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ABSTRACT. We report a development status of a focal plane detector for the GEO-X (GEOspace
X-ray imager) mission that will perform soft X-ray (< 2 keV) imaging spectroscopy of
Earth’s magnetosphere from a micro satellite. The mission instrument consists of a
microelectromechanical systems (MEMS) X-ray mirror and a focal plane detector.
A sensor with fine positional resolution and moderate energy resolution in the energy
band of 0.3 to 2 keV is required. Because the observing target is the magnetosphere
around the day-side Earth, the visible-light background must be decreased by
shortening the integration time for readout. To satisfy the above requirements, a
high-speed X-ray CMOS sensor is being evaluated as a primary candidate for the
detector. Irradiating the flight candidate sensor with monochromatic X-rays, we
obtained the energy resolution of 205 eV (FWHM) at 6 keV by cooling the devices
to —15°C. Radiation tolerance of the sensor, especially in terms of total dose effect,
is investigated with 100 MeV proton. The amount of degradation of energy resolution
is < 50 eV up to 10 krad, which ensures that we will be able to track and calibrate the
change of the line width in orbit.
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1 Introduction

The Earth’s magnetosphere that distributes in the height range of 10° to 103 km from the ground
acts as a shield against the high-speed particles in the solar wind. Collision between charged
particles in the solar wind (e.g., carbon, oxygen, neon, etc.) and neutral exospheric atoms, such
as hydrogen, induce the charge exchange process and emit a photon at extreme ultraviolet or soft
X-rays (Solar Wind Charge eXchange; SWCX).! The discovery of SWCX emission by XMM-
Newton (e.g., Refs. 2—4) and Suzaku (e.g., Refs. 5-8) has stimulated research of the Earth’s
magnetosphere. The GEO-X (GEOspace X-ray imager) mission’ aims to visualize SWCX for
the first time by observing the emission from the highly elliptical orbit (HEO) with its apogee of
40 to 60 Ry, (the radius of the Earth). Simulations performed in Refs. 1, 10-12 have demonstrated
that the SWCX emission is sufficiently bright to image the cusps and magnetosheath regions.
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There are several other missions that aim at imaging the Earth’s magnetosphere.; SMILE, a
joint mission between ESA and CAS, is planned to be launched in late 2024 or early 2025. It
carries an X-ray and UV imager as well as in-sifu measuring instruments, such as an ion analyzer
and a magnetometer. The orbit will be a highly inclined elliptical one with an apogee of about
20 Rg. Another approved mission, LEXI, will observe SWCX emission from the surface of the
Moon over multiple days in 2024."* The STORM!* mission has been proposed to image the
magnetosphere from a circular 30 Rg orbit inclined 90 deg to the ecliptic. LSXI, another pro-
posed Chinese mission,” will set an instrument on the Moon. On the other hand, GEO-X will
obtain a bird’s-eye view of the magnetosphere from low inclined orbit (<30 deg), so the emitting
regions can be clearly identified. Furthermore, the topology of the magnetosphere dynamically
varies by the solar flare and coronal mass ejection with the timescales of minutes and hours.
GEO-X will capture the variation of structures in response to solar activities.

As a scientific instrument, we develop an ultralightweight telescope consisting of a MEMS
(microelectromechanical systems) X-ray telescope'®!” and compact focal plane detector with an
optical blocking filter. We employ a new X-ray imaging spectrometer utilizing a scientific
complementary MOS (CMOS) sensor.'® Recently the CMOS sensor has been improved in terms
of noise performance. Typically, it has readout noise and dark current of a few electrons per
second and per pixel even at room temperature, which makes it unable to operate in photon
counting mode in the soft X-ray range. Several applications have been already realized in the
rocket experiment, FOXSI3,'"?* which observes solar X-rays. An X-ray wide-field survey
mission, Einstein Probe,”"*? and an X-ray timing and polarimetry mission, eXTP,® also carry
CMOS sensors. Recently, polarimetric performance has been verified,”* and a future mission is
being established.”> These applications have verified that CMOS sensors have moderate energy
resolution and energy range with a relatively higher temperature compared with those of conven-
tional CCD cameras. Furthermore, the high-speed readout performance brings a low visible-light
background level, which is essential for observing the day-side Earth.

In this paper, we employ two backside illumination type CMOS sensors that are originally
designed for visible light/UV imaging to measure its X-ray spectroscopic performance.
Specifications of the devices and their evaluation results are described in Sec. 2 and Secs. 3
and 4, respectively, followed by a summary in Sec. 5.

2 Flight Candidate Sensors

A candidate of the focal place sensor is a backside-illumination type GSENSE 400 device
fabricated by Gpixel Inc.” It has a 4 Mpixels format with a standard 4T pixel architecture.?’
The specifications of the devices used in this work are summarized in Table 1. Both sensors
are originally developed as sensitive imaging sensors in visible light (TVISB type) and ultraviolet
(UV type). The picture of both sensors is shown in Fig. 1. The advantages of the sensor are low
readout noise and dark current, which are essential items for soft X-ray spectroscopy. The large
fullwell capacity (91 ke~ for 400BSI-TVISB) enables us to cover a wide energy range of X-rays.
The operating temperature in the initial evaluation test is set to be —15°C. The device is mounted
to zero insertion force sockets in a printed circuit board (PCB), and the glass lid is always
removed in the test. The PCB and a part of wire harness are also cooled as a whole. The exposure
time is set to be 0.4 s throughout the initial test because it is suitable for evaluating dark current

Table 1 Specifications of the sensors used in this work.

Device name 400BSI-UvV 400BSI-TVISB
Pixel size 11 yumx 11 um

Number of effective pixels 2048 x 2048

Readout noise (e-rms) 1.6

Dark current (e-/pix/s) <0.5@ - 16°C <0.68@ - 15°C
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Fig. 1 CMOS sensors adopted for the GEO-X mission, which has a 4 Mpixels format with a
standard 4T pixel architecture. (a) TVISB type and (b) UV type are evaluated.

shot noise. The dynamic range is set to be 12-bit in this work. A rolling shutter is adopted because
of its low noise characteristic.

The whole arrays of both sensors are irradiated with monochromatic X-rays from the
radioisotope >Fe source as an initial test to evaluate the X-ray spectroscopic performance.
The exposure time, driving voltage, and sequence of the readout are set to be common between
the sensors. Because signal charges produced as a result of photoelectric absorption distribute
across the pixel boundary with a certain probability, X-ray events are classified as single-pixel
events and multi-pixel events. We arrange two threshold values for the classification. First, if a
pulse height of a pixel exceeds the “event threshold” and the pulse height is higher than any of
the surrounding eight pixels, we regard the pixel as the event center. Next, the pulse height of the
surrounding pixels is examined. If at least one of them exceeds the “split threshold,” then the
events are classified as multi-pixel events, whereas a single-pixel event has no surrounding pixels
that exceed the threshold.

The monochromatic X-ray spectra are shown in Fig. 2. The spectra are extracted from the
entire region of the sensors. The UV sensor exhibits a similar line spread function between
single- and multi-pixel events, which enables us to resolve Mn Ka and Kf lines in the summed
spectrum. The energy resolution of single pixel events is 204.6 4+ 2.4 eV [full width at half
maximum (FWHM)]. This is comparable performance to that of the conventional CCDs that
are cooled to ~ — 100°C. Another note is that the lower limit of the energy band for the UV
sensor is ~0.2 keV, which satisfies the observation band of GEO-X (0.3 to 2.0 keV). On the
other hand, the TVISB sensor shows that the pulse height of multi-pixel events is remarkably
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Fig. 2 Spectra obtained with (a) TVISB and (b) UV by irradiating the sensors with %°Fe. Red,
yellow, and blue data show the spectra extracted from a single pixel event, multi-pixel events, and
the sum of them, respectively.

J. Astron. Telesc. Instrum. Syst. 016001-3 Jan-Mar 2024 e Vol. 10(1)



Nakajima et al.: Development of the focal-plane CMOS detectbr for the GEQ-X.

lower than that of single-pixel components, and the resolution of single-pixel events of
227.0 £ 1.9 eV (FWHM) is larger than that of the UV sensor. The number ratios of multi-pixel
and single-pixel events are 0.317 4= 0.013 for the UV sensor and 0.100 =+ 0.002 for the TVISB
sensor. The former shows a relatively large ratio that leads to a better spectral performance than
the latter.

In particular, the profile of the TVISB type sensor was reported in Ref. 28. The difference of
the line profile between single- and multi-pixel events was seen in the other sensors of the same
manufacturer.”® Because analog-to-digital converters are implemented for each column in both
sensors, the difference of the profile seen only for the TVISB sensor should not be due to the gain
non-uniformity among columns. Furthermore, the disagreement of the peak pulse height is not
peculiar to a specific readout system. Hence, it should be due to the recombination of the signal
charge® inside the sensor when X-rays are absorbed in the non-depleted region.*

The two kinds of sensors are fundamentally fabricated from the same wafer, although the
sensitivity in the specific wavelength is separately optimized by changing the treatment of the
incident layer. Therefore, the specific resistance of the epitaxial layer must be almost the same
value, and the difference in the spectrum is due to the thickness of the epitaxial layer. UV and
TVISB sensors have an epitaxial layer with a thickness of 4 and 10 um, respectively. It is indi-
cated that the electric field in a part of the wafer of the TVISB sensor is not sufficiently strong,
and hence the sensor is not fully depleted. When the X-rays are absorbed in the non-depleted
layer, the signal charges get diffused across the pixel border before they are drifted and integrated
in the pinned photodiode. This results in a low pulse height in the spectrum. Although it is worth
optimizing the drive voltage of the TVISB sensor to investigate the charge loss issue, here we
select the UV sensor as the primary candidate because the overall line spread function is simpler.

3 Radiation Tolerance

We plan to put the GEO-X into a HEO with a low inclination angle of <30 deg and an apogee of
40 to 60 Rg. The expected dose rate of the HEO is 10 krad/year, which is higher than that of the
low-earth orbit because the satellite will pass the radiation belt. In general, radiation damage to
the CMOS sensor is classified to total ionizing dose (TID) and single event effect (SEE). TID is
primarily induced by the trapped protons and leads to two kinds of performance degradation. The
buildup of trapped positive charge in the dielectrics, especially near the transfer gate (TG), has an
influence on the charge transfer efficiency across TG. The buildup of the interface states at the
Si/oxide interfaces results in an increase of dark current from low dose level. In addition,
displacement damage collapses the lattice and produces a charge trap in the sensitive layer due
to a total non-ionizing dose. SEEs are individual events that occur when an ionizing particle
deposits energy that is large enough to disturb the performance of the sensor and/or electronics.
Investigation results of the SEE tolerance of our devices will be reported in other paper.

We investigate the tolerance of the candidate chips against the TID effect by irradiating the
bare chips with 100 MeV protons at a heavy ion medial accelerator in Chiba, Japan. Considering
that our planned mission lifetime is a minimum of 1 year, we set the total fluence to be
20 krad/cm?, which corresponds to 2.2 X 10'! p/cm?. The device under test is kept in air
pressure and room temperature throughout the test. We converge the proton beam and do not
apply any scattering medium in front of the chip. The beam size and its position are set to be
2 mm X 3 mm at the center of the array. After the damage, the dark current increases around the
beam center, as shown in Fig. 3(a). Assuming that the increase of the dark current is in proportion
to the amount of dose at that position, we define the analysis region following the contour map as
depicted in Fig. 3(b) and calculate the dose in each region. The total dose in the center region with
the severest damage is over 100 krad, which corresponds to 10 years in HEO.

Figure 4 shows the spectrum extracted from regions 1 to 6. Multiple anomalously narrow
lines can be seen only in the single event spectrum. Each line corresponds to a specific pixel that
has an almost constant pulse height throughout the data acquisition. If the constant level exceeds
the event threshold after the dark subtraction, it appears to be an abnormally narrow emission
line. To eliminate these false events, a threshold of the frequency of the event appearance is
introduced. If the frequency exceeds 1% of the frame number, the pixel is regarded as “hot”
due to the radiation damage. The threshold needs to be tuned for onboard data processing
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Fig. 3 (a) Dark frame image of 400BSI UV sensor showing the increase of the dark current after
the radiation damage by protons. (b) Definition of the analyzed regions in the trimmed dark frame
image. Borders of the regions are adopted from the contours that are drawn with six steps in linear
scale from the bottom and top of the pulse height distribution.
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Fig. 4 35Fe spectrum extracted from the damaged region [regions 1 to 6 in Fig. 3(b)]. The meaning
of the colors is the same as described for Fig. 2.

because the number of frames continuously obtained depends on the orbital phase, etc. The
fraction of the hot pixels that is discriminated with above threshold is 2.5%. This would be
compensated by observation with a longer duration than that initially planned.

The spectroscopic performance is affected by the increase of read-out noise (RON) and dark
current. We evaluate both parameters using the frame data varying with the exposure time. The
exposure time is set to be from 0.4 to 1.6 s/frame in steps of two. Figure 5 shows the dependence
of the mean pulse height in each region defined in Fig. 3(b). The mean value and the
exposure time are in the linear relation for every region. The slope of the best-fit linear function
corresponds to the dark current in the region. The dispersion of the pulse height can be decom-
posed into the contribution by the RON and that by the dark current shot noise. The RON is
derived with the assumption that the charge by the dark current has a normal distribution.
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Fig. 5 Mean pulse height as a function of the exposure time measured for each region shown in
Fig. 3(b). Blue, light blue, light green, yellow, magenta, orange, and purple correspond to region
numbers zero to 6, respectively.

Figure 6 shows the RON and dark current as a function of the dose. Both parameters significantly
increase after 3 krad.

The energy resolution is a rather practical parameter for verifying the spectroscopic perfor-
mance of the sensor in orbit. Spectra from 3 Fe are extracted from each region, and the Mn Ka
peaks are fitted with the Gaussian function for summed spectra. Figure 7 shows the FWHM value
as a function of the total dose. Note that all single- and multi-pixel events are included in the
spectra that are fitted. The amount of degradation of the energy resolution is less than 50 eV up to
10 krad, which ensures that we will be able to track and calibrate the change of the line width in
orbit. Even in the center region where most intensive damage occurs, Mn Ka and Kf are well
resolved even in the center region that is severely damaged.

The increase of the RON and dark current affects the lower edge of the effective energy
range. To determine the requirement for the lower edge, the line width and the line profile
in the response functions need to be taken into account. To measure the line intensity precisely,
the lower edge needs to be set so that the energy range securely includes the whole line. Hence, to
detect the characteristic X-rays from SWCX emission, such as O6+ and O7+, the requirement of
the lower energy range is set to be 0.3 keV throughout the mission. A possible reason for the
spectroscopic performance degradation is the increase of the hot pixels. If the significant amount
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Fig. 6 (a) RON and (b) dark current as a function of the radiation damage.
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Fig. 7 Energy resolution as a function of TID. (a) A value obtained from data before the radiation
damage test. (b) Data derived using the events extracted from regions in the damaged image
[Fig. 3(b)].

of charge is produced in a pixel due to radiation damage and the amount is almost constant, the
pixel is eliminated from the latter part of event processing. However, the frequency is too low to
be regarded as hot pixels and the pulse height is around the event threshold (hereafter, we call this
“less-hot pixels”), the spectrum is contaminated by the false events, especially around the lower
edge. Similarly, when the pulse height by these false signal charges fluctuates around the split
threshold and the position of the charges are just next to the genuine signal charges, they will be
added to the original pulse height and will degrade the spectral resolution.

To minimize this effect, we grade each event according to the pulse height distribution
around the event center pixel, as shown in Fig. 8. The basic method of this “grading” is conven-
tionally adopted in the event processing of onboard X-ray CCDs. In the case of the CCD camera
on board the Suzaku satellite, most of the X-ray events are considered not to split into a region
larger than 2 X 2 pixels. Grade-7 events, in which the event spreads more than 2 X 2 pixels, are

GradeO
No surrounding pixels above split threshold

Gradel
Only corner pixels are above split threshold

Grade234
Vertical or horizontal split +opposite corner

Gradeb
Vertical or horizontal split +adjacent corner

Grade6
L-shape +opposite corner

Grade7
Larger than other grade

LR B RE LT
R KR
el el S

Fig. 8 Definition of event grading in the signal processing. Distributions of pixels for which pulse
heights are larger than the split threshold as well as the "grade number are noted. The pixel des-
ignated with a black cell is the event center. Blue pixels are those with pulse heights above the split
threshold and added to the total pulse height. Pixels colored with orange are also above the split
threshold but not summed to the total pulse height.
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Fig. 9 %5Fe spectrum (a) before applying the grading method and (b) after applying it. Note that
yellow data in the grading method spectrum denote the events of Grades-2,3,4,6.

regarded as background events.’! This criterion has been employed because charged particles
induce elongated shapes of the charges along their tracks in the depletion layer, whereas X-ray
photons generate a spheric or ellipsoidal charge distribution. Grade-1 and Grade-5 are considered
not to be proper X-ray events because the signal distribution of this grade cannot be reproduced
with an assumption of a single charge cloud. Instead, when multiple charge clouds are produced
within a 3 X 3 pixel region in a frame cycle due to a pile-up or adjacent less-hot pixels, a part of
such events can be categorized to these grades. Therefore, the grade method can be an effective
process for eliminating possible less-hot pixels.

Then, the grade method is applied to the data obtained after the radiation dose as follows:
Grades-0,2,3,4,6 are proper X-rays events and Grades-1,5,7 are recognized to be any of particle
events, a pile-up of multiple X-ray events, or the events affected by less-hot pixels. The difference
of the spectrum is shown in Fig. 9. The intensity of events just above the lower discrimination
decreased, and the line profile of the multi-pixel events (Grade 2,3,4,6 events after applying grade
method) has changed. In particular, lower discrimination is found to be < 0.3 keV, which
satisfies the energy range requirement of the mission even after the radiation damage.

4 Linearity and Energy Resolution

To verify the effective energy range of GEO-X, it is essential to perform a imaging spectroscopy
test in a vacuum environment. Then, we construct a dedicated test facility for investigation of the
response function in the soft X-ray range utilizing an X-ray tube. The devices under test are
irradiated with continuous X-rays as well as characteristic X-rays utilizing a secondary target.
The voltage of the X-ray tube is set to be 10 kV. To investigate the response of the sensor against
soft X-rays by eliminating the contribution of the dark current as far as possible, the sensor was
cooled to —35°C in this test using Peltier cooler. An example of the spectrum is shown in Fig. 10.
The spectrum exhibits numbers of lines that originate from the secondary target of glass (Si0O,),
polymide tape with acryl paste, Ag target within the X-ray tube, and stainless steel, as noted in
the figure. Multiple emission lines below 1.0 keV are O K, Fe L, and Si escape line of Cl Ka
lines. They are resolved even in the multi-pixel events.

Assuming the incident X-ray energy of the lines, a linearity plot is derived as shown in
Fig. 11(a). Several lines that are considered to be a mixture of multiple lines are eliminated from
this plot. Deviation from the linear function is <5 ch, which corresponds to 10 eV in the soft
X-ray range (<2.0 keV) and is sufficiently low considering the energy distribution of possible
SWCX emission lines. The energy resolution as a function of the incident energy is plotted in
Fig. 11(b). The data are fitted with a function of v/aX + b. The data dispersion is large compared
with the error for each data point, which is probably due to the mixing of multiple unidentified
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SiO,. The meaning of the colors is the same as described for Fig. 2. Inset is the close-up of the
spectrum below 1 keV.

(2)

(b)

Pulse Height (ch)
{
8

g

8
8
AU AL LA R L R L

Energy resolution (eV;FWHM)

1000 2000 3000 4000 5000 6000 7000

Residuals (ch)
38Bo883 o
T

1000 2000 3000 4000 5000 6000 7000
Ex (eV)

0 1000 2000 3000 4000 5000 6000 7000
Ex (eV)

Fig. 11 (a) Linearity plot utilizing bright lines in the spectrum shown in Fig. 10. (b) Energy
resolution as a function of the incident X-ray energy. Note that both data are measured from
single-pixel events.

emission lines. The best fit model function indicates that the device satisfies the requirement of
the energy resolution (120 eV at 0.6 keV).

5 Summary

The development status of the focal plane detector on board the GEO-X mission was reported.
We adopt a back-side illuminated CMOS sensor that was originally developed for visible-light or
ultraviolet imaging. GSENSE 400BSI UV was the primary candidate because we obtained a
relatively better energy resolution of 205 eV (FWHM) at 6 keV by cooling the sensor to
—15°C before radiation damage and obtained a better line profile of the multi-pixel events.
Radiation tolerance of the sensor was investigated with a 100 MeV proton. The degradation
of energy resolution was < 50 eV up to 10 krad, which corresponds to the dose received during
1 year in the planned orbit. This result ensures that we will be able to track and calibrate the
change of the line width throughout the mission. We also confirmed that multiple lines below
1 keV are resolved and energy resolutions are evaluated as well as linearity performance. The best
fit model function indicates that the device satisfies the requirement of the energy resolution.
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