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• X-ray Astronomy Imaging System and the FORCE mission

• Basis and Operation of Event-Driven readout mode

• Large Sized Device

• Quantum Efficiency 

• Spectral performance
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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



“The” standard Imaging 
Spectrometer

X-ray CCDs

Chandra (1999)

XMM-Newton (2000)

Suzaku (2005)

Hitomi (Astro-H)
2016.2.17
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X-ray Astronomy CCD

115mm

62mm

ASTRO-H, the SXI team

62mm
IA
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•Standard Imaging Spectrometer at 0.3-10keV. 

•Fano limited spectroscopy with the readout noise ~3e- (rms).

•Wide and fine imaging with the sensor size of ~20-30mm□ and 
the pixel size of ~24μm□

Focal assemply of the CCD camera of 
the Hitomi satellite.



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.
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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").

S156 A. Bamba et al. [Vol. 60,

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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3.1.2. NE and SW rims
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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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Filaments

Map of the number of X-ray events

・・・

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

Yamaguchi+08 PASJ 60, S153 



FORCE - a future Japan-lead X-ray mission 6

X-ray Super-mirror
üLight-weight Si mirror 

provided by NASA/GSFC

üMulti-layer coating directly
on the Si mirror surface

üUnprecedented angular 
resolution of <15” in hard X-ray

Wideband Hybrid X-ray Imager (WHXI)
üNew Si sensor (SOI-CMOS) + CdTe hybrid 
üLow BG with active shield, the same 

concept as the A-H’s hard X-ray  detector
üWideband sensitivity of 1-80 keV 

 FOcusing Relativistic universe and Cosmic  Evolution

Proposing the mission to be realized in mid 2020s.

• 3 identical pairs of super-mirror and detector
• Focal length 10 m 



The primary scientific objective is to hunt for 
“missing black holes” in various mass-scales and 
to trace their cosmic evolution 

deeply-buried Super-
massive black holes
（10^4 ~10^9 Msun）

Intermediate massive 
black holes
（ 100 ~10^4 Msun） Isolated stellar 

 mass black holes
（10~100 Msun）

Hunt for Missing Black Holes
7

Broadband observation (1-80keV) is essential.



Mission Requirement
8

• High sensitivity of 2-3x10-15 erg/s in 10-40 keV
- High Angular resolution of 15”

• Broadband response
- 1-80 keV for requirement (0.5-80 keV for goal)

• High energy resolution for spectroscopy
• Necessary statistics should be obtained during appropriate 
mission life time

Hitomi



Hybrid Camera with Si and CdTe 9

30mm

CdTe (500-1000μm)

44mm

< 20 keV > 20 keV< 20 keV

Package

Si (250-500μm)

• Si sensor alone can not cover 1-80 keV
• “Hybrid Detector” consisting of Si and CdTe sensors. 
• EX < 20keV is detected with Si sensor. 
• EX > 20keV penetrating Si sensor is detected with CdTe placed under Si

• What kind of Si sensor ?
• DSSD dose not detect X-rays below 5 keV due to high read out noise, 
• X-ray CCD ? ---- No

Si 500μm CdTe
1000μm

20keV

OBL/OBF 1μm



Non X-ray Background of X-ray CCD

Remaining Non X-ray BGD 
spectrum after the discrimination.

10

Data from Suzaku 「すざく」 in orbit.
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X-rayselectrons

Raw Image

Particle : Track
X-ray    : Small spread (single or adjacent pixels)

Discrimination with 
charge spread

X-ray 
source

High Non X-ray BGD still 
remains at High E > 10keV

• Particle events which we cannot distinguish from X-ray events.
• Celestial X-ray source is very faint ⇒ Reduction of non-X-ray BGD is vital. 



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

10μsec

                            

V_back 

Hole

Electron

TimeV_sig

X-ray 

BPW

CMOS
Readout

CMOS
Readout

CMOS
Readout

P+

CMOS
Readout

Fast CMOS 
(low ρ Si)

Insulator
(SiO2)

Sensor 
(high ρ,  

depleted Si)

11
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 ~kHz

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 kHz
•XRPIX is required to have time resolution much faster than kHz.

SOIPIX

CdTe



Target Specification of the Device 12

 Imaging
  area ~ 15x45mm2,  (prototype ~2x2mm2)
  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 ~kHz

 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

0.1
0.01
10-3

10-4

10-5

10-6

10-7

N
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ay
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d
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/1
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□)

the same 
as CCD

X-ray SOIPIX



13History of XRPIX Series

4

20152014

XRPIX4

4.6 mm

6.0 mm
New Readout Circuit

XRPIX4

2016

Large Size !!24.6 mm

1
5
.3

 m
m

XRPIX5

21.9 mm
1
3
.8

 m
m

608 x 384 pixels
36 µm sq. pixel

Pixel Structure
4.45 mm

XRPIX6h
XRPIX6e
XRPIX6D

XRPIX1b

2.4 mm

1.0 mm

XRPIX1

2.4 mm

1.0 mm

XRPIX2

6.0 mm

4.0 mm

6.0 mm

4.6 mm

XRPIX2b

First Model 
Trigger Output 

(Event-driven readout)
Middle Size Buttable

Charge Sensitive 
Amplifier

XRPIX3

1.0 mm

2.9 mm

XRPIX3b

1.0 mm

2.9 mm

2011 2012 20132010 2014



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

it A
dd. 

Resister

COL Readout ADDR
COL Amp

RO
W

 R
ea

do
ut

 A
D

D
R

TRIG_OO
R

TRIG_COL

TRIG_ROW

A_OUT

①
① ②

X-ray !

F
P
G
A

ADC

Takeda et al., IEEE 
Accepted (2012)

③

④

④

⑤
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16Demonstration of Event-driven

XRPIX2b
30um□, 64x64 pixel
Room Temperature

(thin depletion layer with VBB=5V)



XRPIX5 - IA of 14x22mm2, 3-sides Buttable. 
XRPIX5 FZn(N-1-4) 500um

-40℃, Vb=200V, Frame Mode of 8×8 pixels

•Imaging Area of 13.8x21.9mm2. 3-sides Buttable. 
•Readout noise ~37e (rms), ΔE ~ 700eV (FWHM) at 13.95keV in the 
Frame mode. No change from small devices (XRPIX3b). 

•There is no difference in the spectral performance by the position.
•We are now preparing readout of the whole region in the Frame 
and Event-Driven modes.   

17

 5

これまで、左下の領域以外の場所で 
スペクトルが得られていなかったが、 
その問題が解決 

どの場所を読むかの 
ピクセル指定をする際、 
8bitの情報までしかXRPIX5に 
送れていなかったために、 
(9bit目と10bit目が常にLOW) 
RA,CAの大きい(>256)ピクセルで 
正しい場所のピクセルを指定できて 
いなかった 

修正後、読み出しに成功 
以下のスライドで左の5つの場所での 
スペクトルを示す

XRPIX5

608 x 384 pixel array
1 Pixel : 36 µm sq.

24.6 m
m

15.3 mm

S/H Cap.

PGA

OUT BUF DECODER &  TRIGGER 
PROCESSOR

D
EC

O
D

ER
 &

  T
RI

G
G

ER
 P

RO
CE

SS
O

R

Bias Gen.

21.9 m
m

13.8 mm
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Graph

h_onepix_event
Entries  8003
Mean    265.8
RMS     82.79

Channel[ADU]
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350 h_onepix_event
Entries  8003
Mean    265.8
RMS     82.79

h_onepix_event
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**************************************** 
Minimizer is Minuit / Migrad 
Chi2                      =    0.0029979 
NDf                       =            3 
Edm                       =  2.11526e-25 
NCalls                    =           36 
p0                        =    0.0533608   +/-   8.51164e-05  
p1                        =    0.0135404   +/-   0.0288281  

Gain = 33.4 µV/e- 
(チップだけだと 
Gain = 18.5 µV/e-)

[keV]

[ADU]

13.95keV

17.75keV

20.78keV
26.34keV

Readout noise ~ 37 e-  rms 
(ペデスタル値から計算) 

2Vレンジに設定(1ADU = 488 µV) 
アナログ出力信号はチップ外で 
Instrumentation Amp. (INA103) 
を通している(1.8倍)

calibration

FWHM ~ 640 eV @13.95keV 

241Am表面照射, -40℃, Vb=200V, int time=1ms, 1e6frame 
[ra,ca]=[456,288]
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**************************************** 
Minimizer is Minuit / Migrad 
Chi2                      =   0.00366791 
NDf                       =            3 
Edm                       =  5.73179e-24 
NCalls                    =           36 
p0                        =    0.0529091   +/-   9.33517e-05  
p1                        =    0.0222819   +/-   0.0318739 

Gain = 33.7 µV/e- 
(チップだけだと 
Gain = 18.7 µV/e-)
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13.95keV

17.75keV

20.78keV
26.34keV

Readout noise ~ 37 e-  rms 
(ペデスタル値から計算) 

2Vレンジに設定(1ADU = 488 µV) 
アナログ出力信号はチップ外で 
Instrumentation Amp. (INA103) 
を通している(1.8倍)

calibration

FWHM ~ 710 eV @13.95keV 

241Am表面照射, -40℃, Vb=200V, int time=1ms, 1e6frame 
[ra,ca]=[152,96]

position
near the  
chip 
readout

position
far from 
the chip 
readout

chip readout position



Thick, fully depleted back-illuminated XRPIX 18

• Depletion Thickness of 500μm is achieved by using a high ρ FZ wafer.

• Thickness of dead layer obtained from the QE ratio between Al-K and 
Cl-K is 0.66±0.31 μm (including Al OBL 200nm). 

• It satisfies the requirement of < 1μm.  

• Further improvement by parameter tuning is in progress. 
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Note that this experimental result includes 
Al optical blocking layer of 200nm.
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increase the node-gain by applying 
smaller BPW (parasitic C).  

- Frame mode時，Normal Pixelの 241Amのスペクトル．
　先程のキャリブレーションプロットの元データ．

※ XRPIX3のreadout noise
　は，76 e- (rms)

XRPIX3b / Frame modeのスペクトル
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20140814_takeda_v0.pdf のエイリアス

Spectra of Am-241 X-rays in Frame mode

Enough area of BPW is necessary to suppress back gate effect. 
We were unable to reduce the area of BPW further at this moment. 
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Comparison of Event-Driven and Frame Modes
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capacitive 
coupling

• in-pixel circuit consists of analog and digital circuits

• operation of digital circuit influences the analog signal in the event-driven 
readout mode

1) analog and digital circuits have a common power supply line (common 
impedance coupling)  ⇒  modified the power lines

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

Ohmura+2016 NIM A in press



Large Parasitic between middle Si and BPW 

• DSOI successfully suppresses the crosstalk. But...
• DSOI newly introduces a large parasitic capacitance between the BPW 

and the middle Si, which reduces the node gain. 
• DSO can suppress the back gate effect in stead of the BPW. 

22



Reduce the size of BPW
Vms	>	VBPW

n	stop

• We can reduce the size of BPW and make the parasitic capacitance low. 
⇒ increases the node gain.  

• We apply a higher voltage to the middle Si than that to BPW and 
implant n stop in order to converge the electric field toward the BPW 
and collect signal charge (holes). 
⇒ New device (XRPIX6D)

23

(Note: Actual wafer of Double SOI is not N-type but P-type. )



New Device - XRPIX6 using Double SOI
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• The readout noise in Frame mode almost reached the requirement of 
~10e (rms) successfully. 

• We are starting evaluation of the readout noise in Event-Driven mode. 



Target Specification of the Device 25

 Imaging
  area ~ 15x45mm2,  (prototype ~2x2mm2)
  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 ~kHz

 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)
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the same 
as CCD

X-ray SOIPIX

~half size

~0.5 μm

~10 (rms) in 
Frame mode

In Frame mode, each 
performance almost achieved 

the requirement independently.

Already achieved 
in a small device

>300μm



Thank you
26

SOIPIXはpromising だが，FEE
とセンサー部が一体になった検
出器の高性能と難しさを実感し

ている．

��

SOI Pixel Project :  
General View�

Feb. 28, 2011 

SOI International 
Review Meeting 

Yasuo Arai, KEK 

yasuo.arai@kek.jp 

http://rd.kek.jp/project/soi/�

��

T.Tsuru, T.Tanaka, H.Uchida, H.Matsumura, M.Itou, S.Ohmura, 
H.Hayashi, K.Tachibana (Kyoto Univ.), A.Takeda, K.Mori, 
Y.Nishioka, N.Takebayashi, S.Yokoyama (Miyazaki Univ.), 

S.Kawahito, K.Kagawa, K.Yasutomi, H.Kamehara, S.Shrestha 
(Shizuoka Univ.), Y.Arai, I.Kurachi (KEK), T.Kohmura, K.Tamasawa, 

Y.Ozawa, S.Sato (Tokyo Univ. of Science), S.Nakashima (ISAS)


