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ABSTRACT

We report on design updates for the XIS (X-ray Imaging Spectrometer) on-board the Astro-E2 satellite. Astro-
E2 is a recovery mission of Astro-E, which was lost during launch in 2000. Astro-E2 carries a total of 5 X-ray
telescopes, 4 of which have XIS sensors as their focal plane detectors. Each XIS CCD camera covers a �eld of
view of 19�19 arcmin in the energy range of 0.4{12 keV. The design of the Astro-E2 XIS is basically the same as
that for Astro-E, but some improvements will be implemented. These are (1) CCD charge injection capability,
(2) a revised heat-sink assembly, and (3) addition of a 55Fe radio-isotope on the door. Charge injection may
be used to compensate for and calibrate radiation-induced degradation of the CCD charge transfer eÆciency.
This degradation is expected to become signi�cant after a few year's operation in space. The new heat-sink
assembly is expected to increase the mechanical reliability and cooling capability of the XIS sensor. The new
radio-isotope on the door will provide better calibration data. We present details of these improvements and
summarize the overall design of the XIS.
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1. INTRODUCTION

Astro-E2 is a powerful X-ray observatory developed by a Japan/US collaboration. It is a recovery mission of
Astro-E,1, 2 which was lost in February 2000 during launch due to the failure of the 1st stage rocket motor.
Astro-E2 is scheduled to be launched in January or February, 2005.

Five sets of grazing incidence thin-foil mirrors (XRT, X-ray telescope) are carried on-board Astro-E2.3 Four
XRT are equipped with X-ray CCD cameras (XIS: X-ray Imaging Spectrometer) in their focal planes,4 and
the other telescope is served by a micro-calorimeter detector (XRS: X-Ray Spectrometer).5 Astro-E2 will be
the �rst X-ray satellite with a micro-calorimeter in the focal plane of an X-ray telescope. XRS is expected to
achieve an energy resolution of 10 eV.6 The XIS and XRS provide spectrally resolved imaging in the energy
range below �10 keV. Astro-E2 also carries a hybrid hard X-ray detector (HXD) incorporating silicon PIN
diodes (sensitive from 10{50 keV) and phoswich detectors (sensitive from 30{600 keV).7 The con�guration of
the satellite is shown in �gure 1 (left panel).

The scienti�c instruments for Astro-E2 are very similar to those of Astro-E, but some changes are being
made. Each XRT will be equipped with a pre-collimator. The pre-collimators signi�cantly reduce stray light
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Figure 1. (Left panel) Structure of the Astro-E satellite, which is basically the same for Astro-E2, is shown. Scienti�c
instruments are indicated in the �gure. (Right panel) One of the sensors of XIS-I on a handling �xture. An X-ray CCD
is located in the lower part of the sensor (sensor base). The ba�e, electric valve, pressure sensor, door and its opening
actuator are contained in the upper part (sensor bonnet).

scattered into the focal plane from outside the �eld of view. This change will make it easier to observe low-surface
brightness regions of extended sources, such as the outskirts of nearby clusters of galaxies. The pre-collimator
will also reduce the ux of the Cosmic X-ray background. The XRS on Astro-E used only a passive coolant,
which limited its expected lifetime to less than 2 years. To increase the lifetime, a mechanical cooler will
be installed on the dewar of XRS. If the cooler can be operated continuously, the XRS lifetime is expected
to increase to 3 years. Some modi�cations will also be made for XIS; these changes are the main topic of
the present paper and are explained in detail below. When it is necessary to distinguish, we refer to XIS on
Astro-E2 as XIS-II, and to that aboard Astro-E as XIS-I.

The paper is arranged as follows. The con�guration of the XIS is described in the next section. The
three major changes to XIS-II, viz., charge injection, the heat sink assembly, and a new calibration source, are
discussed in the following three sections.

2. X-RAY IMAGING SPECTROMETER (XIS) OVERVIEW

The XIS is a CCD camera which measures the energy and the position of each detected X-ray photon. The
XIS contains X-ray CCDs developed at MIT Lincoln Laboratory,8 and is fabricated by a collaboration between
Japanese institutions (ISAS, Kyoto Univ., Osaka Univ., Rikkyo Univ., and Ehime Univ.) and MIT. One XIS-I
sensor is shown in �gure 1. The XIS sensor consists of a bonnet (upper part) and a base (lower part). The CCD
chip, thermo-electric cooler (TEC), and a supporting heat-sink assembly, are installed in the sensor base. The
sensor bonnet contains various mechanical structures, such as a door and associated actuator, an electric valve,
a ba�e, a thin-�lm optical blocking �lter (OBF), and calibration sources. The sensor is connected to a vent pipe
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through the electric valve. Because the OBF is fragile and cannot survive the acoustic loads during launch, the
sensor is evacuated before launch. The door is opened with a paraÆn actuator after launch. A total of 4 sets of
XIS sensors are carried aboard Astro-E2. In addition to the sensors, the XIS includes Analog Electronics / TEC
Control Electronics (AE/TCE) and Digital Electronics (DE). The AE/TCE provide appropriate clock signals
to the sensor, process and digitize the video signal from the CCD and control the temperature of the CCD at
�90ÆC. Digital signals from AE/TCE are sent to DE, which detects X-ray events after appropriate dark frame
subtraction. The event data are converted to a telemetry format and are transfered to the spacecraft Data
Processor (DP), which eventually down-link the data to the ground station. We summarize the parameters of
XIS-I in table 1.

XIS-I was designed in the mid-1990's taking account of early experiences with the SIS (Solid-state Imaging
Spectrometer) on board the ASCA satellite. The SIS was the �rst X-ray photon-counting CCD camera in
space. It demonstrated the spectrally-resolved imaging capability possible with a CCD, and CCD cameras
have subsequently become an essential focal plane detector in X-ray astronomy. ASCA operated from 1993
through 2001. The long ASCA lifetime demonstrated, as expected before launch, that radiation damage can
signi�cantly degrade the performance of the CCD after a few year's operation in space.9, 10 The radiation
damage has basically two e�ects on the CCD: increased dark current and decreased charge transfer eÆciency
(CTE). These e�ects degrade both the energy resolution and the quantum detection eÆciency. To overcome
these diÆculties, the operating temperature of the CCD was decreased to �90ÆC in XIS-I and XIS-II compared
to about �60ÆC in SIS. This e�ectively eliminates any noticeable dark current, and should provide a modest
reduction in radiation-induced CTE degradation. However, when we designed XIS-I, the nature of the CTE was
not well understood. As a result of subsequent ASCA and Chandra/ACIS experience, we are now in a position
to take better counter-measures against the decrease of CTE.

Therefore, after the failure of Astro-E, we scrutinized the design of XIS-I based on our experience with
ASCA and Chandra. Although we could not introduce large changes to the design, three kinds of modi�cation
have been adopted to increase the reliability of XIS and to overcome the radiation damage. These modi�cations
are (1) addition of charge injection structures to the CCD, (2) a revised heat-sink assembly design, and (3) an
additional calibration source on the door. In the following sections, we describe these modi�cations in detail.

Table 1. Parameters of XIS-I.

CCD format 1024� 1026 pixels (imaging region)

CCD architecture 3-phase, frame-store transfer

CCD size 1 inch � 1 inch (imaging region)

Pixel size 24�m� 24�m (imaging region)

Number of readout nodes 4

Depletion layer thickness �50 �m

Nominal exposure 8 sec

Field of view 19� 19 arcmin

3. CHARGE INJECTION

3.1. Motivation

We show in �gure 2 an example of ASCA data which demonstrates the e�ect of radiation damage on energy
spectra. The �gure shows two energy spectra of the supernova remnant Cas A, which was the standard cali-
bration source for ASCA, taken in 1993 and 1998. It is clear from the �gure that �ne structures in the energy
spectra are smoothed out in the 1998 data. This is due to the degradation of the energy resolution, which is
caused mainly by the column-to-column variations of the CTE. ASCA had an approximately circular orbit at
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an altitude 550 km with an inclination angle of 31 degrees; Astro-E2 will have a similar orbit. The ASCA SIS
received most of its radiation damage during passage through the South Atlantic Anomaly (SAA). As a result,
CTI (= 1�CTE) increased roughly at a rate of (1� 3)� 10�5 yr�1.9 We also found that the behavior of CTE
is rather complicated. For example, CTI does not show clear dependence on the clock speed; CTI associated
with the parallel, serial, and frame-store transfers have comparable magnitude. Charge loss due to CTE seems
to have an energy dependence of ÆQ � Q�� (� � 0:5). Furthermore, CTE seems to have signi�cant spatial
variations. These include column-to-column variations and global variations over the chip.

Chandra ACIS also experienced signi�cant radiation damage soon after launch.11 In this case the damage
was caused by low-energy (100{400 keV) protons focused by the X-ray mirror, and only the front-illuminated
chips were damaged. Astro-E2 will probably be free from this type of damage, because ASCA did not experience
it. The thermal shield of XRT and the optical blocking �lter of SIS, which are also installed in Astro-E2, would
have attenuated the low-energy proton ux. In addition, the mission uence of very soft protons is expected to
be much lower in Astro-E2's low-earth orbit than in the high (10; 000� 140; 000 km) Chandra orbit.

The e�ects of radiation damage on the XIS may, however, be similar to those of the ASCA SIS. Several
improvements are achieved in XIS-II (also partly in XIS-I) to reduce the radiation damage and its impact on the
data, e.g. a lower operation temperature, a narrower trough in CCD for charge transfer channel, and a thicker
radiation shield. However, the XIS CCDs are larger than those on the SIS, and so must transfer charge over
longer distances. Thus, in sum, radiation damage e�ects will be comparable for XIS and SIS.

After the XRS cryogen is exhausted, the XIS will be the only soft X-ray detector on board Astro-E2. Thus,
it is especially important to minimize radiation damage to obtain high-quality XIS data in the later phases
of the Astro-E2 mission. Because it is diÆcult to increase the radiation shield signi�cantly within the limited
weight budget of Astro-E2, accumulation of radiation damage to the CCD is inevitable. Thus, we decided to
concentrate on (1) measuring the CTE as accurately as possible, which should enable us to correct for some of
the e�ects of CTE on ground,12 and (2) reducing the impact of the radiation damage on the CCD performance.
The �rst requirement could in principle be achieved by installing movable radio-isotope calibration sources in
the sensor. However, this would require large changes in the sensor design which turned out to be infeasible
given the current schedule of Astro-E2. We concluded that charge injection is most practical method to achieve
these two goals simultaneously. It has a relatively modest impact on the design of XIS-I.

Some experiments simulating charge injection have been performed using ACIS on board the Chandra
observatory.11 Although the CCDs in ACIS do not have an on-chip charge injection capability, it has been
possible to simulate charge injection using charge deposited in the detectors via cosmic-rays. The experiments
showed that the injected charge can reduce CTI up to a factor of a few, although average improvement is highly
energy dependent and may depend on the details of the injection method.

3.2. Structure of the Charge Injection Gates

When we measure the CTI using charge injection, we need to inject a small but well-controlled amount of charge
into each column. The size of the charge packet should be comparable to that created by soft X-ray photons,
typically a thousand electrons or less. We designed the charge injection structure to meet this requirement.
We implemented a new serial register at the top of the imaging region. A well-controlled amount of charge is
injected to the serial register, and is transfered to each column. An input diode and an input gate at the end
of the serial register are used to control the quantity of injected charge. We show schematically in �gure 3 the
charge injection structure and its principle of operation.

The charge injection register is clocked by the same signal used to drive the read-out register. This simpli�es
the operation of the CCD and reduces a number of signals required. The amount of charge injected to the register
is controlled by the di�erence in potential between the the input gate and the �rst gate (S3) of the injection
register. We expect that uctuation of the injected charge may be as small as about 30e�, RMS.

We have modi�ed the AE to supply appropriate voltages to the charge injection gates. Because the injection
register is clocked by the same signal as the readout register, we need only two more signals, i.e. those for the
injection diode and for an injection gate. The potential on the injection gate (relative to S3) must be accurately
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Figure 2. Comparison of energy spectra of the supernova remnant Cas A taken by the ASCA SIS in 1993 and 1998. Fine
structures in the energy spectrum are much reduced in 1998 compared to those in 1993. This is due to the degradation
of the energy resolution caused by the radiation damage.

controlled to inject the small charge packets required. This potential di�erence may be be changed by command
with a 1 mV step.

3.3. Basic Operation

One method to measure the CTI with charge injection might be as follows. We �rst �ll all the pixels of the
charge injection register with a known, �xed amount of charge. The charge may be transfered quickly to the n-th
row in the frame-store region. Then data in the frame-store region is read out row by row as in timed-exposure
mode. Relative reduction of the output charge to the injected charge gives the total CTI. The calibration of the
quantity of injected charge may be monitored by comparison to the onboard calibration source which illuminates
one corner of the device. However, this method cannot separate the CTI associated with the frame-store and
parallel transfers, because the numbers of these transfers are the same for all charge packets. We can repeat
the above measurement several times by changing the row number (n) to separate these two kinds of CTI.
This changes the ratio of the number of transfers between the frame-store and parallel transfers, and makes it
possible to separate the CTIs associated with these clocks.

A similar method may be used to reduce the CTI. In this case, the CCD is clocked as in the nominal
timed-exposure mode. The injected charge packets are transfered to the bottom row of the imaging region with
the frame-store transfer. When the data in the imaging region are clocked to the frame-store region, the injected
charges tend to �ll the traps in the frame-store region. This reduces the CTI associated with the frame-store
transfer. It is also possible to inject charges into more than a single row. This will produce some dead area in
the CCD, but may be useful to reduce CTI associated with the parallel transfer. Details of the charge injection
methods to reduce the CTI will be determined in future ground experiments with irradiated devices.

4. HEAT SINK ASSEMBLY

The heat sink assembly (HSA) serves two functions: it cools the CCD to �90ÆC and it supports and locates the
CCD during launch and operations. Each XIS sensor is placed on a cold plate on the satellite base, which is
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Figure 3. The charge injection structure (left panel) and the principles of its operation (right panel) are shown schemat-
ically. These structures are implemented at the top of the imaging region of the CCD. Size of the charge packet injected
in each column is controlled by the di�erence in potential between the the input gate and the �rst gate (S3) of the
injection register.

cooled down below about �35ÆC by means of a radiator and heat pipes. Because Astro-E2 is in low earth orbit,
the heat input to the radiator changes signi�cantly through the orbit. This causes a temperature excursion of
10{20ÆC in the cold plate. The CCD temperature must be kept to �90ÆC under these circumstances. We use a
single thermo-electric cooler (TEC) to control the CCD temperature. The vibration and shock environments of
M-V rocket, which was used for Astro-E and will also be used for Astro-E2, are rather severe. The HSA must
provide adequate support to the CCD and TEC during the launch, and must allow minimal heat conduction to
the CCD during operations.

In the case of XIS-I, the CCD was put in a torlon frame supported by 6 torlon stando�s on the base of the
HSA. Three TECs were used to cool each CCD. Because the TECs produce a temperature di�erence of �50ÆC,
the TECs can experience signi�cant stress. To decrease the stress on the TECs, a small exure was inserted
between the TEC and the CCD. However, this design proved to be relatively fragile during assembly and ground
tests. Cracks in the CCD substrate and fractures in the top stage of the TECs were both experienced. Thus,
we have redesigned the HSA of XIS-II.

Figure 4 shows the new HSA design. A single, larger TEC is adopted to cool the CCD, which is supported
by 3 torlon stando�s. The TEC is placed at a position at which it receives little horizontal stress due to the
thermal distortion. Thermal stress along the vertical direction is diÆcult to avoid, although the stress is well
below the fracture stress of the TEC. Because the horizontal stress on the TEC is e�ectively zero, we can
dispense with the exure between the CCD and TEC, so cooling performance is better. Stresses to the CCD,
the TEC and the torlon stando�s during the launch environment have been analyzed. The analysis shows that
the new design of HSA should safely survive the launch environment.
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Figure 4. New design of the heat sink assembly in XIS-II.

5. CALIBRATION SOURCES

Two calibration sources will be installed in the sensor housing in XIS-II. They are both 55Fe radio-isotopes
which emit soft X-rays at 5.90 keV (Mn K�) and 6.49 keV (Mn K�). One is newly introduced in XIS-II,
whereas the other is same as that in XIS-I. The latter calibration source is �xed on the side wall above the
OBF (optical blocking �lter). It illuminates a corner of the CCD chip; we cannot move the calibration source
on orbit. This calibration source is used to monitor long-term changes in CCD performance caused by radiation
damage. However, because it illuminates only a small region of the detector, it is diÆcult to measure the global
changes of the CCD performance. We will use some celestial sources, such as the supernova remnant Cas A, to
monitor the performance changes as the case of ASCA. We show in �gure 5 the cross-section of the XIS sensor
and the location of the calibration sources.

The new calibration source will be put on the door. This calibration source will be used to measure the gain
of all the segments in various clocking modes just after the launch. Because the CCD consists of 4 segments
which have an independent output ampli�ers, their gains need to be measured accurately (< 0:1%) to obtain
uniform data. This can be done just after the launch, before radiation-induced CTI introduces variations in
the gain measurement. This calibration source should illuminate the whole chip. On the other hand, it should
not illuminate the aim point on the chip during the observations of celestial sources. A switchable calibration
source, like that installed in the XRS �lter wheel, would have been preferable, but we found it was diÆcult to
adopt within the limit of available resources and schedule of Astro-E2. Thus, we decided to put the calibration
source on the door. It illuminates the whole chip while the door is closed. Once the door is opened, it does
not illuminate any part of the CCD. Note that we cannot close the door on orbit. Thus the calibration source
is usable only for the initial measurement of the gain. We note, however, that we can use charge injection to
measure spatial variations in CTI throughout the mission.

6. SUMMARY

Design updates of XIS-II on-board the Astro-E2 satellite have been presented. The CCD chips used in XIS-II
are newly designed, and include charge injection structures at the top of the imaging region. Charge injection
may be used for two purposes; to measure the CTI of each column as a function of the size of the charge packet
(and X-ray energy), and, possibly, to reduce the CTI. If the CTI is measured for each column, CTI correction
may be applied to the data in the course of the ground processing. Details of the clocking scheme of the CCD
to reduce the CTI remain to be determined.

The CCD is installed on a heat-sink assembly which supports the CCD during launch environment and cools
the CCD to �90ÆC. These are conicting requirements because, generally, the stronger the support structure,
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Figure 5. Locations of the calibration sources in the XIS-II sensor. The one on the door is a newly adopted calibration
source in XIS-II.

the greater the heat conduction to the CCD. We have redesigned the heat-sink assembly, which now includes
3 torlon stando�s and a single, 3-stage TEC. The TEC is placed at the position of minimum horizontal stress
due to thermal deformation. This simpli�es the structure of the heat-sink assembly, and improves the thermal
performance.

The third modi�cation adopted in XIS-II is installation of an 55Fe calibration source on the door. This
calibration source illuminates the whole chip while the door is closed, and is used to measure the gain of each
segment of the CCD in various clocking modes at the beginning of the mission. Once the door is opened, this
calibration source does not illuminate the CCD. We cannot close the door on orbit.

All these modi�cations are believed to improve the reliability and the performance of XIS. With these
modi�cations, XIS-II is expected to acquire good quality of data through the lifetime of Astro-E2.
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