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a b s t r a c t

We have developed a Field Programmable Gate Array (FPGA)-based Charge Coupled Device (CCD) data

acquisition system, which will be used in the focal plane of Soft X-ray Telescope (SXT) on India’s first

multi-wavelength astronomy satellite—ASTROSAT. The use of FPGA allows a flexible system that can be

used for driving almost all types of CCDs with very little modifications. It can generate clocks up to

1 MHz with adjustable phase. CCD biases and clock amplitudes can be generated and uploaded very

easily. Electronic noise is reduced by reading the CCD when FPGA is at its minimum activity. CCD22, a

MOS CCD developed in Europe, was biased and clocked by using this system. Each pixel is read at 6ms

intervals. The energy resolution of 55Fe at Ka peak has a full-width at half-maximum of E153 eV and

the readout noise of our system is E8e— rms.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Charge Coupled Devices (CCDs) with their ability to provide
imaging, timing and ‘‘Fano-limited’’ spectral resolution in the
X-ray band have become the detectors of choice in the current
generation of X-ray telescopes. The first such CCD camera was
the Solid-state Imaging Spectrometer (SIS) flown on ASCA [1].
Subsequently many X-ray satellites like HETE [2], Chandra [3],
X-ray Multi-mirror Mission (XMM)-Newton [4], SWIFT [5], MAXI
[6] and Suzaku [7] have been carrying X-ray CCD detectors. Please
note that the system described in [9] is for experimentation on
ground and the flight model of MAXI is based on analog switches.

A Soft X-ray Telescope (SXT) is being developed as a payload
for an Indian multi-wavelength astronomy satellite—ASTROSAT—

that will also have co-aligned hard X-ray detectors, a UV telescope
and an optical telescope. The focal plane of the SXT will have a
CCD-based camera to provide simultaneous spectral, spatial and
timing information of soft X-rays from cosmic X-ray and UV
sources. At the heart of the CCD camera would be CCD22—a front-
illuminated device originally designed for the European X-ray
Photon Imaging Camera (EPIC) for the X-ray Multi-mirror Mission.
It incorporates an open electrode design to optimize its use for a
wide range of X-ray energies. The internal structure of CCD22 is
shown in Fig. 1. It is a frame-transfer device of size 600� 600
pixels with an active area element pitch of 40mm�40mm. As it is
front-illuminated, its open fraction is 37%. It has a store section of
600� 602 pixels and in that each element pitch is 40mm�12mm.
ll rights reserved.

: +91022 22804610.
Its register is in the split format with two output nodes. Its overall
responsivity is 2mV/electron. The CCD will be cooled to �80 1C by
mounting it on a Thermo Electric Cooler (TEC) attached to a cold
finger and connected to a radiator plate via a heat pipe. CCD will
be maintained at that temperature by a controller. Since CCDs
come in varied sizes and with different output nodes, it is
therefore useful to develop a highly flexible CCD driver.

To optimize the overall X-ray responsivity of the CCD, various
techniques are used to control the functions of the CCD in satellite
experiments. An IBM RAD6000 single-board computer is used in
the XRT (Swift) satellite experiment [8]. It uses VME bus for
transfer of data in the satellite. This mini computer makes the
satellite experiment control easy and simple. When we took up
the development of SXT in 2002, we felt that an FGPA would be
suitable for the job, being simple, compact flexible and perhaps
less noisy for CCD operation. In addition, a Field Programmable
Gate Array (FPGA) system consumes much less power, and no bus
drivers or internal bus are required for FPGA design. Various
simple and complex CCD reading Modes can be accommodated
with an FPGA system. Speed and flexibility are also inherent
properties of the FPGA system. The control lines and the logic can
be conveniently changed as per the requirement of the experi-
ments. So we chose to develop an FPGA-based system for the
CCD22. However, to incorporate all the functionality required for
the CCD22 operation in SXT, three FPGAs are used, thus providing
more input/output ports and making FPGA programming easier.
As the jobs are divided among the three FPGAs, the flexibility and
variants are more in each FPGA. Although the X-ray CCD will be
cooled to �80 1C using a TEC and passive elements, it can
sometimes be difficult to maintain such a temperature in space.
Thus to get the best performance from the CCD at a set
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Fig. 1. Internal configuration of CCD22.
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temperature, it can become necessary to tune the various CCD
biases and CCD clock levels while in space. FPGA can do this very
effectively with a minimum number of gates. Therefore, an FPGA-
based flexi driver was developed for the CCD 22-based camera for
SXT to take care of the following requirements:
�
 provide CCD Bias voltages within the range of 1–30 V,

�
 output CCD clocking voltages within the range of 1–15 V,

�
 provide dynamic control of the bias and clocking voltages,

�
 control the voltages level within 100 mV,

�
 output any kind of clocking pattern,

�
 modify the clocking pattern and download it by request,

�
 have variable readout speeds (max. 1 MHz).
(Higher speeds are possible but reading noise puts the
limitation; this speed is good enough for the CCD22)

The FPGA-based system for the SXT described below can be
used for a variety of CCDs with very little change in the circuit and
FPGA programming. A similar system has been previously
developed for Suzaku [7], private communication; H. Tsunami
and MAXI [9]; however, we were not aware, until recently, of this
development. Our FPGA system is designed independently on
somewhat different lines. Apart from the use of three FPGAs, we
added onboard static memory to do various onboard jobs, such as
Bias Map generation, Bad Pixel, row, column-matrix generation,
and to provide for their corrections onboard. Various house-
keeping data are also acquired. TEC and CCD temperature control
is also one of the jobs of FPGA. The system is described in detail
below.
2. CCD data acquisition system

The system developed by us is shown in Fig. 2. The complete
electronics system developed for the SXT is tuned for the
particular requirements of the ASTROSAT. Three basic interfaces
from the satellite are normally available. They are Power,
Telecommand and Telemetry as shown in Fig. 2. The main parts
of the system are Pre-amp, Post-amp, DC–DC, Memory and three
FPGAs and these are further described below.

2.1. DC–DC: the power source

The raw power available from the satellite is single and
variable. All the circuits need a stable and low-noise power
supply. Satellite provides +18 to +42 V power at a desired current.
To generate various low-voltage DC supplies, DC–DC converters
are used. They are manufactured by reputed companies for space
applications. Various DC supplies required for SXT are +33, 715,
+5, �5, +28 and +12 V. Five DC–DC converters are used to generate
all these voltages. They work at about 80% efficiency.

2.2. Pre-amp and the CCD cooling system

Analog Devices operational amplifier OP37 is used as a Pre-
amp and is shown in Fig. 3. It is a low-noise, precision, high-speed
operational amplifier. It also has a low drift, an excellent Common
Mode Rejection Ratio (CMRR) and a very good band width
(60 MHz) for the CCD output signals. The CCD output is filtered
and the DC component removed and amplified with a gain of
about 16. The Pre-amp is kept very close to the CCD so as to reduce
the noise. High gain is provided before the CCD signal is taken
on the line to Post-amp. For the laboratory tests of the system
with the CCD, a cryostat along with a temperature controller was
borrowed from the University of Leicester. The Cryostat holds a
Pre-amp and the CCD along with its cooling and heating
mechanism in a vacuum chamber. Liquid nitrogen can be poured
conveniently in the attached jar, which cools the CCD. The heater
attached to the CCD can be used to set and control the
temperature of the CCD. For space application, CCD will be cooled
with a TEC and a cold finger. Details of these are not given in this
paper.

2.3. Post-amp, Clamp and Sample, ADC

We have used Analog Devices OP42, which is a low-noise,
high-speed, fast-settling, precision operational amplifier in the
Post-amp circuit. Fig. 4 shows the waveforms to be generated for
the three phase registers of the CCD along with the reset required
by the CCD before each pixel reading. The CCD output signal is
also seen with respect to other signals shown. Total gain in the
Post-amp section is adjusted to about 45–50. Clamp, Sample and
Bias-adjustment circuits are introduced in the Post-amp. The
output node of the CCD is set to the reset voltage (Vrd) when the
reset clock is asserted. The reset is given before reading each pixel.
During the reset pulse the output acquires the reset feed-through
voltage (Fig. 4), and then after the reset pulse the output decays
to the reset level. Then the R-clock sequence transfers pixel charge
to the output node. We subtract the reset level from the pixel
level by means of the Clamp and Sample technique. A Clamping
low-value capacitor is placid in series with the data signal and a
switch is used to vary its time constant. Each pixel read time is
6ms. Two time constants, low and large, are used. Low time
constant is 0.02ms (b6ms) and large time constant is 200ms
(b6ms). The reset feed-through voltage is clamped on the
Clamping capacitor with the low time constant. After charging
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Fig. 2. SXT circuit block diagram with card details.
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Fig. 3. Low-noise Pre-amp used near CCD.
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the Clamp capacitor to the reset feed-through voltage a delay after
the end of the reset pulse allows it to acquire the reset level and
its time constant is switched to the high value. This causes the
subtraction of further CCD signal from the reset value. This
differential value is sampled and fed to an Analog to Digital
Converter (ADC) for digitization. With a proper time phase
with the Clamp signal, the Read signal is generated for the
ADC. This reading of each pixel data can be achieved by a fast
low-resistance switch in series with the Clamp capacitor and
another similar switch in series with the Sample capacitor. Fig. 5
shows the Post-amp with Clamp and Sample capacitor and the
switches. This Clamp and sampling of CCD signal can be achieved
in nanosecond timing with an FPGA. The ADC used has 12 bits
and takes only 0.8ms for conversion with a resolution of 2 eV per
bit, giving an energy scale of 0–8 keV. Since there are two
output nodes of the CCD, we provide two Post-amps, thus
providing some redundancy as each can be activated through a
tele-command.

2.4. Memory

Onboard Memory is required as flow of data from an X-ray
source is continuous whereas a continuous link of data from the
satellite to the ground station may not always be available. In the
ASTROSAT mission it is required to store onboard data for about
90 min. Then it is dumped down in 10 min. Data can be acquired in
a variety of modes and need to be formatted as per the satellite
protocol. Also to make FPGA programming simple, 10 Mbytes
of memory is added to the circuit. The memory can be used
effectively to interleave house-keeping data and time-synchroni-
zation data in the mainstream data.

2.5. FPGAs

There is no CPU or DSP onboard. We have used three separate
FPGAs each of type RT54sx32SU to satisfy the demand for a
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Fig. 4. Reset and output waveforms of three phase registers in the CCD.

Fig. 5. Post-amp with Clamp and Sample circuit.
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number of input/outputs that are required. Each FPGA is made to
work in many internal loops, which makes it a purpose-oriented,
less power consumable, fast (in real time) and compact system.
The functions of these FPGAs are described below.

2.5.1. FPGA1

The main functions of this FPGA are as follows:
�
 generate variable Bias voltages for CCD,

�
 generate variable clock levels for CCD,

�
 generate all clocks required for CCD,

�
 generate Bias Map,

�
 generate Bad Pixel Matrix and

�
 read CCD in various Modes and save data in memory.
CCD22 needs 6 Bias voltages and 15 clocks. For an optimum
operation, the Bias voltages are required to be varied as per the
temperature of the CCD. Similarly to extract the best performance
from the CCD, clock levels are also to be trimmed. This change
of bias and clock levels is required if the CCD changes its
temperature or due to aging, which may happen in a span of 7
years (satellite’s life). To be able to control these voltages, these
are generated through Digital to Analog Converter (DAC).
Programmable multi-channel, serial DAC is used with a buffer.
FPGA1 loads these DACs when it receives the Data command from
ground. All the CCD Bias voltages and clock levels can be varied in
steps of 50–200 mV, depending on the range. CCD22 is a three-
phase CCD and it needs three-phase clock pulses for the Image
section, Store section, Left portion registers and Right portion of
registers. It also needs two reset pulses for two output nodes.
Depending on the reading Mode of the CCD, FPGA1 generates 15
clock-phase signals at appropriate inputs of the CCD. Bias voltages
are kept variable through ground data command to tune CCD
for a given temperature. To optimize CCD output at a given
temperature, this bias variation is required. Similarly, CCD clock
levels are generated through a combination of FPGA1 and DAC. As
multichannel (8 channels) serial DAC is used, each Bias voltage
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and clock level can be driven from a separate DAC channel output.
Two DACs are daisy chained and controlled through FPGA1 in real
time. Data signals coming from the CCD are synchronized with the
three phases of the CCD output registers. Reset pulse plays a vital
role in resetting the output capacitor before each new pixel
output. Clamp and Sample signals are generated in proper time
phase and used in Post-amp. Sampled analog data are digitized by
ADC, with properly phased READ pulse to ADC. These digitized
data are stored in a toggle memory.

FPGA1 takes �2.5 s to read one CCD frame. Each pixel has a
dark noise and it varies around its mean value. The dark noise is
more predominant at lower energies and needs to be subtracted
from the data signal. A Bias Map is generated to do that onboard.
Data from no-signal pixel are added for eight frames and the
average is calculated and saved in the onboard Bias Map memory.
To accomplish this, there are separate counters for each pixel.
When a pixel is taken for averaging, it is checked whether its value
is less than the threshold. All the pixels with value more than
threshold are not considered for generating an average. Eight
pixels with values less than threshold are added. They may not be
from the consecutive CCD frames. The corresponding pixel
counter is incremented to keep a track of each pixel (There are
360,000 counters, one for each pixel counting up to eight).
The pixel that has all eight values more than the upper threshold
is considered as bad pixel and stored in memory. This process is
done individually for all the pixels (360,000 pixels). This Bias Map
generation is auto- or command-based. Bias Map value can be
subtracted from each pixel or it can be sent with data so as to be
subtracted in ground data analysis. Some pixels deteriorate with
time and show a high dark current. To avoid such pixels a Bad
Pixel Matrix is generated in the memory. These data are also sent
along with the pixel data.

All FPGAs have a 5 byte counter-clocked at 10ms to provide SXT
Time, which overflows in a few months. This SXT Time is stamped
on all the X-ray events and is part of the data stream in various
Modes. Each FPGA is put on different Printed Circuit Boards (PCBs)
and they are interconnected through a motherboard. Fig. 6 shows
one of the Printed Circuit Boards made for FPGA1. Transfer of data
from one FPGA to another FPGA is done through memory. One
Fig. 6. PCB used for one of the FPGAs.
FPGA writes data into memory and gives memory ‘‘writing-over’’
signals to the next FPGA. It is programmed that memory writing
FPGA takes a longer time than memory reading FPGA. No reverse
handshake is used to indicate that reading of memory is over.
Writing into memory is done in a toggle mode, thus avoiding
overwriting of data into memory. FPGA starts reading memory
synchronous with the MEMORY WRITING OVER signals from the
memory writing FPGA. Timer synchronization is achieved by a
common reset pulse from one FPGA to the other two FPGAs.

2.5.2. FPGA2

The main functions of this FPGA are:
Read data from toggle memory, format and store in output

memory.
FPGA2 reads data from the stored toggle memory that is not

being accessed by FPGA1 at that time. It formats the data in a file
of 2 kbytes with a proper header and as per the satellite protocol.
These data are stored in the SXT output memory. This FPGA also
generates the SXT Time of 5 bytes with the same time resolution
(10ms).

2.5.3. FPGA3

The main functions of this FPGA3 are as follows:
�
 Time synchronization interface with the satellite and other 2
FPGAs,

�
 Telecommand interface with the satellite,

�
 Housekeeping telemetry interface with the satellite and

�
 Main data telemetry interface with the satellite.

This is the main FPGA that communicates with the satellite.
There is a common clock (8 MHz) that is given to all 3 FPGAs. This
FPGA generates the 10ms clock for the SXT Time counters in all the
3 FPGAs and also provides a synchronous reset of all SXT Time
counters. The SXT Time and Satellite Positioning System (SPS)
Time are synchronized through FPGA3 by tele-command and are
available in the main data stream. Command log is generated from
all the commands received from the ground station. These data
are stored in the HK memory. This memory is periodically
transferred to ground station and refreshed.

SXT receives two types of tele-commands—pulse command
and data command. The pulse command is routed directly to drive
corresponding relays and the relay contacts are used in the circuit.
This pulse command is also used to set/reset flip-flops in the
circuit. Data command is a serial stream of 32 bits. This data
command is received serially by FPGA3, which decodes it and
generates a secondary command and sends it to the correspond-
ing FPGA. Housekeeping data such as all voltages used in the
circuit, temperatures of CCD and PCB, cold finger and other places
are monitored and digitized by ADC, which is controlled and
multiplexed by FPGA3. Periodically all these data are interleaved
in the main data stream. These data are also available on Low Bit
rate Telemetry (LBT). Its interface is through FPGA3. FPGA3 checks
and keeps the track of the memory quota available in the satellite.
Main X-ray data that are stored in the output memory of SXT are
sent to the satellite memory when SXT memory is half full and
this memory is cleared for the new data. This memory transfer is
done through Low-Voltage Differential Signal transfer (LVDS). The
transfer frequency is E4 MHz.

One of the major jobs of this FPGA is to control the temperature
of the CCD through a Thermo Electric Cooler mounted on a cold
finger. TEC’s hot side is attached to the cold finger and CCD sits on
the cold side of the TEC. The cold finger tip cools to �40 1C which
takes the hot side of TEC to �40 1C. TEC provides DT of 40 1C
between its hot and cold plates. Thus the cold side of the TEC goes
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to �80 1C. By controlling this DT through FPGA3 the temperature
of CCD is maintained at �80 1C. Power to the TEC is controlled
through FPGA3. This is done by using a DAC, buffer and power
amplifier. FPGA3 generates the digital output, which is converted
to analog through DAC. DAC’s analog output is buffered and fed
through a power amplifier to the TEC. Thus, by controlling the
digital output of the FPGA, the TEC power is controlled. This power
control to the TEC is used to switch ON and OFF the TEC slowly
as the TEC current is more than 1 amp. Switching ON and OFF
of the TEC is done when the Post-amp is quiet and data are
being transferred inside the CCD from Image section to its
Storage section. FPGA3 measures the CCD temperature through
a thermistor mounted on the CCD. Depending on the difference of
CCD current temperature and required set temperature, TEC is
given minimum to maximum power. To do this, FPGA3 generates
10 bins of 2.2 s each. Depending on the power required by the TEC
the duty cycle of ON and OFF bins is varied. If the TEC requires full
power then all the 10 bins are ON and if TEC needs no power all
the 10 bins are OFF. In between bins are kept ON depending on the
rate of change of temperature required for the CCD.
ba
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Fig. 7. Photo-diode Mode with its diagonal pixel adding and reading.
3. Readout Modes for the CCD22

CCD22 is read out in various modes described below.
Telemetry Modes of SXT are not described in this paper. The

following will describe how the CCD is read by FPGA1 and FPGA2
in different modes and data stored in onboard memory. Bias map
correction is applied by FPGA1 before writing into memory M1.
The protocol for onboard memory to ground station through
telemetry is not described in this paper.

3.1. Image Mode

In Image Mode a rectangle is chosen inside the CCD. In this
mode the complete CCD (600�600 pixels) is read and stored in
the memory (M1, in toggle mode) by FPGA1. This mode is useful
for checking the performance of the complete circuit including the
CCD. This also gives the idea of the X-ray focusing mechanism.
And this information can be used in other modes like windowed
timing. It needs lot of memory to store data and hence this mode
is less efficient. This mode is used sparingly and mostly to check
the health of the system. To save on the memory usage, the chosen
rectangle in the CCD is stored in memory. A good idea about X-ray
beam focus can be obtained by choosing the rectangle as slightly
bigger than the telescope Point Spread Function (PSF).

3.2. Windowed timing Mode

This mode is for use in timing analysis. In this mode CCD is
logically split in three bunches of columns, each bunch of 200
pixels, i.e., left, center and right column. Rather than reading each
row, 100 rows are added into one row and shifted out for reading.
Thus, only 6 rows are read instead of 600, for one frame of the
CCD. Scanning of the frame can be further increased by omitting
the two column bunches on either side. This is because the PSF
of the SXT is less than 200 pixels and is at the center of the CCD.
This is done by FPGA1 and data are stored in memory M1.

3.3. Photon counting Mode

This is the most preferred mode of operation. In this mode, the
complete CCD (600� 600 pixels) is read by FPGA1 and data are
stored in the memory (M1, in toggle mode), as in the Image Mode.
After receiving CCD frame writing over signal from FPGA1, FPGA 2
picks up the required pixel data from this complete CCD frame. A
single threshold is used, which is around 5s (�150 eV) above the
peak of noise distribution. A 3�3 matrix of pixels in the CCD is
chosen as each square. In this mode, 9 such pixels are chosen as an
X-ray event from the single photon and saved in memory along
with its center pixel co-ordinate. As the 3�3 matrix is chosen for
transmission to ground, split threshold is not used. Two times are
attached to each X-ray event Ta and Tb. Ta is the time when CCD
Image section data are transferred to Storage section. Tb is the
time when these data are loaded into the satellite memory. Ta and
Tb have a time resolution of 10ms. The scanning time for each CCD
frame is attached to all the photons seen in the same frame. This
way each photon can be read from the CCD frame. This is the most
efficient way of using the available memory and picking up each
X-ray photon. It takes 2.5 s to read one CCD frame. Lesser time is
required if only the central square is chosen to pick up the X-ray
events. The size of the central square and the frame reading time
depends upon the PSF. During this mode, calibration is done at
the background continuously. Single-pixel X-ray events registered
from the corner radiation sources are utilized for calibration.
These data are interleaved in the main data with a different
identifier.

Charge Transfer Inefficiency (CTI) can also be computed from
these data as explained in Section 7.

3.4. Photo diode Mode

This mode is used for timing analysis. Here columns are added
diagonally as shown in Fig. 7. In this, one row is shifted down and
one pixel is read out. This way all the pixels in diagonal are added.
Each pixel gives information about 600 added pixels. It takes
E10 ms to add 600 pixels and to read them.
4. Noise reduction

It was observed that the system is noisy around the clocking
edges of the FPGAs. To reduce this noise on the signal, initially
analog and digital circuit grounds were completely isolated
by using opto-isolators. This solution was not practical as
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opto-isolators are not space-worthy. Their failure rate in space is
high as compared to other components. Hence opto-isolators were
removed and instead a better shielding, ground planes on the
PCBs, proper routing of the power supply and ground, a proper
layout of the components, and signal tracks and its return paths
were incorporated to make the system better against noise. To
avoid the noise due to clock edges, data conversion through ADC
was done when FPGA had minimum clocking. This is possible
because all the FPGAs are driven by the same clock, and the
routines in all the FPGAs are tuned so as to remain maximally
silent when data are being digitized.
Fig. 9. All-pixel histogram near the noise peak.

Fig. 10. Energy histograms obtained by co-adding three types of X-ray events:
5. Test results

The CCD camera explained in this paper is a completed
laboratory model identical in all respects to the flight model.
Fig. 8 shows the finished laboratory model under test. The
engineering and flight models are currently under fabrication.
The electronics box and most of the PCBs mounted in the
electronics box shown in Fig. 8 are as per the flight model
specifications. Fig. 8 shows the Model of CCD camera along with
test and interface circuits in a flight packaging box. It also shows
the cryostat used in the laboratory with a cable connecting the
CCD to the main SXT circuit. An engineering-grade CCD22 was
used to test the circuits. The CCD was cooled to �90 1C using a
Cryostat based on LN2. The CCD was irradiated with a Fe55 source.
CCD reading speed was 2.5 s per frame. Fig. 9 shows an all-pixel
histogram near the noise peak obtained by co-adding 700 frames.
The width of the noise peak is determined by fitting a Gaussian
curve. The gain is determined by fitting the Mn Ka peak from Fe55

source, and adjusting the gain so that the peak position agrees
with the tabulated Mn Ka energy. The following parameters were
thus determined:
Fig
Cry

isolated, vertical bipixels and horizontal bipixels frames after exposure to an Fe55

source.

Table 1

File name 2Ka energy % loss Ka+Kb energy % loss
Zero channel ¼ 21.3
Noise peak FWHM ¼ 20.8 channels
Gain ¼ 3.1345 eV/channel
Noise ¼ 7.6 e�
data110107 1162974 1.4 1208279 2.4

data220107 1163275 1.3 12080710 2.5

data110107 1163774 1.3 12077710 2.5
Fig. 10 shows the histogram of energy spectra obtained
from exposure to Fe55 source and by co-adding 700 CCD frames.
Three types of events, i.e., isolated, vertical bipixel and horizontal
. 8. CCD Camera Model for SXT with external test circuit, laboratory model of

ostat and electronics box in flight model configuration.
bipixel, are shown. One Gaussian function was fitted to the peak in
each case and the following results were obtained:
Isolated events (Ka FWHM) ¼ (152.871.3) eV,
Vertical bipixel (Ka FWHM) ¼ (181.971.6) eV,
Horizontal bipixel (Ka FWHM) ¼ (180.572.2) eV.
6. Percentage loss

Two-photon pile-up peak positions in eV and the implied
energy loss relative to tabulated values are provided in Table 1. All
data are derived from isolated events.
7. Charge transfer inefficiency (CTI)

Fe55 sources are mounted diagonally in the corners of the CCD for
calibration during flight. During Photon Counting Mode, single-pixel
events are chosen from these corner areas. The difference in the
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output from diagonally opposite pixels is used to compute the CTI.
The serial charge transfer inefficiency is currently determined to be
(3.171.1)�10�6 in the engineering-grade CCD used in the lab.
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