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Outline
• Some Intro. Overview of Imaging System

• X-ray CCD for < 10 keV band

• CCD with Parallel Readout

• CMOS APS, Hybrid

• CdTe / CdZnTe

• X-ray SOIPIX (our development)
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What is necessary for X-ray Astronomy
 3

• Imaging
• Fine structure of diffuse sources
• Faint sources

• Spectroscopy
• Temperature
• Abundances of Elements
• Doppler Velocity

• Wide X-ray Energy band
• Absorbed sources
• Non-thermal emission  

(e.g. Synchrotron from TeV e-)
• Timing

• Pulsation and Burst

• photon counting
• Direct Detection
• ΔESupernova Remnant

(SN1006)

Origin of Atoms 

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").

Supernova Remnant
(SN1006)

Crab pulsar

33msecYamaguchi+08 PASJ 60, S153 
http://hubblesite.org/image/1248/news_release/2002-24
http://chandra.harvard.edu/photo/2013/sn1006/



X-ray Imaging System
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http://astro-h.isas.jaxa.jp/diary/1329/
https://user.spring8.or.jp/sp8info/?p=2925 Imager

Camera

X-ray Mirror



http://chandra.harvard.edu/photo/2013/sn1006/

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
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$ 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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Filaments

Map of the number of X-ray events

・・・

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

Yamaguchi+08 PASJ 60, S153 
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Optics

No Reflection
 Coded Mask

Compton Camera

Bragg reflection
Multilayer Mirror

Total Reflection
Single layer Mirror

CdTe/CZT

Photoabsorption
Compton Scattering

Non X-ray Background
(High Energy Particle)

Si, CdTe/CZT, Ge

Background

Detection Photoabsorption

Soft X-ray Hard X-ray Soft Gamma-ray

http://www.isdc.unige.ch/integral/outreach/integral

January 17, 2017 Radiation Sensors and Emerging Applications @ OIST

Optics: refractive index n<1
• n < 1 means…
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Incident 
X-rays

Reflected 
X-rays

Refracted 
X-rays

Material 1 
Index

Material 2 
Index

Incident 
X-rays

Reflected 
X-rays

Material 1 
Index

Material 2 
Index

• X-rays can be reflected at grazing 
angle < 1 deg 

• Total external reflection with some 
absorption

January 17, 2017 Radiation Sensors and Emerging Applications @ OIST

• Bragg equation: 

Multilayer mirror (Bragg reflection)

• Can we extend sensitive energy 
band? Yes, we can by multilayer 
mirror 

• Periodic structure by heavy and light 
elements 

• Most effective several times critical 
angle/energy 

• Depth-graded multilayer for a wider 
peak

16

0 10 20 30 40

0
0.

2
0.

4
0.

6
0.

8
1

re
fle

ct
iv

ity

energy [keV]

Incident X-rays

Heavy element
Light

Reflected X-rays

2d sin ✓ = m�

� = dh/d

✓ = 0.3deg

d = 4.4nm,N = 40,� = 0.4

d = 5� 3.3nm,N = 44,� = 0.4

single layer
multilayer

Depth-graded 
multilayer

20170116_OIST_Okajima.pdf
2016NakazawaSPIE_The hard x-ray imager (HXI) onboard ASTRO-H

ABSTRACT

The Soft Gamma-ray Detector (SGD) is one of science instruments onboard ASTRO-H (Hitomi) and features a
wide energy band of 60–600 keV with low backgrounds. SGD is an instrument with a novel concept of ”Narrow
field-of-view” Compton camera where Compton kinematics is utilized to reject backgrounds which are inconsistent
with the field-of-view defined by the active shield. After several years of developments, the flight hardware was
fabricated and subjected to subsystem tests and satellite system tests. After a successful ASTRO-H (Hitomi)
launch on February 17, 2016 and a critical phase operation of satellite and SGD in-orbit commissioning, the
SGD operation was moved to the nominal observation mode on March 24, 2016. The Compton cameras and
BGO-APD shields of SGD worked properly as designed. On March 25, 2016, the Crab nebula observation was
performed, and, the observation data was successfully obtained.

Keywords: ASTRO-H(Hitomi), Gamma-ray astronomy detectors, Compton Camera, Polarimetry, Silicon ra-
diation detectors, CdTe, BGO

1. INTRODUCTION

The soft gamma-ray detector (SGD) is one of science instruments onboard ASTRO-H(Hitomi), the 6th Japanese
X-ray observatory. Together with a high-resolution of SXS and a high-sensitivity soft and hard X-ray observation
of SXI and HXI, SGD provides us a wide-band soft gamma-ray observation in 60–600 keV. Therefore, we can
measure the spectral shape with unprecedented accuracy than ever up to several 100 keV for high energy objects
such as black hole binaries, pulsars, active galactic nucleus (AGN), cosmic X-ray background (CXB). Also, new
physics may be uncovered with 511 keV lines, bremsstrahlung from supernova remnants, and polarization.

Figure 1 shows the concept of the SGD detector design. Taking advantage of a successful technology from
Suzaku HXD which has achieved the lowest background level than ever in 15–200 keV,1–3 SGD utilizes BGO active
shields4–7 which surround main sensor parts, and fine collimators with a narrow field-of-view of 0.6�(FWHM).8

Instead of Si PIN diodes and GSO scintillators of HXD, as the main sensor part, the Si/CdTe semiconductor
Compton camera which has been developed for about 15 years9–23 is employed. Compton camera can further
reduce the backgrounds; the incident direction of gamma rays with two or more hits in camera is constrained
by Compton kinematics and backgrounds can be rejected if the inferred incident direction is out of the narrow
field-of-view.

SGD Compton camera can be also a good polarimeter24,25 with a large modulation factor, thanks to three
dimensional measurements of scattering and absorption positions with stacked pixel sensors.

BGO

CdTe

Si

APD 5 cm

E2

E0

BGO

E1

Q

G

Figure 1. Conceptual drawing of an SGD Compton camera unit.

Proc. of SPIE Vol. 9905  990513-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/8/2017 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Overview of Imaging System

2016WatanabeSPIE_The soft gamma-ray detector (SGD) onboard ASTRO-H
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Major X-ray Astronomical Satellites
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Hitomi

Athena

��������

Hitomi / XARM

Collimator Gas Imager CCD Imager

Chandra X-Ray Surveyor 
Relative effective area (0.5 – 2 keV) 1 (HRMA + ACIS) 50 

Angular resolution (50% power diam.) 0.5” 0.5” 

4 Ms point source sensitivity (erg/s/cm2) 5x10-18 3x10-19 

Field of View with < 1” HPD (arcmin2) 20 315 

Spectral resolving power, R, for point 
sources 

1000 (1 keV) 
160 (6 keV) 

5000 (0.2-1.2 keV) 
1200 (6 keV) 

Spatial scale for R>1000 of extended 
sources 

N/A 1” 

Wide FOV Imaging 16’ x 16’ (ACIS) 
30’ x 30’ (HRC) 

22’ x 22’ 

• High-resolution X-ray telescope 

• Critical Angle Transmission XGS 

• X-ray Microcalorimeter Imaging 
Spectrometer 

• High Definition X-ray Imager 

Concept Payload for: 
 Feasibility (TRL 6) 
 Mass 
 Power 
 Mechanical 
 Costing (~$3B) 
 

NOT THE FINAL  
CONFIGURATION!!! 

Notional Optics & Instruments 

Lynx

Force

High Speed 
CCD, APS

NuSTAR

CdTe/GZT



CCD cameras of Chandra (ACIS) & Suzaku (XIS)

• CCDs of MIT Lincoln Lab.

• Depletion 65um for FI, 42um for BI

• Pixel size 24μm□,  Format 1K×1K

• ENC ~3e (rms), 135eV (FWHM) at 6keV

• Proton irradiation produces displacement 
damage in silicon

• Reduce Charge Transfer Efficiency (CTE)

• Degrade spectral performance. 
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2007KoyamaPASJ_Suzaku_XIS.pdfhttp://chandra.harvard.edu/resources/illustrations/ACIS.html

S28 K. Koyama et al. [Vol. 59,

4. Pre-Flight Calibration and Experiment

The CCD chip level calibration was done using various
fluorescent X-ray sources at 16 energies in the spectral range
between 0.28 keV to 11.0 keV. The photon flux produced
by these sources was in turn determined using CCD refer-
ence detectors that were absolutely calibrated by means of
synchrotron radiation at the PTB beam line at the BESSY
electron storage ring. Details of the reference detector calibra-
tion are provided in Bautz et al. (2000), and details of the
chip-level calibration are summarized in LaMarr et al. (2004).
Further pre-flight calibrations of the integrated XIS sensors
were made in the low energy band (0.2–2.2 keV, Hayashida
et al. 2004) and in the high energy band (1.5–12.5 keV,
Nakajima et al. 2005), separately.

For the soft energy calibration, a grating spectrometer was
used, which covers the 0.2–2.2 keV energy band continu-
ously. Details of the spectrometer system are described in
Hashimotodani et al. (1998). In the high energy range, fluores-
cent X-rays from six materials (Al, Cl, Ti, Fe, Zn, and Se), and
the radio isotope (55Fe) were used. The line energies are 1.487,
2.622, 4.509, 6.400, 8.631, 11.208, 5.895 keV (Kα lines), and
1.557, 2.816, 4.932, 7.058, 9.572, 12.496, 6.490 keV (Kβ
lines) (Hamaguchi et al. 2000).

All the calibration data are processed using standard
methods for dark-level and light-leak subtraction, and for
X-ray event extraction using the ASCA grades of 0, 2, 3, 4,
and 6. The split threshold is optimized to a fixed value for
the FI CCD. For the BI CCD, the split threshold depends
on the X-ray energy (Yamaguchi et al. 2006). This variable
split threshold optimizes the energy resolution and quantum
efficiency in the full energy range of the BI.

4.1. Pulse Height Distribution Function

Figure 6 demonstrates the excellent performance of the BI
CCD at the oxygen Kα energy (0.525 keV). The energy resolu-
tion is ∼ 50 eV (FWHM) with no large low energy tail. This
value is comparable to that of the FI CCD of ∼40 eV (FWHM).
The spectral shape is similar to that of the FI CCD in the entire
energy band.

In detail, the spectral shape is not a simple Gaussian but is
more complicated as is shown in figure 7 for the case of 55Fe
(5.895 keV and 6.490 keV). The spectrum has a main peak
as well as many other structures as is shown schematically
in figure 8. These include the (1) main peak, (2) sub peak,
(3) triangle component, (4) silicon escape peak, (5) silicon
fluorescent peak, and (6) constant component. In the energy
range below the Si K-edge (1.839 keV), components (4) and (5)
are absent. Also the triangle component does not appear in
the BI CCD. The physical interpretations of these components
are discussed in Matsumoto et al. (2006). The intensity ratios
among the components depend on the X-ray energy, the gate
structure, the depth of the depletion layer, and other operating
conditions. We have made an empirical model to include all
these effects.

4.2. Energy Scale Linearity

We define the gain to be the ratio of the incident X-ray
energy to the PH channel at the center of the main peak.

Fig. 6. Pulse height distribution of the BI (XIS 1 segment C) for the
oxygen Kα line.

Fig. 7. Pulse height distribution of the FI (XIS 3 segment C) for the
Mn Kα and Kβ lines.

Fig. 8. Schematic picture of the response function. It consists of
(1) main peak, (2) sub peak, (3) triangle component, (4) silicon escape
peak, (5) silicon fluorescent peak, and (6) constant tail component.
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4. Pre-Flight Calibration and Experiment

The CCD chip level calibration was done using various
fluorescent X-ray sources at 16 energies in the spectral range
between 0.28 keV to 11.0 keV. The photon flux produced
by these sources was in turn determined using CCD refer-
ence detectors that were absolutely calibrated by means of
synchrotron radiation at the PTB beam line at the BESSY
electron storage ring. Details of the reference detector calibra-
tion are provided in Bautz et al. (2000), and details of the
chip-level calibration are summarized in LaMarr et al. (2004).
Further pre-flight calibrations of the integrated XIS sensors
were made in the low energy band (0.2–2.2 keV, Hayashida
et al. 2004) and in the high energy band (1.5–12.5 keV,
Nakajima et al. 2005), separately.

For the soft energy calibration, a grating spectrometer was
used, which covers the 0.2–2.2 keV energy band continu-
ously. Details of the spectrometer system are described in
Hashimotodani et al. (1998). In the high energy range, fluores-
cent X-rays from six materials (Al, Cl, Ti, Fe, Zn, and Se), and
the radio isotope (55Fe) were used. The line energies are 1.487,
2.622, 4.509, 6.400, 8.631, 11.208, 5.895 keV (Kα lines), and
1.557, 2.816, 4.932, 7.058, 9.572, 12.496, 6.490 keV (Kβ
lines) (Hamaguchi et al. 2000).

All the calibration data are processed using standard
methods for dark-level and light-leak subtraction, and for
X-ray event extraction using the ASCA grades of 0, 2, 3, 4,
and 6. The split threshold is optimized to a fixed value for
the FI CCD. For the BI CCD, the split threshold depends
on the X-ray energy (Yamaguchi et al. 2006). This variable
split threshold optimizes the energy resolution and quantum
efficiency in the full energy range of the BI.

4.1. Pulse Height Distribution Function

Figure 6 demonstrates the excellent performance of the BI
CCD at the oxygen Kα energy (0.525 keV). The energy resolu-
tion is ∼ 50 eV (FWHM) with no large low energy tail. This
value is comparable to that of the FI CCD of ∼40 eV (FWHM).
The spectral shape is similar to that of the FI CCD in the entire
energy band.

In detail, the spectral shape is not a simple Gaussian but is
more complicated as is shown in figure 7 for the case of 55Fe
(5.895 keV and 6.490 keV). The spectrum has a main peak
as well as many other structures as is shown schematically
in figure 8. These include the (1) main peak, (2) sub peak,
(3) triangle component, (4) silicon escape peak, (5) silicon
fluorescent peak, and (6) constant component. In the energy
range below the Si K-edge (1.839 keV), components (4) and (5)
are absent. Also the triangle component does not appear in
the BI CCD. The physical interpretations of these components
are discussed in Matsumoto et al. (2006). The intensity ratios
among the components depend on the X-ray energy, the gate
structure, the depth of the depletion layer, and other operating
conditions. We have made an empirical model to include all
these effects.

4.2. Energy Scale Linearity

We define the gain to be the ratio of the incident X-ray
energy to the PH channel at the center of the main peak.

Fig. 6. Pulse height distribution of the BI (XIS 1 segment C) for the
oxygen Kα line.

Fig. 7. Pulse height distribution of the FI (XIS 3 segment C) for the
Mn Kα and Kβ lines.

Fig. 8. Schematic picture of the response function. It consists of
(1) main peak, (2) sub peak, (3) triangle component, (4) silicon escape
peak, (5) silicon fluorescent peak, and (6) constant tail component.
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EPIC-MOS of XMM-Newton - Low Temp. to Recover CTE

https://www2.le.ac.uk/departments/physics/research/src/Missions/xmm-newton/gallery
2005KirschSPIE_Health and cleanliness of the XMM-Newton science payload since launch

3.5.1. Latest and severest EPIC-MOS impact 

As introduced above, at about 01:3 0 hrs. UT on 09 March, 2005 , during XMM-

Newton revolution 96 1, an event was registered in the focal plane of the EPIC-MOS1 

instrument. The characteristics of the event were reminiscent of very similar, but less 

energetic, events registered in the EPIC-MOS1 focal plane on September 17, 2001, 

the EPIC-MOS2 focal plane on August 12, 2002, and the EPIC-pn focal plane on 

October 19, 2000, which have been attributed to micrometeoroid impacts scattering 

debris into the focal plane. The consequences of the recent event have been the most 

significant. In the period immediately following the light flash it became apparent 

that EPIC-MOS1 CCD6  was no longer recording events, and that all CCD6  pixels 

were, in effect, returning signal at the saturation level. Standard recovery procedures 

were immediately applied, but had no effect on the observed behaviour, leading to 

the eventual conclusion that CCD6  had sustained terminal damage. New hot pixels 

were also recorded elsewhere in the EPIC-MOS1 focal plane.  

3.5.2. EPIC-pn impact 

During revolution 15 6  about 3 5  individual 

bright pixels lit up out of approximately 

15 0000 pixels of the 6  cm x 6  cm EPIC-pn 

detector area.  The amount of leakage current 

generated in the pixels cannot be explained by 

single heavy ion impacts. The only reasonable possibility found to explain the 

observation was that a micrometeoroid
13

, scattering off the mirror surface under 

grazing incidence, reached the focal plane detectors and produced the bright 

pixels. This proposal was studied experimentally, on the ground, at the 

Heidelberg dust accelerator. Micron-sized iron particles were accelerated to 

speeds of the order of 5  km s
-1

 impinging on the surface of an X-ray mirror under 

grazing incidence
14

.

The experiments 

verified that a dust 

particle under these 

conditions can cause 

damage consistent 

with the behaviour of the focal plane CCD-detectors of 

XMM-Newton. All the characteristics of the event and the 

damage could be reproduced in the laboratory. The 

formation of the bright pixels was caused by fragments of 

the primary dust particle. 

4. INSTRUMENT PERFORMANCE 

MONITORING 

4.1. Monitoring flow  

Since XMM-Newton is in continuous contact with its 

Science Operations Centre (SOC) at the European Space 

Astronomy Centre (ESAC), near Madrid in Spain, we can 

perform a real time health monitoring. The health 

monitoring of the instruments is carried out in two steps.  A 

so called Instrument Controller (INSCON) monitors the 

instrument performance 24  hours a day. Suspicious 

behaviour of the instruments is immediately reported to the 

instrument teams at ESAC and the PI institutes for further 

investigation. Further monitoring is then pursued offline by instrument-dedicated teams. 

Figure 6 :  

Exposure maps corresponding to 

exposures before (upper) and after 

(lower) the loss of MOS1 CCD6  

Figure 7: Experimental verification of 

micrometeoroid impact as result of the 

experiment at the dust accelerator. The SEM 

image shows the top view of a crater in 

silicon caused by a particle scattered off the 

mirror surface under grazing incidence 

Figure 8 :  

Evolution of the CTE of the EPIC camera CCDs for the energies of the 

internal calibration source at Mn, 5 8 96  eV, (blue crosses) and Al, 14 8 6  

eV (red triangles). Upper panel: EPIC-MOS, Lower panel EPIC-pn. The 

different blue and red tones in the upper pannel of the figure represent 

the EPIC-MOS1 (light blue (Mn), orange (Al)) and EPIC-MOS2 (dark 

blue (Mn), red (Al)).  The discontinuity around rev.5 3 3  is related to the 

cooling of the EPIC-MOS cameras. Note that all EPIC-MOS CCDs have 

recovered some CTE after the cooling. Only the EPIC-MOS1 boresight 

CCD has not recovered as strongly - as shown by the orange crosses.

20
02

/1
1
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4 .2 . EPIC

Since launch the EPIC instrument consortium and the 

XMM-Newton SOC have performed an off line 

monitoring of the EPIC camera. It is separate from and 

complementary to the real time monitoring performed at 

the SOC by the INSCON team. The monitoring tools 

employed are largely automatic supporting the trend 

analysis of parameters which affect instrument 

performance and health. The main monitoring inputs are 

the regularly performed exposures with the filter in 

CalClosed position. Parameters monitored are charge 

transfer efficiency (CTE), energy resolution and gain, 

through the monitoring of the measured energies and 

widths of the internal calibration source lines. These 

parameters are essential for the reconstruction of photon 

event energy and system response, and are important 

diagnostics of instrumental health and performance. They 

therefore require close monitoring in order to detect, 

anticipate and possibly correct for larger than acceptable 

variations. 

It is known that harsh radiation conditions may induce the 

formation of electron traps in the detectors, thus degrading 

the CTE. According to well-defined criteria the filter wheel is put in a closed position during periods of high 

background radiation to protect the detector. Consequently, the degradation of the EPIC-pn CTE is slight and in 

agreement with pre-launch predictions. As opposed to the EPIC-MOS, there is no clear correlation between the EPIC-pn 

CTE degradation and proton flares. Figure 8  shows the evolution of the CTE for the different EPIC cameras. Solar flares 

created a series of jumps in the CTE of the EPIC-MOS cameras prior to the cooling described above, while the EPIC-pn 

CTE degrades independently of solar flares at a nearly constant 

rate per year as seen in Fig. 8 . Figure 9 shows the evolution of 

the energy resolution. It is clearly seen that the EPIC-MOS 

energy resolution at low energies is much better than that of 

EPIC-pn.  At high energies, and prior to the cooling of the 

EPIC-MOS cameras, their energy resolution was degrading 

towards the level for the EPIC-pn. After cooling they have again 

a better energy resolution, also for high energies. As already 

described in Section 3.2, there is a correlation between EPIC-pn 

gain and the temperature of the electronics, and though satellite 

operations have been adapted to mitigate the temperature 

variations, this remains an important reason to monitor gain 

stability. 

By the term "bad” or “hot” pixel we mean any pixel within a 

CCD exhibiting abnormal behaviour which makes it useless for 

scientific data collection due to its tendency to mimic a signal 

(hot) or to yield no signal (bad). The number and location of 

bright pixels has to be monitored in order to flag pixels which 

have to be masked to reduce loading of the spacecraft telemetry 

budget, or because they adversely affect science quality. For the 

EPIC-MOS cameras the number of hot pixels increased through the mission due to micrometeoroid events (see Section 

3.5) and due to aging caused by hard radiation particles. Figure 10  shows the evolution of hot pixels for CCD2 in EPIC-

MOS2. For the EPIC-pn camera a small number of hot pixels, i.e. pixels with high dark current generation, were present 

at launch. Damage resulting from a suspected micrometeoroid impact in revolution 156 caused the sudden appearance 

of 35 additional hot pixels (see Section 3.5 above).  

Figure 9:  

Energy resolution of the central CCDs of the EPIC camera for different 

energies. EPIC-pn Al: black triangles, EPIC-pn Mn-K green triangles, 

EPIC-MOS1(2) Al: red crosses (asterisks), EPIC-MOS1(2) Mn-K: blue 

squares(x). Note that the improvement in energy resolution at revolution 533 

is related to the cooling of the EPIC-MOS cameras (see 3.2.1). Note that the 

absolute values for Al for the EPIC-pn camera are slightly higher  (5-10  eV) 

than the one by Meidinger
15

 since no BG modeling has been performed 

Figure 10 :  

Hot pixel evolution of  EPIC-MOS2 CCD2. The diamonds show 

the absolute number of hot pixels. The crosses show the number of 

hot pixels that are not yet masked out on board (candidate hot 

pixels). The green lines indicate an update of the onboard bad pixel 

table that masks out hot pixels. Note that after the cooling in rev 

533 most of the hot pixels have disappeared and the onboard bad 

pixel table could be relaxed to a few pixels per CCD. 

pn (Al-K)

pn (Mn-K)

MOS (Al-K)

MOS (Mn-K)

• Leicester U., EEV (Teledyne e2V)
• Pixel size 40μm□, Format 600×600 
• Depletion 35um. FI with Open-electrode 

structure for high QE at a low energy band.  
• ENC ~3e (rms), 135eV (FWHM) at 6keV

• Recover CTE by cooling the sensor to -120C. 
• Make de-trapping time longer  
⇒ traps stay full for a long time. 

• Once the traps are filled, signal charge can 
be transferred without loss.
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CCD of Hitomi (SXI) - BI with a Thick Depletion
• Osaka U., Kyoto U., ISAS. Hamamatsu

• Pixel Size 24μm, Format 1280×1280. 2x2 array.

• BI with 200um depletion by using  
N-type wafer with >10kΩcm so that we obtain 
high QE at both of high and low energy bands.

• On-chip Al coating to block optical light

• Charge Injection and Cool down to -120℃ by using 
Stirling coolers
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115mm

62mm

62mm

IA

two single-stage
Stirling coolers

2.2 検出効率/視野/バックグラウンド

• 裏面照射と厚い (200 µm) 空乏層厚によって、広帯域で高い 検出効率 を実現。

• 撮像領域サイズ 31 mm × 31 mm の大型 CCD 素子 4 枚を 2 × 2 のモザイク状に配置
することで 38 ′× 38 ′の大視野を実現。

• これまでの X 線天文衛星搭載の裏面照射型 CCD 素子では最も低い非 X 線バックグ
ラウンドを達成。
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Limitation due to low time resolution of CCD (~1sec)
• Unable to make good use of the performance of large collecting 

area and high angular resolution of the latest mirrors. 

• Event pileup occurs. Photon counting is impossible. 

• Unable to resolve fast variability of compact objects such as 
blackholes and neutron stars.

• Unable to apply anti-coincidence technique

• Unable to make use of the excellent performance of Si in the band 
above 10keV due to the high particle background

High Frame Rate and High Time Resolution are Key Issues for 
Next Generation of X-ray Astronomical Imagers below 10keV
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Digital CCD X-ray Performance
First Results
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Si KAl KMg KCu LF KNoise

Pixel Rate = 2.5 MHz
TCCD= -22° C
Single Pixel Events

Mn Kα,βMn K
esc.

Ca KCl KSi K

Pixel Rate = 2.5 MHz
TCCD= -35° C
Single Pixel Events

55Fe X-ray SourceGendreau Modulated X-ray Source

Readout noise (RMS) 6.4 e- @ 1.25 MHz
7 e- @ 2.5   MHz
10  e- @ 5.0 MHz

25x faster than Chandra.
Expect  ~10x lower noise 
from next-gen. amplifier

Parallel Clock Swing +1 to -0.9 V Same power/area as 
Chandra at 25x the speed

Parallel CTI @ 5.9 keV < 1.3 x 10-6 pixel-1

Spectral Resolution @ 5.9 keV 143 eV FWHM @ 2.5 MHz

CCD with Parallel Readout 
• Transfer registers are formed by pn-junctions.

• XMM-Newton, eROSITA

• Pixel Size 75μm, Depletion 450μm

• Exposuere 50msec, Readout 9.2msec for 
384×384 pixels (24μsec/row).

• 140 eV (FWHM) at 6keV

pn-CCD (MPE, PNSensor)

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	

• CCD-to-CMOS integration via 
tight-pitch wafer-to-wafer bonding 

• CMOS-compatible CCD clock level 
of +1.1 to -0.9V. Low-power

• Low ENC with high pixel rate

• 6.4e @ 1.25MHz, 10e @ 5MHz

• Pixel Size 8μm

Digital CCD (MIT Lincoln Lab.)
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2014MeidingerSPIE_Report on the eROSITA camera system.pdf

3. Radiation detection with PNCCDs

standard operating voltages of the eROSITA PNCCD it is formed at ⇡ 7µm from the front side,
fixed by an additional high energy phosphorus implant in this depth.

transfer direction

channel stop
(p-doped)

registers
(p-doped)

- -
-

- -
-

weakly n-doped 
silicon bulk

channel guide
(n-doped)

high energy
n-implant

Figure 3.3.: Cross section of one pixel in the sil-
icon bulk. The channel stops confine the charge
inside one channel. At the registers a sequence
of voltage pulses is applied to confine and shift the
charge along a channel.

In addition to the described pn-structure, a
PNCCD exhibits a pixel structure. A simpli-
fied schematic of the doping profiles inside
one pixel is displayed in fig. 3.3. The front
side contact is structured into stripes, form-
ing the so-called register p+-implants. The
registers are used to separate and shift the
collected charge to the readout anode by ap-
plying a sequence of external voltages. In
transfer direction, perpendicular to the regis-
ter structures, the so-called channel guides
and channel stops are integrated inside the
silicon bulk. These n- and p-doped regions
form potential wells and barriers for the col-
lected electrons. Hence, an electron is con-
fined inside a pixel by the external register
voltages and the potential well of the channel
guides. A PNCCD with a pixel size of 75µm
allows a spatial resolution of down to ⇡ 2µm
by means of an elaborate data analysis (Kimmel, 2008). By periodically altering the register
voltages �1, �2 and �3, the charge packages inside the pixels can be simultaneously trans-
ferred along a channel without being mixed. At the end of each channel, the charge is shifted
to a readout anode. It is connected to the gate of a monolithically integrated JFET (junction
gate field-effect transistor) acting as first amplification stage, the so-called ’first FET’. This
structure, together with further signal processing, is described in detail in the next section.

-
-

- - -

        

- - -

Φ1
Φ2
Φ3

n-doped
readout anode

register
voltages

450 µm

e- in potential
minima transfer direction

fully depleted
n-doped silicon bulkthin p+-doped layer light blocking filter

front side

back side
increasing row index first row/pixel

p-doped
registers

~ 200 nm

Figure 3.4.: Schematic of a PNCCD, displayed as a cross section alongside of one channel. By
sequentially changing the electric potential of the register contacts, the charge of each pixel is
shifted separately to the readout anode. Schematic is not true to scale.

The charge transfer process is illustrated in fig. 3.4, a schematic cross section along one
PNCCD channel. Two register contacts of each pixel are biased with a less negative voltage,

29

143 eV (RWHM) for 
6keV X-ray @ 2.5MHz



No charge transfer. CMOS, APS
Monolithic bulk CMOS (SAO/Sarnoff)

• Pixel Size 16μm, depletion 
10~15μm

• 6 Transistor Pinned Photo 
Diode pixels with ~135μV/e

• Low ENC ~3e (rms), B-K at 
185eV is detected

rl L-
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eplt p-

HLiow sel

.1 ody

J

Bulk pOly p-81

Parallel MIM Serial MIM

Figure 2. Back thinned, 1k by 1k Big Minimal III (BMIII) detector in laboratory PCB package. This device shares common heritage (same Si, similar
signal chain) with the devices for the NASA SoloHI mission, however it has larger 16 (vs 10) µm, lower noise pixels. BMIII for x-ray applications is also
back thinned. The 6T PPD pixels incorporate a real time, Metal-Insulator-Metal full-well range switching circuit that increases full well by ⇡ 8 however
it also simultaneously decreases pixel sensitivity by the same factor. For X-ray single photon counting, the MIM is not used and the device is operated
in the high gain mode of ⇠ 135 µV/e. The BMIII consists of two 512 by 1024 halves that have their pixel addressing slaved together to minimize the
number of external pins to ⇠ 55. This “modest” number of pins make wafer probing for device selection possible and practical.

Figure 3. Simplified depiction of Big Minimal II and Big Minimal III pixels. The BMIII has a serial Metal Insulator Metal (MIM) full-well range
switching circuit. In comparison to earlier parallel version, this topology has minimal parasitic capacitance which helped increase pixel sensitivity to ⇠
135 µV/e and decreased noise by > 2 ⇥. During high gain BMIII X-ray operation, �reset is continuously active and �MIM acts as reset clock. For
a Carbon, 277eV X-ray which on average produce 77 electrons, the 135 µV/e conversion gain provides over 10mV of signal at the pixel. The separate
photo node and sense node allow these devices to perform on chip analog CDS. Front Illuminated devices are here depicted for simplicity; actual devices
are BI.

3. “SOFT” X-RAY TESTING OF BI NMOS DEVICES AT SAO
As part of a 2008 APRA, SAO/SRI developed back thinned, monolithic NMOS devices. which had 16µm pitch 6 Transistor
(6T) Pinned Photo Diodes (PPDs) and were fabricated on custom 30,000 ⌦cm, 15µm thick epitaxial Si. These devices,
known as “Big Minimal IIs” were able to detect and resolve X-rays with energies below 1keV, in particular Oxygen (525eV)
and carbon (277eV). These devices had pixel sensitivity of ⇠40µV/e. The soft X-ray response of these NMOS devices
was demonstrated by exposing them to Oxygen (525eV) and Carbon (277eV) X-rays from a Manson Model 5 electron
impact source. The advantage of the high speed signal chain were demonstrated by operating a device at room temperature
at faster and faster cadences until dark noise was eliminated and the overall noise fell to the same value that is obtained
when operating slow and cold. For flux limited, single photon counting X-ray applications, the only downside to running
CMOS devices at very fast rates is the number of X-rays per frame is very low (⇠ 1/frame) nevertheless, disk space is

Proc. of SPIE Vol. 10397  1039703-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/9/2017 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Si Hybrid sensor (PSU/Teledyne)

3	Different	Sensors	Approaches	
•  Monolithic	CMOS	Ac7ve	Pixel	Sensor	

–  Single	Si	wafer	used	for	both	photon	
detec7on	and	read	out	electronics	

–  Sarnoff/SAO	and	MPE	
	

•  Hybrid	CMOS	Ac7ve	Pixel	Sensor	
–  Mul7ple	bonded	layers,	with	detec7on	

layer	op7mized	for	photon	detec7on	and	
readout	circuitry	layer	op7mized	
independently	

–  Teledyne/PSU	
	

•  Digital	CCD	with	CMOS	readout	
–  CCD	Si	sensor	with	mul7ple	parallel	readout	

ports	and	digi7za7on	on-chip	
–  LL/MIT		

Active&Pixel&Sensor&Architectures&

�  Monolithic&
�  Single&Si&wafer&used&for&photon&detection&

and&readout&circuitry&
�  Sarnoff&and&MPE&
�  Good&energy&resolution&
�  Hybrid&
�  Multiple&layers&optimized&for&photon&

detection,&readout,&etc.&
�  MIT/LL&and&Teledyne&&

Chandra/ACIS 

Swift/XRT 

Sarnoff 

Teledyne 

Approved for public release, distribution unlimited 

Active&Pixel&Sensor&Architectures&

�  Monolithic&
�  Single&Si&wafer&used&for&photon&detection&

and&readout&circuitry&
�  Sarnoff&and&MPE&
�  Good&energy&resolution&
�  Hybrid&
�  Multiple&layers&optimized&for&photon&

detection,&readout,&etc.&
�  MIT/LL&and&Teledyne&&
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CMOS	Hybrid	Sensors	(PSU/Teledyne	–	
PI:	A	Falcone)	

Hybrid CMOS X-ray detectors, Falcone et al. 

•  Silicon detector array and readout array bump-bonded together 
–  Allows separate optimization of detector and readout 
–  Readout electronics for each pixel 
–  Optical blocking filter deposited on detector 

•  Based on IR detector technology with heritage from JWST and high 
TRL/flight-heritage from OCO 

•  Back illuminated with 100-300 micron fully depleted depth  
       à excellent QE across 0.2-15 keV band 
•  Inherently radiation hard, with no charge transfer across detector  
•  Up to 4k×4k pixels, with abuttable designs 
•  High speed (10 Mpix/sec × N outputs) with low-power  
•  Read noise (~5-10 e-) needs improvement. Fano-limited performance is 

expected, with work in progress. 
 

Selection of recent progress 
•  Inter-pixel crosstalk eliminated with CTIA amplifiers 
•  Event-driven readout on 40 µm pixels (very fast frame rates) 
•  New test devices with small (12.5 µm) pixels and in-pixel CDS, 

fabricated and tested to have ~5 e- readnoise 

Future	work:		
•  (1)	scaling	small-pixel	test	design	up	to	larger	detector,	(2)	reduce	read	noise	

further	with	improved	component	tolerance,	while	maintaining	low	read	
noise	at	high	readout	rates,	(3)	aWemp7ng	to	implement	event-driven	
readout	in	smaller	pixels,	(4)	inves7ga7ng	sub-pixel	centroiding	in	large	pixels 

!

US&Active&Pixel&Sensors&

�  PSU/Teledyne&(hybrid)&
�  Based&on&heritage&from&IR&detectors,&&&&&&&&&&&

JWST,&OCO,&etc.&

�  High&TRL,&up&to&4Kx4K&10&μm&pixels,&&&&&&&&&
abuttable,&windowed&readout,&high&speed&

�  Excellent&QE&(backSilluminated,&>100&μm&thick)&

�  Read&noise&is&high&(8&e–)&–&we&are&working&with&
Teledyne&on&new&amp&designs&to&achieve&FanoS
limited&energy&resolution&

�  HxRG&CrossStalk&is&high&–&we&are&working&with&
Teledyne&on&new&amp&designs&to&reduce&crossS
talk&to&<&1%&(initial&results&successful)&

�  Progress&limited&completely&by&available&funding&
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• Si sensor array and 
readout array bump-
bonded together.

• Based on IR detector 
technology with heritage 
from JWST

• Pixel Size 12.5 ~ 36μm,  
depletion 200μm

FWHM 157 eV

Mn-Kα 5.9keV

2017HullSPIE_Recent X-ray hybrid CMOS detector developments and measurements
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Figure 8. Carbon spectrum (277eV) for single, single plus double and all split pixel events. The data show that the sum of single and 2 pixel splits
comprise the vast majority of X-ray events. Data were collected with Manson electron impact source with aluminized polyimide Optical Blocking Filter
(OBF) but no beam filter to improve Line:Continuum. Anode was at 1kV. A mean/dark-frame, collected with shutter was subtracted from data. Read
noise for these data were < 4 e rms.

Figure 9. Boron spectrum (183eV) (1&2 pixel events) obtained with ↵ PIXE source (244Cm and Boron target). To improve flux, Boron data were taken
with no OBF. 244Cm Source was directly in front of bare detector so no shutter could be used for proper mean/dark frame determination resulting in
higher measurement noise (⇠ 8 e rms). Tail of noise distribution from pixels without X-rays (2.2⇥108 pixels) is shown in black.

4. HIGH SPEED THROUGHPUT
Future large effective area missions like LYNX (aka X-ray Surveyor, SMART-X) require detectors with high dynamic
range. On one hand, a future CMOS X-ray imaging spectrometer will need to operate as a low-noise faint object camera.
On the other hand, the large effective area (30 times Chandra) and high angular resolution of the X-ray mirrors will require
a detector capable of very high “throughput”. A high throughput detector will not only provide temporal resolution but it
will effectively eliminate photon “pile-up”. The CMOS high speed parallel signal chain with one column shown in detail
is depicted in Figure 10. Each parallel signal chain consists of 512 columns and is fully parallel until it reaches the 512:1
horizontal address (column) multiplexer (“mux”) output. to decrease the volume of transmitted/telemetered data from a
Si pixelated detector. One technique is to completely eliminate the frame driven character and produce an “event-driven”
device. Such pixels can be made; however in order for the pixel to encompass its own very low noise CDS circuit, the
resulting pixel must be large (⇠ 100µm). Smaller event driven/triggered pixels can be made, but only at the expense of
increased noise. Any self triggered pixel/device will be specialized, complex and require very low Fixed Pattern Noise
(FPN), particularly for low energy split-pixel X-ray events. In non-self triggered devices, techniques for removing FPN are
well established. A more straightforward technique to achieve both high event throughput and data volume reduction is to
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B-K 185 eV

Energy (eV)
2017KenterSPIE_Advancing the technology of monolithic CMOS detectors for use as x-ray imaging spectrometers
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Figure 4: Prototype detector with 256x256 pixel sensor. The four readout ASICs are located to the left and the four control ASICs are 
shown top left on the photo. 
 

 
Figure 5: Spectrum of 55Fe source measured with a 256x256 pixel WFI prototype DEPFET detector operated in drain readout mode. 
An energy resolution of 135 eV FWHM has been achieved at 5.9 keV for a readout time of 5 µs/row corresponding to 1.3 ms per 
frame. Apart from the emitted Mn-Kα and Mn-Kβ lines with 5.9 keV and 6.5 keV energy, we measured also the associated Si-Kα 
escape line with 1.7 keV lower energy than the Mn-Kα line and in addition, a Ti-Kα line at 4.5 keV, which was generated as 
fluorescence line in the sensor support structure made of titanium. 

3.2. Electronics  
The functionality of the Detector Electronics (DE) is divided into two modules. The Power Conditioning Module (PCM) 
serves as secondary power supply and creates all static voltages required for detector biasing. The Frame Processor 
Module (FPM) generates all dynamic detector control signals and receives the detector event data[10]. The science data 
stream is pre-processed in order to perform energy correction and to identify valid X-ray events. An event list 
containing all valid events, i.e. with respect to energy and event pattern, and their corresponding pixel coordinates, is 
sent to the Central Processing Module (CPM) of the Instrument Control and Power Distribution Unit (ICPU). Inside 
CPM, the scientific data streams (event lists) of all 5 DE units are merged, combined with housekeeping data and 
compressed. The combination of data pre-processing in the DE together with data compressing in the CPM ensures a 
minimum data volume that has to be stored in the Athena spacecraft mass memory before it is sent to the ground station.  
The FPM conceptual design is based on an FPGA that performs the pre-processing of the detector data. Since eight data 
channels (from eight readout ASICs) per detector quadrant arrive at one FPM simultaneously, the critical function of the 
FPGA is to perform all necessary event processing in real-time. In that sense, the FPM FPGA is required to cope with 

DEPFET sensor chip

Switcher-A ASIC

Veritas-2.1 ASIC
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• It consists of a p-channel FET on a n-type 
bulk that is fully depleted by a reverse 
biased backside diode. 

• WFI of ATHENA

• Pixel Size 130μm,  Depletion 450μm

• Parallel readout at 1-5μsec/row,  
time resolution 5msec for 1K×1K pixels

• ENC ~2-2.5 e (rms)

Switcher-A ASIC

Veritas-2.1 ASIC

DEPFET sensor chip
256 × 256 pixels

2017MeidingerSPIE_The Wide Field Imager instrument for Athena
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Figure 7. Suzaku XIS and NuSTAR spectra of the AGN IC 4329A in the
2–10 keV band. The green and orange and magenta points are for XIS 0, 1, and
3, respectively. The red and blue points are for NuSTAR focal plane modules
A and B, respectively. The top panel shows the spectra, with residuals shown
as a ratio on the bottom panel. The same model was used to fit both NuSTAR
and Suzaku spectra (see the text for details). The relative calibration of the two
instruments is good over this energy range. The absolute cross-normalization
agrees to within 10%.
(A color version of this figure is available in the online journal.)

Figure 8. Spectrum of the 155Eu flight calibration source for focal plane module
A taken during on-orbit commissioning. The FWHM energy resolution is 400 eV
below ∼40 keV and increases to 1 keV at 70 keV.
(A color version of this figure is available in the online journal.)

subtraction. However, these cross-calibrations are ongoing, and
will be aided by high count-rate joint observations of Cygnus
X-1 and the Crab.

5.2. Spectral and Temporal Resolution

The in-flight spectral response of the NuSTAR focal plane de-
tectors matches well with pre-launch calibration measurements.
Each focal plane module is equipped with a radioactive 155Eu
calibration source that can be placed in the FoV. Figure 8 shows
a spectrum taken during on-orbit commissioning. At energies
below ∼50 keV, the resolution is 400 eV FWHM and is constant
with energy, being determined by the electronic noise. Above
this, the energy resolution broadens due to charge trapping ef-
fects in the detector. The FWHM response is 1.0 keV at the
86 keV decay line. The good resolution over a broad energy
range enables NuSTAR to perform spectroscopy extending from
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Figure 9. Spectrum with 15 ks exposure of Vela X-1 taken by NuSTAR. The
red points show data from focal plane module A and the blue points are from
module B. The inset shows the Fe-line region. The good broadband response
enables NuSTAR to measure both Fe-line fluxes and high-energy continuum. A
cyclotron resonance scattering feature (CRSF) is seen with high significance at
55 keV.
(A color version of this figure is available in the online journal.)

below the Fe-line range up to 79 keV. Figure 9 shows a spectrum
from a 15 ks exposure of the accreting neutron star Vela X-1
taken by NuSTAR during the instrument commissioning phase.
Fe lines are well measured, along with the continuum extending
up to 79 keV. A clear cyclotron resonance scattering feature can
be seen at 55 keV.

Because NuSTAR has a triggered readout (similar to a propor-
tional counter and unlike an integrating CCD), timing analysis
is possible on short timescales for sources of moderate count
rate (<200 counts module−1). For very bright targets, the 2.5 ms
deadtime per event limits the ability to search for features on
millisecond timescales. NuSTAR maintains relative stability of
event timing to 1–2 ms by correcting the drift of the spacecraft
clock on long (day to weeks) timescales. This drift correction is
done using the relative spacecraft clock time to UT that is rou-
tinely measured during ground station contacts. The absolute
time relative to UT is currently only known to 5 ms; however,
calibration to the sub-millisecond level using a pulsar with a
known ephemeris is planned.

5.3. Background

The NuSTAR background measured on orbit is well within
the range predicted by pre-launch Monte Carlo modeling.
Background prediction for a well-shielded instrument is difficult
due to the poorly characterized input particle spectra, so that pre-
launch predictions had uncertainties of a factor of four. Figure 10
shows the background spectrum taken during an observation of
the Extended Chandra Deep Field South (ECDFS) in late 2012
September. At low energies (E < 10 keV), the background
is dominated by diffuse cosmic flux entering through the
aperture stop. This component is not uniform across the FoV,
so some care is required in choosing regions for background
subtraction at low energies for faint sources. The internal
background consists of albedo from Earth’s atmosphere and
fluorescence lines from the CsI shield, as well as internal
activation lines produced largely by particles trapped in the
SAA. This component is spatially uniform across a given
detector chip, but does vary from detector to detector.

The low inclination of the NuSTAR orbit results in stable
background compared with missions that experience a larger
range of geomagnetic latitude and more frequent SAA passages.
The background increased slowly in the several months after
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Eu-155 on-board 
Cal Source

86.54 keV

6keV
complex

• Thickness 2mm,  20mm×20mm
• 605μm□,  32×32 pixels
• Time resolution of 2μsec

CdZnTe pixel of NuSTAR

CsI Active Shield

2013HarrisonApJ.pdf

• Low noise by small input capacitance
• ΔE 600eV at 6keV, 1keV at 60keV
• Lower E threshold of 2keV

CZT

Energy (keV)
59.4 59.6 59.8 60 60.2 60.4 60.6 60.8

C
ou

nt
s

50

100

150

200

250

300

Figure 2. Spectral comparison of the 60 keV line between (red) model and (black) actual FPMB/DET0 data obtained
with the onboard 155Eu source.
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Figure 3. Cas A spectra observed with (red) NuSTAR/FPMB
and (black) Suzaku/XIS-3FI. The dashed lines show the best-
fit Gaussian models. These spectra are extracted from the
Ca/Fe-rich western region of Cas A.

Table 1. Line center energies of the best-fit Gaussian
models to the Cas A spectra in Figure 3.

Line center energy (keV)

NuSTAR Suzaku

Ar Kα 3.130± 0.016 3.128+0.006
−0.004

Ca Kα 3.886± 0.017 3.890+0.010
−0.008

Fe Kα 6.621± 0.004 6.606+0.007
−0.006

a thermal Bremsstrahlung and power-law emission with three narrow Gaussian lines, each corresponding to Ar
Kα, Ca Kα, and Fe Kα. The best-fit line center energies listed in Table 1 show that the NuSTAR energy scale
accuracy in the lower-energy band is < 20 eV.

4. IN-ORBIT BACKGROUND

The NuSTAR focal plane detector mainly has two methods of discarding background events. The CsI scintillator
surrounding the detector array can not only actively shield charged particles with on-board anti-coincidence, but
also passively shield low-energy γ-rays. Furthermore, the interaction depth estimated in the offline software can

Proc. of SPIE Vol. 9144  91441R-4
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HXI (DSSD + CdTe-DSD) of Hitomi
Camera

4 DSSDs

1 CdTe-DSD
0.5mm thick

0.75mm thick

32mm

100mm
BGO w/APD

VA/TA ASIC

• 5-30keV by 4 DSSDs 0.5mm thick

• low BGD by no activation

• 20-80keV by CdTe-DSD 0.75mm thick

• Strip type

• Larger input capacitance than a 
pixel type, which is a disadvantage 
for spectroscopy

• Fine pitch (small pixel size) with 
smaller number of channels is 
available

• 250μm for CdTe-DSD for Hitomi. 
60μm for FOXSI-3 (see talk by 
Furukawa-san)

• No dead structure including ASIC 
below sensor.  Compton camera 
by stacking the sensors.

2017NakazawaPH_The hard X-ray imager (HXI) onboard Hitomi (ASTRO-H)
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X-ray SOIPIX (Kyoto/Miyazaki/KEK/Shizuoka/TUS)  18

Insulator
(SiO2)

CMOS 
(low ρ Si)

Sensor 
(high ρ Si)

2

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)

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

• Using trigger function  and 
Readout hit pixel only. 

• Time resolution ~1μsec and 
throughput ~ 1kHz

• BI with depletion >200μm

2017 Oct.
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See also talks by Kawahito-sensei,  Arai-sense, Mori-sani, Onuki-san, Kamiya-san. 
posters by Takeda-san, Hayashi-san, Harada-san, Yarita-san, Negishi-san. 
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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
 19



Summary
• The conventional type of MOS-CCD is the standard 

imaging spectrometer in the energy band above 10 keV. 

• Fast time resolution and fast readout is the key issues for 

the next generation of imagers. 

• PNCCD, Digital CCD, Monolithic CMOS, Hybrid, 

DEPFET, X-ray SOIPIX. 

• CdTe/CZT pixel and double-side strip detectors have been 

developed and used in the energy band above 10 keV. 
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