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Ｘ線用を中心とする
最近のSOIピクセル検出器の開発の現状
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X-ray Imaging System  2

http://astro-h.isas.jaxa.jp/diary/1329/
https://user.spring8.or.jp/sp8info/?p=2925 Sensor

Camera

X-ray Mirror



Expos.1 Expos.2 Expos.3 Expos.4

X-ray Photon Counting

•Detect an X-ray photon as one-by-one event.  
•Measure position, energy and time of each 
X-ray event.  
•Make exposures of ~10^4 times.

 3

Central 
Region

No. S1] Suzaku Observation of SN 1006 S143

As shown in figure 2, we found clear K-shell (K˛) lines
from Ar, Ca, and Fe, for the first time. With a power-law plus
Gaussian-line fit, we determined the line center energy of the
Fe-K˛ to be ! 6.43 keV. This energy constrains the Fe ioniza-
tion state to be approximately Ne-like.

3.3. Iron Line Map

We show in figure 3a an image in a relatively narrow band
(6.33–6.53 keV) that contains the Fe-K˛ line. This image was
generated by subtracting the continuum flux at energies of 6.1–
6.3 keV. (The image in this band is shown in figure 3b.)

We can see that the Fe-K˛ flux is enhanced at the
southern part of the remnant (outlined in red with a ellipse),

Fig. 2. Background-subtracted XIS spectra extracted from the whole
SE quadrant (SN 1006 SE). The black and red points represent the FI
and BI spectra, respectively.

Fig. 3. XIS intensity map at the Fe-K˛ line (a: 6.33–6.53 keV band), from which the continuum flux at 6.1–6.3 keV band [shown in (b)] is subtracted.
In both images, exposure and vignetting effects are corrected. The data from the three FIs are combined. Two corners of the calibration sources are
removed. The black squares indicate each FOVs of the XIS. The red ellipse shows the region where we extracted the spectra for a detailed analysis.

except for the NE and SW quadrants where the non-
thermal emission is dominant. The mean surface bright-
ness at 6.33–6.55 keV within the elliptical region is 8.5
(˙0.5) " 10#9 photons cm#2 s#1 arcmin#2, while that outside
it (only in the SE and NW quadrants) is 4.6 (˙0.3) " 10#9

photons cm#2 s#1 arcmin#2. In order to study the thin-thermal
spectrum with the best S/N ratio for Fe-K line, we extracted the
X-ray spectrum from within the elliptical region, excluding the
corner of the calibration sources. The background subtraction
was made in the same way as that of the full-field spectrum.
The results are given in figure 8. Hereafter, all detailed anal-
yses are made using this spectrum.

3.4. Energy and Width of the Emission Lines

In order to study the line features, we fitted the spectra
extracted from the elliptical region with a phenomenological
model; a power-law for the continuum and Gaussians for the
emission lines. The best-fit center energies and widths for the
emission lines are shown in table 1. Since the absolute energy
calibration error is ˙0.2% above 1 keV (Koyama et al. 2007),

Table 1. The center energies and widths of the emission lines.

Line Center energy$ (eV) Width! (eV)

Mg-K˛ 1338 (1337–1340) < 5.4
Si-K˛ 1815 (1813–1816) 40 (38–42)
S-K˛ 2361 (2355–2365) 60 (54–65)
Ar-K˛ 3010 (2991–3023) < 50
Ca-K˛ 3692 (3668–3724) < 57
Fe-K˛ 6430 (6409–6453) < 60

$ Errors (statistical only) are given in parentheses (see text).
! One standard deviation (1").
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Table 2. XIS spectral fitting parameters for the nonthermal rims (NE+SW1+SW2).!

Parameters thermal! + power-law thermal! + srcut
NH (cm"2) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6.8 # 1020 (fixed)
VNEI 1 (ejecta 1)

kT (keV) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1.2 (fixed!)
nOneV (cm"3) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2.86 (2.45–3.06) #1052 4.19 (4.05–4.32) #1052

VNEI 2 (ejecta 2)
kT (keV) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1.9 (fixed!)
[S=O] : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2.7 (fixed)
nOneV (cm"3) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8.43 (8.18–8.55) #1053 3.82 (3.77–3.89) #1053

NEI (ISM)
kT (keV) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 0.45 (fixed)
net (cm"3s) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5.7#109 (fixed)
nHneV (cm"3) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1.14 (1.06–1.21) #1056 3.45 (3.43–3.48) #1056

Nonthermal component
Γ="roll (—=Hz) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2.73 (2.72–2.74) 5.69 (5.67–5.71) #1016

Norm (photons keV"1cm"2s"1 at 1 keV=Jy at 1 GHz) : : : : 4.05 (4.04–4.07) #10"2 16.2 (16.1–16.3)
Gain offset for FI (eV) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3.9 "1.4
Gain offset for BI (eV) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : "5.0 "4.0
#2=d.o.f. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2200=588 857=588

! Parentheses indicate single parameter 90% confidence regions.
! Thermal parameters are fixed following Yamaguchi et al. (2008).

Fig. 3. XIS spectra of NE (left) and SW (right) regions. Thermal and nonthermal models are represented with dotted or solid lines. Black and red
represent FI and BI spectra, respectively. The lower panels in the figures are residuals from the best-fit models.

3.1.2. NE and SW rims
We applied the thermal model plus the srcut continuum

described above to the NE and SW rim spectra separately. The
plasma parameters of the three thermal components were fixed
at the values for the nonthermal rims (see table 2), except for
normalization. The best-fit models and parameters are shown
in figure 3 and table 3, respectively. The fittings are again
statistically unacceptable (#2 = 553=338 for NE and 527=368
for SW), but they show no large-scale structure.

3.2. HXD PIN Spectra

SN 1006 is an extended source for the PIN, as shown in
figure 1. We therefore have to consider the effect of the
PIN angular response for diffuse sources. In order to esti-
mate the total efficiency for the entire SNR, we assumed that

the emission region in the PIN energy band is the same as
that of the ASCA GIS 2–7 keV image available from Data
Archives and Transmission System (DARTS)3, which covers
the entire remnant. The derived efficiency in each observation
is shown in figure 4. The discontinuities around $ 50 keV are
due to the Gd K-line back-scattered in GSO, and the enhance-
ment above 50 keV in the SW bg1 effective area is due to
the transparency of the passive shield, which becomes larger
in the higher energy band (Takahashi et al. 2007). Takahashi
et al. (2008) checked the influence of the source size on the
effective area for extended sources, and found that it has no
energy dependence. The rim observations (NE, SW1, SW2,
SE, and NW) have similar efficiency, while the background

3 See hhttp://darts.isas.jaxa.jp/astro/i.
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PIN angular response for diffuse sources. In order to esti-
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that of the ASCA GIS 2–7 keV image available from Data
Archives and Transmission System (DARTS)3, which covers
the entire remnant. The derived efficiency in each observation
is shown in figure 4. The discontinuities around $ 50 keV are
due to the Gd K-line back-scattered in GSO, and the enhance-
ment above 50 keV in the SW bg1 effective area is due to
the transparency of the passive shield, which becomes larger
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3 See hhttp://darts.isas.jaxa.jp/astro/i.
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Filaments

Map of the number of X-ray events

・・・

Histogram of energy (electron number) of X-ray events

Yamaguchi+08 PASJ 60, S153 



非Ｘ線バックグラウンド

除去後 ⇒ 完全には除去できない
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「すざく」のデータ
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Ｘ線電子

生イメージ

高エネルギー粒子 : トラックを作る
Ｘ線 : 広がりがコンパクト小さい (シングルまたは隣)

広がりで
区別する

Ｘ線天体

特に 10keV以上で残る

•高エネルギー粒子が作るＸ線によるイベントと区別できない信号
•Ｘ線天体は暗い ⇒ 非Ｘ線バックグラウンドの除去が本質
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BPSPIX(Backgate-Pinning SOI Pixel)による
SOI Pixelの性能向上

(従来構造)
・ BPWによる電荷(hole)検出
- 電荷収集に課題
- BPW大面積化によりディテクタ容量：大

(低ノイズ化が困難)
- BPWとSOI回路との容量結合

(回路の不安定動作)
・ BOX界面の大部分が空乏化

(R-G電流による暗電流，トラップに
よるキャリアの捕獲（電荷収集の問題）

(BPSPIX)
・ BOX下のほぼ全面に高濃度BPWを形成し，
中性化, 微小電荷(e-)検出部(n+), 
水平方向へのドリフト電界を形成
- 電荷収集効率をほぼ100%に
- ディテクタ容量を微小に（低ノイズ化)
- SOI回路とディテクタを静電シールド

(SOI回路の安定動作)
- 暗電流低減(R-G電流減)，トラップに
よるキャリア捕獲を抑制(高電荷収集効率)

“XRPIX” = SOI pixel sensor for X-ray Astronomy

10μsec
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X-ray SOIPIX with Active Shield

Onboard Processor
 ● Anti-coincidence (NXB rejection)
 ● Hit-pattern Selection (NXB rejection)
 ● Direct Pixel Access (X-ray Readout)

SOIPIX 
Stack

Field of View
Cosmic Ray 

(Non-Xray-BG)

Active 
Shield

X-ray 
Hard  Soft X-ray Particle 

BGD

Anti-coincidence Shield 
by Scintillators 
Rate ~10kHz

Each pixel has its own trigger logic 
and analogue readout CMOS circuit. 

• realize very low non-Xray BGD by anti-coincidence with 
surrounding scintillators

• event rate from the scintillators is about ~10kHz
• XRPIX is required to have time resolution much faster than ~10kHz.

SOIPIX

CdTe

Insulator
(SiO2)

CMOS 
(low ρ Si)

Sensor 
(high ρ Si)



Target Specification of the Device  6

Imaging
  area ~ 15x45mm2

  pixel ~ 30-60μm□ (1” @ F=10m)

Energy Band
  Req. 1-40 keV,  Goal 0.5-40 keV  
  Backside Illumination  Req. <1μm, Goal 0.1μm  
  Full Depletion Req. >250μm 

Spectroscopy
  ΔE :    Req. < 300eV,  Goal < 140eV @ 6keV  
  ENC:  Req. <10e-,     Goal < 3e- ← Most Difficult

Time Resolution   < 10μsec  for the anti-coincidence with the rate of ~10kHz

Max Count Rate
  > 2kHz / detector  
  for observation of bright X-ray sources

Non X-ray BGD  
(anti-coincidence)

 1/100 of CCD at 20 keV  
  (5e-5 c/s/keV/10x10mm2)

Energy (keV)
5020105

CCD

SOIPIX
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same performance  
as CCD

new features with X-ray SOIPIX



XRPIX1: Pixel Circuit

STORE

CDS C
100fF

Sample C
100fF

Sensor

Trigger
output

Trigger

CDS

Comparator

CDS _VRST VTH

VDD18

PD_VRST

COL_AMP OUT_BUF
SF2

SF1

VDD18

GND18

GND18

Sample
/Store

Sensor C

Analog
output 

Analog 
Readout

G=1 G=1

TEST_ECA EOXX
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Ryu+2011 IEEE/TNS 58, 2528



XRPIX1b-CZ : Event Driven Readout

・

COL Hit Add. Resister

Row
 H
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dd. 

Resister

COL Readout ADDR 
COL Amp

RO
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 R
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do
ut
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TRIG_COL

TRIG_ROW

A_OUT

①
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X-ray !

F
P
G
A

ADC

Takeda et al., IEEE 
Accepted (2012)

③

④

④

⑤
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シリコンピクセル検出器のアメリカ・ヨーロッパの状況

トリガ送出機能を持つのはX線SOIPIXのみ

Digital	CCD	
MIT	Lincoln	Laboratory	

Buried		
Sense	Gate	

Gate	

Source	

Drain	

High-Speed	
Differen1al	

Digital	outputs	

Concept:	Hybrid	CCD-CMOS	Imager		
•  High	Frame	Rate	

•  Very	fast	outputs	(~5	MHz)	
•  Integrated	parallel	signal	chains	

•  Low	Noise:	High-responsivity,	sub-
electron	read	noise	amplifier	

•  Low-power:	CMOS-compa7ble	CCD	

Current	status:	CMOS-compa7ble	CCD	
with	conven7onal	amplifier:		
•  Noise	<	7	e-	RMS	@	2.5	MHz											

(25x	faster	than	Chandra)	
•  Excellent	charge	transfer		at	CMOS	

levels	(±	1V;	~same	clock	power/area	
as	Chandra	@	25x	higher	rate)	

•  8	μm	pixels	(oversamples	Lynx	PSF)		

Response	at		@	2.5	MHz	
FWHM	142	eV	at	5.9	keV	

co
un

ts
/e
V	

Test	Device	

Bulk CMOS

Digital CCD with 
CMOS output

Hybrid

DEPFET

X線SOIPIXはワイドバンドいずれも軟Ｘ線 (<10keV)を重視

 
 

 
 

the NASA Program Analysis Groups (PAGs). The report(s) generated by the PAGs will be submitted to the NASA 
Advisory Council (NAC) Astrophysics Subcommittee, who will report to the Astrophysics Division for selection of the 
mission concepts to study as input for the 2020 Decadal Survey. These more formal studies will be carried out by 
appointed Science and Technology Definition Teams (STDTs), and will be assigned to NASA Centers to manage.  
 

2. COMPELLING SCIENCE 
It is a great challenge to understand the complexities of the universe in which we live. NASA Astrophysics is driven by 
three defining questions: How did we get here? How does the universe work? Are we alone? A multi-wavelength 
approach is required to address these questions, and astronomers have demonstrated that X-ray observations provide an 
essential element to this quest. The X-ray Surveyor mission will provide unique insights into the evolution of the 
universe from early epochs to the present, while probing and elucidating underlying physical processes on scales from 
cosmological to atmospheres of nearby stars and planetary systems. To achieve great gains, particularly in sensitivity, 
over currently operating and proposed X-ray observatories, the X-ray Surveyor utilizes revolutionary X-ray optics and 
cutting-edge instrumentation.  
 

3. BASELINE CONCEPT   

 
Figure 1. Artist’s conception of the X-ray Surveyor baseline mission concept. 

 
An initial concept study for the X-ray Surveyor mission was carried-out by the Advanced Concept Office (ACO) at 
Marshall Space Flight Center (MSFC), with a strawman payload and related requirements that were provided by an 
Informal Mission Concept Team (IMCT), comprised of MSFC and Smithsonian Astrophysics Observatory (SAO) 
scientists plus a diverse cross-section of the X-ray community. The study included a detailed assessment of the 
requirements, a preliminary design (Figure 1), a mission analysis, and a preliminary cost estimate and leveraged relevant 
concept definitions for other large area missions carried out over the past two decades, such as Con-X, AXSIO and IXO. 
In many areas, the X-ray Surveyor mission requirements are no more stringent than those of Chandra, and so heritage 
systems and design features were utilized when possible. The X-ray Surveyor focal length, for example, is approximately 
the same as Chandra’s, which limits the spacecraft requirements and results in a Chandra-like cost. 
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(internal) 
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X-ray Surveyor / Lynx
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Results from  
the developments
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 11History of XRPIX Series

4
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New Readout Circuit
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608 x 384 pixels
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Pixel Structure
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Trigger Output 

(Event-driven readout)
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Charge Sensitive 
Amplifier
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XRPIX3b
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2011 2012 20132010 2014



 12

Cd-109, Vbb=10V,  Room Temp.

14mm

22
m

m

Capability of event rate > 500Hz is Confirmed

 (movie in10 times speed)

透かし彫り栞/金

https://www.u-coop.net/kyodai/goods/indicate.php?mode=detail&id=27&category=6

860 円
SIZE:W35×H85mm
◆純金表面加工◆時計台を透かし彫りにした実用性の高いアイテムです。

Imaging in Event-Driven Mode



Improvement of Spectral Performance in Frame Mode
Increase the node-gain by applying 

smaller BPW (parasitic Capacitance).  Readout noise reduction 
　 

History of Spectroscopic Performance

8

[A.Takeda + JINST (2015)]
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Improvement of Spectral Performance in Frame Mode
Double SOI 構造の導入
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Takeda+2015 JINST, Takeda+2013 IEEE/NSS,   Takeda Ph.D Thesis, 20140814_takeda_v0.pdf

Comparison of Frame and Event-Driven Modes
Frame readout mode Event-Driven readout mode

• Operation of in-pixel digital circuit influences the analog signal in the 
event-driven readout mode.

• crosstalk between digital circuit and BPW (electrically connecting to the 
sense-node) ⇒ “Double SOI”

Readout noise reduction 
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中間 Si に電圧をかけ、電磁シールドとして 
機能させる (Ohmura et al. 2016) 
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Event-Drive Mode with DSOI  17

Hayashi, Takeda+2017
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•ミッシングブラックホール探査を主目的とする， 
イベント駆動型X線SOIPIX「XRPIX」を開発 

•大面積・低ノイズを達成し，さらなる性能向上へ 

•裏面照射・厚い空乏層 (~500um)，高速読み出し， 
3D構造（センサ層，回路層）は役に立つ？ 

 

⇒ お問い合わせは，鶴まで，お気楽にどうぞ．

 18まとめ


