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Abstract

Astro-E2 is the fifth Japanese X-ray astronomical satellite and will be launched in 2005. The Astro-E2 X-ray Imaging
Spectrometers (XISs) consist of four sets of X-ray CCD cameras. Each CCD camera has an imaging area of 1024 x
1024 pixels and covers a region of 18’ x 18 on the sky combined with an X-ray Telescope. One XIS will utilize back-
side illuminated (BI) CCDs, and the other three will be equipped with front-side illuminated (FI) CCDs. The BI CCD
has a higher quantum efficiency than the FI CCD below 2keV, while the FI CCD is more sensitive to X-rays above
5keV than the BI CCD. Both types of the CCDs have nearly the same energy resolution (full-width at half-maximum
(FWHM) =~ 130¢V at 6 keV). All four cameras have a charge injection capability and >*Fe calibration sources, and we
can correct the change of the gain and recover the degradation of the energy resolution due to radiation damage caused
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by cosmic rays. The sensors are cooled to —90 °C to minimize thermal noise in orbit. The low temperature is also helpful

to reduce the influence of the radiation damage.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Astro-E2 is the fifth Japanese X-ray astronom-
ical satellite, which will be launched in 2005.
Astro-E2 carries four sets of X-ray charge-coupled
device (CCD) cameras, which are referred to as X-
ray Imaging Spectrometers (XISs). They are
operated in a photon-counting mode similar to
the ASCA SIS [1], Chandra ACIS [2], and XM M-
Newton EPIC [3].

Two other instruments are also on board Astro-
E2: the X-Ray Spectrometer (XRS) [4] and the
Hard X-ray Detector (HXD) [5]. The XRS is an X-
ray micro-calorimeter with an extremely high
energy resolution (full-width at half-maximum
(FWHM) 6¢V at 5.9keV) in the 0.3-12 keV band.
The HXD consists of phoswitch scintillation
counters (GSO/BGO) and silicon PIN diodes and
has a sensitivity in the 10-600 keV band. Only the
XIS has an imaging capability with a moderate
energy resolution, and is complementary to these
detectors. Together these instruments combine to
open a new horizon for X-ray astronomy.

The CCD sensors, the analog electronics, and
the temperature control electronics of the XIS
were developed at MIT; while the digital electro-
nics and a portion of the sensor housing were
developed in Japan, jointly by Kyoto University,
Osaka University, Rikkyo University, Ehime
University, Kogakuin University, and ISAS/
JAXA.

2. Overview of the XIS

Fig. 1 gives a schematic view of the XIS system
for one sensor. The four XIS sensors (XIS-S0-S3)
are located at the foci of four X-ray telescopes

(XRT). Each CCD sensor has a single CCD chip,
which is a MOS-type three-phase CCD operated in
frame transfer mode. The exposure area of the
CCD consists of 1024 x 1024 pixels. The pixel size
is 24 um x 24 pm, giving a size of 25mm x 25mm
for the exposure area. The exposure area covers an
18’ x 18’ region on the sky combined with the
XRT.

The CCD sensors are kept at —90°C to
minimize the thermal noise. This is accomplished
by thermo-electric coolers (TECs), which are
Peltier devices attached to the undersurface of
the CCD. The TECs are controlled by TEC
control electronics (TCE). The analog electronics
(AE) drives the CCD clocks, reads and amplifies
the signal from the CCDs, performs the analog-to-
digital conversion, and sends the data to the digital
electronics (DE). Because the AE and the TCE are
in the same housing, they are referred to together
as the AE/TCE. There are two AE/TCEs on board
Astro-E2: AE/TCEO1 is connected to XIS-S0 and
S1, and the other AE/TCE23 is used for XIS-S2
and S3. The DE consists of two pixel processing
units (PPUOl and PPU23) and one main
processing unit (MPU). The PPUs receive the
raw data from the AE, and store them into
memory which is called Pixel RAM. The PPUs
then carry out event detection, and send event data
to the MPU. The MPU edits and packets the event
data and sends them to the satellite’s main digital
processor.

Because X-ray CCDs are generally sensitive to
optical and UV light, the XIS has an optical
blocking filter (OBF) just in front of the imaging
area. The OBF is made of a Polyimide
(CoHgN2O4) film over which aluminum is
vapor-deposited. The thicknesses of Polyimide
and aluminum are 1130 and 1340 A, respectively.
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Fig. 1. Schematic view of one XIS system. Each XIS consists of a single CCD chip with an imaging area of 1024 x 1024 pixels. The
pixel size of each pixel of the imaging area is 24 um x 24 pm. Astro-E2 contains four CCD cameras (XIS-S0-S3), two AE/TCEs (AE/
TCEO1 and AE/TCE23), two PPUs (PPUO1 and PPU23), and one MPU. AE/TCEO1 and PPUO]1 are connected to XIS-SO and XIS-S1,
while AE/TCE23 and PPU23 serve XIS-S2 and XIS-S3. One of the four CCDs is back-illuminated (BI), and three are front-illuminated

(F).

The OBF has a low transmission coefficient for
optical light (<5 x 107%), while being transparent
to X-rays (=80% above 0.7 keV).

For on-orbit calibration, each CCD sensor has
three >°Fe calibration sources. One is attached to a
door to illuminate the whole imaging area, and the
other two are located on the side wall of the
housing and illuminate two corners of the imaging

areca. The door source is used for initial calibration
only, and after the door is opened, it will not
illuminate the CCD.

The basic characteristics of the XIS are sum-
marized in Table 1. Ground calibrations of the
XIS are ongoing. There are some documents in
which further information on the XIS is available
[6-8].
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Table 1
Characteristics of the XIS

Field of view 18" x 18’

Energy range 0.2-12keV

Imaging area format 1024 x 1024 pixels

Pixel size 24 pm x 24 pm

Energy resolution ~ 130eV (FWHM) at 6keV

Effective area® 340 cm? (FI®), 390cm? (BI) at 1.5keV
150 cm? (FI®), 100 cm? (BI) at 8keV

~ 3 electrons (RMS)

8s (normal mode), 7.8 ms (P-sum mode)

Read-out noise
Time resolution

#On-axis effective area for one sensor including the OBF
transmission, the CCD quantum efficiency, and the XRT
effective area. The calculations are for a point source integrated
over a circular region with a 6 mm (4.34 arcmin) radius.

Front-illuminated CCD.

“Back-illuminated CCD.

3. Front-illuminated CCD (FI) and back-
illuminated CCD (BI)

There are two types of X-ray CCDs in terms of
the incident direction of X-rays: front-side illumi-
nated (FI) CCDs and back-side illuminated (BI)
CCD:s. In the case of FI CCDs, X-rays reach the
CCD through the front surface of the CCD where
there is a gate structure which consists mainly of Si
and SiO,, while BI CCDs detect X-rays coming
from the back side of the CCD where there is no
gate structure. Thus, BI CCDs tend to have a
much higher quantum efficiency (QE) for soft X-
rays. However, because BI CCDs need to be
thinned in order to remove the undepletion layer
of BI CCDs completely, the depletion layer of BI
CCDs is generally thinner than that of FI CCDs.
Therefore the QE of FI CCDs is higher than that
of BI CCDs at high energies. One of the four
sensors will be equipped with BI CCDs, and the
other three will utilize FT CCDs. The effective area
of both types of XIS is shown in Fig. 2.

Chandra and XM M-Newton also have BI CCDs.
The energy resolution of these BI CCDs is worse
than that of the FI CCDs. Due to the so-called
chemisorption process [9], however, the energy
resolution of the XIS BI CCD is significantly
improved and is almost the same as that of the XIS
FI CCD (Figs. 3 and 4).
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Fig. 2. On-axis effective area for a B CCD (dotted line) and an
FI CCD (thick line) including the OBF transmission, the CCD
quantum efficiency, and the XRT effective area. The calcula-
tions are for a point source integrated over a circular region
with a 6 mm (4.34 arcmin) radius.
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Fig. 3. Energy resolution for the XIS BI (circle) and the XIS FI
(triangle).

4. Clock modes and editing modes

Clock modes specify how to drive the CCD
clocks, and an exposure time, exposure region and
time resolution are then determined according to
the clock modes. Schematic views of the clock
modes and options are shown in Fig. 5.

There are two clock modes for the XIS: Normal
mode and Parallel-sum (P-sum) mode. In the
Normal mode, all pixels are read out. It takes 8s



H. Matsumoto et al. | Nuclear Instruments and Methods in Physics Research A 541 (2005) 357-364 361

10
> 8 ChandraBI CCD
[
10 E 6
N
e 4
8r 3 \
° 2 ]
>
] L 0
§ 6 0 04 08 12
0 channel energy (keV)
5 471
Q 20
o
> XMM BI CCD
2F v 15 \
3
9 10
0 P, ' = g
0 0.2 04 0.6 0.8 1.0 1.4 8 o
channel energy (keV) 0

0 0.4 0.8 1.2
channel energy (keV)

Fig. 4. Simulated spectrum of the supernova remnant E0102-72.3: XIS (left), Chandra BI (right upper) and XMM BI (right lower).

to read out all pixels, if neither the Window nor
the Burst options (see below) are specified. In the
P-sum mode, the pixel data from multiple rows are
summed in the Y-direction on the CCD, and the
summed data are put in the Pixel RAM as a single
row. The number of the summed rows is selected
from 64, 128, and 256. The P-sum mode has no
spatial resolution in the Y-direction, but the time
resolution is  significantly  improved to
85s/1024-7.8 ms.

Two options are available for the Normal mode:
Burst and Window options. In the Burst option,
the exposure time can be chosen arbitrarily within
the read-out interval (8 s). This option may be used
to avoid pileup. If an exposure time of s is
chosen, however, a dead time of 8 — #’s cannot be
avoided during each read-out interval. In the
Window option, only a part of the imaging
area within a certain range of Y-direction is read
out. The window width is selected from among
64,128, and 256 rows. This option may also be
used to reduce an exposure time to avoid pileup.
The Burst and Window options may be used
simultaneously.

Editing modes describe how detected events are
handled. Three modes are available for the
Normal mode: 5 x 5, 3 x 3, and 2 x 2 modes. In
the 5 x 5 mode, the position of a detected event

and all pulse heights of 5 x 5 pixels centered at the
event are sent to the telemetry. In the 3 x 3 mode,
the event position and the pulse heights of 3 x 3
pixels centered at the event are sent to the
telemetry. Moreover, the 16-bit information of
the surrounding 16 pixels is sent out, which
describes which pixels have a pulse height larger
than the outer split threshold. The total pulse
height of those exceeding the threshold among the
16 pixels is also sent to the telemetry. In the 2 x 2
mode, the event position and the pulse heights of
2 x 2 pixels including the event center and the
second highest pixel are sent to the telemetry. The
position of the 2 x 2 pixels in the 3 x 3 pixels is
also output. Moreover, the 8-bit information of
the eight pixels out of the 12 surrounding pixels
excluding the corner four pixels is sent to the
telemetry, which contains information on which
pixels have a pulse height larger than the outer
split threshold. The 5 x 5 or 3 x 3 mode is usually
used whenever it is possible within the telemetry
limit.

For the P-sum mode, only the Timing mode is
available. The pulse height, position, and grade of
the event are output, where the grade describes
how the event is split into the adjacent pixels. The
total pulse height calculated according to the grade
is also sent to the telemetry.
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Fig. 5. Schematic views of the Normal mode (top), the P-sum mode (middle), and the Normal mode with the Burst option (bottom).
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Fig. 6. Schematic view of charge injection: (left) the serial register for charge injection, and (right) the fill and spill method for charge

injection. IA1-3 and S1-3 are the names of the electrodes.

5. Charge injection

The XIS of Astro-E2 is equipped with a charge
injection capability, which is one of the new
characteristics compared with the XIS for the lost
Astro-E satellite [7,10]. Any amount of charge can
be injected into the CCD pixels. By comparing the
input charge and the read-out charge, the charge
transfer efficiency (CTE) can be measured for each
column of the CCD.

A serial register is equipped on the top of the
imaging area for the charge injection (Fig. 6). The
“fill and spill”” method is used to input the charge.
When the input gate is pulled up to a high level,
electrons flow into the S3 (“fill”’). The input gate
then returns to a low level, and a certain amount
of charge is left at the S3 (“spill’’). We can control
the amount of charge by adjusting the difference of
voltage between the input gate and S3. The
injected charge is transferred by the serial clock
and put into a pixel at the top of the imaging area.

6. Radiation damage

The performance of the X-ray CCDs degrades
gradually due to radiation damage by cosmic rays.

This results in an increase of the dark current and
a decrease of the CTE. We operate the XIS at
—90°C in order to minimize the effect of the
increase of the dark current. We can correct the
degradation of the CTE by measuring the CTE
regularly with the >Fe sources and the charge
injection function.

The degradation of the CTE is caused by charge
traps in the CCDs produced by cosmic rays. When
a charge packet encounters an empty trap, some
electrons in the packet are captured in the trap. If a
trap is already filled, however, the packet will not
lose electrons. We can recover the degradation of
the CTE by injecting charges (referred to as
“sacrifice events”) to fill traps before transferring
charge packets produced by X-rays from celestial
objects [11].

7. Summary

We have reviewed the X-ray CCD cameras on
board Astro-E2, which are known as the X-ray
Imaging Spectrometers (XISs). Compared with the
other two detectors (XRS and HXD) on board
Astro-E2, the XIS is the only instrument having an
imaging capability. The XIS also has moderate
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energy resolution. Both the FI and BI CCDs are
utilized in the XIS. The BI CCD of the XIS has
nearly the same energy resolution as that of the FI
CCDs, which is quite different from the BI CCDs
on board Chandra and XM M-Newton. The XIS
further has the capability of charge injection. This
function is useful in measuring the CTE for each
column of the CCD.
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