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Abstract

The Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor
(GECAM) consists of two small satellites operating in the same Earth orbit with
opposite phases. Its scientific goal is to monitor the electromagnetic counterparts
associated with Gravitational Wave events (GWE) and other cosmic high energy tran-
sient sources. As the main detector, the Gamma-Ray Detector (GRD) adopts LaBr3:Ce
scintillator coupled with SiPM array. Each GRD has two output channels, i.e. high
gain channel (8 ~ 250 keV) and low gain channel (50 ~ 6000 keV). In this paper, we
present the low gain calibration results of GRDs with radioactive sources on ground,
including the E-C relation, energy resolution, absolute detection efficiency and spatial
response. Meanwhile, the consistency between the measurements and Geant4 simu-
lation demonstrates the accuracy of the simulation code.
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1 Introduction

GECAM is a space mission dedicated to detect Gamma-ray bursts (GRBs) from celes-
tial bodies, especially those from electromagnetic counterparts of the Gravitational
Wave Events. GECAM consists of two small satellites (GECAM-A and GECAM-B)
in opposite orbit phases, to achieve an all-sky FOV (Field of View). GECAM has
a wide energy range [1, 2], high time resolution [3, 4] and good localization accu-
racy [5, 6]. The main feature is that once a Gamma-Ray Burst (GRB) is detected by
GECAM, the trigger time, source location, and the light curve data can be transmitted
simultaneously to the ground station through the BeiDou navigation system.

GECAM is equipped with two kinds of detectors: Gamma-Ray Detectors (GRDs)
and Charged Particle Detectors (CPDs) [7]. In the dome cabin of the satellite, twenty-
five GRDs and six CPDs are installed evenly, and extra two CPDs are installed in the
electronics cabin (Fig. 1 left). GRDs adopt large volume LaBr3:Ce crystals coupled
with SiPM array, and the energy band of gamma-rays is about 8 keV ~ 6 MeV. CPDs
employ plastic scintillators to monitor the flux of charged particles, which is used to
help GRDs discriminate the charged particle events. Its energy band for electrons is
approximately 200 keV ~ 6 MeV [8]. The energy and spatial responses of GRDs
are crucial not only for the spectral analysis, but also for the localization of GRBs.
Generally, we will first perform ground calibrations with discrete energies and incident
angles, then a validated Monte Carlo simulation code will be used to generate full-
scale response matrices of the GRDs, as we did in the similar mission e.g. the HXMT
[9].

The principal design of the GRD and some ground test results can be found in
previous papers [10—13], including the high gain calibration for GRDs [14]. In this
paper, we just focus on the low gain calibration of GRDs. First we will give a brief
introduction of GRD, then introduce the calibration experiments and analysis results.
Meanwhile, we also present Monte Carlo simulation for comparison and validation.
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Fig.1 Left:The location distribution of GRDs and CPDs on GECAM; Right:The 3D model of GRD
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2 Instrument description

As indicated in Fig. 1, the GRD is mainly composed of a beryllium window, the
LaBrj3:Ce crystal, a SiPM array and the front-end circuit board. The thickness of the
beryllium window is 0.22 mm and its X-rays transmittance is > 65% @5 keV. The
LaBrj3:Ce crystal has high light yield and fast decay time; its dimension is ¢76.2 mm
x 15.0 mm. An ESR reflector (65 um in thickness) is attached to the top surface of
LaBr3:Ce, and the lateral faces of the crystal are covered with Tyvek reflective film
(to increase the collection of scintillation photons) fixed by 50 wm copper tape. The
light guide is a quartz window coupled with a SiPM array through optical silicone.
The SiPM array has 64 individual SiPM chips with low bias voltage and high quantum
efficiency. Each chip has an area of 6.07x6.07 mm?, and comprised 22 292 pixels
(each pixel is sized 35 pm). When X-rays or gamma-rays enter the GRD and deposit
energy in the crystal, the crystal will yield scintillation photons. Light is collected by
the SiPMs and converted into electrical signals. The SiPM signals are amplified by the
preamplifier, which has two channels for high gain and low gain. The analog pulses of
the two channels are sampling by 12 bits FADCs (40MHz) and processed in FPGA.
The dynamic detection range is approximately 8 ~ 250 keV in high gain channel and
50 ~ 6000 keV in low gain channel.

3 Calibration experiments and results
3.1 Energy calibration

Energy response calibrations of GRDs were carried out with four liquid radioactive
sources in a radioactivity laboratory (see Table 1). Each source was sealed in an
ampoule bottle (¢p=1 cm), and their activities were well calibrated. As shown in Fig. 2,
five customized brackets on wooden stands were used to fix four GRDs and one source.
The height of the center of GRD above ground was 82 cm, and the source was at the
same height. The distance between the entrance window of each GRD and the source
was measured. At the same time, four GRDs could be connected via cables to a data
acquisition board, which recorded the signal amplitude and arrival time tag for each

Table 1 Properties of the radioactive sources used for the energy response calibration

Nuclide Half-life (d) Activity (Bq) Activity Gamma-ray Relative
uncertainty (%) energy (keV) intensity (%)
13gn 115.09 6.651 x 10% 3.0 391.698 64.97(17)
137¢y 10968.25 1.993 x 10° 2.0 661.657 85.10(20)
88y 106.626 9.893 x 10° 25 898.042 93.70(3)
1836.063 99.20(3)
60Co 1923.915 3.504 x 100 2.0 1173.228 99.85(3)
1332.492 99.98(6)
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Fig.2 Left: Top view of the calibration experiment layout. Four GRDs (A,B,C,D) were measured simulta-
neously; Right: The Geant4 simulation visualization scene

\

Laboratory

event. The gain of SiPM was almost stable, because the lab temperature was kept at
20 &£ 1°C, and the bias voltage was 28 V.

Before setting the source, the background spectrum observed in the laboratory
was accumulated for each GRD. As shown in Fig. 3, there are several features in the
background spectrum. The first one around 780 keV is due to § particles and y particles
from the intrinsic radioactivity of 33La. The peak around 1470 keV originates from
1331_a and natural radioactivity of “°K (in the environment) which can be used for gain
calibration on ground or in orbit. The bump of three peaks with energy higher than
1470 keV is the contribution of « particles decayed from 2’ Ac and its daughters in
LaBrj3:Ce [15].
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Fig.3 The background spectrum of low gain channel
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For the measurements with sources, the integration time depended on the source
activity and detection efficiency of GRDs. Background-subtracted spectra were then
obtained. As shown in Fig. 4, the background-subtracted spectra relative to the various
radioactive sources are plotted with solid black curves. Each full-energy peak (solid
red curves) was fitted using a Gaussian function (solid blue curves) superimposed
on a polynomial function (dotted green curves) [16], which was used to describe
the continuum components mainly from Compton scattering. We extracted the fitting
parameters, such as the net peak area, the peak position and the FWHM.

We used a linear function to fit E-C relation, i.e. the relationship between the full-
energy peak position and the corresponding gamma-ray energies,

E=A+B-Ch (D

where Ch denotes the full-energy peak position, E is the energy (in keV). Figure 5
(left) shows the fitting result of E-C relation of GRDO1 on GECAM-B, and the relative
residuals of the fitting are basically within 2%. As shown in Fig. 5 (right), the gains
of fifty GRDs have a good consistency within the range of 1.48-1.93 keV/channel.
Considering the good linearity of E-C, we can roughly derive the low gain energy
range of GRD: 55 keV ~ 5890 keV.

The energy resolution R(E) is conventionally defined as the FWHM of the pulse-
height distribution divided by the position of the full-energy peak [17]. The relationship
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Fig. 4 Fitting of six gamma-ray lines. The background-subtracted spectra (in black) are plotted. The full-
energy peaks are fitted by Gaussian functions (solid blue curves) and the continuum components are in
dotted green curves

@ Springer



54

Experimental Astronomy (2023) 56:49-60

2
|
| | %2/ndf 4.245/4 o GECAM A
9 1500 A -14.85+£3.714 25 +GECAM_B
g L [B  1664+0.005607 %
) £
& 1000 g 2
c L
w L L :O{::h 3<>¢.:c ?l?‘ '\\t
>
0]
500(~ < 1.5+
=
1 . 1 . I . I . 1 . ‘© -
200 400 600 800 1000 0]
g T
PR i
@ .
3 0- . . .
,132_' ) 050, ¢ o
6 L s s s . 0 5 10 15 20 25
14 200 400 600 800 1000 GRD Number
Channel

Fig.5 Left: The E-C relation of GRDO1 on GECAM-B in low gain channel; Right: The gain (keV/channel)
of fifty GRDs in low gain channel are compared

between the deposited energy E and energy resolution R(E) can be described by the
following function,

Ja + - VE? + (- B
E

R(E) = x 100% 2)

where a, b and c are the fitting parameters. The constant term with parameter a reflects
the electronic noise of the low gain channel. The second term with parameter b is
attributed to the statistical fluctuation of scintillating photons and photoelectrons, and
itis proportional to the square root of the deposited energy. The third term with param-
eter ¢ represents the non-proportionality of response (nPR) of scintillators, which is
proportional to the deposited energy. The fitting results of GRD21 on GECAM-B are
shown in Fig. 6 (left) for instance, and the relative residuals are below 3.0%. Here,
we also present the energy resolutions of all GRDs, which are in the range of 3.7% ~
5.3% (@661.7 keV), as shown in Fig. 6 (right).

3.2 Spectral response: calibration Vs simulation

Geant4 [18-20] simulations are normally used to generate the full-scale (full energy
band and all directions) response for GRDs, and the spectral analysis of calibration
can help assess the accuracy of the simulation code. In order to achieve a precise
simulation, we reconstructed the experimental environment in Geant4 including not
only the GRDs, brackets, wooden stands, but also the walls, cement floor, air (Fig. 2
right) in the laboratory. The GDML model of GRD used in Geant4 [21] was converted
directly from CAD model. And Emstandard_opt3 was called in Geant4 as a physical
list, where photons and charged particles of various electromagnetic interactions with
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Fig. 6 Left: The energy resolution and the fitting results of GRD21 on GECAM-B; Right: The low gain
energy resolution of fiftty GRDs (GECAM-A and GECAM-B)

matter have been registered. For comparison purpose, we utilized the E-C relation to
convert channel to energy for the measured spectra (blue line in Fig. 7). Meanwhile, the
simulated spectra was broadened according to the measured energy resolution (black
line in Fig. 7). As shown in Fig. 7, the simulated spectra are perfectly consistent
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Fig.7 The simulated spectra compared with the measured spectra under the irradiation of four radioactive

sources
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with experimental spectra,including all the features such as the full-energy peaks,
the back-scattering peaks, the Compton edges, and the escape peaks. Furthermore,
in order to verify the coincidence degree of the two spectra, we implemented a non-
parametric test method — Anderson-Darling K (K=2) (ADK) test [22, 23]. For a
significance level «=0.05, p value was calculated for each pair of spectra. We got
21=0.54 ("138n), p»=0.60 (37Cs), p3=0.56 (*°Co), p4=0.66 (3Y), i.e. p > a, which
demonstrated that the simulated spectra and experimental spectra were derived from
the same distribution. In another word, our Geant4 code for GRD simulation is reliable.

3.3 Absolute detection efficiency

Because the activities of sources were well calibrated (in Table 1), the full-energy peak
efficiency of GRD can be calculated as,

cB) = — "B 009 3)
Ao27T2 p(E)o

where n(E) is the net full-energy peak area in counts/s; Ay is the calibrated activity of
the radioactive source; 77 is the half-life period of source; ¢ is the elapsed time after
the activity calibration; p(E) is the relative intensity of gamma-rays (listed in Table 1);
w is the solid angle ratio of GRD with respect to the source, which has quasi-isotropic
emission. Thus w can be described by

1 d
v=3(-77es) v

here d is the distance from the beryllium window of the GRD to the source, r is the
radius of the GRD. In Fig. 8, we present the measured full-energy peak efficiencies of
several GRDs, which consists with the Geant4 simulation results. The uncertainty on
the measured peak efficiency mainly comes from the relative error of the net full-energy
peak area (1.6%), the uncertainty of the activity (listed in Table 1) and the uncertainty
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GRD25 (GECAM-B)
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Fig.8 The measured peak efficiencies are compared with the simulated peak efficiencies
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Fig.9 The full-scale detector efficiency in the low gain simulated by Geant4

of the calculated solid angle ratio (2.0%). Based on simulation, we can further derive
a full efficiency curve in the low gain, including full-energy peak efficiency and total
efficiency, as shown in Fig. 9. When the incident energy reaches 6 MeV, the total
detector efficiency of GRD is still higher than 20%.

3.4 Angular response calibration

The GRB localization principle of GECAM is to utilize the relative rates recorded in
the GRDs with different orientations to estimate the most likely arrival direction. The
energy response and effective area of GRD changes with with the incident angle of
gamma-rays. Here, we present the angular response measurement for a single GRD.
In this experiment, the GRD was mounted on a customized bracket, which was placed
on a rotating platform. The GRD could be rotated in the horizontal plane to change the
incident angles (from 0° to 180° with a step of 10°), but the distance between the GRD
center and source was kept constant (d=1.07 meter). Figure 10 shows the relative full-
energy peak area (normalized to 0°) varied with incident angle at 661.7keV (irradiation
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Fig. 10 The relative full-energy peak area (@661.7 keV) Vs the incident angle, normalized to 0°
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Fig. 11 The variation trend of simulated peak area with incident energy and angle, normalized to 0°

of 137Cs) which are in accord with Geant4 simulation results. The uncertainty on
the relative full-energy peak area principally contributed by the relative error of the
measured net peak area (1.8%). Based on the simulation, we also present the variation
of full-energy peak areas vs. incident angles and energies (normalized to 0°) in Fig. 11.
It’s obvious that the peak area is more sensitive to the incident angle at the lower
energy, especially for the forward incidence, which implies that the GRBs localization
precision will benefit from the measurement of GRD at the low energy.

4 Conclusions

In this paper, we investigate the energy response of GRD in the low gain channel via
calibration with several radioactive sources and Geant4 simulation. Fifty GRDs have
good energy linearity and gain consistency, the energy range of GRDs is approximately
50 keV ~ 6 MeV in low gain channel. The energy resolution at 661.7 keV is in
the range of 3.70% ~ 5.27%. Besides, it’s good to see that the measured spectra,
detection efficiencies and angular responses of GRDs are in accordance with the
Geant4 simulation results, which suggests that the Geant4 code of GRD is accurate.
Based on an upgraded simulation code (In it, the whole GECAM satellite model was
reconstructed), we have produced the energy response matrix of the full energy band
with different incident angles for in-flight data analysis.
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