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研究成果の概要（和文）：装置開発と天体データ解析の両面で強磁場中性子星へのガス降着の問題に取り組ん
だ。エネルギーが10-30 keVの硬X線帯域で偏光撮像観測の実現を目指し、「微小ピクセルCMOSイメージセンサ」
と「微細加工による符号化開口マスク」を組み合わせて実用的な小型偏光撮像システムを開発した。また、明る
い中性子星連星である「Cen X-3」の広帯域X線データの解析を行い、時間変動の原因が星風に由来することを特
定し、降着流の観測方向によるスペクトルの変化を高い精度で取得することに成功した。

研究成果の概要（英文）：We have studied gas accretion onto strongly magnetized neutron stars from 
the aspects of instrumentation and observational data analysis. We have developed a new compact hard
 X-ray imaging polarimeter using the combination of a fine-pixel CMOS imaging sensor and a coded 
mask. We have also found that the time variability of the disk-fed accreting pulsar Cen X-3 is 
caused by the stellar wind and have obtained spectral variability by the observer’s direction.

研究分野： 高エネルギー宇宙物理学

キーワード： 中性子星　強磁場　X線偏光　符号化イメージング
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研究成果の学術的意義や社会的意義
本研究で開発した撮像偏光計は、半導体検出器を光電吸収型偏光計として用いるという全く新しいものである。
微細加工符号化開口マスクと組み合わせることで、非常に小さな撮像偏光計システムを構築することができ、将
来の宇宙科学ミッションへの適用も期待できる。Cen X-3のデータ解析はNuSTAR衛星の高い統計量データを活か
して、これまで曖昧だった天体の時間変動の議論を決着させ、降着流の物理モデルを構築するための重要な基礎
になる。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 中性子星・ブラックホールのようなコンパクト天体のなかでも、1兆ガウスを超える強磁
場を持つ中性子星へのガス降着は、未だ理論的な理解が得られていない、天体物理学の難関
問題である。このような強磁場のもとでは、光子の散乱過程は大きく変更を受けるため、降
着流の物理を理解するためには、散乱過程そのものとその結果の放射がどのようになるか
を理解する必要がある。強磁場中の散乱は、光子の偏光状態に強く依存するため、X線偏光
観測が極めて重要になる。しかし、研究開始当初、10 keV以上のエネルギーの硬X線の偏
光測定は技術的に難しかった。（補足：50 keV 以上の帯域ではコンプトン偏光計が実用化
されている） 
 
２．研究の目的 
 本研究の目的は、強磁場中性子星への降着流という非常に複雑なシステムに対して、実
験・理論の両面からこれまでにない手法でアプローチすることで、地上では到底実現できな
い強磁場のもとで物質と放射が如何に振る舞うかを解明することである。そのために研究
計画を装置開発と天体のデータ解析に分け、次の２つを具体的な目的とする。(1) 10-30 keV
の帯域の硬 X線偏光観測を目指して、半導体ピクセル検出器を用いたX線撮像偏光計を開
発すること。(2) 降着プラズマ流の 3 次元 X 線放射モデルを構築するため、既存の衛星を
用いて降着型パルサーの広帯域X線スペクトルを取得し、その時間変動を理解すること。 
 
３．研究の方法 
 
(1) 硬 X線撮像偏光計の開発 
 「微小ピクセルCMOSイメージセンサ」と「微細加工による符号化開口マスク」を組み
合わせて実用的な小型偏光撮像システムを開発する。CMOS イメージセンサのデータ取得
系を新規開発し、放射性同位体を用いた X 線源やシンクロトロン放射光ビームを利用して
性能評価を行う。特に偏光感度を評価することと偏光データ解析の手法を解析する。 
 
(2) 広帯域X線スペクトルの解析 
 硬 X線帯域 (3-79 keV) に高い感度を持つ「NuSTAR」衛星による降着型パルサー（強磁
場中性子星と普通の恒星の連星系で中性子星の自転に伴うパルスが観測される）の観測デ
ータを取得する。広帯域 X 線スペクトルの時間変動に着目し、その解析と天体物理的解釈
を行う。 
 
４．研究成果 
 
(1) 硬 X線撮像偏光計の開発 
 「微小ピクセルCMOSイメージセンサ」と「微細加工による符号化開口マスク」を組み
合わせて超小型衛星にも搭載可能なコンパクトな偏光撮像システムを開発した（図１）。シ
ンクロトロン放射光施設 SPring-8 の直線偏光X線ビームを利用して、性能評価を行い、10-
30 keV での偏光感度を確立した。また、符号化開口マスクのパターンを分析し、偽像がほ
とんどでないパターンを発明した。統計的最適化アルゴリズムを利用して、符号化開口イメ
ージングと偏光解析を組み合わせた新しい偏光撮像手法の開発にも成功した。本研究で開
発した撮像偏光計は、半導体検出器を光電吸収型偏光計として用いるという全く新しいも
のであり、将来の宇宙科学ミッションへの適用も期待できる。 
 
(2) 広帯域X線スペクトルの解析 
 明るい円盤降着型パルサーである「Cen X-3」の NuSTAR 衛星による観測アーカイブデ
ータを解析した（図２）。広帯域X線スペクトルの解析を行い、時間変動の原因が連星の相
手の星の強い星風に由来することを特定した。また、降着流の観測方向によるスペクトルの
変化を高い精度で取得し、降着流の立体的な構造を捉えることに成功した。本データ解析の
結果をもとに、初めての軌道２周分の詳細観測を NASA に提案し、採択され、予定通り観
測を実施した。Cen X-3 のデータ解析はNuSTAR衛星の高い統計量データを活かして、こ
れまで曖昧だった天体の時間変動の議論を決着させ、降着流の物理モデルを構築するため
の重要な基礎になる。 
 
(3) 偏光データの解析・シミュレーションの開発 
 (1)(2)と並行して、IXPE衛星の軟X線偏光データ解析や降着プラズマ流の 3次元X線放
射モデルのためのシミュレーションの基礎開発を進めた。 
 



 
    

 
 
図１：開発した硬X線撮像偏光計（左）と SPring-8 で取得した偏光モジューレションカー
ブ（右）。偏光モジューレーションが得られたことで、この新しい偏光計が偏光に対して感
度を持つことを実証した。 
 
 

 
 
図２：NuSTAR衛星がとらえたCen X-3 の広帯域スペクトルの中性子星の時点に伴う変化。
(a)は生のスペクトルデータであり、(b)は平均スペクトルとの比を取ったもの。明るく見え
る自転位相では高エネルギー光子が優勢になっていることを明らかにした。また、鉄輝線や
サイクロトロン共鳴散乱構造では時間変化が小さくなることも明らかになった。 
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Introduction 
• Polarization is a fundamental property of a photon, and brings us unparalleled 

information on the anisotropy of astrophysical systems, e.g., the configuration 
of a magnetic field, geometry of a scattering medium, and properties of a 
gravitational field in the vicinity of a black hole.


• NASA’s IXPE [1], launched in 2021, is opening a new window of X-ray 
polarization. However, the hard X-ray band, i.e., above 10 keV, still remains 
unexplored in spite of its great scientific importance. In this band, non-thermal 
and/or scattered components dominate over thermal, unpolarized radiation.


• We propose a new approach that uses a photoabsorption-type 
semiconductor polarimeter that has high energy and spatial resolutions, 
in contrast to Compton polarimeters adopted by many hard X-ray instruments, 
e.g., PoGO+ [2], Hitomi-SGD [3], and X-Calibur [4].


        

❖ Left: The Crab Nebula emitting via synchrotron radiation imaged by the Chandra X-ray 
Observatory. (credit: NASA). This nebula is powered by a rapidly rotating neutron star, 
accelerating electrons up to 1015 eV. Spatially resolved polarimetry will measure the 
configuration and uniformity of the magnetic field, which plays an essential role in the 
mysterious acceleration mechanism.

❖ Right: Theoretical model of X-ray polarimetric image of the accretion disk of a spinning 
black hole. This figure is taken from [5]. The black bars denote polarization angles and 
fractions while colors indicate X-ray intensities. Hard X-ray polarimetry will reveal the 
properties of the accretion flow in the closest vicinity of the event horizon.


Detector System 
• We have developed an ultracompact hard X-ray imaging polarimeter system 

that can be installed onboard a 6U CubeSat mission called cipher (coded 
imaging polarimeter of high energy radiation) [6]. This system employs the 
combination of a fine-pixel CMOS imaging sensor and a coded aperture mask.


• The small pixel size of 2.5 micrometers allows us to track a photoelectron 
whose direction depends on the polarization of an incident photon, yielding the 
sensitivity to polarization of hard X-rays [7].


• The aperture pitch of 35 µm and the aperture-to-sensor distance of 25 cm give 
an excellent angular resolution of 30 arcseconds. The coded mask employs 
parallel different random patterns that significantly reduce imaging artifacts [8].


    

❖ Left: the sensor readout system. Middle: a 3D-printed metal X-ray collimator with 5 × 5 
sections with a dimension of 2.5 mm × 2.5 mm × 200 mm. Right: a coded aperture mask with 
femtosecond laser micromachining. Each pattern area is isolated by the collimator to 
suppress confusion from other patterns.


Proof-of-Concept Experiments 
• We performed a series of proof-of-concept experiments on our novel hard X-

ray imaging polarimeter at KEK Photon Factory and the SPring-8 synchrotron 
radiation facility in Japan. At SPring-8, we measured monochromatic 100% 
linearly polarized photon beams with energies of 10, 16, and 24 keV for 
evaluating polarimetric and imaging performances.


  

❖ The concept demonstration model (left) of cipher and an experimental setup (right) at 
SPring-8. The beam can be regarded as a distant celestial source. The 3-axes rotation stages 
allow us to emulate a point source at any location in the sky while the rotation stage about the 
optical axis controls the polarization angle.
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Figure 2. Polarization degree and angle from a thermal disk as a function of
observed photon energy, including only direct radiation. The BH parameters
are as in Figure 1 (dashed curves) and also include identical calculations
corresponding to a nonspinning BH (solid curves). The angle of polarization
is measured with respect to the horizontal axis in the image plane with point
symmetry through the origin: ψ = ψ − 180◦.
(A color version of this figure is available in the online journal.)

Connors et al. (1980), who performed a similar calculation using
semi-analytic transfer functions from the observer to the disk.
Again we see that at low energies (dominated by emission from
large disk radii), the polarization is given by the Chandrasekhar
result, and is a function only of the disk inclination angle. At
higher energies, we begin to probe the inner regions of the
accretion disk and see the relativistic effects described above
that reduce the polarization fraction in the integrated light.

The angle of polarization as a function of energy in the
integrated disk emission is plotted in the lower panel of Figure 2.
For an inclined accretion disk with the BH axis projected
onto the vertical, or y-axis, ψ = 0 corresponds to horizontal
polarization parallel to the disk surface. From Equation (4), we
see there is a point symmetry in the definition of ψ , giving
ψ = ψ ± 180◦. As can be seen in the simulated image of
Figure 1, the individual polarization vectors are rotated in the
inner disk, due largely to gravitational lensing and, to a lesser
degree, frame-dragging around a spinning black hole. Although
individual photons can experience significant rotation, the net
result is a modest rotation of the total observed polarization
in the clockwise direction, giving ψ < 0 at higher energies.
From Figure 2, it is clear this effect is more pronounced for
small inclinations, where the low amplitude of polarization
makes it easier to “overcome” the classical result with additional
relativistic effects. Similarly, the polarization rotation is greater

Figure 3. Ray-traced image of radiation from a thermal disk, as in Figure 1,
but here including returning radiation. Photons emitted from the inner disk get
bent by the BH and scatter off the opposite side of the disk toward the distant
observer.
(A color version of this figure is available in the online journal.)

for more rapidly spinning BHs, where the accretion disk extends
closer in toward the horizon and probes a stronger gravitational
field. In this way, it has previously been proposed that the
polarization degree and angle as a function of energy could
be used to infer the spin of the BH in the thermal state (Connors
et al. 1980; Laor et al. 1990; Dovciak et al. 2008).

4. RETURNING RADIATION: QUALITATIVE
DISCUSSION

When returning radiation is included, although little changes
in terms of the total observed spectrum, the polarization picture
(Figure 3) changes significantly—in much of the disk, the
observed polarization rotates by 90◦, even though none of the
model’s physical parameters has been changed at all!

This effect can be understood qualitatively in very simple
fashion (see also Agol & Krolik (2000)). For most reasonable
stellar-mass BH accretion disk models, the opacity in the inner
disk is dominated by electron scattering (Shakura & Sunyaev
1973; Novikov & Thorne 1973), so returning radiation in the
∼1–10 keV energy range should scatter off the disk with
negligible absorption. Detailed atmospheric calculations (S.
Davis 2008, private communication) show that the photospheric
region is strongly scattering dominated for R ! 50 M whenever
L/LEdd " 0.01. If these calculations were altered to take
into account magnetic contributions to vertical support, which
should be substantial at these altitudes in this regime (Hirose
et al. 2009), absorption opacity would likely be even weaker
(however, when the central mass is much larger, as in an AGN,
the inner disk temperature is much lower, giving significantly
greater absorptive opacity in the X-ray band). While we use the
exact results for diffuse reflection from a scattering-dominated
atmosphere (Chandrasekhar 1960), the typical photon scatters
only once or twice before permanently departing the disk. Its
outgoing polarization can thus be approximated using the single-
scattering Thomson cross section’s polarization-dependence:

(
dσ

dΩ

)

pol
= r2

0

∣∣fi · ff
∣∣2

, (5)

CMOSセンサ読み出し系
可視光用のCMOSセンサをX線検出器として利用するために、専用の読み出し系を新規開発し、運用している。 
今年度、データ削減ロジックを追加し、X線検出ピクセルのみをデータ取得計算機に転送する。 
デッドタイムは、38 ms/frame (exposure: >550 msのとき) に減少した。(もともとは1秒程度)
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Results 
We extracted X-ray events from sensor data frames, and performed 
spectroscopic and polarimetric analysis. We demonstrate that:

✓ The fine-pixel CMOS sensor has polarization sensitivity at energies of 10, 

16, and 24 keV.

✓ The coded aperture imaging with the different random patterns achieves 

artifact-reduced image decoding with an angular resolution of 30 arcseconds.

✓ Polarimetric image is successfully obtained by the combination of polarimetric 

analysis and coded aperture imaging.




❖ Event shapes obtained with the sensor and their spectra for a monochromatic 16 keV X-ray 
beam. Information on the photoelectron tracks can be extracted from multi-pixel events. 
Energy was reconstructed by summing all pixel values for the multi-pixel events.




❖ Modulation was obtained by plotting the fraction of H-events (=H/(H+V)) as a function of the 
polarization angle, clearly showing that the sensor has high sensitivity to polarization. 
Only the double events were used in these results. An event analysis algorithm based on a 
neural network for the triple and extended events is under development.




❖ Four different coded aperture patterns and corresponding decoded images of a circle in the 
sky with a radius of 60 arcseconds. By summing all images, pattern-specific artifacts were 
cancelled out. We will use a larger numbers of patterns to obtain artifact-free images.




❖ “Demo” of imaging polarimetry. We generated an input data set (showing Stokes I and Q 
parameters) by blending X-ray events with different polarization properties from 2D “sky” scan 
data. We applied our new polarimetric image reconstruction method based on an expectation-
maximizing (EM) algorithm. We successfully obtained spatially resolved polarization properties 
in the “sky”. The degree of polarization of the Stokes Q-component was extracted by 
averaging within each quadrant.


Concluding Remarks 
• We illustrate our novel concept of an ultracompact hard X-ray imaging 

polarimeter system using the combination of a fine-pixel CMOS imaging 
sensor and an artifact-less coded aperture mask.


• This system is fitted to a cost-effective CubeSat platform, and can be 
extended to a future larger mission using an X-ray collection mirror. More 
advanced analysis methods including polarimetric imaging are under 
development.


References 
1. O’Dell et al., SPIE Proc., 10699,106991X, 2018

2. Chauvin et al., Scientific Reports, 7, 7816, 2017

3. Hitomi Collaboration, PASJ, 70, 113, 2018

4. Abarr et al., ApJ, 891, 70, 2020

5. Schnittman & Krolik, ApJ, 701, 1175, 2009

6. Odaka et al., Proc. of SPIE, 11444, 114445V, 2020

7. Asakura et al., JATIS, 5, 035002, 2019

8. Kasuga et al., JATIS, 6, 035002, 2020

…

single double triple extended

Energy [ADU]used for polarization analysis

16 keV ΔE: 340 eV 
(FWHM)

Vertical events

φ = –90°, 90°

Horizontal events

φ = 0°, 180°

x

y

Double events

Energy Modulation factor
10 keV 4.24% ± 0.03%
16 keV 11.82% ± 0.06%
24 keV 15.15% ± 0.25%

0 20 40 60 80 100 120 140 160 180 200
angle (degree)

0.4

0.42

0.44

0.46

0.48

0.5

0.52

0.54

0.56

0.58

0.6

 n
_x

MF curve

24keV
16keV
10keV

Fr
ac

tio
n 

of
 H

-e
ve

nt
s

Polarization angle (degree)

y

x

H V

decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental setup
achieved an excellent imaging performance with a dramatically downsized imaging system
compared to existing missions. Next, the dataset (iii) is for a demonstration of a diffuse source.
The imaging system measured a circular source with a radius of 60 arc sec. As shown in Fig. 7, a
circle at the center of the FoV is clearly decoded with the precise size considering the angular
resolution. Its shape is slightly distorted, which is due to the discrete stage control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows different
characteristics. Pattern (A) shows the smallest standard deviation in all datasets. Pattern (C) looks

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).
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Substituting Eq. (1) for Eq. (2), ~S is represented as

EQ-TARGET;temp:intralink-;e003;116;434S̃ ¼ ðÃ # AÞ # Sþ Ã # B: (3)

Ignoring B, which is independent of A, ~S is reconstructed into the original image S if the
convolution ~A # A is approximately the δ function. However, the difference between S and ~S
results in artifacts. Since artifacts are originated from and unique to the pattern structure A,
they are regarded as systematic errors of the coded aperture imaging. Such artifacts cause
over- and under-estimations of the source intensity S. In the case of random patterns, ~A # A
converges to the delta function with the degree of randomness. Thus the problem is reduced
to how to increase the number of the pattern elements.

We consider a coded aperture imaging system with a high-resolution and narrow-FoV
configuration. The diameter of each aperture and the total pattern size should be determined by
scientific requirements for the angular resolution and the FoV size. Since a general narrow FoV
configuration does not need a large size of the entire system unit compared to the total size of its
satellite, we can gain the effective area by configuring them parallelly. Random patterns have 2N

2

cases of varieties when the pattern size is N × N. Figure 1 shows one example. These four
patterns are made randomly and independently, but the pattern size of each is equally set to
be 37 × 37. The number of the aperture elements is 684 in order to keep the aperture ratio almost
50%. Here we propose a simple idea to use this 2N2 variation. Configuring parallelly some differ-
ent random patterns with the same size instead of the exact same patterns, they give independent
decoded images ~Sp with the same FoV size and the angular resolution, where p is a label for

a pattern. They can be addable and a new summed image ~S is given by

EQ-TARGET;temp:intralink-;e004;116;159S̃ ¼
X

p

S̃p: (4)

Due to the different artifact distribution in each ~Sp, their contribution should be canceled out

in the summed ~S. It is important that the decoding is processed independently for each decoding
pattern ~A and is simply implemented in parallel computing.

Fig. 1 Example of multiple different random patterns. They are different only in terms of the con-
figuration of apertures. This set of patterns was used for the experiments described in Sec. 3.
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偏光撮像の解析結果 preliminary

領域 入力値 測定値
第１象限 -1.0 -0.65
第２象限 +0.4 +0.53
第３象限 +1.0 +0.85
第４象限 0.0 -0.05

•領域ごとの偏光特性を抽出することができた。 
→「符号化偏光撮像」に成功！ 
•まだ入力値と推定値の系統誤差が大きい。 
→ 実験のセットアップ、入力データ作成時の誤差 (位置合わせなど) 
→ 系統誤差を低減する解析手法の工夫

偏光撮像結果

26

の分布Π̃(Q)
θx,θy

の分布Ĩθx,θy

実験値 理論値
θx < 0, θy < 0
θx > 0, θy > 0
θx > 0, θy < 0
θx < 0, θy > 0

+1.00
−1.00

0.00
+0.40

+0.85
−0.65
−0.05
+0.53

拡張EMアルゴリズムでの999ステップ目の再構成画像

天球面領域ごとに異なる偏光度を出すことに成功 
→偏光撮像の達成 

系統誤差には重ね合わせ時の天球面座標原点のずれ
や、検出器座標の切り出しのずれなどが考えられる

(6.6節)

※実験値は 領域の平均50′ ′ ≤ |θx | ≤ 200′ ′ , 50′ ′ ≤ |θy | ≤ 200′ ′ 

S̃u

D̃v

Mvu

複数偏光源データの作成とEMアルゴリズムの拡張
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複数偏光源データの作成
210′ ′ 

1.0

1.00.0

0.00.5 0.5

0.7 0.3

θz = 0∘ θz = 90∘

+ =
1.01.0

1.0 1.0

+1.0

0.0

+0.5

+0.7 -1.0

0.0 -0.5

-0.3 -1.0

+1.0 0.0

+0.4

I

Q + =

210′ ′ 

blended
天球面領域を分割し、 と のデータを 
強度を変えて混ぜ合わせる 
方向の偏光度 は

θz = 0∘ θz = 90∘

Q Π(Q)

Π(Q) ≡ Q
I

= I0∘ − I90∘

I0∘ + I90∘

このデータを再構成し 
天球面領域ごとに異なる偏光度が得られればよい

EMアルゴリズムの偏光撮像への拡張
• 天球面座標 に偏光角 を追加し、 とする 

• 検出器座標 に光電子放出角 を追加し、 とする 

• 行列 の各 で開口部の と の対応を次のように定める

u = (θx, θy) ∈ U ϕs ∈ {0∘, 90∘} u = (θx, θy, ϕs)

v = (k, px, py) ∈ V ϕd ∈ {H-type,V-type} v = (k, px, py, ϕd)

Mvu k, px, py, θx, θy ϕs ϕd

D̃k,px,py,H

D̃k,px,py,V
= 1

2 (1 + MF 1 − MF
1 − MF 1 + MF)

S̃θx,θy,0∘

S̃θx,θy,90∘
 : 100%偏光に対する 
モジュレーションファクター

MF

このとき 方向の偏光度は で再構成されるQ Π̃(Q)
θx,θy

=
Q̃θx,θy

Ĩθx,θy

=
S̃θx,θy,0∘ − S̃θx,θy,90∘

S̃θx,θy,0∘ + S̃θx,θy,90∘

(6.6節)
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Π(Q) = Q
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Introduction 
• Polarization is a fundamental property of a photon, and brings us unparalleled 

information on the anisotropy of astrophysical systems, e.g., the configuration 
of a magnetic field, geometry of a scattering medium, and properties of a 
gravitational field in the vicinity of a black hole.


• NASA’s IXPE [1], launched in 2021, is opening a new window of X-ray 
polarization. However, the hard X-ray band, i.e., above 10 keV, still remains 
unexplored in spite of its great scientific importance. In this band, non-thermal 
and/or scattered components dominate over thermal, unpolarized radiation.


• We propose a new approach that uses a photoabsorption-type 
semiconductor polarimeter that has high energy and spatial resolutions, 
in contrast to Compton polarimeters adopted by many hard X-ray instruments, 
e.g., PoGO+ [2], Hitomi-SGD [3], and X-Calibur [4].


        

❖ Left: The Crab Nebula emitting via synchrotron radiation imaged by the Chandra X-ray 
Observatory. (credit: NASA). This nebula is powered by a rapidly rotating neutron star, 
accelerating electrons up to 1015 eV. Spatially resolved polarimetry will measure the 
configuration and uniformity of the magnetic field, which plays an essential role in the 
mysterious acceleration mechanism.

❖ Right: Theoretical model of X-ray polarimetric image of the accretion disk of a spinning 
black hole. This figure is taken from [5]. The black bars denote polarization angles and 
fractions while colors indicate X-ray intensities. Hard X-ray polarimetry will reveal the 
properties of the accretion flow in the closest vicinity of the event horizon.


Detector System 
• We have developed an ultracompact hard X-ray imaging polarimeter system 

that can be installed onboard a 6U CubeSat mission called cipher (coded 
imaging polarimeter of high energy radiation) [6]. This system employs the 
combination of a fine-pixel CMOS imaging sensor and a coded aperture mask.


• The small pixel size of 2.5 micrometers allows us to track a photoelectron 
whose direction depends on the polarization of an incident photon, yielding the 
sensitivity to polarization of hard X-rays [7].


• The aperture pitch of 35 µm and the aperture-to-sensor distance of 25 cm give 
an excellent angular resolution of 30 arcseconds. The coded mask employs 
parallel different random patterns that significantly reduce imaging artifacts [8].


    

❖ Left: the sensor readout system. Middle: a 3D-printed metal X-ray collimator with 5 × 5 
sections with a dimension of 2.5 mm × 2.5 mm × 200 mm. Right: a coded aperture mask with 
femtosecond laser micromachining. Each pattern area is isolated by the collimator to 
suppress confusion from other patterns.


Proof-of-Concept Experiments 
• We performed a series of proof-of-concept experiments on our novel hard X-

ray imaging polarimeter at KEK Photon Factory and the SPring-8 synchrotron 
radiation facility in Japan. At SPring-8, we measured monochromatic 100% 
linearly polarized photon beams with energies of 10, 16, and 24 keV for 
evaluating polarimetric and imaging performances.


  

❖ The concept demonstration model (left) of cipher and an experimental setup (right) at 
SPring-8. The beam can be regarded as a distant celestial source. The 3-axes rotation stages 
allow us to emulate a point source at any location in the sky while the rotation stage about the 
optical axis controls the polarization angle.
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Figure 2. Polarization degree and angle from a thermal disk as a function of
observed photon energy, including only direct radiation. The BH parameters
are as in Figure 1 (dashed curves) and also include identical calculations
corresponding to a nonspinning BH (solid curves). The angle of polarization
is measured with respect to the horizontal axis in the image plane with point
symmetry through the origin: ψ = ψ − 180◦.
(A color version of this figure is available in the online journal.)

Connors et al. (1980), who performed a similar calculation using
semi-analytic transfer functions from the observer to the disk.
Again we see that at low energies (dominated by emission from
large disk radii), the polarization is given by the Chandrasekhar
result, and is a function only of the disk inclination angle. At
higher energies, we begin to probe the inner regions of the
accretion disk and see the relativistic effects described above
that reduce the polarization fraction in the integrated light.

The angle of polarization as a function of energy in the
integrated disk emission is plotted in the lower panel of Figure 2.
For an inclined accretion disk with the BH axis projected
onto the vertical, or y-axis, ψ = 0 corresponds to horizontal
polarization parallel to the disk surface. From Equation (4), we
see there is a point symmetry in the definition of ψ , giving
ψ = ψ ± 180◦. As can be seen in the simulated image of
Figure 1, the individual polarization vectors are rotated in the
inner disk, due largely to gravitational lensing and, to a lesser
degree, frame-dragging around a spinning black hole. Although
individual photons can experience significant rotation, the net
result is a modest rotation of the total observed polarization
in the clockwise direction, giving ψ < 0 at higher energies.
From Figure 2, it is clear this effect is more pronounced for
small inclinations, where the low amplitude of polarization
makes it easier to “overcome” the classical result with additional
relativistic effects. Similarly, the polarization rotation is greater

Figure 3. Ray-traced image of radiation from a thermal disk, as in Figure 1,
but here including returning radiation. Photons emitted from the inner disk get
bent by the BH and scatter off the opposite side of the disk toward the distant
observer.
(A color version of this figure is available in the online journal.)

for more rapidly spinning BHs, where the accretion disk extends
closer in toward the horizon and probes a stronger gravitational
field. In this way, it has previously been proposed that the
polarization degree and angle as a function of energy could
be used to infer the spin of the BH in the thermal state (Connors
et al. 1980; Laor et al. 1990; Dovciak et al. 2008).

4. RETURNING RADIATION: QUALITATIVE
DISCUSSION

When returning radiation is included, although little changes
in terms of the total observed spectrum, the polarization picture
(Figure 3) changes significantly—in much of the disk, the
observed polarization rotates by 90◦, even though none of the
model’s physical parameters has been changed at all!

This effect can be understood qualitatively in very simple
fashion (see also Agol & Krolik (2000)). For most reasonable
stellar-mass BH accretion disk models, the opacity in the inner
disk is dominated by electron scattering (Shakura & Sunyaev
1973; Novikov & Thorne 1973), so returning radiation in the
∼1–10 keV energy range should scatter off the disk with
negligible absorption. Detailed atmospheric calculations (S.
Davis 2008, private communication) show that the photospheric
region is strongly scattering dominated for R ! 50 M whenever
L/LEdd " 0.01. If these calculations were altered to take
into account magnetic contributions to vertical support, which
should be substantial at these altitudes in this regime (Hirose
et al. 2009), absorption opacity would likely be even weaker
(however, when the central mass is much larger, as in an AGN,
the inner disk temperature is much lower, giving significantly
greater absorptive opacity in the X-ray band). While we use the
exact results for diffuse reflection from a scattering-dominated
atmosphere (Chandrasekhar 1960), the typical photon scatters
only once or twice before permanently departing the disk. Its
outgoing polarization can thus be approximated using the single-
scattering Thomson cross section’s polarization-dependence:

(
dσ

dΩ

)

pol
= r2

0

∣∣fi · ff
∣∣2

, (5)

CMOSセンサ読み出し系
可視光用のCMOSセンサをX線検出器として利用するために、専用の読み出し系を新規開発し、運用している。 
今年度、データ削減ロジックを追加し、X線検出ピクセルのみをデータ取得計算機に転送する。 
デッドタイムは、38 ms/frame (exposure: >550 msのとき) に減少した。(もともとは1秒程度)
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Results 
We extracted X-ray events from sensor data frames, and performed 
spectroscopic and polarimetric analysis. We demonstrate that:

✓ The fine-pixel CMOS sensor has polarization sensitivity at energies of 10, 

16, and 24 keV.

✓ The coded aperture imaging with the different random patterns achieves 

artifact-reduced image decoding with an angular resolution of 30 arcseconds.

✓ Polarimetric image is successfully obtained by the combination of polarimetric 

analysis and coded aperture imaging.




❖ Event shapes obtained with the sensor and their spectra for a monochromatic 16 keV X-ray 
beam. Information on the photoelectron tracks can be extracted from multi-pixel events. 
Energy was reconstructed by summing all pixel values for the multi-pixel events.




❖ Modulation was obtained by plotting the fraction of H-events (=H/(H+V)) as a function of the 
polarization angle, clearly showing that the sensor has high sensitivity to polarization. 
Only the double events were used in these results. An event analysis algorithm based on a 
neural network for the triple and extended events is under development.




❖ Four different coded aperture patterns and corresponding decoded images of a circle in the 
sky with a radius of 60 arcseconds. By summing all images, pattern-specific artifacts were 
cancelled out. We will use a larger numbers of patterns to obtain artifact-free images.




❖ “Demo” of imaging polarimetry. We generated an input data set (showing Stokes I and Q 
parameters) by blending X-ray events with different polarization properties from 2D “sky” scan 
data. We applied our new polarimetric image reconstruction method based on an expectation-
maximizing (EM) algorithm. We successfully obtained spatially resolved polarization properties 
in the “sky”. The degree of polarization of the Stokes Q-component was extracted by 
averaging within each quadrant.


Concluding Remarks 
• We illustrate our novel concept of an ultracompact hard X-ray imaging 

polarimeter system using the combination of a fine-pixel CMOS imaging 
sensor and an artifact-less coded aperture mask.


• This system is fitted to a cost-effective CubeSat platform, and can be 
extended to a future larger mission using an X-ray collection mirror. More 
advanced analysis methods including polarimetric imaging are under 
development.
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decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental setup
achieved an excellent imaging performance with a dramatically downsized imaging system
compared to existing missions. Next, the dataset (iii) is for a demonstration of a diffuse source.
The imaging system measured a circular source with a radius of 60 arc sec. As shown in Fig. 7, a
circle at the center of the FoV is clearly decoded with the precise size considering the angular
resolution. Its shape is slightly distorted, which is due to the discrete stage control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows different
characteristics. Pattern (A) shows the smallest standard deviation in all datasets. Pattern (C) looks

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).
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Substituting Eq. (1) for Eq. (2), ~S is represented as

EQ-TARGET;temp:intralink-;e003;116;434S̃ ¼ ðÃ # AÞ # Sþ Ã # B: (3)

Ignoring B, which is independent of A, ~S is reconstructed into the original image S if the
convolution ~A # A is approximately the δ function. However, the difference between S and ~S
results in artifacts. Since artifacts are originated from and unique to the pattern structure A,
they are regarded as systematic errors of the coded aperture imaging. Such artifacts cause
over- and under-estimations of the source intensity S. In the case of random patterns, ~A # A
converges to the delta function with the degree of randomness. Thus the problem is reduced
to how to increase the number of the pattern elements.

We consider a coded aperture imaging system with a high-resolution and narrow-FoV
configuration. The diameter of each aperture and the total pattern size should be determined by
scientific requirements for the angular resolution and the FoV size. Since a general narrow FoV
configuration does not need a large size of the entire system unit compared to the total size of its
satellite, we can gain the effective area by configuring them parallelly. Random patterns have 2N

2

cases of varieties when the pattern size is N × N. Figure 1 shows one example. These four
patterns are made randomly and independently, but the pattern size of each is equally set to
be 37 × 37. The number of the aperture elements is 684 in order to keep the aperture ratio almost
50%. Here we propose a simple idea to use this 2N2 variation. Configuring parallelly some differ-
ent random patterns with the same size instead of the exact same patterns, they give independent
decoded images ~Sp with the same FoV size and the angular resolution, where p is a label for

a pattern. They can be addable and a new summed image ~S is given by

EQ-TARGET;temp:intralink-;e004;116;159S̃ ¼
X

p

S̃p: (4)

Due to the different artifact distribution in each ~Sp, their contribution should be canceled out

in the summed ~S. It is important that the decoding is processed independently for each decoding
pattern ~A and is simply implemented in parallel computing.

Fig. 1 Example of multiple different random patterns. They are different only in terms of the con-
figuration of apertures. This set of patterns was used for the experiments described in Sec. 3.
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偏光撮像の解析結果 preliminary

領域 入力値 測定値
第１象限 -1.0 -0.65
第２象限 +0.4 +0.53
第３象限 +1.0 +0.85
第４象限 0.0 -0.05

•領域ごとの偏光特性を抽出することができた。 
→「符号化偏光撮像」に成功！ 
•まだ入力値と推定値の系統誤差が大きい。 
→ 実験のセットアップ、入力データ作成時の誤差 (位置合わせなど) 
→ 系統誤差を低減する解析手法の工夫

偏光撮像結果

26

の分布Π̃(Q)
θx,θy

の分布Ĩθx,θy

実験値 理論値
θx < 0, θy < 0
θx > 0, θy > 0
θx > 0, θy < 0
θx < 0, θy > 0

+1.00
−1.00

0.00
+0.40

+0.85
−0.65
−0.05
+0.53

拡張EMアルゴリズムでの999ステップ目の再構成画像

天球面領域ごとに異なる偏光度を出すことに成功 
→偏光撮像の達成 

系統誤差には重ね合わせ時の天球面座標原点のずれ
や、検出器座標の切り出しのずれなどが考えられる

(6.6節)

※実験値は 領域の平均50′ ′ ≤ |θx | ≤ 200′ ′ , 50′ ′ ≤ |θy | ≤ 200′ ′ 

S̃u

D̃v

Mvu

複数偏光源データの作成とEMアルゴリズムの拡張
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複数偏光源データの作成
210′ ′ 

1.0

1.00.0

0.00.5 0.5

0.7 0.3

θz = 0∘ θz = 90∘

+ =
1.01.0

1.0 1.0

+1.0

0.0

+0.5

+0.7 -1.0

0.0 -0.5

-0.3 -1.0

+1.0 0.0

+0.4

I

Q + =

210′ ′ 

blended
天球面領域を分割し、 と のデータを 
強度を変えて混ぜ合わせる 
方向の偏光度 は

θz = 0∘ θz = 90∘

Q Π(Q)

Π(Q) ≡ Q
I

= I0∘ − I90∘

I0∘ + I90∘

このデータを再構成し 
天球面領域ごとに異なる偏光度が得られればよい

EMアルゴリズムの偏光撮像への拡張
• 天球面座標 に偏光角 を追加し、 とする 

• 検出器座標 に光電子放出角 を追加し、 とする 

• 行列 の各 で開口部の と の対応を次のように定める

u = (θx, θy) ∈ U ϕs ∈ {0∘, 90∘} u = (θx, θy, ϕs)

v = (k, px, py) ∈ V ϕd ∈ {H-type,V-type} v = (k, px, py, ϕd)

Mvu k, px, py, θx, θy ϕs ϕd

D̃k,px,py,H

D̃k,px,py,V
= 1

2 (1 + MF 1 − MF
1 − MF 1 + MF)

S̃θx,θy,0∘

S̃θx,θy,90∘
 : 100%偏光に対する 
モジュレーションファクター

MF

このとき 方向の偏光度は で再構成されるQ Π̃(Q)
θx,θy

=
Q̃θx,θy

Ĩθx,θy

=
S̃θx,θy,0∘ − S̃θx,θy,90∘

S̃θx,θy,0∘ + S̃θx,θy,90∘

(6.6節)
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Input data

Π(Q) = Q
I

Q-component 
polarization fraction

image image

-0.65+0.53

+0.85 -0.05

(鉄輝線) (サイクロトロン
　　　 吸収線)

明るい位相で
高エネルギー光子優勢

明るい自転位相のスペクトル

暗い自転位相のスペクトル
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