Journal of High Energy Astrophysics 27 (2020) 1-13

Contents lists available at ScienceDirect

Journal of High Energy Astrophysics

www.elsevier.com/locate/jheap

Calibration of the instrumental response of Insight-HXMT[HE CslI
detectors for gamma-ray monitoring

Check for
updates

Qi Luo®P*, Jin-Yuan Liao®**, Xu-Fang Li?, Gang Li?, Juan Zhang?, Cong-Zhan Liu?,
Xiao-Bo Li?, Yue Zhu?, Cheng-Kui Li¢, Yue Huang, Ming-Yu Ge“, Yu-Peng Xu“,
Zheng-Wei Li?, Ce Cai®P, Shuo Xiao®", Qi-Bin Yi*¢, Yi-Fei Zhang?, Shao-Lin Xiong?,
Shu Zhang?, Shuang-Nan Zhang *-¢

2 Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

b University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100049, China

¢ National Astronomical Observatories, Chinese Academy of Sciences, Beijing, 100012, China
d School of Physics and Optoelectronics, Xiangtan University, Xiangtan, Hunan, 411105, China

ARTICLE INFO

ABSTRACT

Article history:

Received 13 January 2020
Accepted 20 April 2020
Available online xxxx

Keywords:

Instrumentation: detectors
Space vehicles: instrumentation
Telescopes

Gamma rays: general

The Csl detectors of the High Energy X-ray Telescope of the Hard X-ray Modulation Telescope (HXMT/Csl)
can be used for gamma-ray all sky monitoring and searching for the electromagnetic counterpart of
gravitational wave source. The instrumental responses are mainly obtained by Monte Carlo simulation
with the Geant4 tool and the mass model of both the satellite and all the payloads, which is updated and
tested with the Crab pulse emission in various incident directions. Both the Energy-Channel relationship
and the energy resolution are calibrated in two working modes (Normal-Gain mode & Low-Gain Mode)
with the different detection energy ranges. The simulative spectral analyses show that HXMT/Csl can
constrain the spectral parameters much better in the high energy band than that in the low energy band.
The joint spectral analyses are performed to ten bright GRBs observed simultaneously with HXMT/CsI and
other instruments (Fermi/GBM, Swift/BAT, Konus-Wind), and the results show that the GRB flux given by
HXMT|Csl is systematically higher by 7.0+8.8% than those given by the other instruments. The HXMT/CsI-
Fermi/GBM joint fittings also show that the high energy spectral parameter can be constrained much
better as the HXMT/Csl data are used in the joint fittings.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The Hard X-ray Modulation Telescope, dubbed as Insight-HXMT,
was originally proposed in the 1990s and launched on June 15,
2017 (Li et al., 2006; Li and Wu, 2008; Zhang et al., 2014; Zhang
et al., 2020). Insight-HXMT consists of three collimating telescopes:
the High Energy X-ray Telescope (HE, Liu et al., 2020), the Medium
Energy X-ray Telescope (ME, Cao et al., 2020) and the Low Energy
X-ray Telescope (LE, Chen et al., 2020). The Csl detectors of Insight-
HXMT/HE can be used for monitoring gamma-ray bursts (GRBs),
MeV-pulsars, solar flares, terrestrial gamma-ray flashes and other
gamma-ray sources. It can also search the electromagnetic coun-
terpart of important astronomic events (e.g., GW170817, Li et al,,
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2018). The accurate instrumental response is essential input for
gamma-ray data analysis, which in turn can provide more clues to
our understanding of the universe in Multi-Messenger Era (Dun-
can and Thompson, 1992; Sari et al., 1998; Piran, 2004; Abbott et
al., 2017a,b). Hence, the calibration of the Insight-HXMT/HE Csl de-
tectors (HXMT/Csl) is essential for the gamma-ray data analysis of
Insight-HXMT.

The instrumental response of HXMT/Csl can be divided into two
parts: the energy redistribution of the photons from incident en-
ergy to deposition energy that determined by the property of the
Csl crystal; or the Energy-Channel (E-C) relationship that deter-
mined by the electronic system of the instrument. For the pho-
ton energy redistribution, the reliability is mainly determined by
the accuracy of the mass model of the satellite and the payloads
(Agostinelli et al., 2003). The initial mass model of the satellite
platform (Xie et al., 2015) is too simplistic to generate accurate in-
strumental response for the all sky gamma-ray monitoring. Thus
we calibrate the mass model with the Crab pulse radiation as a
standard candle (Li et al., 2018). The in-orbit E-C relationship and
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Fig. 1. The illustration of the satellite platform and the payloads of Insight-HXMT.
The coordinate system used in this study is shown on the upper-left.

energy resolution of the instrument can be obtained by analyzing
the emission lines of the in-orbit observed and the on-ground sim-
ulated background spectra (Li et al., 2019). The E-C relationship
varies over time, whereas the energy resolution remains stable.
Therefore, we update the E-C relationship every month, and take
the average energy resolution of all calibration results to gener-
ate the instrumental response. After the above calibration, a new
response matrix library is established and a simulative spectral
analysis is performed to test the HXMT/Csl spectral capabilities.

In a GRB observation, the incident direction of the GRB pho-
tons is supposed to be arbitrary, however, only the instrumental
response to several directions can be calibrated directly. A com-
mon method of the instrumental response testing is the cross-
calibration with other instruments by comparing the energy spec-
trum of the simultaneously observed GRB (Sakamoto et al., 2011;
Tsujimoto et al,, 2011; Tierney, 2011; Ishida et al., 2014). The de-
tection efficiency of HXMT/Csl is checked by the joint spectral anal-
yses with Fermi/GBM, Swift/BAT and Konus-Wind, in which we find
that HXMT/Csl can provide better constraint on GRB spectrum at
higher energy band.

This study is organized as follows. In Section 2, a description of
Insight-HXMT[HE Csl detectors is given. In Section 3, we show the
calibration of the instrumental response, including the mass model,
the E-C relationship and the energy resolution. In Section 4, the
simulative spectral analyses with the calibrated response matrix
library are performed to show the spectral capability of HXMT/Csl.
In Section 5, we present the results of the joint spectral analyses
with other instruments. Finally, the discussion and conclusion are
given in Section 6.

2. Insight-HXMT[HE Csl detectors

Insight-HXMT/HE is an X-ray space-born telescope, designed for
carrying out the pointing observation, scanning observation, and
monitoring of GRBs (Li et al., 2006; Li and Wu, 2008; Zhang et
al,, 2014; Zhang et al., 2020; Liu et al, 2020). It consists of 18
Nal(Tl)/CsI(Na) phoswich detectors (HED-0, 1 ... to 17), each with a
diameter of 190 mm and a collimator with the top coverage com-
posed of plumbum and tantalum. The Nal detectors are sensitive to
the hard X-rays in 20-250 keV, whereas the Csl acts as anticoinci-
dence detector to reduce upward background. The thickness of the
Nal(Tl) and CsI(Na) crystals are 3.5 mm and 40 mm, respectively
(Liu et al.,, 2020).

Gamma-ray photons with energies > 200 keV can penetrate
the spacecraft and payload structure and leave their footprints
in Insight-HXMT[HE (Fig. 1). Due to the limitations of the crystal
thickness and the small field of view blocked by collimators, it

is difficult to detect the GRBs by the Nal(Tl) detectors. However,
thanks to the high thickness of the CsI(Na) crystals, high energy
gamma-ray photons can be recorded by the Csl detectors, thus the
GRBs not occulted can be detected.

The Csl detectors have two working modes in different detec-
tion energy ranges, i.e., the Normal-Gain (NG) mode in 80-800 keV
and the Low-Gain (LG) mode in 200-3000 keV (both refer to the
deposited energies). NG mode is the main working mode that the
auto-gain control system can keep the full-energy-peak of the 59.5
keV photons (emitted from a radioactive source 24'Am) in a fixed
channel of the Nal detector (Liu et al., 2020). However, the auto-
gain control system cannot keep the HXMT/Csl E-C relationship
stable. In LG mode, the high voltage of the each HXMT/HE de-
tector is reduced and the auto-gain control system is disabled to
achieve a higher energy range detection. As derived from the two-
year observations since Insight-HXMT has operated in-orbit, the E-C
relationships of each HXMT/Csl detector for both NG and LG modes
vary over time (the details will be described in Section 3.2).

Fig. 2 shows the observation of GRB 170626A by HXMT/Csl
(HED-16) in NG mode. In Fig. 2, the left panel shows the light
curve (80-800 keV) covering —100 s to 140 s with respect to the
trigger time of the GRB. We first obtain the total spectrum in burst
duration (—1.2 s to 11.7 s, green region in the left panel), which
contain both GRB and background. The HXMT/Csl background is
observed to have stable spectral shape on time scale of a few hun-
dred seconds, and smoothly varying intensity that can be described
with a quadratic function. Thus the background can be estimated
from the time intervals before and after the GRB trigger. For GRB
170626A, the background intervals are selected as —90 s to —10 s
and 40 s to 120 s with respect to the GRB trigger (yellow regions).
The background intensity is fitted with a quadratic function, and
then the background intensity ratio of GRB interval to elsewhere
is calculated for correcting the GRB background spectrum (blue in
the right panel). Finally, the background spectrum is subtracted off
and the resulted net GRB spectrum (red in the right panel) can be
used for spectral analysis. In the following, all the spectral anal-
yses are performed the spectrum merged over the 18 HXMT/Csl
detectors, with the XSPEC tool with version 12.10.0c.

The coordinate system used in this study is shown in Fig. 1. The
incident angle 6 is the angle between source direction and the Z-
axis, and the azimuthal angle ¢ follows the right-hand rule where
the X-axis is ¢ =0°.

3. Calibration

The calibration of the instrumental response is mainly com-
posed of two parts, i.e., the calibration of the mass model and the
calibration of the E-C relationship and energy resolution. The de-
tails will be described in follows.

3.1. Mass model

Geant4 is a software package (Agostinelli et al., 2003) that is
widely used in the space telescope projects, e.g., XMM-Newton,
Swift and Suzaku (Hall et al., 2008; Hall and Holland, 2010; Mi-
neo et al., 2017; Fioretti et al., 2017). With Geant4 tools and mass
model of the instrument that describe the geometrical distribu-
tions and material compositions of the complex detectors, Geant4
package can simulate the whole transport processes of the par-
ticles through matter, including the interactions between all the
known particles and the detector materials.

The instrumental response can be obtained from the Geant4
simulations given with the mass model and the incident pho-
tons of different energies. Compared with the real instruments, the
mass model used in the Geant4 simulation is simplified to differ-
ent levels. As described in Li et al. (2018), the stable pulse emission
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Fig. 2. Light curve (left) and spectrum (right) of HED-16 for GRB 170626A. In the left panel, the green region is the GRB interval, the yellow region are the two background
intervals. In the right panel, the black, blue, red data are the total GRB spectrum, the background spectrum, and the net GRB spectrum, respectively. (For interpretation of

the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1
Ratios of the observed count rate to the expected count rate obtained with the final
mass model.

Observation number Direction (6, ¢) Ti

1 (2°, 54°) 1.01+0.25
2 (6°, 0°) 0.82+0.09
3 (47°, 200°) 0.87+0.33
4 (49°, 164°) 1.10+0.29
5 (95°, 139°) 0.69 +0.27
6 (98°, 325°) 0.77+0.15
7 (103°, 145°) 1.03+0.25
8 (113°, 155°) 0.71+0.12
9 (123°, 65°) 0.86+0.16
10 (123°, 139°) 0.92+0.13
11 (135°, 343°) 0.73+0.06
12 (138°, 126°) 0.63+0.09
13 (142°, 140°) 1.09+0.26
14 (152°, 358°) 0.48 +0.27
15 (167°, 134°) 0.44+0.18

of Crab at hard X-rays can be detected with HXMT/CsI in various
incident directions (6, ¢). Thus the observed count rate of the Crab
pulse component is used to test acceptance of the simplified mass
model. With the spectral parameters in Kuiper et al. (2001) and the
simulated response, the ratio of count rate between the observed
and the simulated can be obtained for Crab pulse component.

The intrinsic scatter of the ratio to unity is denoted as Sy, and
used as an indicator of the accuracy of the mass model, which is
defined as:

1 N 2
Su= m;[(ri—lﬂwf—siz] , (1)
where
1
2
w;= 1 s (2)
N it

where r; refers the count rate ratio between the observed to
the simulated, and §; the statistical errors of rj. With the pro-
cess shown in Fig. 3, the mass model is updated iteratively until
Sy < 0.3. For the final mass model with Sy, = 0.26, one has r; as
shown in Table 1 for different incident directions.

3.2. Energy-Channel relationship and energy resolution

As the satellite operates in orbit, the E-C relationship and the
energy resolution vary with decreasing fluoresce efficiency of the

—1 Mass Model Geant4
Simulation

Response Matrix

Crab calibration

| NO Sy <037

YES

Calibration done

Fig. 3. The flow chart of the calibration of the mass model.

Csl crystals and aging of the PMTs, thus they must be calibrated
periodically. Here the blank sky observations and the data within
earth shadow are adopted for calibrations in NG and LG modes,
respectively. It is obvious that in both modes the observed spec-
tra are rather structured, characterized with a series of bumps,
each denoting combination of the emission lines residing in the
background spectrum. With the Geant4 tools and the mass model
of Insight-HXMT, as well as the energy resolution measured on
ground, the simulation can result in a spectrum very similar to the
observed one. For further investigation of these bumps, first the
continuum is measured with the Statistics-sensitive Nonlinear Iter-
ative Peak-clipping (SNIP) algorithm (Morhac¢ et al., 1997; Morhac,
2007) and then subtracted off. As shown in Fig. 4, the bump struc-
tures stand out clearly in the residuals. To the first step, each bump
in both simulated (Fig. 4) and observed spectra (Fig. 5 and Fig. 6)
is fitted with a Gaussian function to represent the averaged energy
and channel. Accordingly, the E-C relationship can be obtained as,

E(C) =kC +h, (3)

where E is the deposited energy, C the channel, k and h the fitting
parameters. As shown in Fig. 7, deviation from such a linear rela-
tionship is less than 2% for NG mode and 4% for LG mode. Since
such a linear relation is evolving with time (Fig. 8), which is more
significant in LG mode, the E-C relationship shall be updated pe-
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Fig. 4. Geant4 simulation illustrating how to obtain the central energies of the
bumps in the spectrum of the blank sky observation. The black data is the simulated
spectrum by the Geant4 tools with the mass model and the on-ground measured
energy resolution; the green line is the continuum obtained by the SNIP algorithm;
the blue data is the background subtracted spectrum with only the bumps consist
of several emission lines with the similar line energy. The red lines are the Gaus-
sian functions that are used to fit the bumps to obtain the central energies of the
bumps.

riodically. The current strategy is to calibrate the E-C relationship
once per month for both modes.

After the E-C relationship is determined, the energy resolution
can be obtained by fitting each bump in the observed spectrum
with the emission lines modeled with Geant4 simulation. Each
bump can be fitted by several emission lines with width character-
ized by the energy resolution at the average energy of the bump.
The relationship of the energy resolution versus energy is fitted by
an exponential function (Fig. 9),

R(E) = aE?, (4)

where R(E) is the energy resolution at the deposited energy E;
a and b are the fitting parameters, respectively. Based on the
monthly monitoring of each bump width, we find that the energy
resolutions are basically stable over time. Therefore, we obtain the
time-averaged a and b by fitting simultaneously all the monthly-
segmented data with Equation (4). The deviation with such a fit
for bumps is in general within 2% in NG mode and within 10% in
LG mode. Examples are shown Fig. 9 for HED-0 in NG mode and
HED-4 in LG mode. Finally, the energy resolution is derived which,
as shown in Fig. 10, shows slightly dispersion among different de-
tectors.

4. Response matrix and spectral analysis via simulation

The response matrix library of HXMT/Csl can be obtained from
Geant4 simulation in various incident directions with the final
mass model. Fig. 11 shows the derived response matrices at three
incident angles for both NG and LG modes. As shown in Fig. 12,
the profiles of the effective areas are similar in NG mode and LG
mode, and all the effective areas can be roughly divided into four
stages:

(1) Rapid rise in 80-300 keV: the absorption efficiency of CsI(Na)
for photons is nearly 100%, and the increase in effective area
is dominated by the photon penetration effect. Photons need
to penetrate the Be window and Nal(TI) crystal to reach the
CsI(Na) crystal at & = 0°, and other satellite structures such as
the collimators and the shielding rings with high absorbtion

efficiencies for photons at other incident angles. The penetra-
tion efficiency increases with photon energy, thus the effective
area increases rapidly.

(2) Slow decline (# = 0°) or slow rise (6 =45°, 90°, 135°, 180°)
in 300-800 keV for NG mode and 300-3000 keV for LG mode:
the absorption efficiency of CsI(Na) gradually decreases with
energy, whereas the penetration efficiency to satellite structure
increases with energy. The effective area slowly decreases as
the absorption effect is dominant (6 = 0°), and slowly rises as
the penetration effect is dominant (other incident angles).

(3) Rapid decline in 800-900 keV for NG mode and 3000-4000 keV
for LG mode: the deposited energies of the gamma-ray pho-
tons beyond the upper threshold of the electronic system, thus
the signals cannot be recorded and the effective area drops
sharply at the upper energy threshold.

(4) Slowly decline to a minimum value and then rise in > 900 keV
for NG mode and > 4000 keV for LG mode: the Csl detectors
can record the events caused by the interactions between the
photons and satellite structures. The effect described in stage
(3) is dominant before the minimum of the effective area, and
then the effect of Compton scattering is dominant.

Due to the shielding effect of the collimators and the shielding
rings around the Nal/Csl crystals, the effective area at 6° <6 < 90°
is usually much smaller than that of 6 < 6°. The incident high-
energy photons (> 5 MeV) can deposit a large amount of energy
in the low-energy band as the result of Compton scattering. The
photons incident with 6 > 6° will suffer serious scattering and ab-
sorption (Panel (b) and Panel (e) in Fig. 11) that can affect the
energy resolution of the detectors. Fig. 13 shows the effective areas
of HXMT/Csl and other gamma-ray instruments operating in orbit
currently (Stamatikos et al., 2008; Stamatikos, 2009; Yamaoka et
al,, 2013; Bhattacharya et al., 2017).

The simulative spectral analyses are performed to investigate
the independent spectral capabilities of HXMT/Csl in different inci-
dent directions. The spectral analyses are performed with the Band
GRB model (Band et al., 1993):

E o (@+2)E
(To0kev) exp [_ Fpeak ]
(@—p) Epeak
foand(E) = A a2 ap (5
E B (@—p) Epeak
(Toorev) €xP(B —a) [100 keV (;eiz)] ;
(a—B) Epeak
B> e

where A is the amplitude (cts s~' cm™2 keV~!), o and g are
the low- and high-energy spectral indices, respectively, and Epeak
is the vF, peak energy. Incident directions (6,¢) = (0°,0°),
(60°,0°), (60°,90°), (150°,0°), and (150°,90°) are selected to
perform the simulative spectral fittings. For each (6, ¢), we sim-
ulate GRB with three spectral models (Table 2), each characterized
as well with different average fluxes and durations (see Table 3).
We take the background spectral shapes of typical observation
events to generate the background data for simulation, i.e., GRB
170626A for NG mode and GRB 181028A for LG mode.

For each fitting, all the 18 simulated HXMT/Csl spectra and re-
sponses are merged first and then the merged spectrum is fitted
with the merged response. The detailed results of the simula-
tive spectral analyses are shown in Fig. 14. It is obvious that the
spectral capability of HXMT/Csl in the high-energy band is much
better than that in the low energy range for both the NG and
LG modes. Due to limitation of the low efficiency in low energy
band, HXMT/Csl can not constrain all the spectral parameters in
the whole energy band for most of the GRBs. For the NG mode,
the spectral parameters in both the low- and high-energy bands
can be well constrained only for the GRBs with both harder spec-
tra and larger fluxes (Fig. 14(a)). For the LG mode, the spectral
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Fig. 5. The observed spectra of all the 18 Csl detectors in NG mode among the two years as Insight-HXMT operating in orbit, each line covers one or two months. The spectral
amplitudes are adjusted to show the shifts of the spectra clearly.
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parameters can not be constrained for all the simulated spectra
once setting free all the parameters (Fig. 14(b)). Therefore, we per- Table 2
. . able
form the spectral fitting under a fixed low-energy spectral index Three types of Band GRB model in simulated spectral analysis.
«. The result shows that HXMT/Csl can well constrain the spec-
model o B Epeak (keV)

trum for GRB with a harder spectral shape, a relatively higher flux

and a longer duration. Thus the GRB research of HXMT/CsI shall be ga“g—; *}-g *;; ;20
. .. . P . . and_. — L —4Z.

carried out jointly with other missions which provide supplemen- Band_3 00 15 1000

tary measurements at lower energy bands.
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Table 3
Parameters in the simulative spectral analysis of HXMT/Csl.
Incident Direction (0°, 0°) (60°, 0°) (60°, 90°) (150°, 0°) (150°, 90°)
Spectral Type?® Band_1 Band_2 Band_3
Flux (ergcm—2s1)P 107> 10-6 10~7
Burst Duration (s) 1 10 100

4 The parameters of all the spectral type are shown in Table 2.
b The energy range is 20-40,000 keV.



Q. Luo et al. / Journal of High Energy Astrophysics 27 (2020) 1-13 7

T " TT] — HeD-0 T —— HED-0

—— HED-1 30— — — HED-1

60— — —— HED-=2 —— HED-2

NG — HED-3 LG — HED-3

= —— HED-4 = —— HED-4

> 40— — —— HED-5 > —— HED-5

E —— HED-6 ‘E 20~ | — HED-6

S 30+ —| — HED-7 S —— HED-7

] HED-8 ] HED-8

=} —— HED-9 =} —— HED-9

9 20+ —| — HED-10 o —— HED-10
0 0

b —— HED-11 ] —— HED-11

o —— HED-12 o —— HED-12

—— HED-13 —— HED-13

—— HED-14 10— — — HED-14

—— HED-15 —— HED-15

1o | L |_ —— HED-16 | —— HED-16

102 103 —— HED-17 103 —— HED-17

Energy (keV) Energy (keV)

Fig. 10. Energy resolutions of the 18 Csl detectors in NG (left) and LG (right) mode.

Fig. 11. Response matrices of the HXMT/Csl detector (HED-0) with three incident directions in NG and LG mode. The X-axis and Y-axis are the deposition and incident energy,
respectively. The corresponding unit of the color bar is cm?.
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5. Joint spectral analyses with Fermi/GBM, Swift/BAT, Konus-Wind
5.1. Fermi/GBM, Swift/BAT and Konus-Wind

The instrumental response of HXMT/CsI can be cross calibrated
with GRB observations carried out simultaneously by other in-orbit
telescopes (Fermi/GBM, Swift/BAT, Konus-Wind).

The Fermi Gamma-Ray Space Telescope is composed of two
science instruments, i.e., the Large Area Telescope (LAT) and the
Gamma-Ray Burst Monitor (GBM). The GBM comprises 12 thal-
lium activated sodium iodide (Nal(Tl)) scintillation detectors and
two bismuth germanate (BGO) scintillation detectors. The Nal(TIl)
detectors work at 8 keV-1 MeV and the BGO detectors cover an
energy range of ~ 200 keV to ~ 4 MeV. The Nal(Tl) crystal is
shaped with a diameter of 12.7 cm and a thickness of 1.27 cm,
whereas the BGO crystal has a diameter of 12.7 cm (Meegan et al.,
2009). For each burst, GBM provides three types of science data:
CTIME, CSPEC and Time-Tagged Events (TTE) data (Paciesas et al.,
2012). We use CSPEC or TTE data for spectral analysis. In the joint
spectral fitting, only two Nal detectors and one BGO detector with
large count rate are considered.

The Burst Alert Telescope (BAT) is one of the three instruments
onboard the Swift MIDEX spacecraft. BAT is a coded-aperture in-
strument with a wide field of view. The BAT detector plane is com-
posed of 32,768 pieces of CdZnTe, and the coded-aperture mask
owns ~ 52000 plumbum tiles separated by one meter from the
detector plane. BAT works at 10-150 keV and has an energy reso-
lution as ~ 7 keV (Barthelmy, 2003).

The Konus-Wind (KW) is a gamma-ray spectrometer for tempo-
ral and spectral analyses of GRB. It consists of two identical om-
nidirectional Nal(TI) detectors (S1 and S2), each with an effective
area of about 80-160 cm? for photons of different incident ener-
gies and directions (Aptekar et al., 1995; Sakamoto et al., 2011).
KW joint observations upon GRB 181028A are considered in our
cross calibration analysis, in which the two KW spectra are gener-
ated by the KW team in energy bands of 30-1500 keV (PHA1) and
0.5-18 MeV (PHA2), respectively.

5.2. Joint spectral analyses

Ten bright GRBs observed simultaneously with HXMT/CsI and
other instruments (Fermi/GBM, Swift/BAT, Konus-Wind) are selected
to perform the joint spectral analyses. The time-averaged energy
spectrum is generated for each telescope, with light aberration
between different instruments properly fitted with the Band GRB
model. In the joint fitting, an adjustable parameter A is introduced
for each specific instrument to account partially for the uncertainty
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in effective area calibration. The detailed results of the joint fittings
are shown in Table 4.

The results show that the amplitudes obtained by all the in-
struments are consistent for all GRBs except GRB 181212A. For
GRB 181212A, the HXMT/Csl amplitude is similar to Fermi/GBM
BGO detector, but deviates significantly from Fermi/GBM Nal de-
tector. It is worth noting that such an amplitude deviation still
holds even if only the Fermi/GBM data are considered. This may
suggest the possible shortages either in the adopted model or the
understanding of the Fermi/GBM response. We take the following
parameters to describe the consistency of HXMT/Csl with other in-
struments,

Co= M M o _An

0 Am’ 1 AFB7 2 AFN7
’:—;‘, for GRBs except GRB 181028A,

G = (6)
24 for GRB 181028A,

where Ay, Apg, Apn, As and Ay refer the amplitudes of HXMT/Csl,
Fermi/GBM BGO, Fermi/GBM Nal, Swift/BAT and Konus-Wind, re-
spectively; An, refers the weighted average of Apg, Apn, As and
Ag. As shown in Fig. 15, Cp is slightly greater than unity. A max-
imum likelihood approach (Liao et al., 2013) is applied to Cy for
investigating the difference between HXMT/Csl and other instru-
ments. In order to avoid the potential uncertainty described above,
GRB 181212A is excluded from the sample. The result shows that
Ay is systematically higher by 7.0 4+ 8.8% than the amplitudes of
other instruments, which is not significant due to the small num-
ber of the sample.

Guidorzi et al. (2019) once demonstrates that HXMT/CsI can
be very helpful, thanks to its large effective area at soft gamma-
rays (e.g., 200-2000 keV in LG mode, Fig. 12), in constraining
the GRB spectrum via joint analysis with other instruments. They
find that the high-energy spectral index beta can be largely im-
proved by adding additionally HXMT/CsI data into Fermi/GBM. For
some GRBs like GRB 180413A & GRB 180828A, the high-energy
spectral indices B can only be measured to a precision with sys-
tematic error ~ 0.1 by Fermi/GBM once HXMT/Csl data are in-
cluded. The other parameters o, Epeax and A resulted from the
joint HXMT/Csl-Fermi/GBM fittings are consistent with those given
by taking Fermi/GBM alone (Fig. 16), suggesting that the advantage
of HXMT/Csl is mainly in the soft gamma-ray band (Fig. 17).

6. Discussion and conclusion

The complicated Insight-HXMT payload and platform can be
simplified into a mass model, which acts as the essential input
for understanding the in-orbit behavior of the telescope via sim-
ulations. Such a mass model can be tested by observing the Crab
pulsed emission. By comparing the Crab pulsed count rate ratio
between the observed and the simulated, we find that the ratio
distribution has intrinsic dispersion S, smaller than 0.3 and the ra-
tio is close to unit for photons at incident angle 6 < 90°. However,
at other incident angles, the ratio sometimes tends to be larger,
probably due to the insufficiency in the built mass model.

With the blank sky and earth occultation observations, the E-
C relationship and the energy resolution of both the NG and LG
modes are calibrated. We find that each HXMT/Csl detector has dis-
tinguish E-C relationship and evolves with time. Therefore, the E-C
relationship is calibrated once per month. The energy resolutions
of all HXMT/Csl detectors are stable and manifest with energy in
an exponential manner.

The simulative spectral analyses with various spectral param-
eters and exposures are performed to demonstrate the capability



Q. Luo et al. / Journal of High Energy Astrophysics 27 (2020) 1-13 9

150_90 X 150_90
o 15004 X O < 15004
o o
S 60_90 B 6090
o - o -
= =
T 600 T 600
0_0- X O O 0.0 O
T T T T T T
Band_1 Band_2 Band_3 Band_1 Band_2 Band_3
model model
(a) NG, all parameters free (b) LG, all parameters free
150_90 K O X 150_90 O [
= 15004 K X 23] < 150_0- X X O
Lo Rl
- -
o] _ i
9 6090 X O 9 6090
= =
T 600 X O T 600
0_0 K O X 0_0- X X X
T T T T T T
Band_1 Band_2 Band_3 Band_1 Band_2 Band_3
model model
(¢) NG, « frozen (d) LG, «a frozen
150 90— 52 B O O 150_90— m]
< 15004 | < 150_04
=l kel
+J +
O 60_90 O 60_904
9] 9]
= =
T 600 O T 600+
0_0 + K O X 0_0- O
T T T T T T
Band_1 Band_2 Band_3 Band_1 Band_2 Band_3
model model
(e) NG, B frozen (f) LG, B frozen

Fig. 14. Results of the simulative spectral fitting with the Band GRB model in NG and LG mode. The spectral fitting with all parameters free, « frozen and 8 frozen are shown
from the top to the bottom. The points in these panels indicate that all the fitting parameters can be well constrained. The X-axis is the fitting model (Table 2) and the
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Table 4

Results of the joint spectral fittings.
GRB Name Direction (6, ¢) o B Epeax (keV) Al Arp ApN? As Ax x2/d.o.f.
170626A (113°, 212°) —0797540  —2511007 823731 9.39+2:48 8.54+186 9.12+1%  g1073l - 662/674
170826B (53°, 72°) 0967093 —2.2870% 35517337 3.20%91% 3.4810% 299107 - - 636/600
180413A (112°, 108°) —1.097090  —1.831093 2248771 0471019 0.427391 0.52759% - - 564/586
180828A (39°, 355°) 0507098 —2.4670% 34517137 6.157933 4.9279% 508102 5047338 - 655/643
181028A (130°, 107°) -0.7119% -4.38%947  296.01717 2.727528 3.24752% 2547537 - 2477538 661/717
181212A (142°, 77°) -1.407092  —2.9670%  105.073%¢ 10507075 1071797 64053 - - 661/586
190131A (151°, 175°) -0.617008 8297288 644.97335 0.2273% 0.267302 027759 - - 472/586
190324A (68°, 227°) —0.9670% 2297010 14957212 3.221048 2.98104) 270103 2247036 664/660
190324B (156°, 188°) -0.75790  —310M0%  268.87%9 2177533 2197922 213752 - - 614/589
190326A (123°, 22°) —0257013 280193 164.07139 2.82102%0 2451028 207102 - 552/589

Note. The units of Ay, Ars, Arn, As and Ak are 102 ctss~! keV~' cm~2.
4 Both the two Fermi/GBM Nal detectors used in the joint fitting have the same fitting parameters.

of HXMT/Csl in measuring the GRB spectrum. Since the effective ever, with the large effective area around 1 MeV, the high-energy
area is relatively small at below 100 keV, it is difficult to constrain spectral index B can be better constrained by Insight-HXMT/Csl
the entire GRB spectral parameters with HXMT/Csl alone. How- with joint observations from other missions. A systematic investi-
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gation upon the GRB flux in a maximum likelihood approach show
that the GRB flux given by HXMT/Csl is systematically higher by
7.0 &+ 8.8% than that given by the other instruments. The differ-
ence is not significant and with a large statistical error due to the
small number of the sample, which also indicate the HXMT/CsI in-
strumental response has been well calibrated.

For the important gamma-ray events with an accurate po-
sition, the incident direction in the payload coordinate system
is known from the satellite attitude. The instrumental response

of this incident direction can also be calibrated specially with
the flux of the Crab pulse component, which can be considered
as a standard manner for calibrating Insight-HXMT at gamma-
rays.

In summary, the instrumental responses of the HXMT/Csl detec-
tors of Insight-HXMT are well calibrated in aspects of mass model,
E-C relationship and the energy resolutions for both the NG and
LG modes. Thanks to the large effective area in the high-energy
band, HXMT/Csl shows its power in constraining the GRB spectrum
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together with the campaigns with other missions which provide

observations at lower energies. We note that the current detec-
tion efficiency with the incident angle 6 > 90° may be somewhat

overestimated. The response with the incident angle 6 > 90° will

be improved empirically in future with brig
more Crab observations.

ht GRB campaigns and
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