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• 2021年に打ち上がった世界初のX線偏光撮像専用衛星 
「IXPE (Imaging X-ray Polarimetry Explorer)」は、 
X線天文分野で多数の画期的な成果を出してきた

宇宙X線「偏光」観測

2

emission was the main source of the observed
polarization, wewould expect that a rise in the
x-ray flux from the inner accretion flow would
lead to an overall smaller polarization degree—
contrary to the observed trend (fig. S6).
The polarized x-rays from the immediate

surroundings of the black hole carry the im-
print of the geometry of the emitting gas. We
conclude that the x-ray bright plasma is ex-
tended perpendicular to the radio jet. The

high observed polarization degree either im-
plies a more edge-on viewing geometry than
given by the optical data, or it suggests that
unidentified physical effects are responsible
for production of the x-rays in accreting black
hole systems.
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Fig. 3. Comparison of the observed
2–8 keV polarization degree and angle
with model predictions. (A) The blue
dot shows the polarization degree and
angle, with the blue ellipses indicating the
68, 95, and 99.7% confidence levels
(equivalent to 1s, 2s, and 3s, respec-
tively). Model predictions assume that the
inner disk spin axis has position angle
of −22° (consistent with the radio jet), and
that the inner disk angular momentum
vector points away from the observer
(as does the orbital angular momentum
vector) (1). The gray band shows the
uncertainty of the radio jet orientation;
we adopt this as the uncertainty of the
disk spin axis in all models. Each colored
line shows the model results for each
chosen corona geometry, with symbols
indicating different values as a function
of the inner disk inclination i. Inset
diagrams schematically depict the
assumed black hole (black), corona
(blue), and accretion disk (orange-red)
configurations. Black arrows indicate
photon paths. Models with coronae
extending parallel to the inner accretion
disk can match the IXPE observations,
but coronae located or extending along
the spin axis of the inner accretion
disk cannot. The position angles are
shown from −80° to +100° (instead of
−90° to +90°) to clarify the models that
straddle the ±90° borders. (B) A zoom
into the region around the measured
value, marked with the gray box in (A).
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ジェット内部磁場に沿った 
衝撃波伝搬 (Di Gesu+23)

NASA

IXPE

超新星残骸の磁場構造
(Vink+22)

ブラックホール周辺物質の 
幾何学構造 (Krawczynski+22)

• X線偏光観測: 従来のX線観測 (エネルギー/位置/時間) では得られない
「異方性」を探る新しい観測量
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✦10‒30 keVの硬X線偏光観測は、偏光度 & 光子統計が高く極めて重要

硬X線偏光観測の重要性
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エネルギー (keV)

X
線
フ
ラ
ッ
ク
ス

熱的放射 
(ほぼ無偏光) 非熱的放射 

(偏光)

10 keV 30 keV

偏光度は高いが光子数
は極めて少ない (∝E-2)

IXPE (2‒8 keV) XL-Calibur (15‒80 keV) 
　　　　　※撮像はできない

ひとみ/SGD (>60 keV)
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X線偏光の観測方法
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コンプトン散乱： 
散乱光子 ⊥偏光

IXPE (ガス; 2‒8 keV)
ひとみ/SGD 
(Si+CdTe; >60 keV) 
XL-Calibur 
(Be柱+CZT; 15‒80 keV)

光電吸収： 
光電子 ∥偏光
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• Siで光電吸収を使うことで、10‒30 keVでの偏光撮像観測を目指す

光子と物質の反応断面積
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1                   10                  100            1000 
X線エネルギー (keV)

光電吸収 σ∝Z4‒5

コンプトン散乱 σ∝Z

Si

<60 keVでは 
光電吸収が支配的

IXPE (2‒8 keV) 
• ガス検出器 
(ジメチルエーテル) 

• 低密度・低原子番号 
➡硬X線では 
検出効率が低い

ひとみ/SGD (>60 keV) 
• Si (散乱) + CdTe (吸収) 
➡<60 keVでは 
散乱確率が低い

XL-Calibur (15‒80 keV) 
• Be (散乱) + CZT (吸収) 
• Be (Z=4) なら>15 keVで 
コンプトン散乱が支配的 

➡>15 keVで偏光観測 
可能だが、passiveな散乱
体なので撮像は難しい
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X線

★

光電子

Si内の電子飛程 
(NIST ESTAR)

0.4 μm

4 μm

10 keV 100 keV

• ρ~mg/cm3のガス (ex. IXPE) の代わりにρ~g/cm3のSi半導体検出器を用いると 
✓反応確率が高く、高エネルギーで観測可能 
✓光電子の飛程が小さく (1.5 μm@10 keV, 5 μm@20 keV)、高い位置分解能
が必須 

➡ピクセルサイズ~μmのCMOSセンサなら、硬X線偏光観測が
実現可能

Siセンサによる硬X線偏光測定
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Photoelec. direction ϕ

Modulation curve @ 10 keV
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~3% @10 keV

• 可視光用CMOSセンサは、空乏層が~5 μmと薄く、硬X線の検出効率が極めて低い 
➡ピクセルサイズが小さい & より厚い空乏層のセンサが欲しい

可視光用CMOSセンサでの実証
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GMAX0505• ピクセルサイズ 2.5 μm の可視光用CMOSセンサGMAX0505を
使って、10 keV (6 keVでも) の硬X線偏光の測定に成功

KH+2025, SPIE
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•SOI技術を使って、 
✓小さなピクセルサイズ 
✓厚い空乏層 
のCMOSセンサを作る

X線専用CMOSセンサ
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• 基本方針： 

✓XRPIXで実現した優れたX線観測性能を引き継ぐ 

✓XRPIXのトリガー機能を削除することで、ピクセルサイズを縮小 

✓最初の試作品はとにかく「動くもの」
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✦基本スペック 

‣ ピクセルサイズ：12 μm × 12 μm 
‣ ピクセル数：112 (V) × 128 (H) 
‣ チップサイズ：2.9 mm × 2.9 mm 
‣ 出力数：8ch 
‣ ピクセル部： 
✓PDD構造 
✓CSA + CDS による増幅＆読み出し 
✓Global shutter

R08 INTPIX12u (仮称)
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当然ながらXRPIXと同じように回路を
組むと全く入らない。 
• Tr型の妥協 
(BtをやめてNormalにする) 
• Capの妥協 
(容量減らす・DMOS/MIM使用) 
• PDDのBPWへのコンタクトを間引く 
• 隣接画素と配線を共有する 
などして何とか成立させた。

設計：武田彩希 先生 (宮崎大)
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• 連続する8列を同時に選択し、 
計16回切り替えて128列 (8×16) 
を読み出す 

➡2 μs/ピクセルで読むと、 
約280 frame/sで 
読み出し可能

レイアウト
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PDD構造
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sense node 
& BNW

Back bias voltage

BPW1
p-stop

Pixel size 36 μm ➡︎ 12 μm

CMOS circuit

300 μm

0.145 μm

~8 μm

Sensor

BOX

BPW2

3 μm

6 μm 
➡︎ 5.4 μm
18 μm 
➡︎ 8.6 μm

• ピクセルサイズの縮小に伴い 
✓BPW1&2の内縁を縮小 
✓p-stopを4角から対角の2箇所に
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ピクセル回路
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M. Yukumoto et al.

Table 1
Performance of modern X-ray CCDs and CMOS detector for X-ray astronomy.

pnCCD [12] fast-readout CCD scientific CMOS
for AXIS [13] for Einstein Probe [14]

Number of pixels 384 ω 384 1440 ω 1440 4096 ω 4096
Pixel size 75 εm square 24 εm square 15 εm square
Sensor layer thickness 450 εm 100 εm 10 εm
Time resolution/Frame rate 50 ms ∱5 fps 20 fps
Energy resolution at 6 keV ϑ133 eV at ϖ85 ⋛C 129 eV at ϖ87 ⋛C 140 eV at room temp.(Single-pixel event)

Table 2
Specifications of XRPIX8.

Chip size 6 mm square
Number of pixels 96 ω 96
Pixel size 36 εm square
Sensor layer thickness 300 εm

for high-speed circuit to coexist in a single monolithic detector [16].
XRPIX achieves a more than 300 εm-thick fully depleted sensor layer.

Utilizing the on-chip functionality, XRPIX incorporates a self-trigger
function in each pixel [17]. Restricting readout pixels to a trigger-
ing and its surroundings ones enables XRPIX to achieve a fine time
resolution of ϑ10 εs with a high throughput of ϑ1 kHz. With this
‘‘event-driven readout mode’’, XRPIX can significantly reduce non-X-ray
background by applying the anti-coincidence technique and mitigate
the degree of event pile-up for point sources.

The event-driven readout mode of XRPIX is certainly unique func-
tion beyond X-ray CCDs. However, with regard to spectroscopic perfor-
mance, XRPIX still falls behind X-ray CCDs. We have recently developed
XRPIX8 to improve the spectroscopic performance of XRPIX introduc-
ing a Pinned Depleted Diode (PDD) structure in the sensor layer [18].
The PDD structure is relatively complex compared to our previous XR-
PIXs and optimization studies were necessary to finalize the design of
the PDD structure. We successfully found out the best design, achieving
both the suppression of large leakage current and satisfactory X-ray
spectroscopic performance [19]. Here, we report a detailed study on the
spectroscopic performance of XRPIX8 with the optimized PDD struc-
ture.1 We also provide our post data-acquisition (DAQ) processing. The
data was obtained with the event-driven readout mode at ϖ60 ⋛C, the
lowest operation temperature of our intended use. This spectroscopic
performance study was performed for not only the single-pixel events
but also the all-pixel events including charge-sharing pixel events.
Evaluation only with single pixel events is useful for understanding
basic response of pixel detectors, especially in the early stage of the
development. Actually, we have been evaluating our XRPIX with single
pixel events. On the other hand, the fraction of single pixel events is
typically less than half of the total, about 20% in our case. Therefore,
evaluation with all-pixel events including charge-sharing pixel events
is necessary to utilize all the events detected.

Section 2 gives the device description of XRPIX8 and data format of
the event-driven readout mode. Section 3 describes the post DAQ pro-
cessing step by step. Section 4 presents the details of the spectroscopic
performance of XRPIX8. Then, Section 5 discusses the causes limiting
the current spectroscopic performance. Finally, Section 6 summarizes
this study.

2. Device and data description

The details of XRPIX8, including the PDD structure, are given
in [19]. Table 2 particularly summarizes specifications of XRPIX8
relevant to this study. As noted in the previous section, the large sensor

1 XRPIX8 has five subversions. ‘‘XRPIX8 with the optimized PDD structure’’
here is specifically XRPIX8.5 in the terminology of [19].

Fig. 1. (a) Pixel circuit of XRPIX8. (b) Timing diagram of the operation. (c) A part of
the time sequence of operation. The blue periods correspond to live time periods.

layer thickness is one of the most important features of XRPIX and is
advantageous for X-ray detection in the higher energy band even above
10 keV. Since the pixel size is kept as small as possible for high spatial
resolution, the thickness of the sensor layer is large relative to the pixel
size in comparison with other X-ray silicon pixel detectors. We apply a
high back bias voltage of ϖ300 V to the sensor layer in order to suppress
the overspreading of charge cloud and make conventional grade selec-
tion applicable [20]. The remaining description in this section focuses
on the pixel circuit and the format of data, which are related to the
following post-DAQ processing and spectroscopic performance study.

Fig. 1 (a) shows the pixel circuit of XRPIX8. The pixel circuit consists
of a readout circuit and a comparator circuit. The readout circuit
includes a charge-sensitive amplifier (CSA) circuit to convert the charge
produced by an X-ray photon to a signal voltage and a correlated double
sampling (CDS) circuit to suppress the kT/C reset noise in the sense
node. The comparator circuit is for trigger output.

Fig. 1(b) shows the timing diagram of the operation. Readout
circuits are reset by RST_PD, RST_PD_X and RST_CDS. An exposure
starts when RST_CDS is turned off and EN_TRIG_OUT is turned on.
EN_TRIG_OUT makes comparator circuits ready to output a digital trig-
ger signal, TRIG_OUT. Charge accumulation from the sense node starts
at this point. When the signal voltage exceeds the trigger threshold at
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• XRPIXの回路からトリガー関係を削除

CSA
CDS

SF
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m pixelµ10 10 μmピクセルを仮定した簡易シミュレーション結果 
(based on T. Iwata, KH+ 2024, NIMA)

• 可視光CMOS：2.5 μmピクセルで10 keV (飛程1.5 μm) 
➡INTPIX12u (仮称)： 
12 μmピクセルで25 keV (飛程7 μm) の偏光測定ができる？

硬X線偏光測定の実現性
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• キャリアのドリフト中の拡散を 
5 μm程度に抑えることが重要 

 

➡>200 V程度の逆電圧でOK

σ = 2
μkT

e
t

≃ 4.4 μm × (
Wdep

300 μm )
2

( VBB

200 V )
−1
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• X線偏光観測以外にも幅広い用途があり得る 

✦X線天文観測で高速版X線CCD的な使い方 

‣ 高空間分解能観測でパイルアップ低減 

✦1度に多数のX線光子が到来する環境での測定 
(太陽フレア, 加速器, 非破壊検査, etc) 

‣ イベント駆動よりも効率よくデータ取得可能

X線偏光だけじゃない

14
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✦宇宙硬X線偏光観測を目指して、小さなピクセルサイズと 
厚い空乏層を備えたX線CMOSセンサを開発したい 

• ピクセルサイズ 12 μm、112 (V) × 128 (H) ピクセルの 
シンプルなPDD素子を設計し (by 武田さん)、FY2025の
MPW runに投入 

• この試作素子でも、十分な逆電圧をかければ、25 keVの偏
光検出ができる見込み 

✦今後 

• 素子の動作試験 & 偏光検出能力の実証 
• 次回MPWでピクセルサイズのさらなる縮小 
(Rolling shutter？CDSの簡略化？) 

• (かっこいい名前もつけたい)

まとめ & 今後
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