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ABSTRACT

Soft X-ray Imager (SXI) is a CCD camera onboard the ASTRO-H satellite which is scheduled to be launched
in 2015. The SXI camera contains four CCD chips, each with an imaging area of 31mm×31mm, arrayed in
mosaic, covering the whole FOV area of 38′ × 38′. The CCDs are a P-channel back-illuminated (BI) type with
a depletion layer thickness of 200µm. High QE of 77% at 10 keV expected for this device is an advantage to
cover an overlapping energy band with the Hard X-ray Imager (HXI) onboard ASTRO-H. Most of the flight
components of the SXI system are completed until the end of 2013 and assembled, and an end-to-end test is
performed. Basic performance is verified to meet the requirements. Similar performance is confirmed in the first
integration test of the satellite performed in March to June 2014, in which the energy resolution at 5.9 keV of
160 eV is obtained. In parallel to these activities, calibrations using engineering model CCDs are performed,
including QE, transmission of a filter, linearity, and response profiles.

Keywords: X-ray CCD, P-channel, Back-illumination, ASTRO-H, SXI

1. INTRODUCTION

ASTRO-H1,2 is an X-ray observatory scheduled to be launched in 2015. It will carry four kinds of detectors; the
Soft X-ray Spectrometer (SXS),3–5 the Soft X-ray Imager (SXI),6,7 the Hard X-ray Imager (HXI),8,9 and the
Soft Gamma-ray Detectors (SGD).10,11 The former two, SXS, and SXI will be installed on the focal planes of
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the Soft X-ray Telescope, SXT-S and SXT-I,12,13 respectively. The HXI will be placed on the focal planes of the
two sets of the Hard X-ray Telescopes (HXT),14,15 while the SGD are non-imaging detectors with collimator.

One of the main purposes of ASTRO-H is high resolution (5 eV resolution) spectroscopy of X-ray sources at
soft X-ray band (0.3-12 keV), which is primarily enabled by the SXS, micro-calorimeter. However, since the SXS
field of view (FOV) is limited to 3′ × 3′, information of the X-ary sources in the surrounding region is always
needed to extract the spectrum of the target source properly. Wide (38′ × 38′) FOV of the SXI, even with
moderate energy resolution, will take the role for it. The wide FOV of the SXI, together with low and stable
background as for the Suzaku XIS, is also ideal for observations of diffuse sources with low surface brightness.
Another important point of ASTRO-H is in its wide energy band, from 0.3 to 600 keV. Efficiency of the SXI will
be as high as 77% at 10 keV and will have enough overlap energy band with that of the HXI. These points are
essential to obtain wide energy band spectra of hard X-ray sources.

We fabricated the engineering model (EM) of the SXI in 2012, and performed various tests.6,7 Most of the
SXI flight model (FM) components were fabricated and assembled in 2013, and an end-to-end test was performed
in December 2013 and January 2014. It followed by the first integration test of the ASTRO-H satellite, in which
SXI was installed on the satellite from March to June 2014. In parallel to the fabrication and verification of
the SXI FM, various calibrations and qualifications were performed using tje SXI EM CCDs. We report these
activities and the current status of the SXI development in this paper.

2. SXI SYSTEM : DESIGN OVERVIEW

The SXI consists of a camera body (SXI-S), pixel processing electronics (SXI-PE), digital electronics (SXI-DE),
and a cooler driver (SXI-CD). The SXI-S contains 4 CCD chips fabricated by Hamamatsu Photonics K.K. (HPK).
The CCDs are cooled down to −110◦C or −120◦C with mechanical coolers. Driver electronics are installed in
a box aside the camera body, while video electronics are inside the camera body. These SXI components are
illustrated and schematically shown in Fig. 1.

Figure 1. Left : The outlook of the SXI-S. There are 4 CCDs inside the SIX body (BDY) just below the Hood. Right :
The block diagram of the SXI system. There are four sub-parts in the SXI: SXI-S, SXI-DE, SXI-PE and SXI-CD.

Design of the SXI was described in previous papers.6,7, 16,17 No major changes were applied from the SXI
EM to the SXI FM, although the FPGA logic and on-board software were updated.

2.1 CCD

The SXI employs P-channel, back-illuminated (BI) type CCD, Pch-NeXT4, manufactured by Hamamatsu Pho-
tonics K.K.. Its specification is summarized in Table 1, and those installed in the SXI FM are shown in Fig 2.
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The P-channel CCDs are made from N-type silicon wafers, which leads to a thick depletion layer of 200µm. High
quantum efficiency (QE) around 10 keV or higher is important to have energy band overlap with the HXI. We
also consider that the SXI CCD should be BI type, not only for good quantum efficiency to low energy X-rays
but also for protection against micro-meteorite impacts. Fig. 3 show the QE model of the Pch-NeXT4. In this
model, transmission of the optical blocking layer (OBL) on the SXI (Al 100 nm thickness), and that of the CBF
(polyimide 200 nm and Al 30 nm) are takein into account.

A proto-type of Pch-NeXT4 is Pch-2k4k, which are used in the Hyper Supreme Camera for the Subaru
telescope. One drawback of the proto-type P-channel CCD had been its low energy response; a significant low
energy tail was observed to soft X-ray incidence. Nevertheless, as described in Ueda et al.,18,19 introducing an
alternate treatment on the Si-interface layer, which is at the surface of the illumination (back) side, succeeded
in reducing the tail by one order of magnitude. The same treatment was adopted for the EM and FM CCDs of
the SXI, and reduced low energy tail was confirmed in the experiment, as mentioned below.

Table 1. Specifications of the CCD Pch-NeXT4 and its Nominal Operation Parameters for the SXI

Pch-NeXT4 CCD Configuration Frame Transfer, BI, P-channel

Imaging Area Pixels 1280 × 1280

Imaging Area Size 30.72mm × 30.72mm

Imaging Area Pixel Size 24µm × 24µm

Silicon Thickness 200µm

Clock Phase 2

Readout Nodes 4 (nominally use 2)

Surface Coat Al

Nominal Operation Frame Time 4 s

On-chip Binning 2 × 2

CCD Temperature −120◦C∼ −110◦C

Figure 2. SXI FM CCDs installed on the cold plate,
consisting of the FPA in the SXI FM Camera. CCD
IDs are overlaid in the picture.
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Figure 3. QE model of the SXI CCD Pch-NeXT4. The
transmission of the optical blocking layer on the SXI
(Al 100 nm thickness), and that of the contamination
block filter (polyimide 200 nm and Al 30 nm) are taken
into account.
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2.2 Camera Housing and Coolers

The SXI camera housing contains the focal plane assembly (FPA) including 4 CCDs, video boards, and the one
stage Stirling (1ST) coolers. At the top of the SXI housing, a bonnet and a hood are placed. The contamination
blocking filter (CBF) is installed at the boundary of the bonnet and the hood. Total weight of the SXI camera
body including the front end electronics are about 41 kg. Since the CCDs are one of the coolest part inside the
camera body, special care is needed against contaminations. Therefore, the inside of the housing is separated
into two rooms, one for the FPA and the other for the video boards.

2.3 Analog Electronics

The front end electronics (FE) take the role of a CCD driver, house keeping (HK) measurement electronics, and
the FPA heater controller. The driver output is optimized for the SXI CCD, Pch-NeXT4. For example, a back
bias voltage up to +40V can be applied. Four FE boards are installed in a box aside the camera body.

On the other hand, the role of the video board is to process analog signals from the CCD and to transfer
digitized pixel levels to the SXI-PE. The main part of the video signal processing is conducted by the ASICs
MND02.20,21 One MND02 ASIC accepts signals from the 4 readout nodes of a CCD, while we employ 2 ASICs
for one CCD. This is for redundancy and also for noise reduction by taking average of the outputs from 2 ASICs.
Besides the ASICs, FPGAs are installed on the video board. Decimation filter process is the main role of these
FPGAs.

2.4 Digital Electronics

The SXI-PE consists of two FPGA boards, called Mission I/O (MIO) boards, and the Power Supply Unit (PSU).
As shown in Fig. 1, the SXI-PE is connected to the analog electronics through LVDS lines and power lines. The
SXI-PE functions not only as a digital processor for the pixel data from the video boards, but also takes the
role of a CCD sequencer, power supply to analog electronics, commander to analog electronics, and an HK data
collector. More detailed description but for the proto-type is given in by Ozaki et al.22 and Fujinaga et al.23

The SXI-DE is a CPU board, called Mission Digital Electronics (MDE), that interfaces the satellite system
and the SXI system, i.e., receiving the commands and transmitting them to the SXI-PE, transferring the edited
data to telemetry. The communication of the SXI-DE to the SXI-PE and to other satellite system components
are through Space Wire (SpW).

The hardware and basic part of the logic and software for the MIO and MDE boards are common for all
the ASTRO-H mission instruments. In fact, one backup MDE called XMDE is installed on the satellite for
redundancy, which will function as a substitution for any of the MDEs prepared for each subsystem.

3. PERFORMANCE VERIFICATION AND CALIBRATIONS

As mentioned above, most of the FM components of the SXI were fabricated and assembled in 2013. We describe
activities to build the FM and its verification, and calibrations sine with the FM but mostly with the EM.

3.1 Basic Performance of the CCDs in the SXI

All the FM candidates Pch-NeXT4 CCDs manufactured by HPK were tested at Osaka University. The test
includes X-ray irradiation with 55Fe sources, O-K and Si-K lines from a system consisting of a target plus a soft
X-ray electron impact source, and optical light irradiation. The optical light irradiation was included to verify
the OBL covers whole the CCD area. We scored the candidates CCDs by various aspects of performance, and
the four CCDs with highest scores were selected and installed on the FPA of the SXI FM.

We performed an end-to-end test of the SXI-S almost full FM in December 2013 and January 2014. The
CCDs were cooled down by SXI-1ST down to −120◦C. We confirmed that the stability of the temperature control
is less than 0.2◦C. With nominal drive clock settings and averaging two ASICs inputs for each read out node,
we obtained readout noise of 5 e− to 7 e−. The gain is 5.8 eV/ch to 6.8 eV/ch, depending on the nodes. The
readout noise is slightly smaller than that measured in various experiments in the development phase when the
video board were placed outside the camera housing with a longer cable. The SXI FM was then installed on the
satellite, and joined the first integration test of the satellite in March to June 2014. In June 2014, we performed
an end-to-end test again with SXI-PE FM, as shown in Fig. 4.
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Figure 4. End-to-End Test of the SXI FM system per-
formed at Tsukuba Space Center, JAXA on 2014 June.
SXI components are FM except for SXI-CD. The CCDs
were cooled down to −120◦C∼ −110◦C, and were ir-
radiated with X-rays from 55Fe sources. In order to
make the camera body vacuum tight, we replaced the
FM bonnet with a vacuum tight flange.

Figure 5. X-ray image of the mesh in front of the SXI
FM CCD. X-rays from 55Fe were irradiated. The bot-
tom left, top left, bottom right, top right are CCD1,
CCD2, CCD3, and CCD4, respectively. Look down
view.

3.2 Measurement of the CCD Alignment with a Mesh

We measured the alignment of the CCDs by placing a metal mesh in front of the CCDs. X-rays from 55Fe
source were irradiated to make a shadow of the mesh on the CCDs. Fig. 5 shows the X-ray image taken in
the experiment. The relative alignment of the four CCD chips was accurately (much finner than a pixel size)
determined for the pattern of the mesh to be aligned. The gaps between the CCDs are , corresponding to
36′′ − 45′′ on the focal plane. Note that the values of the gaps include inevitable dead space at the edges of each
CCD package. Alignment of the CCDs will be verified in orbit by observing X-ray sources on the sky.

3.3 Charge Injection and CTI Correction

Radiation damage is inevitable for the CCDs in orbit. Among various modes of the damages, increase in the
charge transfer inefficiency (CTI) is the most serious one for the X-ray CCDs. We studied the radiation tolerance
of the SXI EM CCDs by irradiating high energy protons at the Tandem accelerator in Kyushu University. The
proton energy incident to the CCD was 6.7MeV. With this energy, protons provide fairly flat energy deposit
over the CCD depth, about 12-18 keV/µm. This energy deposit in the CCD was much larger than the case with
conventionally used 20-40MeV case. As described in Mori et al.24 the degradation in the CTI for the SXI CCDs
is comparable to the Suzaku XIS CCDs. The CTI is lower for lower temperatures in the range from −140◦C to
−60◦C.

As also shown in Mori et al.,24 spaced-row-charge injection (SCI) is effective to reduce the CTI by factor of
two. Since the CTI of the SXI FM CCDs was not negligible, 0.9-1.5×10−5/vertical-transfer according to the
measurement in the screening test, we employ the SCI for the SXI from the beginning of the mission.

Application of the SCI to the SXI EM CCD is described in Nobukawa et al.25 The EM CCD used in the
experiment had a relatively high CTI and yielded Grade02346 FWHM at 5.9 keV of 220 eV. Introducing the
SCI improved the resolution to 184 eV, although gain non-uniformity of 0.5% remains like thaw-tooth structure
along the vertical transfer. Further improvement was achieved, i.e., FWHM of 180eV and gain non-uniformity
of 0.1%, by applying trail correction and residual CTI correction, both of which were established in the data
processing on the ground for the Suzaku XIS. With the SXI FM system installed on the satellite during the first
integration test operated with the CCD temperature of −110◦C, we obtained the Grade 02346 FWHM of 174 eV
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in the segment CD of CCD4 with SCI but without the residual CTI correction. Application of the residual CTI
correction led to the FWHM of 160 eV, as shown in Fig. 6 We consider this will be typical values for that at the
beginning of the mission.

Figure 6. X-ray spectrum of 55Fe obtained with the
SXI FM installed on the satellite during the first inte-
gration test. The spectrum is all the X-ray grades,
Grade02346, extracted from the segment CD of the
CCD4. CCD temperature was −110◦C, SCI was em-
ployed, and the residual CTI correction was applied.
The energy resolution FWHM for 5.9 keV Mn-Kα line
is 160 eV.

Figure 7. Ratio of the number of the events detected
with a SXI mini CCD for 50◦ incidence to that in 0◦

incidence, as a function of incident X-ray energy. The
ratio reflects the soft X-ray QE of the CCD. The model
curve is not derived by fitting but from the design val-
ues.

3.4 QE and Filter Transmission Measurement

High QE over wide energy band is one of the most important characteristics of the SXI CCD. QE at high energy
band is mainly determined by the thickness of the depletion layer. In the case of the SXI CCD, detection of soft
(<1 keV) X-rays assures the fact that the device is fully depleted.

On the other hand, the QE at low energy band is primarily determined by the dead layer on the incident
surface. Optical blocking layer (OBL) is an apparent dead layer. We have measured the soft X-ray QE of the
mini size CCD manufactured with the same manner as the SXI CCDs at synchrotron facility, KEK-PF BL-11A.
Measurement of the absolute QE at soft X-ray energies is difficult as no good reference counters is prepared. We
thus employed the slant incident method developed for soft X-ray calibration of CCDs.26 The ratio of detected
X-ray flux of 50◦ incidence to 0◦ incidence is plotted as a function of X-ray energy in Fig. 7. The data points
are still preliminary but the model curve based on the design value reproduces the result.

The X-ray transmission of the contamination blocking filter (CBF) was accurately measured by employing
synchrotron facility, either. The X-ray absorption fine structures (XAFS) of filter material are also measured, as
described in Kohmura et al.27

3.5 Response to Various Energy X-rays

Most of the performance verification of the SXI FM has been conducted with 55Fe sources, while we irradiated
the FM CCD with X-rays of O-K and Si-K lines in their screening process. We also performed experiments with
the EM CCD and mini-sized CCDs to measure response to various energy X-rays. Nobukawa et al. studied
energy to pulse height relation, showing linearity is good.25 Fluorescent X-rays from various materials will be
used in the FM calibration scheduled in August 2014, too.

Our previous concern with prototype CCDs has been a significant low energy tail in their soft X-ray response.
As described in Ueda et al.,19 we succeeded in reducing the low energy tail in a test Pch BI CCD by an alternate
surface treatment. The same treatment was applied to the SXI EM and FM CCDs. We confirmed the low energy
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tail is as small as those reported in Ueda et al.19 Fig. 8 shows the Grade02346 spectrum to O-K, Si-K, and Mn-K
irradiation in the FM CCD screening. There are some contribution from C-K and Mg-K. Response is basically
approximated with three components. Two Gaussian lines (primary and secondary) consisting the main peak
and a flat tail. Modeling the response is in progress to establish the response function available for users.

We also have special concern about the X-ray response of the SXI CCDs in the energy range around Si-K
edge. On this part, the response of the Suzaku XIS have a problem that significant residual remains. We hence
performed an experiment at a synchrotron facility using a mini size CCD to examine the response in detail. We
observed the tail is significantly smaller for the X-rays of which energy is below Si-K edge. This is reasonable
if the tail component is originated in the surface layer and charge loss in that layer. The detailed result will be
reported elsewhere.

Figure 8. X-ray spectrum obtained in the SXI FM CCD screening. Low energy tail is seen in the response but more
than one order of magnitude smaller than that in the proto-model CCDs. We approximate the response profile for single
energy incidence with three components.

4. SUMMARY

We completed the almost full FM SXI and performed a end-to-end test. The SXI FM system was then installed
on the satellite in its first integration test in March to June 2014. The SXI system functioned well; readout noise
of 5 e− to 7 e− and FWHM at 5.9 keV of 160 eV were obtained. Overall, no major problems were found. FM
calibration with various energy X-rays is planned in August 2014, followed by various environment tests of the
system and final integration test of the satellite until the launch at the end of 2015.
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