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Pulse Height Difference Between Pixel Patterns of X-ray CCDs Onboard the XRISM Satellite Yuma AOKI

We have developed a soft X-ray telescope system Xtend onboard Japan’s new X-ray astronomical
satellite XRISM. Xtend employs X-ray CCDs, which have basically the same design as those used
in the previous X-ray astronomical satellite Hitomi. Monochromatic X-ray line spectra of the
CCDs onboard Hitomi showed offsets of centroids between different pixel patterns or different
good grades; the spectral centroids of charge-sharing events are higher than those of single-pixel
events. The spectral offset, which we call “Goffset”, can cause large uncertainties in X-ray energy
determination accuracy. In this paper, confirming the CCDs onboard XRISM also have Goffset,
we performed a simulation study that takes into account the two factors; charge sharing and readout
noise. Goffset of the flight model CCD is successfully reproduced by the simulation with a certain
readout noise. We investigate how charge sharing and readout noise cause Goffset based on the

simulation results.
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1. Introduction

The X-Ray Imaging and Spectroscopy Mission (XRISM) is Japan’s seventh X-ray astronomy
mission [1], and its launch is scheduled for the Japanese fiscal year 2023. XRISM is equipped with
two instruments, Resolve [2] and Xtend [3], each of which consists of an X-ray Mirror Assembly
(XMA) and a focal plane detector with a focal length of 5.6 m. The focal plane detector of Resolve
is an X-ray microcalorimeter, and will offer non-dispersive, high-resolution X-ray spectroscopy
(AE ~7 eV @6 keV), but with a narrow field of view (only 2.9” X 2.9”). On the other hand, the focal
plane detector of Xtend is the Soft X-ray Imager (SXI), an X-ray CCD camera with typical energy
resolution for CCDs (AE ~200 eV @6 keV). A characteristic of Xtend is a wide field of view of
38’ x 38’, which makes Xtend complementary to Resolve in imaging.

The SXI has basically the same design as the one onboard Hitomi. Four CCDs are arranged in
a 2 x 2 grid and can be cooled down to —120°C with a single-stage Stirling cooler. The SXI used
the P-channel back-illuminated type CCDs Pch-NeXT4A manufactured by Hamamatsu Photonics
K.K. The SXI CCDs are fully depleted in a depletion layer of 200 um, which enables the SXI to
cover an energy range of up to 12 keV. Specifications of the SXI CCDs are summarized in table 1,
and more details are reported in Ref.[3]. Each CCD has four readout nodes. Halves of the imaging
area are read out by the two of them and processed by the individual circuits so that we obtain two
“segment” images per CCD in every frame cycle.

Table 1: Specifications of the XRISM CCDs

Imaging area 30.72 mm X 30.72 mm
Pixel size 24 pym X 24 pum (after on-chip 2 X 2 binning)
Pixel number 640 x 640 pixels/CCD (after on-chip 2 X 2 binning)
Depletion layer 200 pm
Energy resolution <200eV @5.9 keV
Energy range 0.4 -13 keV

When an X-ray photon enters an X-ray CCD and is photo-absorbed in the depletion region,
electron-hole pairs (called a “charge cloud”) are created in a narrow region. The produced charges
drift to the potential well formed below the electrodes to be collected. Ideally, the charges are all
collected by a single pixel, but in practice, the charges often spread into neighboring pixels, resulting
in a multi-pixel event. After the charges are collected, the transfer occurs between the potential
wells. The incident X-ray energy is determined by measurement of the amount of the charges.

The distinction between X-ray-induced and (non-X-ray) particle-induced events is critical for
X-ray observations because a charged particle generates the electron-hole pairs along its track in
the CCD. The SXI adopts the Grade method, where X-ray-induced events are distinguished from
particle-induced ones by pixel patterns or “Grade”; charge clouds produced by an X-ray photon are
more likely to be confined than those produced by particles. The Grade method has been employed
first in ASCA, and then in other CCD detectors of subsequent X-ray satellites. Events classified into
Grade 0, 2, 3, 4, and 6 (good Grades) are considered to be induced by X-rays, while other Grades
(bad Grades) are considered to be non-X-ray events. The bigger Grade number indicates that the
event has spread charges over more pixels. An event where charges are concentrated in a single
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pixel is classified as Grade 0 whereas the one where charges are spread over three or four pixels
falls into Grade 6. A neighboring pixel whose pulse height is above the split threshold is assumed
to share charges with the event’s center pixel.

A spectrum of events with the same energy in each good grade ideally should coincide with
each other. However, the CCDs onboard Hitomi showed offsets of centroids between the good
Grade spectra. The centroids of multiple-pixel charge-sharing event spectra are higher than that of
single-pixel events; the more pixels share the charge, the larger offsets of spectral centroids. We
call the spectral offsets between good Grades, “Goffset”. It can cause large uncertainties in X-ray
energy determination accuracy, but its cause has been unclear. In this paper, we evaluated Goffset
with the flight model of the SXI CCDs and found that their spectra show energy-dependent Goffset.
We also investigated the cause of Goffset through a simple pulse height simulation.

2. Goffset of the flight model XRISM CCDs

An on-ground calibration was conducted in April 2021 with the flight model CCDs installed
in a laboratory system. The CCDs were irradiated with monochromatic X-rays produced by
radioisotopes (°°Fe and 2*! Am) and an X-ray generator. Three targets for the X-ray generator were
used: LiF, Al, and SiO,. The detail of the laboratory system and X-ray generator is described in
Ref.[6]. We used the data of the segment “CCD2AB” since the segment exhibits the highest charge
transfer efficiency and energy resolution among the flight model CCDs.

We focus on the data of four characteristic X-rays: F Ka (E = 0.677 keV), Al Ka (E =
1.487 keV), Si Ka (E = 1.740 keV), and Mn Ka (E = 5.895 keV). Figure 1 shows F Ka and
Mn Ke spectra of the Grade 0 and Grade 6 events. In both panels, we see an offset of the centroids
of the Grade 0 and Grade 6 spectra and confirm that the XRISM CCD has Goffset. We obtained
the energy dependence of Goffset as shown in figure 2(a). Here, PHA[Gn] denotes the centroid
of Grade n spectrum, and Goffset is defined as PHA[G6]-PHA[Gn] (n = 0,2, 3,4). Goffset of
Grade 0 (PHA[G6]-PHA[GO]) is ~ 1% of PHA[G®6] in the high energy of ~ 1000 ch (~ 6 keV)
while in the low-energy end of ~ 120 ch (~ 0.7 keV), Goffset sharply increases up to 11 % of
PHA[G6]. We also analyzed the segment of CCD2CD for comparison (figure 2b) and found that
its Goffset is different from that of CCD2AB especially in the low-energy end, despite the identical
CCD chip.

3. Simulation and results

One possible cause of Goffset is charge sharing. When charges are shared with several pixels,
and a pulse height in some pixels is lower than the split threshold, their pulse height is not counted
as a signal. The more pixels that have a lower pulse height than the split threshold result in a more
uncounted pulse height. Grade 0 events are expected to most in the case.

The other factor of Goffset can be readout noise, which is indicated by the fact that Goffset is
different between the segments in the identical CCD chip (figure 2b). The sharp increase of Goffset
in the low-energy end, where the signal-to-noise ratio is lower, also implies noise’s contribution.
We perform a simple simulation that takes into account the two factors to evaluate their contribution
to Goffset.
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Figure 1: (a) F Ke spectra of the segment CCD2AB of the XRISM CCDs. The black and red data represent
the spectra of Grade 0 events and Grade 6 events. (b) Same as (a), but for the Mn Ka spectra.
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Figure 2: (a) Goffsets for Grade 0, 2, 3, 4 of the segment CCD2AB of the XRISM CCDs; namely the
centroid deferences between the line spectra of Grade 6 and Grade n events (n = 0, 2, 3,4). (b) Comparison
of Goffsets for Grade 0 of CCD2AB (red) and CCD2CD (black).

The simulation procedure is as follows. We assume a charge cloud collected in a potential
well; the cloud has a density of 2-dimension Gaussian with standard deviation o. The number of
charges in the cloud is expressed by a given initial pulse height (denoted by PHA() and has Fano
fluctuations. Fano factor for Si has been empirically obtained to be F = 0.115 and we adopt this
value. The charge cloud is randomly placed on a pixel, collected in the single pixel or shared by
neighboring pixels, and anyway read out as a pulse height of each pixel (denoted by PH). PH is
subject to random readout noise, which is assumed to obey a Gaussian distribution with a centroid
of 0 and a standard deviation of N. According to the final PH distribution including both the signal
charges and noise, Grade is determined for each event, and PH of each surrounding 3 x 3 pixels
above the split threshold is accumulated into the total pulse height of the event (denoted by PHA).
The above procedure was tried 100,000 times to produce a spectrum for each Grade. The individual
spectra were fitted with Gaussian to obtain PHA[Gnr] (n = 0, 2, 3,4, 6). Finally, simulated Goffset
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is obtained by PHA[G6]-PHA[Gn].

The initial pulse height PHAy was varied from 100 ch to 1000 ch whereas the standard
deviations N of the random noise were varied from O ch to 10 ch. The charge cloud size o is not a
priori clear. We simulated Grade branching ratio with various o values both for PHA-120 ch and
1000 ch, which correspond to F Ka and Mn Ke lines, respectively. The actual Grade branching ratio
of the segment CCD2AB for both F Ka and Mn Kea lines were well reproduced by o =0.11 pixel,
and thus we hereafter fix oo =0.11 pixel regardless of the incident X-ray energy. The simulation
parameters are summarized in table 2.

Table 2: Parameters of simulation

Parameter Value
Fano factor F 0.115
Standard deviation of charge cloud distribution o 0.11 pixel
Initial pulse height PHA, 100-1000 ch
Standard deviation of noise N 0-10ch
Split threshold 15 ch

Figure 3 displays the simulated spectra of the Grade 0 and Grade 6 events with PHAy = 120
and 1000 ch. The two cases of N = 0 ch and N = 6 ch are compared. In the former case, PHA[G6]
is almost equal to PHA(, which means that almost all shared charges are counted in PHA, whereas
PHA[GO] is lower than PHA(. As for the spectra of N = 6 ch, PHA[GO] is still lower than PHA,,
but PHA[G6] exceeds PHA(. Notably, the simulated spectra of N = 6 ch have a very similar shape
to the ones of the flight model CCD (figure 1).

The simulated Goffset for Grade 0 (PHA[G6]-PHA[GO]) is shown in figure 4 for N =
0,2,4,6,8 ch. We adopt PHA[G®6] for the horizontal axis to compare with the actual data. The
N = 0 case indicates Goffset of a few ch for any PHA[G6]. For low N values (< 4 ch), Goffset
slightly increases as PHA[G6] does. As N increases, Goffset rapidly increases especially on the
low-energy side. The Goffset of CCD2AB, which is denoted by the cross marks, is well reproduced
by the simulation result of N = 6 ch within 1 ch accuracy. We confirm that the simulated Goffset
for Grade 2, 3, and 4 are also explained by the simulation of N = 6 ch as shown in figure 5.

4. Discussion

We conducted the simple Goffset simulation incorporating the charge-sharing effect and noise
addition and found that Goffset increases as noise does, especially on the low-energy side. Goffset
of the flight model CCD is explained by the simulation result of N = 6 ch. Here we discuss how
Goffset is induced by charge sharing and readout noise.

The charge-sharing effect would be dominant for low noise (N < 4 ch). The simulated spectra
of N =0 ch (figures 3a and 3b) indicate that PHA[G®6] is almost equal to PHAy whereas PHA[GO]
is less than PHA( by a few ch, which results in Goffset. In the Grade O events, PH of each charge-
sharing pixel less than the split threshold is not counted in PHA so that PHA[GO] becomes below
PHA,. Sharing charges increase as PHA or a number of charges does, and thus Goffset slightly
increases with PHA.
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Figure 3: (Top) Simulated spectra of Grade 0 (black) and Grade 6 (red) with N = 0 ch for PHA(¢=120 ch
(a) and PHA(=1000 ch (b). The dashed line represents PHA(. (Bottom) Same as the top, but those with

N =6 ch.

o
Al

15

PHA[G6] — PHA[GO] (ch)
10

N=8 ch

| |
500 1000
PHA[GS] (ch)

o

Figure 4: Simulated Goffset of Grade 0 for N = 0, 2,4, 6, 8 ch overlapped by the actual Goffset of the flight
model CCD (segment CCD2AB; see figure 2a) denoted by the cross marks.
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Figure 5: Filled circles represent simulated Goffset of Grade 0O (a), 2 (b), 3 (c¢), 4 (d) for N = 6 ch and
o = 0.11 pixel. The cross marks denote the measured Goffsets of the segment of CCD2AB.

Goffset increases systematically as noise increases at any PHA. The simulated spectra of
N = 6 ch (figures 3c and 3d) show that PHA[GO] is only slightly less than PHA( and almost the
same between N = 0 ch and N = 6 ch whereas PHA[G6] increases with noise to exceed PHA,,
which results in higher Goffset. Let’s consider an event that is originally Grade O when N = O ch.
The added noise is assumed to follow the Gaussian distribution and can fluctuate positively or
negatively. If noise in the surrounding pixels fluctuates negatively, the event is still classified as
Grade 0, and the accumulated PHA remains almost the same as the original one. This contrasts the
increase in PHA and Grade modification when the noise fluctuates positively; the Grade 0 event
would be identified as higher Grade. For Grades 2, 3, and 4 events, noise can modify Grade from
the original. There are two cases; (1) original charges are put within a single pixel but the event
is classified as a higher Grade due to the addition of positively fluctuating noise, and (2) original
charges are shared by more pixels but the event is classified as a lower Grade due to the addition
of negatively fluctuating noise. Thus, Grade 0 events are biased to contain events with negatively
fluctuating noise, and Grade 6 events are biased to contain events with positively fluctuating noise.

Figure 6, which shows simulated Grade branching ratio of PHAy = 120 ch and PHAy = 1000 ch
for N = 0 ch and N = 6 ch, also supports the above picture. The measured Grade branching ratio
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is overlapped with the figure and we confirm that the measured one is generally consistent with
the simulation result of N = 6 ch. For PHAy = 120 ch, the Grade O events are the majority and
the ratio of Grade 6 is only ~5%. On the other hand, for PHAy = 1000 ch, the ratio of Grade 0
decreases to ~25% and that of Grade 6 increases to ~20%. This is because the amount of charges
shared by the neighboring pixels is small for the low PHA( and below the split threshold in most
cases. By adding noise, the ratio of Grade 0 decreases because some originally Grade O events
are classified as multiple-pixel events or higher Grade, due to positively fluctuated noise in the
surrounding pixels. Indeed, some originally higher Grade events are modified to Grade O events
due to negatively fluctuated noise, but their frequency is smaller than the former. The ratios of
Grade 2, 3, and 4 appear to be not affected well by noise because Grade modifications due to
positively and negatively fluctuated noise cancel each other out. Some events whose Grade is
originally less than 6 are modified to Grade 6 due to positively fluctuating noise, which increases
the Grade 6 ratio in N = 6 ch.

The problem is that Goffset increases rapidly on the low-energy side as noise does as shown
in figure 4. Figures 3(c) and 3(d) show that Goffset increase on the low-energy side is not because
the difference between PHA[GO] and PHA grows, but because the difference between PHA[G6]
and PHA does at the low energy. This would be due to two factors. (1) For high PHA(, missing
charges and positively fluctuated noise partially cancel each other out, and therefore the difference
between PHA( (or PHA[G6]) and PHA[GO] does not grow so much. However, for low PHA,, the
added positively fluctuated noise is directly counted in PHA, so the difference between PHA( and
PHA[G6] grows with noise. (2) The ratio of Grade 6 is lower for lower PHA(. The proportion of
the Grade 6 events that are originally lower Grade ones but modified to Grade 6 due to the positively
fluctuated noise is relatively higher for low PHA,.

5. Conclusion

We investigated differences in spectral centroids between good Grades, and Goffset, in the
Xtend CCDs onboard XRISM, and confirmed that they show Goffset as in Hitomi. We assumed
that there were two factors contributing to Goffset; charge sharing and noise. To examine this
assumption, we performed the simple simulation and obtained the following results:

1. Our simulation with N = 6 ch reproduced Goffset of the flight model CCD as well as the
measured spectrum of the good Grades.

2. Without noise (N = 0), there is a positive correlation between PHA and Goffset. This would
be due to the effect of charge sharing. The higher PHA( makes more missing charges or
higher missing PH below the split threshold in the surrounding pixels.

3. When noise increased, Goffset becomes larger systematically. This is because Grade 0 events
are biased to contain events with negatively fluctuating noise whereas Grade 6 events are
biased to contain events with positively fluctuating noise. Thus PHA[G6] increases with
noise to exceed PHAy whereas PHA[GO] is almost the same at any noise.

4. Goffset rapidly increases especially in low PHA(. This would be due to the following reason.
When a positive fluctuating noise is added to a Grade 0 event and thus Grade is modified to a
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Figure 6: Simulated Grade branching ratio of Grade 0, 2, 3, 4, and 6 with N = 0 ch (dashed lines) and
N = 6 ch (solid lines) for PHA=120 ch (a) and 1000 ch (b). The cross marks of each panel denote the Grade
branching ratios for the F Ka (a) and Mn K lines (b) of the flight model CCD.

higher one, the noise and the missing PH below the split threshold partially cancel each other
out, especially in high PHA(. On the other hand, in low PHA,, the added positive noise is
directly counted in PHA. Also, the low ratio of Grade 6 in low PHA(; makes the relatively
high proportion of Grade 6 events that are originally lower Grade events but modified to
Grade 6 with the positive noise addition.

This study successfully reproduced Goffset by the simulation that takes charge sharing and
noise into account. It is expected that an on-orbit noise will have different values from that on the
ground test. This simulation will assist Goffset correction in the on-orbit calibration with limited
data.
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