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Abstract

This thesis has two distinct components. One concerns the ground- and in-
orbit calibration of the X-ray Imaging Spectrometer (XIS), the Charge Coupled
Device (CCD) onboard the Suzaku X-ray astronomical satellite. The other involves
the X-ray observations and analyses of the superbubbles (SBs), which have been
considered to be formed by the composite contributions from the strong stellar
winds from massive stars in the shell and successive supernova (SN) explosions,
utilizing Suzaku and other satellites.

Successive SN explosions in SBs may re-heat the cavity and its wall leaving
sometimes stellar remnants such as neutron stars and black holes inside. Both of the
remnants may emit either diffuse or point like X-rays. Young massive stars in an OB
association are also known to be moderately bright X-ray sources. Therefore, X-ray
observations can reveal valuable information on the overall structure and evolution
of SBs. The SBs would also be the key cites of particle acceleration. However,
no observational evidence for particle acceleration and/or limited information of
high temperature plasma from SBs have only been obtained. We found strong non-
thermal X-ray emission from 30 Dor C, an SB in the Large Magellanic Cloud (LMC).
Assuming that this emission is due to the synchrotron X-rays and that the thermal
pressure inside the SB is equal to that of the magnetic field, we showed that the
electrons are accelerated up to ~90 TeV in the shell of 30 Dor C. This is the first
clear evidence of the long-term particle acceleration inside an SB. On the other hand,
N44, another SB in the LMC does not show non-thermal X-ray emission. If we sum
up the thermal energies of hot gases including the breakout regions around the main
shell of N44 and kinetic energy, it reaches up to the expected injected energy by the
stellar winds and SNe. The lack of the non-thermal X-ray emission is seen in other
galactic SB candidates Sgr C and CTB 37A, which makes 30 Dor C the conspicuous
object.

The instrumental portion of this thesis especially concerns the verification and
performance investigation of the Charge Injection (CI) capability of the XIS. The
existing X-ray CCDs working in orbit suffer from the radiation damage due to
the charged particles and subsequent degradation of the charge transfer inefficiency
(CTI). Then we have tried to run the CI for the first time among the X-ray CCDs
in orbit. In principle, charge packets are artificially injected into each transfer
channel and are subsequently read after the transfer in the same manner as X-ray
events. This method allows us to measure and/or mitigate the amount of charge
loss on a column-to-column basis, which in turn, can potentially be a powerful
tool for the calibration of the CTI. The column-to-column CTI correction for the
calibration source spectra significantly reduces the line widths compared to those
with a column-averaged CTI correction (from 193 eV to 173 ¢V in FWHM on an
average). In addition, this method significantly reduces the low energy tail in the
line profile of the calibration source spectrum.
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Chapter 1

Introduction

Since the daybreak of the astronomy, its progress has been facilitated by observations
with novel instruments at each time. Especially with respect to the observations
of the photons from celestial objects, many astronomers have taken their efforts to
obtain the precise and accurate values of the wavelength (i.e. energy), flux intensity,
direction, and polarity with wide range. The sophisticated spectra, light curves, and
images enable one to reveal the consciousness and/or the emission mechanisms of
the objects.

Extending the effective energy range to the X-ray band, we have been able to see
and investigate energetic phenomena hidden behind dense absorption columns such
as shocked thermal plasma in supernova remnants (SNRs), accretion disks around
black holes, hot intracluster gases in clusters of galaxies, and so on. In fact, in the
case of the Galactic Center (GC), the absorption column density is 6 x 10?2 cm ™2,
which is consistent with the suggested distance of 8.0 kpc to the GC (McNamara
et al. 2000) and the average number density of the hydrogen atoms along the galactic
plane of 1 cm™3.

The first imaging in the hard X-ray band (2 - 10 keV) was performed by ASC A
satellite. Since then, Charge Coupled Device (CCD) has been the primary instru-
ment because of its high spatial resolution, moderate energy resolution and temporal
resolution. Through the successful operations and results by the Chandra/ACIS and
XMM-Newton/EPIC, the X-ray CCD has also been the most reliable and stable
detector in the X-ray astronomy.

At the time of writing this thesis, the X-ray Imaging Spectrometer (XIS) onboard
Suzaku, the fifth Japanese X-ray astronomical satellite, is the brand-new, superior
X-ray CCDs in orbit. Its low and stable particle background and good energy
resolution are the complementary characteristics against those of the other X-ray
CCDs in orbit: high spatial resolution of the Chandra/ACIS, large effective area of
the X M M-Newton/EPIC.

We, the XIS team, have made experiments to improve the above performance
and make correct energy redistribution function, which defines a mapping from the
source photon energy to the detected pulse height amplitude (PHA).

Another advantage of the XIS is that it equips a register for the injection of
artificial charge packets. Injection and subsequent readout of the charge packets
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Figure 1.1: The extinction cross section by interstellar medium from far-infrared
to the X-rays. Both of the absorption and scattering are included. This figure is
adopted from Ryter (1996).

enable us to measure charge losses and /or mitigate charge traps in a transfer channel.
Then, compensating the lost charges for each event leads to the precise estimation
of the PHA, that is, the better gain and energy resolution. Because the degradation
of the gain and energy resolution of X-ray CCDs in orbit is inevitable due to the
radiation damage by charged particle, the charge injection (CI) capability can be
the most powerful tool to have the advantage of other satellites.

Hot ionized gas is an essential component of the interstellar medium (ISM) and
supernovae (SNe) and their remnants as well as the stellar winds from massive
stars are the main site for the formation of the hot gas with a temperature from
several 10% K to over 107 K. They interact with ISM through ionizing, accelerating,
and heating up. The heavy elements are spread out by the SN explosions into
the interstellar space, thus the X-ray spectra of young SNRs strongly reflect the
abundance of ejected matter. As the SNRs get older, the amount of the ambient
matter gathered up by their shock fronts. Hence the middle-aged SNRs show the X-
ray spectra which characterize the abundance of the ambient ISM. More older SNRs
are then considered to gradually lose their identities by merging into the ambient
ISM. Thus, the ISM can be considered as the wreck of SNRs.

However, in most cases, SNRs occur spatially and temporally concentrated and
near the massive stars. The enormous mechanical energy released by these stars
through stellar winds and SNe creates a large pressure in the surrounding medium.
The dense neutral ISM is displaced by low-density coronal gas, producing a super-
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bubble (SB) surrounded by a dense ringlike supershell. Through the SB evolution,
the front shocks of each SNR and strong stellar winds interact with each other pro-
ducing the turbulence of plasma with a hundred to thousand parsec scale. The
association of massive stars and successive SNRs potentially distribute around the
galactic center, spiral arms, and other dense molecular clouds. Although detailed
calculations of the evolution of SBs may differ depending on various assumptions
about energy deposition and the interstellar environment, this qualitative picture
generally holds. Because of its enormous energy and mass, SBs contribute large
part of the energy input and chemical evolution of a galaxy. Therefore, we can trace
the course of the formation of hot ISM in the galaxy by systematically investigating
SBs and the site of SB formation as well as the hot ISM. Furthermore, the multiple
front shocks in the hot and tenuous gas and their interaction inside SB lead the
acceleration of cosmic rays (CR). Compared with the isolated SNRs, the duration
of the acceleration is long and the particle injection rate to the acceleration site is
more efficient, the SBs are one of the most possible candidates of the most powerful
acceleration site of Galactic CRs.
Scope of this thesis is:

1. Bring out the superior performances of the XIS through ground and in-orbit
calibrations.

2. Improve the in-orbit performance, especially the gain and energy resolution
with the execution of the CI capability for the first time among the X-ray
CCDs used for satellite.

3. Study the energetics and particle acceleration in the SBs by investigating some
samples of SBs and multiple SNRs sites.

We will introduce the observatories which are used in this thesis including Suzaku
in chapter 2 at first. The hardware portion of this thesis consists of chapter 3 which
describes the detailed specification of XIS. The following chapter 4 and 5 are ded-
icated to explain the results of the ground- and in-orbit calibrations, respectively.
The other part concerning SB consists of the review of SNR and SB formation and
their evolution in chapter 6, our observation results in chapter 7, and the discussion
in chapter 8. Finally the conclusion is shown in chapter 9.



Chapter 2

Observatories

2.1 Suzaku

Suzaku, the fifth Japanese X-ray astronomical satellite, was put into orbit on 10"
July, 2005 as the recovery mission of Astro-FE, the launch of which was unsuc-
cessful in 2000. It was developed at the Institute of Space and Astronautical Sci-
ence of Japan Aerospace Exploration Agency (ISAS/JAXA) in collaboration with
NASA Goddard Space Flight Center (GSFC), Massachusetts Institute of Technology
(MIT), and other Japanese institutions. The spacecraft is in a near-circular orbit
with an apogee of 568 km, inclination angle of 31.9°, and the orbital period of ap-
proximately 96 minutes. Its mass and length are about 1300 kg and 6.5 m along the
telescope axis after the deployment of the extensible optical bench (EOB). Schematic
views are shown in figure 2.1.

Suzaku is equipped with three scientific instruments: the Hard X-ray detector
(HXD), the X-ray Imaging spectrometer (XIS), and the X-ray spectrometer (XRS).
Although the basic specifications of these instruments are the same as those of
Astro-E, some improvements have been performed. In spite of the loss of the XRS,
the main instrument of Suzaku, just before its first light, Suzaku still has the wide-
energy range of 0.2 - 600 keV, high energy resolution at low energy band, and an
extremely low background level compared with other major X-ray satellites.

2.1.1 X-ray Telescope

Suzaku has five light-weight thin-foil X-Ray Telescopes (XRTs). One of them is
dedicated for the XRS and is called XRT-S, although it is no more functional. The
others are equipped for the XIS and are called XRT-I. They have been developed
jointly by NASA/GSFC, Nagoya University, Tokyo Metropolitan University, and
ISAS/JAXA. These are Walter type I grazing-incidence reflective optics consisting
of compactly nested, thin conical elements as shown in figure 2.3. Because of the
reflectors” small thickness, they permit high density nesting and thus provide large
collecting efficiency with a moderate imaging capability in the energy range of 0.2 -
12 keV, all accomplished in telescope units under 20 kg each.

The XRTs are arranged on the EOB on the spacecraft in the manner shown in

11
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Figure 2.1: (Left panel:) Schematic picture of the bottom of the Suzaku satellite.
(Middle panel:) Side view of the instruments and telescopes on Suzaku. (Right
panel:) Top view of the instruments on Suzaku.

XRT-I1

Sub Sunshade
Main Sunshade

——1
,1/ Mirror Support

Figure 2.2: Schematic view of the XRTs mounted on the top plate of the EOB. The
courtesy of K. Abe, NIPPI corporation.

figure 2.2. The external dimensions of the 4 XRT-Is, however, are the same. The
angular resolutions of the XRT's range from 1.8’ to 2.3, expressed in terms of half-
power diameter, which is the diameter within which half of the focused X-ray is
enclosed. The angular resolution does not significantly depend on the energy of the
incident X-ray in the energy range of Suzaku, 0.2 - 12 keV. The effective areas are
typically 440 cm? at 1.5 keV and 250 cm? at 8 keV. The focal lengths are 4.75 m for
the XRT-I. Individual XRT quadrants have their component focal lengths deviated
from the design values by a few cm. The optical axes of the quadrants of each XRT
are aligned within 2’ from the mechanical axis. The field of view (FOV) for XRT-Is
is about 17" at 1.5 keV and 13" at 8 keV.
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Figure 2.3: Walter type I optics. This is accomplished by two successive grazing-
incidence reflections on a parabolic and a hyperbolic shaped metal surface.

2.1.2 X-ray Imaging Spectrometer

The XIS consists of the sensor, analog electronics (AE), and digital electronics (DE).
The picture of the sensor is shown in figure 2.4. The readout analog signals from the
sensor are transferred to the AE and converted into the digital signals. The digitized
pixel data are transferred into the DE and then each X-ray event is extracted. The
X-ray event information is formatted into telemeter data and transferred to the data
processor.

All sensors of XIS were developed through the collaboration of the Center for
Space Research (CSR) at MIT, ISAS/JAXA, Osaka Univ., Kyoto Univ., Rikkyo
Univ., Kogakuin Univ., and Ehime Univ. The AE and CCD chips were developed
at CSR and the Lincoln Laboratory at MIT, respectively. The upper part of the
sensors (hereafter referred to as bonnet) and DE were developed by ISAS/JAXA,
Osaka Univ., and Kyoto Univ.. The CCD -calibrations have been done by MIT,
Osaka Univ. and Kyoto Univ. Gain, energy resolution, and quantum efficiency
(QE) have been investigated. After simple calibrations at MIT, the Osaka Univ.
group has investigated the low energy (<Si K-edge ~ 1.8 keV) X-ray response of
the sensors. At Kyoto Univ., the high energy (>Al Ka line ~ 1.5 keV) response has
been intensively investigated.

Each sensor consists of an X-ray CCD camera combined with the single XRT.
Three sets of XIS utilize front-illuminated (FI) chips, while the other is equipped
with a back-illuminated (BI) chip (MIT Lincoln Laboratory model CCID41). All
sensors including spare sensors utilize the three phase CCD, and the FI CCDs have
basically the same chip structure as the ACIS-I chips onboard Chandra (CCID17;
Bautz et al. 1996). Table 2.1 summarizes the specification of the XIS CCD chip.

There are several improvements against the XIS onboard Astro-E (Tsuru et al.
2000). First, the BI chip is used. The BI chip has the same basic specifications as
the FI chips, except that it has a larger QE in the soft energy band as shown in figure



CHAPTER 2. OBSERVATORIES 14

Figure 2.4: An outside view of the XIS sensor component.

Table 2.1: The performance description of XIS front-illuminated CCD chips.

Pixel Size 24pmx24pum

Pixel Number 1024 x1024

Chip Size 25mm X 25mm

Time Resolution | 8 msec (Timing Mode), 8 sec (Normal Mode)

2.6. Furthermore, the BI CCD for XIS is treated with the chemisorption process
developed by Lesser et al. (1998). Coating the thin (~ 1 nm) silver on the backside
surface in a fabrication process, the silver catalyzes dissociation of the molecular
oxygens leaving fixed, negatively charged oxygen atoms on the surface as shown in
figure 2.5. Because of the potential due to these oxygen ions, the photoelectrons
created around the backside edge of the depletion layer can be successfully drifted to
the front surface. Hence, the BI CCD of XIS has almost the same energy resolution
as FI CCDs in the soft energy band, while other BI CCDs such as ACIS-S onboard
Chandra and pn-CCD onboard X M M-Newton have energy resolution worse than
FI devices roughly by a factor of two.

Second, a charge injection (CI) capability is added (Prigozhin et al. 2004; Bautz
et al. 2004; LaMarr et al. 2004). Injection of charge packets (CPs) into a transfer
channel of the CCD and a subsequent readout process allow the charge transfer
inefficiency (CTI) in each transfer channel to be measured. I will describe the
performance of the CI capability in chapter 5 in detail. Here I describe the basic
specification of the CI capability.

In order to maintain the performance of CCDs in orbit, the CTI must be fre-
quently measured and corrected. Furthermore, the ASCA/SIS raised an important
issue: The CTI varies significantly from column to column. Therefore some capa-
bility is needed such that the CTI can be measured for each column. Then, the
CI structure was introduced to the Astro-E2/XIS (figure 2.7). The structure of CI



CHAPTER 2. OBSERVATORIES 15

e L, oy l (e S gy T e
5 nm HfO, Capping |
Deadlayer 1 A s '
RaNe Ag Ag ) Ag
) 5 O O
3 nm SiO, Si0, } |
Sensitive 45 um Si = l
Volume Thinned
| 7 CCD

Figure 2.5: Schematic view of the back surface of the BI CCD chip treated with
chemisorption process. This figure is adopted from Burke et al. (2004).
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Figure 2.6: Quantum efficiency of the FI and BI CCD calculated from a CCD model
with designed thickness of the electrode layer, insulation layer, and depletion layer.
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Figure 2.7: (Left panel:) Schematic view of the CI structure. The artificial charges
are injected to the serial register from the input gate located at the edge of the
register. After positioning the charges over the register, they are injected to the
imaging area simultaneously by the vertical clock. (Right panel:) Schematic view
of how to inject charges at the input gate. The amount of injected charges can
be controlled by adjusting the offset voltage between the input gate and the S3
electrode.

register and how to inject charges are shown in figure 2.7. A serial register (hereafter
CI register) equipped at the edge of the imaging area (IA) and an artificial charge
packet can be injected from the input gate equipped at the edge of the CI register.
Pulling down the potential for electrons at the input gate and the next electrode ( S3
in figure 2.7), “fill” the bucket formed at the electrode. The amount of the injected
charges can be controlled by the offset voltage between the input gate and the S3
electrode. Then “spill” the charges pulling up the potential. We repeat this “fill and
spill” cycle with 1/40960 sec ~ 24 psec in the normal manner. After positioning the
packets in the register with a desired pattern, they are simultaneously transferred
into the TA by vertical clock.

Another characteristics of XIS is the low background level. While Chandra and
X MM-Newton suffer from the charged particle background, primarily low energy
protons (~ 10 - 100 keV) in the van Allen belts (Plucinsky et al. 2000; Read &
Ponman 2003), that of Suzaku is low and stable compared to other satellites due

to the low earth orbit. Figure 2.8 shows the comparison of the non X-ray background
between other satellites (ASCA, Chandra, and X M M-Newton).

2.1.3 Hard X-ray Detector

One of the main advantage of Suzaku is a spectroscopy in the wide energy band of
0.2 - 600 keV. The HXD takes charge of high energy band of 12 - 600 keV. The HXD
consists of two detectors: 2 mm thick silicon PIN diodes sensitive over 10 - 70 keV,
and GSO crystal scintillators placed behind the PIN diodes covering 40 - 600 keV.
Figure 2.9 shows a schematic view of the HXD sensor. The HXD is composed of 16
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Figure 2.8: Internal background spectra of ASCA/SIS, Suzaku/XIS-FI,
Suzaku/XIS-BI, X M M-Newton/MOS, X M M-Newton/pn. Each spectrum is nor-
malized by the CCD area.

(4x4) identical detector units. The four sides of the detector units are surrounded
by 20 thick anti-counters made of BGO scintillators for background shield. The
anti-counters are also expected to detect transient high energy phenomena such as
the gamma-ray bursts.

Inside of each well, passive fine collimators made of phosphor bronze sheet are
placed to limit the FOV for soft X-rays (< 100 keV), so that the FOV becomes
comparable to those of the XRS and XIS. The fine collimators are also expected to
reduce the cosmic diffuse X-ray background, which otherwise might be a significant
background source for the PIN diodes. With this collimator, the HXD achieves
the lowest background level in this energy band ever as shown in figure 2.10. The
detailed description of the detector and the results of the flight calibration of the
HXD can be seen in Takahashi et al. (2006) and Kokubun et al. (2006).

2.2 XMM-Newton

The European Space Agency’s X — rayMultiMirror Mission — Newton(X MM —
Newton) was launched by Ariane 504 on December 10, 1999. X M M-Newton carries
three XRT with the largest effective area of a focusing telescope ever: The total
mirror geometric effective area at 1.5 keV energy is 1550 cm? for each telescope, i.e.,
4650 cm? in total (Jansen et al. 2001 for details). The main instrument, European
Photon Imaging Camera (EPIC), is the CCD cameras, which have moderate spectral
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Figure 2.9: Schematic view of the HXD sensor component. The green and blue part
is the PIN diodes and BGO crystal, respectively.
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Figure 2.10: Predicted sensitivity of Suzaku/HXD vs.  IBIS/ISGLI and
IBIS/PICsIT onboard INTEGRAL calculated on ground. 100 ks observation and
the energy resolution of AF = 0.5F are assumed.
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Figure 2.11: Schematic view of the X M M-Newton telescope. X-rays irradiate from
the bottom-left XRT to the upper-right instruments.

resolution (with a resolving power, E/AE, of ~ 20 - 50). The Reflection Grating
Spectrometers offer much higher spectral resolution, with a resolving power in the
range of 200 - 800. A highly elliptical orbit offers continuous target visibility of up
to about 40 hours, with a minimum height for science observations of 46,000 km.
This is very favourable for studies of source variability and also in order to achieve
a high overall observatory efficiency.

2.2.1 X-ray Telescope

XMM-Newton’s high sensitivity is achieved by using 58 thin nested mirror shells
in each XRT. The XRT onboard X M M-Newton consists of three Wolter-I type
X-ray telescopes that are co-aligned with a relative astrometry between the three
EPIC cameras with the focal length of 7.5 m. They are calibrated to better than 1
- 2" across the full FOV. The system is illustrated in figure 2.11. Two of them have
grating assemblies in their light paths, diffracting a part of the incoming radiation
onto their secondary focus. Values for the full width at half maximum (FWHM)
and half energy width (HEW) of the PSFs and effective area of each XRT are listed
in table 2.2.
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Table 2.2: The on-axis performance description of XRT onboard X M M-Newton at
1.5keV.

Instr. chain pn | MOS-1+RGS-1 | MOS-2+RGS-2
FWHM (") <125 43 4.4
HEW (") 15.2 13.8 13.0
Eff. Area (cm?) | 1380 520 520

2.2.2 FEuropean Photon Imaging Camera

Two of the X M M-Newton XRT are equipped with EPIC MOS (Metal Oxide Semi-
conductor) CCD arrays, the third carries a different CCD camera called EPIC pn.
The EPIC cameras offer the possibility to perform sensitive imaging observations
over an FOV of 30" and an energy range from 0.15 to 15 keV, with moderate spectral
resolution ( E/AE ~ 20 — 50).

Each of the MOS CCD arrays consists of seven FI CCDs. Each chip is a three
phase frame transfer device and has an imaging area of 600 pixels x 600 pixels with
the pixel size of 40 um square, so that the FOV of a mosaic of seven chips is 28’ .4.
The mean depletion of the MOS CCDs is between 35 and 40 um. Each camera is
equipped with the calibration source of **Fe with Al-targets for the calibration of
the absolute gain and it provides the Al Ka, Mn Ka, and Mn K3 line. Holland et al.
(1996) and Sembay et al. (2004) describe the specification and in-orbit performance
of the MOS detectors in detail.

The heart of the EPIC pn camera is an array of 12 monolithically integrated
pn-CCDs. The pixel size is 150 pm square, arranged in 200 rows by 64 channels
forming a sensitive area of 6 cm x 6 cm. A 300 pm silicon wafer is fully depleted
with a reverse biased pn-diode and reverse biased strip diodes at the opposite wafer
surface. The large area diode acts as a homogeneous radiation entrance window.
The pn-strip diodes (shift registers) are used for electron storage and transfer to
the anode, similar to the MOS gates of the other CCDs. The detector is kept at a
temperature of —90 °C.

The in-orbit FWHM of EPIC cameras of the Al Ka and Mn Ka on-board cali-
bration lines is plotted in figure 2.12. The CTI correction is already applied. This
shows a degradation of approximately 13% in the energy resolution of the MOS since
the launch. In this point the EPIC MOS is a formidable competitor for the XIS.

2.3 Chandra

The Chandra X-ray Observatory was deployed by the Space Shuttle Columbia on
the 23 of July 1999. The Chandra spacecraft carries a high resolution mirror, two
imaging detectors, and two sets of transmission gratings. Important Chandra fea-
tures are spatial resolution of < 1” and good sensitivity from 0.1 to 10 keV for point
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Figure 2.12: (Left panel:) EPIC MOS FWHM as a function of energy. The solid
curve is a best-fit E®® function to ground calibration data between 0.1 - 12.0 keV.
(Right panel:) EPIC pn FWHM as a function of energy as present in the response
matrices. Curves are given for single- and double-pixel events at the focus position
as well as at a position 10 pixels away from the readout node.

sources. Chandra is in an elliptical high-earth orbit allowing observing intervals
of more than 48 hours in length. The details for the satellite and instruments are
described by Weisskopf et al. (2002).

2.3.1 X-ray Telescope

The mirror consists of four pairs of nested reflecting surfaces, arranged in the usual
Wolter-I type geometry. The high energy response is achieved by use of relatively
small reflection angles and by coating the mirrors with iridium. Improvements in
mirror technology since Einstein include advances in grinding, polishing, alignment,
and testing. Mirrors with resolution of 0.5” have been achieved.

2.3.2 Advanced CCD Imaging Spectrometer

The Advanced CCD Imaging Spectrometer (ACIS) offers the capability to simul-
taneously acquire high-resolution images and moderate resolution spectra. The in-
strument also is used in conjunction with the High Energy Transmission Grating
(HETG) or Low Energy Transmission Grating (LETG) to obtain higher resolution
spectra. ACIS contains 10 planar, 1024 pixels x 1024 pixels CCDs; four arranged in
a 2x2 array (ACIS-I) used for imaging, and six arranged in a 1x6 array (ACIS-S)
used either for imaging or as a grating readout. Any combination of up to 6 CCDs
may be operated simultaneously. Two CCDs are BI chips and eight are FT chips.
The response of the BI devices extends to energies below that accessible to the FI
chips. The chip-averaged energy resolution of the BI devices is better than that of
the FI devices in a high energy band.
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Chapter 3
XIS

Here I describe the detail of the XIS and its components.

3.1 Basic Structure of the XIS

XIS camera body consists of a hood, bonnet, and base as shown in figure 3.1. The
hood has five baffles to block stray light. The bonnet includes a vacuum valve,
an optical blocking filter (OBF), calibration sources, a pressure sensor, a paraffin
actuator, and a door. The base contains an X-ray CCD mounted on an alumina
(Al,O3) substrate and is attached to a heat sink assembly made of copper (Cu).
Over the frame-store region (FS) of the CCD, an aluminum (Al) shield with a gold
(Au)-plated nickel (Ni) surface treatment is placed to block X-ray irradiation. The
surfaces of the substrate, the heat sink assembly, and the shield are also plated with
Au. The bonnet and the hood are made of Al with black surface finish. The inside of
the base is Ni-plated, except for the feed-through plate which is Au electro-plated.
The XIS sensor is covered by multi-layer insulators to reduce heat-flow from the
satellite body.

The XIS CCD are sensitive to optical and ultraviolet light as well as X-rays,
and hence have an OBF 20 mm above the IA. The OBF is made of a polyimide
(CyeH19N2Oy) film with vapor-deposited Al on both sides, in order to avoid light
leakage from pinholes. The thicknesses of the Al on the two sides of the filter are
different from each other. This reduces the light transmission by the interference
effect (Born & Wolf 1999). The thickness of the polyimide film and Al layers
are ~ 14004 and ~ 800A + 400A4, respectively. This realizes a low transmission
coefficient for optical light (< 5 x 107°), but is transparent to X-rays (> 80% above
0.7 keV). The measured transmissions for optical light and soft X-rays are reported
in Kitamoto et al. (2004). Since the OBF is very fragile and vibrations during launch
may destroy it; at the time of the launch, the vicinity of the chip and the OBF was
kept in an air-tight vacuum by closing a door equipped with the bonnet. The door
was opened by the paraffin actuator after 18 days from the launch.

The X-ray CCDs generally suffer from dark current due to the thermal excitation
of electrons and the small energy band gap of Si semiconductor crystals (1.12 eV).
Then, a three-stage thermo-electric cooler (TEC; Peltier sensor) is used to cool the

23
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Figure 3.1: Schematic view of the XIS sensor component. The single-hatched and
cross-hatched regions are bonnet and base, respectively.
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Figure 3.2: The CCD and heat sink assembly of the BI CCD flight model. The
cover shield and base are removed in this picture. The bottom stage of the TEC
can be seen under the CCD.

CCD to the nominal operating temperature of —90°C. The cold-end of the TEC is
directly connected to the substrate of the CCD, which is mechanically supported
by three Torlon posts (polyamide-imide plastic) attached to the head sink. The
heat is transferred through a heat pipe to a radiator panel on the satellite surface,
and is radiated away to space. The radiator and heat pipe are designed to cool the
base below —40°C under the nominal TEC operating conditions. Figure 3.2 is a
photograph of the BI CCD flight model on the heat sink assembly with the frame-
store cover shield removed. The flex cable put at the bottom of the chip is seen at
the left side. The bottom stage of the TEC can be seen under the FS region of the
CCD.

Each XIS sensor has three ®Fe calibration sources. One is attached to the door,
and illuminates the whole IA almost uniformly. This calibration source was used
on the ground and for initial in-orbit calibration before the door was opened. For
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Figure 3.3: Schematic view of the CCD chip. A serial register is equipped at the
top of the imaging area for CI capability. The chip has four read out nodes. Signals
are readout simultaneously from these nodes.

normal observations, after the door is open, this source is out of the FOV of the
CCD. The other two calibration sources are located on a side wall of the bonnet
and illuminate the two far-end corners of the IA from the readout node. The fluxes
of the these calibration sources were selected so that the gain can be determined at
5.9 keV with a statistical error of 0.1% within a single orbit early in the mission.

3.2 Specifications of X-ray CCDs

In order to see the function of the CCD, we give the schematic view of the XIS
FI chip in figure 3.3. Each CCD chip has four segments (from A to D), and each
segment has one readout node. A simplified model of the dead layers in the FI
devices, in which the gate structure is approximated as a stack of nearly uniform
slabs, has been fit to the ground calibration data. Then the dead layer thicknesses
of ~0.28 pm (Si) and ~0.44 pm (SiO2) are inferred. The surface dead layers of the
BI CCD is very thin, consisting of 5 nm of HfO5, 1 nm Ag, and 3 nm SiO,. As for
the depletion layer thickness, the ground calibrations verified that the thickness of
the depletion layer is ~ 65 pm for the FI chips, and ~ 42 um for the BI chip. This
leads the QEs for the FI and BI CCDs as a function of energy as shown in figure
2.6.

Position in the IA is defined by the detector-fixed coordinates (ActX, ActY),
where the origin (0, 0) is taken to be the first pixel readout of segment A in normal
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clocking mode. The positive directions are shown by arrows in figure 3.3. In the IA,
ActX runs from 0 to 1023 (from segment A to D), while ActY runs from 0 to 1023
(from the readout node to the CI register).

In this thesis, we converge to the description and experiment results of the nor-
mal clocking mode and 5x5/3x3 edit mode because most of the observations is
conducted with the above configurations.

3.2.1 Transfer Mechanism

In the normal clocking mode of frame transfer type CCDs, after the exposure is over,
the charge in the IA is transferred at a high speed into the X-ray shielded FS region
(FS transfer). Once the FS transfer is completed, the TA begins its next exposure
while the FS is slowly readout. The readout is accomplished by transferring the
F'S region row by row into the serial register (parallel transfer), where each row is
clocked out serially into an output node (serial transfer).

3.2.2 Event Detection

When a CCD pixel absorbs an X-ray photon, the X-ray is converted to an electric
charge, which in turn produces a voltage at the analog output of the CCD. This
voltage (“pulse-height amplitude”; PHA) is proportional to the energy of the inci-
dent X-ray. In order to determine the true PHA corresponding to the input X-ray
energy, it is necessary to subtract the Dark Levels and correct possible optical Light
Leaks. Dark Levels are non-zero pixel PHA caused by leakage currents in the CCD.
After each passage of South Atlantic Anomaly (SAA), the bias-level is determined
for each pixel by taking average of the PHA during an exposure of about ten frames.
Another components of the bias-level is the light leak level. Optical and UV light
might enter the CCD due to imperfect shielding (“light leak”) and produce PHA
that is not related to X-rays. The Light Leaks are calculated on board with the
PHA data after the subtraction of the Dark Levels. Analysis of the ASC A SIS data
showed that light leaks are considered to be rather uniform over the CCD, hence an
average is calculated for 256 x 114 pixels (this size was 64 x 64 before January 18,
2006) in every exposure and its running average produces the Light Leak. In spite
of the name of Light Leak, Light Leak does not represent in reality the optical/UV
light leak to the CCD. It mostly represents fluctuation of the CCD output correlated
to the variations of the satellite bus voltage. XIS has little optical/UV light leak,
which is negligible unless the bright earth comes close to the XIS field of view.
The main purpose of the on-board processing of the CCD data is to reduce
the total amount transmitted to ground. For this purpose, the DE searches for a
characteristic pattern of charge distribution (called an event) in the pre-processed
(post- Dark Levels and Light Leaks subtraction) frame data. When an X-ray photon
is absorbed in the depletion layer with photo-absorption process, a primary electron
cloud with a size of < 1um is produced. The primary cloud grows in size to < 5um
as it drifts toward the electrode. Because the sizes of the clouds at the electrode are
smaller than the pixel size, most of the clouds are captured by four neighboring pixels
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[Definition] [Examples]

Grade 0
= perfect single
Grade 1
=single
+ detouched corners
Grade 2
= vertical single-sided split
+ detouched corners
Grade 3
= left single-sided split
+ detouched corners
Grade 4
= right single-sided split
+ detouched corners
Grade 5
= single-sided split
with touched corners
Grade 6
= L-shape or square-shape
+ detouched corners

. The center pixel.

. A pixel whose PH level islarger than the split threshold and
which isincluded when summing up the PHs.

A pixel whose PH level islarger than the split threshold and
which is not included when summing up the PHs.

Figure 3.4: Grade definition and the rule to add PHA. The events out of these
criteria are defined as Grade 7 to 11.

at most. An event is recognized when a valid PHA (one between the Event Lower
and Upper Thresholds) is found that exceeds the PHA in the eight adjacent pixels.
Then, the pulse height patterns around the local maximum pulse height pixels are
classified into 12 kinds of so-called grades on ground. At the time of writing, the
events classified as Grade 0, 2, 3, 4, and 6 (figure 3.4) are only regarded as X-ray
events. On the other hand, charged particles events produce a larger electron cloud
than X-ray events, hence the events are regarded as grade 7 or larger.

Determining the optimum split threshold level (figure 3.4) is important to mea-
sure the pulse height correctly. In the section 4.3, I will describe the results on the
ground calibration to determine the optimum value.

3.2.3 Energy Resolution

Although the number of electron-hole pairs created is a function of the energy of
the X-ray, it is a statistical process and there is a normal distribution around the
actual X-ray energy. The energy resolution of the Si crystal detector is followed by

EoF
FWHM(eV) = V8In2 x W/ N2 + % (3.1)

where W is an energy required for one electron-hole pair creation (3.65 eV /pair), N
is a rms readout noise in electrons, Ej is an incident photon energy, and F' is the
Fano factor, which is the ratio of the observed statistical dispersion of the electron
number to Ey /W, that is, the deviation from the Poisson statistics in the electron-
hole creation process. Actually W and the Fano factor for Si semiconductor has
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Figure 3.5: The predicted proton spectrum inside a simple model of the XIS shield-
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the energy and temperature dependance. According to a Monte Carlo simulation,
the former varies from ~ 4.0 to ~ 3.65 in the soft energy band of 0.1 - 2.0 keV,
while nearly constant (~ 3.65) in the high energy band of 2.0 - 10.0 keV. The
latter ranges from 0.08 to 0.16 according to various experiments (Knoll (1989) and
references therein).

3.2.4 Radiation Environment

Suzaku operates in a low earth orbit with several daily passes through the SAA.
The initial orbit is 568 km at an apogee, which is very close to that of ASCA (an
apogee of 613 km). Results from a NASA charged particle environment study of
the predicted ASC'A orbit (Stassinopoulos & Barth 1991) indicated that geomag-
netically trapped protons are the greatest concern for radiation damage. Figure 3.5
shows the predicted proton spectrum incident on the CCDs based on this study
assuming a shielding depth of 10 g cm~2. Figure 3.6 shows the specific energy loss
for protons in silicon. Integrating the product of figure 3.5 and 3.6 yield the daily
dose in “rads” of silicon expected to be about 0.5 rads per day (A rad is a unit of
energy loss equal to 100 ergs per gram).

3.2.5 Charge Injection Capability

One drawback to an X-ray CCD in-orbit is the degradation of the gain and energy
resolution due to an increase of the CTT and dark current. When a proton dislodges
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Figure 3.6: The specific energy loss for protons in silicon.

a silicon atom in the lattice of the CCD, the vacancy produced is fairly mobile.It
will move through the lattice and possible reach the edge of the lattice where it is
no longer a vacancy. Sometimes, the vacancy will come into the vicinity of another
vacancy or an impurity atom also in the lattice. Often, the pair will form a complex
which have a minimum energy and become physically stuck at a localized position in
the lattice. The complex modifies the silicon band gap structure of the local lattice
by introducing a mid band gap energy level, which is regarded as a charge trap (CT).
The exact energy of this CT depends on the components of the trap complex. This
defect is especially severe for low-energy protons because they deposit more energy
than high-energy protons in the CCD transfer channel. The main origin of the CTI
and consequent gain degradation is the increase of CTs. In fact, soon after the
launch of the C'handra, all of the FI CCDs of the ACIS suffered the degradation of
the CTI. Devices similar in type to ACIS CCDs have been tested by the high-energy
protons (10 - 40 MeV) but not by the low-energy protons before the launch. The
low-energy protons with an energy of ~150 keV release a major part of their energy
at the transfer channel of the ACIS CCDs, which is located roughly 1 pum below
the electrodes. Although a thick shielding around the CCD camera can significantly
reduce the proton flux on the CCD, the radiation damage cannot be ignored over a
mission lifetime of several years.

Recently a CI technique has been developed (Prigozhin et al. 2004; Bautz et al.
2004; LaMarr et al. 2004; Smith et al. 2004; Meidinger et al. 2000). In principle,
CPs are artificially injected through a CI gate (Tompsett et al. 1975) into each
transfer channel (hereafter, we call this vertical transfer channel a column, and the
horizontal channel a row) and are subsequently read after the charge transfer in the
same manner as the X-ray events. This method allows the amount of charge loss
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(0Q) on a column-to-column basis to be measured and/or mitigated, which in turn,
can potentially be a powerful tool for CTT calibration. By referring to figures 3.3
and 2.7, here I explain the essential function of CI. For the brevity to describe the
CI technique and its results, notations of parameters, which will be frequently used
in this paper are listed in table 3.1.

Table 3.1: The notation list of parameters for the CI.

Parameters Notation
Injected charge (for each column) Q (QcoL)
Readout charge (for each column) Q' (Qtor)
Charge loss in the transfer (for one column) 0@ (0Qcor)
Charge Transfer Inefficiency (for one column) CTI (CTIcor)
column-dependent CTT obtained with CI CTl¢y

column-averaged CTI obtained with the cal. source CTIgap

Because a fraction of the charge (6Q)) is lost due to the CTs in the transfer
channel, the readout charge (Q’) is @' =Q-0Q). On the other hand, we need the
information of 6() in order to estimate the CTI. We hence need to adopt the injection
pattern with which we can know both of of )’ and @) simultaneously with normal
readout. Then we employ the following CI. After injecting a test CP with charge
@ in one row, we inject the same charge (@) in five s