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Abstract The Space-based multi-band astronomical Vari-
able Objects Monitor (SVOM) is a Chinese-French satel-
lite dedicated to the observation and study of Gamma-Ray
Bursts (GRBs) and other variable sources. Among the four
scientific payloads onboard SVOM, the Gamma-Ray Mon-
itor (GRM) is designed to detect GRBs in the 15 keV to
5 MeV energy range. The final performance of GRM can be
affected by the space environment background during the
flight. In this paper, the authors present the in-orbit back-
ground simulation results by using the GEANT4 Monte-
Carlo simulation toolkit. Additionally, we studied the Earth
occultation effect of the space background due to the anti-
solar pointing strategy of SVOM. The total background
count rate of each spectrometer of GRM fluctuates between
about 840 counts/s and 1341 counts/s, and is dominated by
the cosmic X-ray background. Finally, we discuss the emis-
sion lines of the background and their potential use for in-
orbit calibration of GRM. Our simulation study results can
help to understand the impact of the space radiation envi-
ronment on GRM with the latest geometrical model and can
be further compared and updated with the real in-orbit mea-
surement in the future.
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1 Introduction

Gamma-Ray Bursts (GRBs) are flashes of gamma-rays that
appear randomly in the sky and originate at cosmological
distances. They were first discovered by the Vela satellites
in the late 1960s accidentally (Klebesadel et al. 1973). In or-
der to understand the nature and properties of GRBs, there
were many missions designed dedicated to the GRB detec-
tion or optimized for such studies by measuring the GRB
spectrum, location, flux and polarization in various energy
bands. Examples are the CGRO/BATSE (Fishman et al.
1993), BeppoSAX (Boella et al. 1997), HETE-2 (Ricker
et al. 2003), RHESSI (Lin et al. 2003), XMM (Jansen et al.
2001), INTEGRAL (Winkler et al. 2003), Swift (Gehrels
et al. 2004), Fermi (Meegan et al. 2009), AstroSat (Seetha
and Megala 2017), TG-2/POLAR (Zhang et al. 2019; Pro-
duit et al. 2018), HXMT (Zhang et al. 2020; Li 2007).

The SVOM mission is a Low Earth Orbit (LEO) satel-
lite whose principal scientific objective is the detection of
GRBs and the monitoring of other transient and variable
sources. SVOM will be in operation at an altitude of about
630 km and inclination angle of about 30°, and the launch
was planned to be around 2021 (Shun-jing et al. 2020). For
the LEO satellite, the cosmic X-ray background (CXB), cos-
mic rays, high-flux protons in the South Atlantic Anomaly
(SAA) region, albedo gamma-rays and Earth reflected cos-
mic gamma-rays constitute the major space radiation envi-
ronment which will have impact on the performance of the
scientific instruments onboard the satellite. Some prelimi-
nary performance studies of GRM showed the influence of
the sensitive background with its original mass model (Zhao
2012; Xie 2016). However, as the design of the GRM detec-
tor has been optimized since its original format, it is worth
to perform a thorough analysis of the in-orbit background of
GRM with the latest design.
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ECLAIRs

Fig. 1 Mechanical structures of SVOM. The four onboard payloads
are shown: ECLAIRs, MXT, VT and GRM. The GRM detector is com-
posed of GRD-A, GRD-B, GRD-C, GPM and GEB

This paper presents the study of the space radiation back-
grounds and their influence on the GRM payload onboard
SVOM by Monte-Carlo simulation method with the Geant4
toolkit (Agostinelli et al. 2003). With the latest detailed
GRM mass model and the simplified mass model of the
platform and other surrounding instruments, we estimated
the count rate for all the major LEO space radiation back-
grounds of GRM and their fluctuations due to the Earth oc-
cultation considering the anti-solar pointing operation strat-
egy of SVOM (Cordier et al. 2008). Some possible applica-
tions of the background simulation results are also discussed
in the last section.

2 The SVOM mission and mass model

The SVOM satellite consists of the platform and four sci-
entific payloads. The four onboard payloads are ECLAIRs
(Hard X-ray coded mask imaging camera, 4-120 keV), MXT
(Micro-channel X-ray Telescope, 0.2-10 keV), VT (Visible
Telescope, 400-950 nm) and GRM (Gamma-Ray Monitor,
15-5000 keV). Besides, there are also ground-based tele-
scopes GWAC (The Ground-based Wide-Angle Camera ar-
ray) and GFT (The Ground Follow-up Telescope) associ-
ated with the SVOM satellite (Wan et al. 2016). All these
instruments make it possible for the multi-band and multi-
messenger joint detection of GRBs on several aspects, like
the real-time trigger and localization, spectrum and flux
measurement, etc., for prompt emissions and afterglows.
The schematic diagram of the SVOM satellite is shown in
Fig. 1.

@ Springer

200}~
E 150],
&) H
s Mﬁ""'ﬂa
Q |
=z i
o 100 "
> |
= )
5 C
qq;) |
150
T\\\\\\\\\\\\\\\\\\\\\\\\\\\
100 200 300 400 500 600 700
Energy (keV)
(a)
2004
E 150} \
© B
9_,) -
= B
o 100
2 r \
= B
3 B
L 50: NW“\W- — "
07\\\\\\\\\\\\\\\\ |
1000 2000 3000 4000 5000
Energy (keV)
(b)

Fig.2 Simulated effective area of one GRD varies with the photon en-
ergy. (a) shows the effective area in a narrower energy band of 15 keV
to 700 keV with more details. (b) shows the effective area in the full
detection energy range of 15 keV to 5 MeV

Table 1 The main performance parameters of GRM spectrometer
GRD

Performance parameters Value

Nal(T1)
Diameter: 16 cm

Detector crystal
Dimension of the crystal
Thickness: 1.5 cm

15 keV-5 MeV

>200 cm? (for one GRD)
<16 % @ 60 keV

<20 us

Energy detection range
Effective area
Energy resolution

Time resolution

The GRM payload consists of three parts: the three iden-
tical spectrometers GRDs (GRD-A, GRD-B and GRD-C),
the charged particle monitor GPM and the electronics box
GEB, as shown in Fig. 1. The GRDs are the main detec-
tors of GRM, orientating in different directions with an an-
gle of 30 degrees between their observation axis and the z
axis, as well as an angle of 120 degrees between each two
GRDs in the X-Y axis plane. This design enables GRM to
localize GRBs during flight with the different count rate dis-
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Support frame

Fig. 3 Schematic diagram of GRD design. The main compositions
from top to bottom are GCD, beryllium window, Nal(Tl) scintillator
crystal, quartz glass, PMT, FEE and support structure. The aluminum
mechanical shell of GRD is 2 mm thick and shields the instruments
from low energy photons and charged particles

tributions of the three GRDs. Each GRD is composed of
a Nal(T1) scintillator crystal, photomultiplier tube (PMT),
front-end electronics (FEE) and other structural materials.
On the top-edge of each GRD there is an in-orbit calibration
detector GCD (Wen et al. 2019) that is used for gain cali-
bration during flight. The dimension of the Nal(Tl) crystal
is 16 cm in diameter and 1.5 cm in thickness. The schematic
diagram of the GRD is shown in Fig. 3. The main perfor-
mance parameters and effective area of GRD are shown in
Table 1 and Fig. 2.

In order to study the performance of GRDs in the space
radiation environment, we established a detailed mass model
of GRDs and relatively simplified models for the satellite
platform, the surrounding instruments and other mechanical
structures using the Geant4! simulation toolkit. The reason
of establishing mass models for the geometrical structures
besides GRM is that all those structures may influence the
response of GRDs by generating secondary particles which
may enter the field of view (FOV) of GRDs. The simplifica-
tion of those mass models are detailed enough for the study
of this work. A constructed mass model of the SVOM satel-
lite with Geant4 toolkit is shown in Fig. 4.

3 The space radiation environment

The main components of radiation background in a Nal(T1)
gamma-ray detector onboard a LEO satellite are the cosmic
X-ray background (CXB), albedo gamma-rays and Earth re-
flected cosmic gamma-rays, cosmic rays (mainly protons,

Uhttp:/geantd.web.cern.ch/.

Fig. 4 The SVOM mass model built with Geant4. The platform and
major payloads onboard are shown; the solar panels on the two lateral
sides are also depicted

electrons and positrons), as well as delayed background in-
duced by the high energy and flux protons of the SAA re-
gion. The albedo neutron results are not included as the con-
tribution of the neutron is negligible compared to other back-
ground components according to our simulation results. The
spectra and the relevant models of these backgrounds can be
acquired from the measurements of other missions (Refer-
ences to specific studies are inserted in the text below.).

3.1 Cosmic X-ray background

The Cosmic X-ray Background (CXB) is generally consid-
ered to come from the integrated emission of extragalac-
tic point sources distributed isotropically. The spectrum of
CXB can be described as a broken power-law distribu-
tion (Gehrels 1992) by the Equation (1):

d 0.54E~14 E <0.02 MeV
Ncxs —2.38
5= 0.0117E 0.02<E <0.1 MeV (1)
0.014E723 E > 0.1 MeV

where the dNcxp/dE is in units of counts - cm™2 - s~ ! -

MeV—!. sl
3.2 Albedo gamma-rays and reflected gamma-rays

For satellites in low-Earth orbit, the effect of the Earth at-
mosphere needs to be considered. One radiation source is
the albedo gamma photons (Sazonov et al. 2007), which is
mainly caused by the interaction between cosmic ray pro-
tons and the atmosphere. During the electromagnetic cas-
cade procedure, gamma photons are produced by brems-
strahlung radiation and meson decay. Equation (2) shows
the energy spectrum format of the albedo gammas, where
the parameter C (counts -cm™2 - s~! . sr™1) is related to the
geomagnetic dimension, zenith angle, and solar modulation.
In first approximation, we assume that the intensity in each
direction is the same as in the direction in which the zenith
angle is 0 degree. Another radiation source comes from the
reflection of CXB by the atmosphere. The spectral model
of reflected gamma as described by Equation (3) (Churazov
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et al. 2008) is adopted in our study. The reflection coefficient
A(E) is described by Equation (4):

dNalbedo C
dE = 14 @
(E/44)7> 4+ (E/44)*
dNreﬂect dNcxs
= A(E
iE E > (E) (3)
A(E) = 1.22
- (E/28.5)~254 + (E/51.3)1:57 —0.37
2.93 4 (E/3.08)*
/ (4)

X e —
1+ (E/3.08)*

0.123 + (E/91.83)344
14 (E/91.83)3:44

where the dNgjpedo/dE and dNyfiec;/dE are in units of
counts -cm—2 - s~ .- keV™! - sr7!, and the E in A(E) is in
unit of keV.

3.3 Cosmicrays

The major cosmic rays selected for our simulation study are
protons, electrons and positrons considering the flux of the
cosmic rays and the sensitivity of GRDs. The spectra of the
cosmic rays are measured by the AMS experiment (Alcaraz
et al. 2000a,b), and the models described by the empirical
formulas can be found in (Mizuno et al. 2004).

3.4 SAA delayed background

According to the current orbit operation design, SVOM will
pass through the SAA area up to eight times per day, and
the average time to pass through the SAA area is about 1200
seconds. GRM will switch off the high voltage (HV) of the
GRD PMTs when passing through the SAA region in order
to protect the PMT from damage potentially caused by the
high flux of trapped protons and electrons. The trapped high
energy protons in the SAA region will cause the delayed
background. The trapped proton’s spectrum (solar mini-
mum) is shown in Fig. 5 which can be acquired from SPEN-
VIS? (ESA’s Space Environment Information System). In
Fig. 5, the high energy segment from 10 MeV to 400 MeV
was fitted and the spectrum is described by Equation (5):

f(E) = 0042x(150)* ~0-1x f5+2.32 )
where the f(FE) is in units of counts - em—2.s7 . MeV—L.

Zhttps://www.spenvis.oma.be/.
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Fig.5 The spectrum of trapped proton in SAA region got from SPEN-
VIS

4 Simulation process and results
4.1 Simulation process

The Geant4 toolkit is commonly used in the high energy
physics and astrophysics for detector performance studies.
In our study, the version of Geant4.10.02.p02 was used. Typ-
ically, there are three steps before performing the Monte-
Carlo simulations. Firstly, the detector mass model should
be constructed as detailed as possible, where the materi-
als and geometries should be identical to the real detec-
tor. Some simplification of the detectors like the electron-
ics boards and the surrounding payloads and platform are
needed to increase the simulation efficiency if they have lit-
tle or no impact on the final results. Secondly, the physics
processes to be simulated have to be chosen and activated
within the Geant4 Physics List package. The main physics
procedures used in our simulation are standard and low en-
ergy electromagnetic process, hadronic process, as well as
decay and transportation process. Lastly, the emitters for
different sources should be created for various background
simulations. Generally, we just need the particle type, en-
ergy, time, direction and location as the input parameters for
each event simulation run, and we can prepare a set of such
input parameters for different purposes. The particle type
can be defined at the beginning according to the four kinds
of background introduced in Sect. 3. The energy of each par-
ticle can be extracted by sampling with the spectrum model.

The spatial distribution of the input particles obeys an
isotropic distribution. Figure 6 shows the process of spatial
distribution sampling. The emitted particle is generated on
the surface of a circle with a radius of r. The distance be-
tween the center of the emitter surface and the original point
of GRD coordinate is R. Given a direction of the input par-
ticle m, the position can be generated randomly on the
emitter surface.
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Detector

Fig. 6 Location distribution sampling of the input particle. Point P
is the position of the input particle. O is the original point in GRD
coordinate. The center of the emitter O is evenly distributed within
the 47 solid angle FOV of the detector
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Fig. 7 The simulated background spectra as measured by GRD. The
figure shows the case when the Earth is in the —z direction of SVOM

4.2 Simulation results

Given a position of the Earth in the GRD coordinate, the in-
put parameters of the particle emitter can be determined with
the sampling method described in Sect. 4.1. Here, we have
chosen two typical positions for our simulation study: in one
the Earth is in the z direction of the satellite which has an an-
gle of 30 degrees relative to the viewing direction of GRD,
in the other the Earth is in the —z direction of the satellite
which has an angle of 150 degrees relative to the viewing
direction of GRD. The CXB, Earth reflected gamma, albedo
gamma, cosmic electron and positron are simulated with a
timescale of 10000 s, and the cosmic proton is simulated
with a timescale of 100 days as its interaction procedure with
the detector material is quite long. We choose the particles
whose deposited energy is between 15 keV and 5 MeV as
the effective events.

The simulated spectra for the considered backgrounds
as measured by GRD are shown in Fig. 7 and Fig. 8 af-
ter normalization. Our simulated background energy spec-
trum is similar in magnitude to that of the Nal detectors of
Fermi/GBM in 15-1000 keV energy range (Meegan et al.
2009). The delayed background of protons in the SAA re-
gion decays rapidly after passing through this area. For sim-
plicity, Table 2 and Fig. 9 only show the average count rate
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Fig. 8 The simulated background spectra as measured by GRD. The
figure shows the case when the Earth is in the z direction of SVOM

Table 2 The simulated count rate (counts/s) of each background com-
ponent as measured by GRD when the Earth is in the —z direction and
+z direction of SVOM respectively

Background Count rate in —z Count rate in +z
direction of SVOM direction of SVOM
CXB 991.52+0.31 294.434+0.17
Reflected gamma 7.74+0.03 122.87+0.11
Albedo gamma 29.804+0.05 110.41+0.11
Proton 4.79+£0.02 5.23+£0.02
e—and e+ 23.744+0.05 23.7440.05
SAA 283+1.41 283+ 1.41
Total 1340.59 +1.87 839.68 +1.87

and spectrum of the SAA delayed background in 100 s af-
ter SVOM exits the SAA region. Figure 10 shows the SAA
count rate changes with time within one day for the dif-
ferent timescales when the GRM is in-orbit for 1 day, 10
days, 50 days and 100 days respectively with the purpose of
investigating the delayed background accumulative effect.
The results show that after about 50 days, the SAA delayed
background (mainly caused by the activation of the Mg el-
ement from the aluminum alloy material) is almost stable.
It should be noted that the energy resolution measurement
result of the GRD has been added in the simulation for the
deposited energy of the input particles, which enables the
simulation results to better match the measurement results.
Table 2 shows the simulated count rate of each background
component as measured by GRD when the Earth is in the
—z direction and 4z direction of SVOM satellite. The error
is calculated by +/C/t, the C is count rate, ¢ is the simu-
lated time. When the energy threshold is 15 keV, the count
rates are 1340.59 £ 1.87 counts/s and 839.68 4= 1.87 counts/s
respectively. If the threshold is lower, the total background
count rate will be higher. It can be concluded that the CXB
background component is always dominant in the lower en-
ergy part from Fig. 7 and Fig. 8, and also that there are sev-
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Fig.9 The simulated average spectrum of the delayed background of
the protons as measured by GRD in 100s after the satellite exiting the
SAA region
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Fig. 10 The SAA delayed background changes with time within one
day for four different timescales when the GRM is in orbit for 1 day,
10 days, 50 days and 100 days

Earth

Fig. 11 Illustration of the position of the Earth relative to the SVOM
satellite

eral clear emission lines in the background spectra caused
by cosmic ray protons and the delayed background of pro-
tons in the SAA region. Excluding the SAA delayed back-
ground, when the Earth is in the —z and +z directions of
SVOM, the CXB accounts for about 90% and 50% of the
total background, respectively.

@ Springer

Fig. 12 The gamma-ray background count rates change with the Earth
positions in the FOV of SVOM. The x axis in the plot is the angle
between the Earth direction and the z axis of SVOM coordinate

4.3 Earth occultation effect

Due to the anti-solar pointing operation strategy of SVOM,
the in-flight background components of GRM are modu-
lated by the position of the Earth relative to the z-axis of
the satellite. Here for convenience in the study, we assume
that the Earth moves around the satellite’s y-axis, as shown
in Fig. 11. The angle between the direction of Earth posi-
tion in the SVOM coordinate and the z-axis is 6. It can be
inferred that when the Earth is in the viewing direction of
GRD, the Earth reflected gamma background should reach
the maximum value, while the CXB background will reach
its minimum value as detected by GRD. However, when the
Earth is behind the GRD, the result is reversed. Figure 12
and Fig. 13 show the change of simulated count rate for dif-
ferent background components as measured by the GRD as
a function of the Earth position in 6 angle. The figures show
that all the background count rates are modulated as function
of the Earth’s position in the field of view (FOV) of the satel-
lite. The modulation of the proton induced background is
opposite to the CXB, which means that the detected protons
mostly come from the side or bottom direction of GRD. This
is because the protons coming from the side or bottom di-
rection have higher possibility of producing secondary par-
ticles which can be detected by GRD through interaction
with the shielding shell materials of the GRD detector. How-
ever, as the count rate of the cosmic protons is relatively low
compared to other backgrounds, it can be omitted. For the
albedo gamma-rays and reflected gamma-rays, they have a
similar modulation trend as they all come from the Earth at-
mosphere direction. Table 3 summarizes the simulated count
rates as measured by the GRD for four different background
components as a function of the position of Earth in the FOV
of SVOM.
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Table 3 The simulated count rates (counts/s) measured by GRD for each background component when the Earth is in different directions relative

to the SVOM z axis

0(°) CXB Reflected gamma Albedo gamma Proton Total

0 294.43 +0.17 122.87 £0.11 110.41 +£0.11 5.23 £0.02 532.94 +0.41
30 179.24 +0.13 141.48 +0.12 122.45 +0.11 5.23 £0.02 448.40 + 0.39
60 293.91 +0.17 123.06 £ 0.11 110.60 +0.11 5.22 £0.02 532.80 + 0.41
90 527.15+0.23 85.73 £0.09 87.73 £ 0.09 5.17 £0.02 705.79 £+ 0.44
120 768.06 + 0.28 46.96 + 0.07 63.76 £+ 0.08 5.05 £0.02 883.82 £ 0.45
150 936.44 +0.31 18.37 £ 0.04 41.11 £ 0.06 4.93 +0.02 1000.86 + 0.44
180 991.52 +0.31 7.74 £ 0.03 29.80 £ 0.05 4.79 +£0.02 1033.85 +0.42
210 1002.74 +0.32 4.80 +0.02 25.07 £ 0.05 4.69 +0.02 1037.29 4+ 0.41
240 1005.90 + 0.32 4.04 +£0.02 22.61 £ 0.05 4.72 +£0.02 1037.27 £ 0.41
270 952.43 +0.31 14.18 +0.04 33.49 £+ 0.06 4.85 +0.02 1004.94 £ 0.43
300 784.00 + 0.28 42.81 £0.07 55.80 £ 0.07 497 +£0.02 887.58 + 0.44
330 535.10 £ 0.23 83.63 £0.09 83.94 £+ 0.09 5.14 £0.02 707.80 £+ 0.44

Note: Table 3 only gives the count rate changes of CXB, Reflect gamma, Albedo gamma and Proton. Here we assume that the positron and electron
do not change, because they mainly come from the interaction of the atmosphere with the original cosmic particles, and their distribution is nearly
isotropic. The SAA background is only affected by the latitude and longitude of the Earth, and the altitude and inclination angle of SVOM

VARIVAR IV ':
5.2 RaN 3
C X =¥~ Cosmic proton ]
» ]
@ 5.1F ]
c o i
3t \’\ / .
o 5[ ]
e f \ /( .
€ a9F \ ]
L N/ ]
= o ]
S asf >\ ]
4.7 : %./)( :

0 50 100 150 200 250 300

Angle (6)

Fig. 13 The simulated proton background count rate changes with the
Earth positions in the FOV of SVOM. The x axis in the plot is the angle
between the Earth direction and the z axis of SVOM coordinate

5 Summary and discussion

In this work, the different in-orbit backgrounds of GRM
and the Earth occultation impact are investigated compre-
hensively. The GRM mass model has been precisely con-
structed, along with a simplified geometrical mass model
of the platform and other surrounding payloads for Monte-
Carlo simulation studies. In our study, we mainly consid-
ered the background induced by the CXB, reflected gamma-
rays and albedo gamma-rays, cosmic ray and the delayed
background after passing through the SAA region. From the
Fig. 7 and Fig. 8, we can find that the CXB is the main
background for GRM in lower energy range. Excluding the
SAA delayed background, the total background count rate is
~ 1057 counts/s when the Earth is in the back of SVOM, and
reduces almost half which is ~ 556 counts/s when the Earth

is in the FOV center of SVOM. From Fig. 12 and Fig. 13, it
can be seen that the change of the CXB induced background
with the Earth position is quite obvious, and the trend of the
reflected gamma-rays and albedo gamma-rays is opposite to
that of the CXB. The change of the proton background with
the Earth position is not significant and is opposite to the
CXB. They can be approximated as trigonometric function
versus the change of angle between the Earth direction and
the z axis in SVOM coordinate. Considering that CXB is
the main background for GRM, we need to perform more
accurate simulations in the future for this component study.
The simplified space radiation environment in this study in-
cludes only the major backgrounds when the solar cycle is
minimum, while the solar activity (solar flare) and geomag-
netic field changes are not taken into account. We will study
the influence of the solar cycle based on the specific launch
time of SVOM in the future. Additionally, the relatively
bright X-ray sources such as the Crab (Kirsch et al. 2005),
Vela X-1 (Chodil et al. 1967), SwiftJ0243.6+6124 (Kennea
etal.2017), et al. are also not taken into account in our study
as they are varying over time. In the next steps, the influence
of such sources can be further investigated along with the
in-orbit trigger strategy applied in GRM. We can improve
the sensitivity of in-orbit triggering and localization accu-
racy for the measurement of GRBs by GRM in the future
based on the work described in this paper.

Additionally, in the future, we need to perform the in-
orbit calibration for GRM after launch. The Crab pulsar
is both the background and the standard candle for the X-
ray measurement instruments, which can be used to per-
form in-orbit effective area and time precision calibration
of the onboard payloads (Kirsch et al. 2005; Li et al. 2020).
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The simulated count rate of the Crab is about 90 counts/s
in one GRD when the photon is incident perpendicular to
the GRD surface. The signal-to-noise ratio of the Crab pul-
sar is 2.77. The Crab pulsar events can be identified by cal-
culating the time of arrival (TOA) of the events (Li et al.
2019). The GCD detector of GRM contains a 2*! Am source
that can be used for gain calibration of GRD. And the emis-
sion line of 0.511 MeV which is caused by the electron-
positron annihilation, can also be used for the in-orbit cali-
bration. In addition, we can find some emission lines from
the SAA and proton spectra in Fig. 7, Fig. 8 and Fig. 9,
which mainly coming from different isotopes of iodine of
the Nal(T1) scintillator. The emission lines from iodine are
seen at about 30 keV (various iodine isotopes), 67 keV
(1257), and 190 keV (123]). However, these emission lines
may be invisible to GRD due to too many CXB events in or-
bit and relatively low energy resolution of the detector. This
will be a topic of a future investigation.
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