を行うため ADR 
をもう一段搭載している。
•液体ヘリウムの寿命は 3.2 年、一台の冷凍機が故障しても 1.6 年以上が期待されている。3rd ADR を用いることで、
液体ヘリウムが無くなった後も機械式冷凍機と ADR が健全である限り科学観測を続けることが出来る。
•明るい天体からの X 線を制限するためのフィルターホイールを搭載する。フィルターホイールには modulated X-ray 
sources も搭載する。これは、機上でのエネルギースケールを追い、サイエンスの観測を損ねることなく ~1eV/10 
min 程度の精度を実現する。
•SXS の質量電力は小型衛星に匹敵する規模を持つ。 SXS 独自に電力分配器、Space-Wire ルータ (SWR) を持ち、衛
星の電源がなくてもコマンド、テレメトリが扱える。Space Wire を用いることで信頼性を高めている。 
•日米を中心に、欧州 (オランダ、スイス) も含め世界の宇宙用マイクロカロリメータの研究者が結集して開発している。
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2. SXS-XCS への要求と期待される性能

3. SXS-XCS システム

4. 開発の現状
•熱試験モデル (TTM) やエンジニアリングモデル (EM) を用いた各種環境試験や機能試験を
行った。それらをフライトモデル (FM) の設計に反映した。
•コンポーネントの熱真空試験や振動試験、システム熱変形試験、TTM 試験、MTM 試
験、微小擾乱試験を通じて、打ち上げの機械環境や、軌道上の熱環境・他機器の機械的
擾乱に対する設計検証を行った。
•EM デュワーに EM センサや EM ADR を組み込み、フロントエンドエレキ (XBOX) の 
EM と接続し、分光性能の測定を行った。冷凍機の振動を切り離した状況では 4 eV の
分光性能を得ることを実証した。
•デジタルエレキ (PSP) の EM を用い、信号処理の性能を検証した。
•EM ADR のヒートスイッチにはリークが見つかったため、FM では設計を変更した。
•機械式冷凍機の機械的な振動がセンサ熱浴の温度揺らぎを生じ、分光性能を劣化させる
ことが判明した。一方で、機械式冷凍機をデュワーメインシェルから物理的に切り離せ
ば、温度揺らぎは十分小さい。これらの知見を FM デュワーの設計に反映している。

• FM の製作や試験を進めている。
• FM センサをFM ADR (EM でリークのあったヒートスイッチの設計を改良済) と組み合
わせ、NASA/GSFC で分光性能を測定した。35 ピクセルを足し合わせたスペクトルで 
4.95 eV の分光性能 (5.9 keV) を達成した (右図)。
•衛星一次噛合せ試験に EM や FM を登場させ、機械インターフェイスや電気・通信イン
タフェースの確認を進めている。
•2014 年前半 (衛星一次噛合せ試験後半) に、衛星上での分光性能を検証する。特に他の
サブシステムを動かした際の電磁干渉を検証する。
•2014 年中にデュワー FM を製作し、FM のセンサやエレキと組み合わせた性能試験を
行う。そして、衛星総合試験に登場させる予定である。

SXS#Flight#CSI#(data#set#12/12/2013)#
#
7.5#hour#integra>on#
#
FWHM#=#4.95#±#0.04#eV#@#5.9#keV#

7.5 時間の積分スペクトル。
FWHM 4.95 +/- 0.04 eV @ 5.9 keV

FM センサ/CSI の分光性能

23 

Flight Detector Assembly 

16th Astro-H Design Meeting • Oct 11-12, 2012 

センサアレイ (6x6 pixels) は5 mm 角

Tuesday, January 7, 14



SXS Cryogenic system 

6

Design and verification of the SXS cooling chain
� Top requirement

� Keep the detector at 50 mK with temperature stability of < 2 mK for >3 years

� Design concept and thermal analysis
� Redundant configuration to be tolerant for a failure of a single cryocooler
� Lifetime of LHe in nominal case was achieved over 3 years

� Verification tests for the SXS dewar system
� Mechanical environment test and thermal vacuum test
� Cooling performance test from room temperature to 50 mK
� Evaluation test for microphonics susceptibility

3

Redundancy

Redundancy

� Evaluation test for microphonics susceptibility

30 L of LHe will survive more than 3 years. 
3rd ADR is redundant for LHe, or cryogen-free operation is feasible. 
2x 2-stage Stirling coolers(2ST)  + 4He Joule-Thomson coolers (JT) 
with 2x2ST pre-coolers are installed. 

Fujimoto + 2010, Shirron + 2010



Performances of  cooler
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9.2 解析モデルの見直し 
9.1項に示す変更を行い、試験結果と解析結果の比較を行った。その結果を図9.2-1に示す。 

各部の温度は10%以内で一致することが確認できた。 
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    赤字：試験結果、黒字：解析温度 

 
試験結果

(K) 

解析結果 

(K) 

ΔＴ(％) 

（1-解析/試験結果） 

He tank 4.71 4.65 1.3% 

J㼀㻿 4.64 4.70 -1.3% 

IVC㻿 31.3 30.5 2.6% 

MVC㻿 99.6 106.4 -6.8% 

OVC㻿 146.5 144.0 1.7% 

ＪＴ 4.53 4.55 -0.4% 

㻿C 2nd stage 30.0 29.2 2.7% 

㻿C 1st stage 131.6 133.2 -1.2% 

M㻿 295 295 (境界温度) 

図9.2-1 試験結果と解析結果の比較 

Heat load to the He tank
1.23 mW

4K JT cooling power 
18 mW @ 4.5 K

2STs are connected at 
OVCS (150K) and  
IVCS (30K)

This condition is kept 
by ~ 300W power 
input to mechanical 
coolers. 

Load from detector: 0.36mW



Development History
• We have started the dewar design ~ 2005.  There were several design changes.  

• We made 3 cryostat for Astro-H, TTM, EM and FM 

• TTM :Mock up for TTM heat simulator  

• EM : should be identical with FM, practices of assembly 

• There were leaks in HS, and could not test the ADR cooling in FM-like sequences.
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Milestones
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2008 2009 2010 2011 2012 2013 2014 2015

EM design EM Fabrication
S/S test

FM design FM Fabrication

TTM fabrication

System SDR

cooling SDR

NASA SDR

cooling PDR

SXS PDR@NASA

SRON PDR

cooling CDR

SXS XCS CDR

SRON CDR

NASA CDR

System PDR System CDR1 System CDR2

S/C TTM

S/C EIC/MICS/C mech. test

test for 
isolator

S/S test

CSI install

CSI install
S/S test

S/C AIV

isolator design
isolator fabrication

EM Dewar

FM Dewar

SXS Review

delivery to A/C

!! It is not a good example. Please have a schedule margin !!



Lesson : Definition of Requirements

• Requirements shall be identified by their origin 

• Top level requirements from mission success criteria (life, 
detector performance,  effective area etc.) 

• Requirements from observatory science 

• Practical requirements for ground test and launch operation 

• Boundary condition from S/C and other subsystem 

• Requirements shall be clarified which can be evaluated. 

• Verification method of each requirements should be defined.  

• Do not confuse the requirements and results of design. 
9

SXS-XCS Description
Document

Doc no: JAXA-XCS-001, NASA-
***-***, ASTH-200-63
Issue: 1.2

Astro-H SXS-XCS
Date: Nov 12, 2015
Page: 7 of 30

1 Purpose of this document

This document describes the requirement, design boundary condition on the SXS-XCS subsystem, along with
the requirements from SXS-XCS to spacecraft, which are identified in the SXS-XCS design process.

The first part of this document (§ 2, 3, 4) lists the design criteria of SXS-XCS. Section 2 shows requirements
and design criteria on SXS-XCS. Section 3 introduces the design of the subsystem, i.e., how subcomponents
constitutes SXS-XCS. The section also describes requirement allocation on the subcomponents. Section 4 is used
to show how SXS-XCS team shall implement, documentate, and track the design of SXS-XCS. These sections
shall be applied to the subcomponents as the design criteria. The detailed resultant design of each subcomponent
shall be described in the description document of the subcomponent [23, 24, 25, 26, 27, 29, 30, ?, 31, 32, 33, 34].

The other part of this document (§ 5,6) is dedicated to describe the resultant SXS-XCS design. The
requirements from SXS-XCS to spacecraft that are identified as a consequence of SXS-XCS design are shown
in § 5. Note that the interface between each subcomponent and the spacecraft (mass, power, temperature
range, drawings, etc.) are defined and agreed through ICDs [38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49].
In this document, we summarize additional requirements and requests from SXS-XCS subsystem, rather than
subcomponents, which are not appropriate to be written in an ICD. Compliance to the top-level requirements
are shown in § 6.

2 Requirements

2.1 SXS-XCS Top Level Requirements

The the Soft X-ray Spectrometer (SXS) provides capability of high-resolution X-ray spectroscopy of celestial X-
ray sources on the Japanese 6th X-ray astronomy satellite, Astro-H. The SXS is being developed by international
collaborations lead by Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency
(ISAS/JAXA) and NASA Goddard Space Flight Center.

The SXS consists of two separate systems: the Soft X-ray Telescope (SXT-S) which collects and focuses
X-ray photons from the sky, and the X-ray Calorimeter Spectrometer (XCS), which detects the X-ray photons at
the focal plane of the SXT-S. The focal length of the SXT-S is 5.6 m. The XCS utilizes a microcalorimeter array
operating at 50 mK to obtain the high energy resolution of FWHM < 7 eV and a modest imaging capability
with 6× 6 pixels.

Following the loss of He in Suzaku XRS, the SXS-XCS cooling chain design is required to be robust: cooling
shall be performed both with cryogen and without cryogen. This requirement is set because a cooling chain with
cryogen (superfluid He) has more heritage, while cryogen-free system is robust against unexpected He loss. This
imposes two of top-level requirements for SXS-XCS system.

XCS-1.1 The SXS-XCS cooling chain shall use the superfluid He as a primary cryogen. The He lifetime shall
be longer than the requirement for minimum success criteria (see below for a value), even with a failure
in a cryocooler.

XCS-1.2 SXS-XCS shall be capable of continuing scientific observations even without the superfluid He, if no
failure occurs to cryocoolers.

The top-level science requirements, the minimum, full and extra success criteria, of the Astro-H mission
[1] impose the requirements on the SXS. Then they were divided into the telescope (SXT-S) and the detector
(XCS) parts. In Table 1, the top level requirements of the XCS are shown. From the three levels of the success
criteria, different requirements are derived. We derived the requirement for contingencies from the minimum
success criteria. As contingencies we consider cases in which one of the cryocoolers failed or cryogen was lost
without failures in cryocoolers. We derived the design requirements and goals from the full and extra success
criteria, respectively.

In addition to the top level requirements, the observatory science of the mission [1] imposes requirements
on the XCS. Those requirements are tabulated in Table 2 .

We define 32 requirements for dewar system.



Lesson : Design with margin and redundancy 

• Physical parameters at low temperature are not always 
well-defined to trust. (extrapolation from 4K, small 
sample ..) Be careful to set margins, and it shall be 
evaluated constantly.  

• “Redundant” system sounds robust and nice. But it causes 
extra heat-load, extra complexity of the system, extra test 
resources. Consider cons & pros of redundant system, 
and identify risks.  
• In case of Astro-H, He tank and JT are redundant, but 
complicated.  

• Simple examples: un-operated 2ST will be just a heat-
path, JT circulation without JT effect will heat up He 
tank. 

10



Lesson: Development 
• Space cryogenic system is still under development 
phases.  

• Tight collaboration between  manufacturer and 
project (engineer and scientists) is useful and 
essential.  
• Ex. CO2 contamination in operating gas will 
reduce the mission life. CO2 was measured to be 
~ ppb level with API-MS. Careful calibration is 
required to prove the effect. 

11



Integration

12

Integration in Sep 2014, 
at Sumitomo Heavy Ind. facility, Niihama

27



Lesson :Fabrication and Integration

• Clarify the I/F between several manufacturer (GSFC, 
SRON, JAXA, SHI, MHI, NEC). Mechanical coolers and CSI 
are modularized, i.e. simple I/F plate. Small parts, like 
connectors, bolts and non-flight items are often neglected.  

• The I/F can not be identified only by CAD. 

• we transfer I/F plate beforehand 

• Integration needs time, and human resources. 

• MLI installation, need stitching by hand ~ 4 weeks  

• Gas purification  ~ 2 weeks  

• Shipping and custom clearance needs time, costs and lots 
of paper works. 

13



subsystem level test in 2014-2015 
winter
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SXS subsystem pre S/C delivery review (PSDR), March. 21, 2015

Test history since S/S CDR

5

Isolator

SXS subsystem level

9 10 11 12 1 2 3
29 21

3 10

11 17

19 20

10 20

2 8

Cooling system thermal performance
 and detector system function test

Noise investigation

Dewar mech. env. test

15/30 Hz noise
“mid-band noise”

2ST gas purification

Dewar mech. env. test for isolators

Isolator installation
22

Performance test & calibration

JT gas purification
Move to Tsukuba

12 286 dof vib for PC-B/A SC with EDU
11 19PC EDU test without bumper

6 dof vib for PC/SC with EDU

FM isolator mech. env. tests
17 FM isolator delivery to ISAS



SXS dewar at subsystem test
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Function/vibration/thermal test  
in Dec 2014—Mar 2015, at TKSC

30



Lesson: Verification
• Define the verification matrix carefully, for each 
development phase.  
• End-to-end tests and test-as-you-fly style are 
preferable, but some of them are impossible. 
Combination of analysis/design shall be 
considered carefully.  

• Test for cryogenic system needs time  
• He fill for the SXS dewar : 4 days.  
• Cryogen-free cooling of SXS dewar: 40 days. 
• During the tests, test personnels shall be 
assigned. 
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System level test in 2015
• System I /F test  
• Integration 
• Post-integration detailed function test 
• Thermal-vac test (3 weeks)   
•Acoustic  sine-vibration, and shock test (5 weeks)  
• Pre-shipment detailed function test 
• Post-shipment detailed function test 
• Final cool down and check 
•He Top-off and Launch operation 

18

Tukuba by Nov

Tanegashima from Dec
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Night time Day time Night time

Date Test item 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

2015-01-08 SXS-DIST, SXS-SWR-A/B A Lunch MD MIC

2015-02-02 SXS-FWE, FWM A Lunch

2015-02-03 SCD, PCD, JTD (1) A Lunch

2015-02-04 SCD, PCD, JTD (2) A Lunch

2015-02-06 PSP-A/B A Lunch

2015-02-05 SXS-PSU, XBOX, ADRC A Lunch

2015-03-26 He transfer A Setup Lunch Setup Y Setup

2015-03-27 Cooling (1) A Setup Lunch Cryo-cooling (MD), He transfer

2015-03-28 Cooling (2) Cryo-cooling (MD) A Cryo-cooling (MD) Lunch Cryo-cooling (MD)

2015-03-29 Cooling (3) Cryo-cooling (MD) A Cryo-cooling (MD) Lunch Cryo-cooling (MD)

2015-03-32 SXS (0) by MD Cryo-cooling (MD) A SXS func test via MD IV crv ΔE (norm) Cryo-cooling (MD)

2015-03-30 SXS (1) Cryo-cooling (MD) A Bus ON SXS ON CC (JT circ) [CC (JT drive)] CC (SA)

2015-03-31 SXS (2) Cryo-cooling (SA) A ΔE (MTQ) Lunch ΔE (MTQ) ΔE (RW) ΔE (BCCU) Y CC (MD)

2015-04-01 Func-D (1) Cryo-cooling (MD) A Bus ON SXS ON CC (JT circ) CC (SA)

2015-04-02 Func-D (2) Cryo-cooling (SA) A Lunch CC (SA)

2015-04-03 Func-D (3) Cryo-cooling (SA) A Lunch Y CC (MD) & evacuation

2015-04-04 Evacuation (1) CC (MD) & evacuation A CC (MD) & evacuation Lunch CC (MD) & evacuation Y CC (MD) & evacuation

2015-04-05 Evacuation (2) CC (MD) & evacuation A CC (MD) & evacuation Lunch CC (MD) & evacuation Y CC (MD) & evacuation

2015-04-06 SXS (3) Cryo-cooling (MD) A Bus ON SXS ON CC (JT circ) [CC (JT drive)] IV crv ΔE (norm) CC (SA)

2015-04-07 SXS (4) Cryo-cooling (SA) A ΔE (MTQ) Lunch ΔE (MTQ) ΔE (RW) ΔE (BCCU) Y CC (MD)

2015-04-08 Disassemble CC (TM) & warm-up A Disassemble Lunch

ADR S1, 
S2

Tunin
g

ΔE (CC 
max)

MD/S
A

ADR S1, 
S2

Tunin
g

SXS func test (requiring SMU, 
FWE, etc)

AOCS 
ON

AT (CC), ΔE 
(CC off)

SA/M
D

MD/S
A

CC (JT drive)
& others

ADR S1, 
S2

Tunin
g

SXS func test (requiring SMU, 
FWE, etc)

[ADR 
S1, S2]

[ADR 
S3]

[ADR 
S1-3]

SA/M
D

MD/S
A

ADR S1, 
S2

Tunin
g

ΔE (CC 
max)

AOCS 
ON

AT (CC), ΔE 
(CC off)

SA/M
D

An example timeline based on S/C EIC test

This will be cryogen-free FNC-D
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Lesson:Operation and test plan

• Every possible operation modes shall be tested on ground. 
No one dare to use un-tested commands in orbit. 

• Test schedule shall be planned with all possible (nominal/
emergency/initial) cases.  

• At S/C level, the boundary conditions are set for launch 
operation, and in-orbit operation. The system and instrument 
team should understand both requirements. Careful 
negotiation is needed. 
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Summary: Experience from Astro-H

22

Cooling power and resources are limited,  
but scientists’ ambitions are not limited. 
Thus, the system shall be delicately balanced. 

We will know a lot of lessons from in orbit 
operation, which will come soon.


