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 2016 年 2 月 17 日に打ち上げられた「ひとみ」衛星には、軟 X 線分光検出器 SXS (Soft X-ray Spectrometer) と軟 X 線撮像検出器 SXI (Soft X-ray Imager) の2 種類の軟 X 線帯の観測装置が
搭載されている。両者とも軟 X 線望遠鏡 SXT (Soft X-ray Telescope) で集光された X 線を検出する。SXS はマイクロカロリメータの技術を使用した精密分光システムであり、優れた X 線分光性能を
誇る検出器である。SXI は大型の X 線 CCD を 4 台並べ 38 分角という広い視野を持つ X 線カメラである。軌道上において観測機器の立ち上げが行われ、衛星との通信が途絶えるまでの間、科学観測
を行った。軌道上で、SXS は 6 keV で 4.94 eV の分光性能を達成し精密分光観測を実施した。SXI は 38' 角の広い視野を活かし、187 eV (at 6 keV) の分光性能で撮像分光観測を行った。SXT の結
像性能は SXT-S が 1.2'、SXT-I が 1.3' であり、地上較正で得られた性能が軌道上でも得られた。

2. 「ひとみ」搭載軟 X 線帯観測装置の設計
2.1 SXS 2.2 SXT

• SXT は直径 45 cm、焦点距離 5.6 m の多重薄板型望遠鏡であり、X 線鏡 (mirror)、迷光除けの pre-
collimator, thermal shield, alignment cube を主要構成要素とする。 
•金表面の薄膜鏡を 203 枚ネストし、合計 1624 枚の薄板鏡で Wolter 1 型の光学系を構成している。 
• SXS 用の SXT-S、SXI 用の SXT-I の 同設計の 2 台が搭載されている。 
•地上較正試験において 1.2 分角の結像性能を達成した。

SXT の構成要素と集光の模式図

One of the major issue in the Suzaku mirror was groove position accuracy of a radial bar, called an
alignment bar. The alignment bar is used to hold reflectors inside the housing container at their top and
bottom edges. The alignment bar is also supposed to position the reflectors at their designed location
within a few µm accuracy, using grooves on the bar. The reflector positioning accuracy depends on the
machining accuracy of the groove position. However, the alignment bar used in Suzaku had systematic
errors as much as 40 µm or so. This itself degraded the mirror angular resolution by about 0.3 arcmin.
The new alignment bar for ASTRO-H is carefully inspected and it is accurate to < ±5 µm. Also the
reflector was actually free to move for ∼ 25 µm in the groove. We decided to cement the reflector onto
the bar for ASTRO-H and introduced new feature in the reflector alignment scheme.

In Suzaku we had 13 alignment bars to align reflectors in the housing at the top and bottom of the
primary reflector housing as well as at the same location of the secondary housing. We have 13× 4 = 52
bars per one quadrant. We placed those alignment bars and populated the housing with foils. Then
we precisely positioned each alignment bar by moving it in the radial direction using a micro-scope and
precision linear stages to move the micro-scope. For ASTRO-H, we introduced a new type of the bar,
called a support bar, which has a wider groove than that of the alignment bar and is used to bond the
reflector with an Arathane adhesive. The support bar replaces every other alignment bar in the 13 bars
(each face), so that we have 7 support bars and 6 alignment bars at each face in one quadrant. We
position the reflectors using the alignment bar in the same way we did for Suzaku. Once the alignment is
done, we bond the reflector on the support bar and then the alignment bars are removed. The support bar
is a flight item and the alignment bar is a GSE (Ground Support Equipment). A FEM (Finite Element
Method) analysis shows that holding the reflector by 7 bars is better than 13 bars in terms of holding its
shape (analysis by NASA’s MSFC and SAO). Separating the alignment bar and the support bar can be
very useful, because we need only one set of the expensive alignment bar. In the future, if we find better
way of fabricating the alignment bar, we will be able to afford it.

Figure 3 shows the completed SXT-I and SXT-S without the thermal shield mounted. SXT mechnical
interface drawing (MICD) to the spacecraft is attached at the end of the SXT chapter.

Figure 3: Completed SXT-I (left) and SXT-S (right), but the thermal shields are not mounted.

6 SXT Mirror Performance

Ground calibration of the SXTs was performed in the ISAS X-ray beamline. The SXT-I and -S were
delivered from GSFC in March and November of 2013, respectively, after their vibration tests. In this
section, on-axis effective area, off-axis effective area, image quality and optical axis alignment of SXT-
I and -S are summarized. Note that the thermal shield is not taken into account in the quantities
summarized in this section.

SXT-S 写真

2.3 SXI

• SXS はセンサを搭載・冷却する DWR (真空断熱容器) に加
えて、冷凍機の駆動回路、信号処理回路、フィルタホイール
と較正用 X 線発生器などを使用する巨大なサブシステムで
ある。 
• SXS センサは 6x6 ピクセルのマイクロカロリメータアレイ。
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で
あり、50 mK で動作する。 
• 50 mK を実現するための 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 (+ 2 台の予冷用 2ST)、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、無冷媒観測を行うための ADR をもう一段搭載して
いる。 
• 液体ヘリウムの寿命期待値は 3 年であり、3rd ADR を用い
ることで、液体ヘリウム喪失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られるように設計した。 
• 打ち上げ前の性能試験で 5.9 keV の X 線に対し 4.3 eV (較
正ピクセル) の性能を得た。

3. 軌道上で得られた性能
3.1 主要な要求と実績の比較
• SXS は軌道上精密分光観測を実施し、要求の 7 eV を超える 4.94 eV の
分光性能を達成した。ただし、SXS は、軌道上でのゲートバルブを開け
る運用を行っていないため、<2 keV の X 線は観測できていない。 
• SXI は軌道上で天体の撮像分光観測を行った。可視光の迷光や宇宙線の
影響が観測されたが、それらを除いたあとのイメージ、分光性能は地上試
験から期待される性能が達成された。 
• SXT は地上較正から期待される角度分解能を軌道上で達成した。

1. 概要

• SXI は X 線光子係数型の冷却 CCD カメラである。国産 (浜松ホトニクス社製) の CCD 素子を搭載し、
1 段スターリング冷凍機で -110 度に冷却して使用する。 
• CCD 4 枚を 2x2 のモザイク状に並べることで、62 mm x 62 mm の有効撮像領域を持ち、SXT-I と
組み合わせて38分角四方の視野を実現する。 
•完全空乏化した厚型 (200μm) の裏面照射型素子を用いており、0.4-12 keV のエネルギー範囲の分
光観測が可能である。

SXI 写真

2.3 X-Ray CCDs

The SXI has four CCDs (CCD1, CCD2, CCD3 and CCD4) that are P-channel type CCDs (NEXT419) operated
in the frame transfer mode. They are back-illuminated (BI) CCD. Fig. 2-left shows four CCDs on the cold plate.
The IA of each CCD is seen while storage area (SA) is covered by the Al shield. Each CCD consists of four
segments (A, B, C and D), each with a dedicated read-out node. The surface dead layers of the BI CCD is very
thin, consisting of 5 nm SiO2. We also put Al coat of 100 nm on the CCD surface to block the visible light.
NEXT4 is a fully depleted CCD with a thickness of depletion layer of 200µm. The quantum e�ciency (QE)
including the CBF is shown in fig. 2-right as a function of energy (keV). The IA of the CCD has 1280⇥1280 pixels
where the pixel size is 24µm ⇥ 24µm, giving a size of 30.72mm ⇥ 30.72mm for the IA. Practically we employ
a 2 ⇥ 2 on-chip binning mode, the logical pixel size is 48µm ⇥ 48µm and each IA consists of 640⇥640 logical
pixels. We select two read-out nodes through which we obtain outputs from all the logical pixels. Therefore, one
node will take care of 640⇥320 logical pixels. Since the SXI has four NEXT4s, it covers a 380 ⇥ 380 region on the
sky. The specification of the SXI including the OBF is summarized in table 1. After the 2⇥2 on-chip binning,
the pixel position in the IA is defined by the detector-fixed coordinates (ActX, ActY), where the origin (0, 0) is
taken to be the first logical pixel read-out of segmentA in normal clocking mode.

Figure 2. Left: Photograph of the four CCDs on the cold plate. Right: QE of the SXI including the CBF.

2.4 Cooling system

We employ two single-stage sterling coolers (1ST) to cool the cold plate to the nominal operating temperature.
Each 1ST consists of a cold head and a compressor that are connected by a capillary tube. Cold heads are
installed to the wall of the SXI-S-BDY. While compressors are on the SXI base-plate. The cold-end of the 1ST
is connected to the cold plate through a mechanical damper structure. One 1ST has enough cooling power while
the other is in stand-by redundancy. The cold plate is mechanically supported by 6 Torlon (polyamide-imide
plastic) posts. The heat is transferred through the system heat pipe. In the beginning of the mission, the CCD
will be set to -110�C to avoid a contamination on the IA of the CCD. We can cool the CCD to -120� if we need.

2.5 Radiation shield

Any CCD working in space environment gradually degrades its performance due to radiation damage. For
satellites in low-Earth orbit like Hitomi, most of the damage is due to large fluxes of charged particles in the South
Atlantic Anomaly (SAA). The radiation damage increases the dark current and the charge transfer ine�ciency
(CTI). The SXI body can provide radiation shielding around the CCD. Based on the previous satellites (ASCA
SIS7 and Suzaku XIS11), we need a � 10 g cm�2 equivalent Al thickness. We designed the SXI body to accept
this requirement with the exception of the X-ray incoming direction.

Figure 1. Photograph of the SXI ready to be installed into the satellite. The thermal insulator (MLI) is not yet attached.

coated with optical black and adequately twisted so that no visible light can reach the CCD. The conductance
of the vent pipe is high enough to reduce the pressure inside the SXI-S-BDY so that the CBF is not damaged
during the launch operation.

The SXI-S-BDY and the FE are placed on the SXI base-plate that stands on the satellite base-plate employing
the kinematic mount. The entire SXI including the SXI base-plate is covered by multi-layer insulators to
thermally isolate from its surrounding so that it does not a↵ect the satellite base-plate. The SXI is equipped
with the system heat pipe to keep the appropriate temperature range. The heat from the SXI is transferred to
a radiator panel on the satellite surface, and is radiated away to space.

2.1 Calibration Source

The SXI contains 4 identical X-ray CCDs that are packed in mosaic pattern. There are two 55Fe calibration
sources. Both of them are attached to the bonnet inside and illuminate the middle of the both sides of the
imaging area (IA). The fluxes of the calibration sources are selected so that the gain can be determined at
5.9 keV with a statistical error of 0.1% within a single orbit in the beginning of mission.

2.2 Contamination Blocking Filter (CBF)

The SXI has a contamination blocking filter (CBF) at the top of the hood. The CBF is made of a polyimide
(C22H10N2O4) film and a metal mesh support with a leak-tight design so that the cold part of the SXI is fully
isolated from inside the satellite. Furthermore, the CBF has vapor-deposited Al on both sides to avoid light
leakage from pinholes. The thicknesses of the Al on both sides of the filter are di↵erent from each other, which
reduces the light transmission by the interference e↵ect.17 The thicknesses of the polyimide film and the Al
layers are 200 nm, 80 nm and 40 nm, respectively. The CBF has a low transmission e�ciency for optical light
( 5 ⇥ 10�5), while it is transparent to X-rays (�80% above 0.7 keV). The transmissions measured for optical
light and soft X-rays are reported in Ref. 18.

SXI センサ部写真
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are applied to the support bar at the cross-section between the bar and the foil. Once the epoxy is cured,
the alignment bar is removed. Each reflector stage has a height of 101.6mm. Two primary and secondary
stage housings are combined and four quadrant pairs of housings are co-aligned and integrated into the
complete mirror. During the integration process, the housing tip and tilt are adjusted by shimming as
necessary to co-align the quadrant optical axes and the mirror focal length. At the end of the mirror
integration, an interface to the spacecraft is mounted at the boundary of two quadrants, as shown in
Figure 1. Total weight of the mirror is 36 kg and 39% of the mass is the housing structure.

The Pre-Collimator, PC, has 203 blade shells, which correspond to the mirror reflector shells. The
height of the blade are determined to most effectively reduce stray lights from a source at 30 arcmin
off-axis angle. The blade thickness (120µm) is thinner than the thickness of the mirror foil. The blade
position is radially adjusted to be on top of corresponding mirror foil, so that the PC does not reduce the
mirror on-axis effective area. More details of the PC can be found in Mori et al (2012). The SXT is also
equipped with a thermal shield at the entrance of the PC. It is to keep the mirror temperature within
the required range of 15–29 ◦C. The thermal shield is made of 0.2µm thick Polyimide film supported by
a stainless steel mesh with a 94% opening fraction.

Total weight of the SXT is 42 kg including all the components as well as heaters and sensors. Photos
of the completed two SXTs are shown in Figure 2 without thermal shield installed. Table 1 summarizes
the SXT specifications.

Interface to the S/C (top plate) 
4 feet 90 deg apart 

Thermal shield (Japan) 

Pre-collimator 
(Japan) 

Mirror (GSFC) 

Prim
ary reflectors 

Secondary reflectors 

PC blades 

Incoming 
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Focused X-
rays 

C L 

Figure 1: SXT function diagram

3 SXT team

The SXT was developed in collaboration among NASA’s Goddard Space Flight Center (GSFC), NASA’s
Marshall Space Flight Center (MSFC), ISAS/JAXA, Nagoya University and Ehime University. The
mirror was developed at GSFC, the PC and the TS were at Nagoya University, and the SXT was
calibrated at ISAS. Ehime University was included in the thermal design of the SXT. Table 2 is the
complete list of members who worked on the SXT development. The total number of members is 71 who
are scientists, engineers, technicians, and graduate students.

4 SXT Development History Summary

The entire development history is shown in Figure 3. The first kick-off meeting among the institutions
was on September 26, 2008. The design of the SXT and the interface between the SXT and the spacecraft
took about two and half years to complete through finishing manufacturing drawing. The reflector foil
production took about two and half years to complete the two flight SXT worth foils as well as the EM
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要求値 達成値

SXT-S
+

SXS

エネルギー分解能 7 eV 4.97 eV
エネルギー範囲 0.3-12 keV 2-30 keV

視野 2.9' x 2.9' 2.9' x 2.9'
角度分解能 <1.7' 1.2'

6 keV の有効面積 210 cm2 160 cm2 *1
カウントレート 150 counts/s 155 counts/s
液体ヘリウム寿命 3 年 3.9 年 *2

SXT-I
+

SXI

視野 18' x 18' 38' x 38'
6 keV の有効面積 > 360 cm2 ~360 cm2

角度分解能 < 1.7' 1.3'
6 keV の検出効率 >0.87 >0.92

6 keV のエネルギー分解能 187 eV

3.3 SXS 分光性能

3.4 軟 X 線帯観測装置によるペルセウス座銀河団の観測
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Figure 9. SXS spectra of an external 55Fe radioactive source during pre-launch tests and on-orbit. The upper left panel shows 
the results for the SXS focal plane assembly before it was integrated into the SXS, the upper right during full-spacecraft 
thermal vacuum testing, and the lower panel is the result on-orbit. The differences are the result of a small amount of 
interference from the spacecraft attitude control system. 

 

 
Figure 10. Per pixel energy resolution at 6 keV comparing the SXS instrument alone to the instrument on the spacecraft 
during thermal vacuum testing and to the on-orbit performance. Note the anomalous degradation of pixel 35 on-orbit. This is 
related to an increase in 1/f noise on that channel as discussed in the text. 
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Figure 9. SXS spectra of an external 55Fe radioactive source during pre-launch tests and on-orbit. The upper left panel shows 
the results for the SXS focal plane assembly before it was integrated into the SXS, the upper right during full-spacecraft 
thermal vacuum testing, and the lower panel is the result on-orbit. The differences are the result of a small amount of 
interference from the spacecraft attitude control system. 
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during thermal vacuum testing and to the on-orbit performance. Note the anomalous degradation of pixel 35 on-orbit. This is 
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Proc. of SPIE Vol. 9905  99050W-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/25/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

*1:	
  軌道上で開ける予定だったゲートバルブ越しの観測。そのため、有効面積は設計値より小さい。	
  
*2:	
  衛星の運用が続いていた場合の推測値。液体ヘリウムの蒸発レートより計算。

3.2 SXT-I + SXI の結像性能
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Figure 6: SXI RX J1856 image (left) and the derived PSF (right) compared with the PSF from the
ground calibration (4.5 keV).
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Figure 7: SXS Crab image (left) along with the image from the ground calibration (4.5 keV) and a
raytraced image with the GV closed (1 keV).

Projection による 像の広がりの比較
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（今回の結果: 2016/07/29）

(やや Crab のイメージが広がり実験値に近づいた)

Figure 8: A comparison of X and Y projections of SXS Crab image, the ground calibration image and
the raytraced image presented in Figure 7. They are in a good agreement.
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RXJ	
  1856.5-­‐3754	
  の	
  SXT-­‐I	
  +	
  SXI	
  の
イメージ

Point	
  spread	
  funcKon	
  の地上較正との比較

• 下図に RXJ 1856.5-3754 の観測からもとめた SXT-I + SXI のイメージ
と point spread function を示す。地上較正と同等の 1.3 分角の角度分
解能 (half-power diameter) が確認された。

•軌道上で得られた SXS のスペクトルを下図に示す。 
• SXT-S の視野にある 35 ピクセルおよび較正ピクセル 1 ピクセル全てが要求の 7 eV を達成した。

較正ピクセルによる Fe-55 のスペクトル SXS 各ピクセルの Fe-55 の分光性能

• 軌道上で取得したペルセウス座銀河団の画像を左に、
SXS のスペクトルを上に示す。 
• SXI は 38 分角四方の広い視野による撮像を実施した。 
• SXS の観測からは銀河団ガスの乱流速度を測定し、乱流
による圧力が熱的圧力に比べて 4% であることを示した 
(Nature 18627; Hitomi collaboration 2016, Nature 
535, 117)

5-2 軟X線撮像システム (SXT-I + SXI)

The Perseus cluster

38分角

55Fe

55Fe

SXI image SXS image

SXT-I

SXI

改訂詳細については別紙5を参照
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Fig	E1.	SXS	spectrum	of	the	full	field	overlaid	with	CCD	spectrum	of		
the	same	region	observed	by	Suzaku	XIS	(red	line).	The	difference	in	
the	continuum	slope	is	due	to	differences	in	the	effective	areas	of	the	
instruments.	
	 	

黒:	
  SXS	
  で得られたデータ;	
  赤:	
  	
  同じ領域で取得したCCD	
  (「すざく」XIS)	
  のデータ。	
  
CCD	
  を圧倒的に凌駕する分光性能により、初めて輝線の微細構造を分離した。
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