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Abstract

POLAR-2, the successor of the POLAR experiment aboard China’s Tiangong-2
space lab, is set to be deployed on the China Space Station. The POLAR-2 mission
aims to conducting high-precision polarization measurements of high-energy tran-
sients with a primary focus on Gamma-Ray Bursts (GRBs), following POLAR’s pi-
oneering accurate polarization measurements of GRB prompt emission. One of the
key advancements in POLAR-2 is the inclusion of a dedicated Broad-band Spec-
trometer Detector (BSD) instrument, designed to provide precise measurements of
GRB location and spectral parameters, which are critical inputs for accurate polar-
ization analysis of POLAR-2’s dedicated High-energy Polarimetry Detector (HPD),
which is made of plastic scintillator bars array. BSD employs a coded-aperture
mask imaging technique and pixelated GAGG scintillation crystals, offering a wide
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half-coded field of view of ~ 132° x 125° and an operational energy range of 10—
1000 keV. Simulation results indicate that the instrument can achieve a localization
accuracy of approximately 1.5° for faint GRBs similar to GRB 170817A, satisfy-
ing the core requirements of GRB polarimetry with HPD. BSD also has moderate
capability for GRB polarimetry, particularly at several hundred keV energy. This
paper outlines the preliminary design of BSD and presents an overall evaluation
of its expected scientific performance, based on extensive Monte Carlo simulations
and preliminary ground-based calibration tests.

Keywords Gamma-ray bursts - Polarimetry - Spectrometer - Coded-aperture mask
imaging - POLAR-2

1 Introduction

Gamma-Ray Bursts (GRBs) are among the most extreme and energetic phenomena
in the universe, serving as unique laboratories for studying physical processes under
conditions unattainable on Earth [45, 64]. Historically categorized by their duration
[44], long GRBs (2 2 s) are linked to the core-collapse of massive, rapidly rotating
stars [56, 81], while short GRBs (< 2 s, with exceptions of Type IL bursts [75]) are
associated with the mergers of compact binary systems such as neutron star pairs or
a neutron star and a black hole [12, 21, 61]. The landmark detection of GW 170817
and its electromagnetic counterpart, GRB 170817A, unequivocally confirmed the
latter progenitor scenario and ushered in a new era of multi-messenger astronomy
[1-3, 30, 50].

Despite significant progress since their discovery over half a century ago, the
fundamental physical mechanisms governing GRBs remain elusive. Key open ques-
tions concern the composition (the GRB outflow’s degrees of magnetization and pair
enrichment), acceleration, collimation, and ultimate energy dissipation mechanisms
within the relativistic jets. The geometry of the outflow and the configuration of the
magnetic field—whether it is globally ordered or small-scale and tangled and in which
patterns—are particularly critical yet poorly constrained [33, 55, 77]. Measurements
of the linear polarization in the prompt gamma-ray emission provide a powerful,
direct observational probe to address these questions. Different theoretical models—
invoking synchrotron emission from anisotropic electron distributions, or Compton
scattering—predict distinct polarization signatures [17, 26, 48, 68]. Thus, precise
polarimetry can break degeneracies between models and reveal the underlying phys-
ics of the jet and its central engine [11, 34, 54].

This compelling scientific motivation has driven numerous polarimetry attempts
using various space-borne instruments, including BATSE on CGRO [62], RHESSI
[53], IBIS/SPI on INTEGRAL [37, 70, 73], GAP on IKAROS [82], and more
recently, CZTI on AstroSat [15, 71]. However, measuring gamma-ray polarization is
technically challenging. It primarily relies on Compton scattering within the detector,
requiring photons to interact at least twice to reconstruct the scattering angle, which
is modulated by the polarization of the incident photons. This, combined with the
intrinsically low flux of GRB prompt emission and the instrumental constraints—such
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as limited pixel size, detector thickness, and overall geometrical configuration—has
generally led to polarization measurements of low statistical significance (~ 2 — 30)
and substantial, often poorly quantified, systematic uncertainties [58]. Early claims
of high polarization, such as for GRB 021206 [16], were later contested [66, 80].
While subsequent missions like GAP [83, 84] and CZTI reported several detections,
a larger, more robust sample of high-fidelity measurements is highly desirable.

A major step forward was achieved by the POLAR experiment [65], deployed on
China’s Tiangong-2 space lab in 2016. The instrument operated successfully but its
campaign was terminated after six months due to an irreparable high-voltage power
supply failure. During this period, it detected 55 GRBs and provided polarization
measurements for 14 of them, constituting the largest and most statistically signifi-
cant sample to date [13, 38, 39, 85]. Its results revealed a generally low degree of
polarization, suggesting a more complex magnetic field configuration that previously
assumed if the radiation mechanism is indeed synchrotron. More details about the
theoretical interpretation can be found in [27, 47, 85]. These findings have fundamen-
tally reshaped the theoretical landscape and underscored the need for next-generation
instruments with superior sensitivity.

To address this need, the POLAR-2 collaboration was formed, planning to install
a significantly enhanced instrument on the China Space Station (CSS) [36, 43], cur-
rently planned around 2028. POLAR-2 is designed to achieve a substantial increase
in effective area over its predecessor, POLAR. This new design adopts a high-sen-
sitivity SiPM array, which mitigates risks similar to those encountered in POLAR.
This design improves the lower energy threshold while eliminating the need for high-
voltage power supply modules. This enhancement is energy-dependent, being most
pronounced at lower energies and reaching a factor of greater than four at higher
energies, which will dramatically improve the sensitivity for polarization measure-
ments. The project employs a multi-instrument approach for comprehensive cover-
age. More sensitive polarization measurement will be performed by the High-energy
Polarimetry Detector (HPD, 30-800 keV) [18], complemented by the Spectroscopy
and Polarimetry Detector (SPD) which is composed of Broad-band Spectrometer
Detector (BSD, 10-1000 keV) and Low-energy Polarimetry Detector (LPD, 2—-10
keV) [22]. Crucially, precise localization and broadband spectroscopy—essential for
accurate polarization analysis—are provided by BSD, which will work in conjunction
with LPD, ensuring that POLAR-2 is fully self-sufficient for the spectro-polarimetric
characterization of GRB prompt emissions as well as x-ray flares. The HPD and the
SPD (composed of BSD and LPD) are separate payloads. They will be installed in
close proximity on CSS with aligned pointing to ensure a common field of view for
concurrent observations.

This paper focuses on the design and expected performance of the BSD instru-
ment. BSD utilizes a coded-aperture mask imaging (CAMI) technique to achieve
precise GRB localization. We present the scientific requirements (Sect. 2), detailed
instrumental design (Sect. 3), comprehensive performance evaluations based on
Monte-Carlo simulations (Sect. 4), and results from preliminary ground-based cali-
bration tests with a detector prototype (Sect. 5). Finally, we summarize our conclu-
sions and outline future work (Sect. 6).
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2 Instrument requirements

First, precise localization and spectral parameters of GRBs are essential inputs for
polarimetry data analysis. Uncertainties in these parameters can introduce significant
systematic errors into the polarization measurements. Polarimeters typically require
this information either from their own reconstruction capabilities or from external
instruments with simultaneous observations and higher precision. This requirement
becomes particularly critical for bright GRBs [6, 86], where systematic uncertain-
ties—rather than photon statistics—dominate the measurement errors. Furthermore,
accurate localization is a prerequisite for reliable spectral analysis, as the local instru-
mental response varies with the photons’ incident direction.

However, Compton polarimeters such as POLAR-2/HPD and its predecessor
POLAR have limited localization capabilities, with typical precisions of about
3.6° [40] and 10° [76], respectively. Therefore, the dedicated POLAR-2/BSD
instrument is necessary to provide high-precision localization and spectroscopy.
Second, BSD must possess a wide Field-of-View (FoV) to effectively capture high-
energy transients such as GRBs, enabling simultaneous observations with the HPD
and LPD instruments. This allows for joint data analysis of polarization, spec-
trum, and location across a larger sample of events. Third, BSD should be capable
of being triggered on, localizing, and downlinking GRB alerts in near real-time
through the relay satellite system with a typical latency of seconds. Although not
a strict requirement for the POLAR-2 experiment, this last functionality would
greatly enhance synergistic and follow-up observations in the multi-messenger
astronomy era.

Based on these considerations, the following key requirements have been defined
for the BSD design:

e Localization precision: Better than 1° for typical bright GRBs (fluence
>1x107%erg cm~2 @10-1000 keV in 1 s, BAND: o = -1, 3 = 2.3, Epcax
=230 keV), to minimize systematic uncertainties in the polarization analysis for
HPD and LPD [23] and to facilitate rapid follow-up observations.

e Energy range: Broadband spectral coverage from 10 keV to 1000 keV, which en-
compasses the typical energy range of GRB prompt emission where the spectral
peak energy (Epcax) is commonly observed.

e Field of view: The FoV should encompass the primary coverage areas of the HPD
and LPD instruments. Given the payload constraints, the BSD is designed with a
half-coded FoV of approximately 120° x 120°.

e Sensitivity: The detection sensitivity should be comparable to or exceed that of
current leading GRB monitors, i.e., on the order of ~3 ph cm=2 s~ !@]10-
1000 keV in 1 s.

In its current design, BSD incorporates the capability to trigger and localize GRBs in

orbit. GRB alert messages will be transmitted quasi-instantaneously to the ground via
the space station’s fast downlink channel.
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3 Instrument design

To meet the scientific requirements, several detector designs have been evaluated
for BSD, including configurations similar to Fermi/GBM [59] and GECAM [51],
and the CAMI technique employed by Swift/BAT [24] and SVOM/Eclairs [29]. The
CAMI scheme was ultimately selected for its superior GRB localization accuracy,
while satisfying the engineering constraints (e.g., size, weight, power) of a medium
external payload on the CSS. The use of a pixelated scintillator array enables broad-
band spectral measurements, while also providing inherent polarimetric capability
through the detection of Compton scattering patterns between pixels. This results in a
compact and efficient spectrometer design for the POLAR-2/BSD payload.

A critical design consideration involves the trade-off between FoV and angular
resolution. A large FoV is essential for capturing transient GRBs but, within the fixed
payload envelope (600 mm x 600 mm x 500 mm), necessitates a shorter mask-to-
detector distance, which degrades the intrinsic angular resolution. Since the primary
requirement is not the utmost localization precision but a level adequate for polar-
imetry analysis and capable of providing useful alerts for follow-up observations, a
systematic optimization was conducted to balance these competing parameters.

The final BSD instrument design, illustrated in Fig. 1, comprises the following
key components:

e Coded-Aperture Mask Plate: A mask fabricated from ~3500 tungsten alloy
elements (6.25 mm x 6.25 mm x 1.00 mm each), arranged in a random pattern
with a 50% open fraction (Fig. 2). To enable source localization, the tungsten
coded-aperture mask is designed to have energy-dependent transparency, effec-
tively blocking a large fraction of photons below 100 keV while becoming pro-

LPD detector modules

BSD detector modules
array

| GAGG crystal array —

SiPM array — &
Shielding sidewalls

'
iFront-end electronics—
H Back-end electronics

Fig. 1 Exploded view of the POLAR-2/SPD payload, illustrating the assembly of its key components.
A single detector module of BSD is detailed in the dashed box on the left
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Upper Carbon
Fiber Layer

Tungsten Alloy
Layer

Lower Carbon
Fiber Layer

Fig. 2 Design of the coded-aperture mask plate. The layer of tungsten alloy elements is sandwiched
between upper and lower carbon fiber support plates

gressively transparent at higher energies due to the penetration of gamma-rays
(Fig. 3). The mask plate is reinforced with low-mass carbon fiber layers (~1.50
mm thick) to minimize weight. The total mask size is 599 mm x 499 mm, with
an active imaging area of 575 mm x 475 mm.

e Detector Array: The detector plane is located 125.6 mm below the mask and
consists of 2304 cerium-doped GdsAlsGazO12 (GAGG:Ce) scintillator crystals
(5.75 mm x 5.75 mm x 20.00 mm each), providing a total sensitive area of ~
761 cm?. The crystals are grouped into 36 modules, each containing 64 pixels in
an 8x 8 array. The pixel pitch within a module is 6.25 mm, expanding to 18.75
mm between modules—an integer multiple of the fundamental pitch—to accom-
modate mechanical mounting.

1.0—

©c o ©
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e

Transmittance

o
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0-0- s . Lo ol ' ' MR Eare |
101 102 10°
Energy [keV]

Fig. 3 Transmittance of the coded-aperture mask plate for photons at different energies, obtained from
Geant4 simulations
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e Readout System: Each detector module houses the GAGG:Ce array in a car-
bon fiber socket. Scintillation light from each crystal is read out by a dedicated
Silicon Photomultiplier (SiPM) and front-end electronics (FEE) board, the same
design as the HPD payload [42] which has been space-qualified by series of
environmental tests, such as irradiation, thermal vacuum, vibration and shock
tests [19].

e Back-End Electronics (BEE): The BEE unit processes data from all 36 mod-
ules, hosts the trigger and localization algorithms, generates onboard alerts, and
manages telecommands and power distribution. GRB alerts are disseminated to
the ground via the CSS’s fast downlink channel.

o Mechanical Structure and Shielding: The assembly is housed within a struc-
ture that provides mechanical support and passive shielding against in-orbit back-
ground radiation.

The GAGG:Ce scintillator was selected for its excellent properties, which include a
high light yield (often exceeding 50,000 photons/MeV), high density (6.63 g/cm?),
fast decay time (less than 100 ns), good energy resolution (a measured value of ~
8.3% @662 keV, see Fig. 4), and non-hygroscopic nature. Its mechanical robustness,
lack of intrinsic radioactivity, and ease of handling make it ideal for coupling with
SiPMs in pixelated imaging detectors. The crystal’s proven performance in space mis-
sions such as GRID [79], and its selection for upcoming missions like SPHiNX [63],
CUBES [46], HERMES [20] and CXBe [49], further validate its suitability for the
BSD application. These properties, combined with its high stopping power and cost-
effectiveness, facilitate the construction of large-area spectrometers covering a wide
energy range (10-1000 keV). The key performance characteristics of the BSD CAMI
system are summarized in Table 1.

400
- [@7ndf 146.7/117
350 | Constant 271.7 +3.1
5 Mean 2233+ 0.8
300 | Sigma 78.7+0.7

Counts
N
o
o

250 | A
? 3
50! | |
g, | |

o R
LN

500 1000 1500 2000 2500
Channel

Fig. 4 Measured energy spectrum (blue curve) of a 137Cs radioactive source by the BSD detector pro-
totype. By fitting the 662 keV photopeak from the 137 Cs source with the Gaussian function (red line),
the energy resolution at 662 keV was determined to be about 8.3%
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Table 1 Summary of key Parameter Value
technical parameters for the

coded-aperture mask imaging Imaging method S(;((i)e(:;l-zpzﬁure mask with random pattern,
system of the POLAR-2/BSD , ° 0P
instrument Mask cell material ~3500 pieces of tungsten alloy, 6.25 mmXx

6.25 mmx 1.00 mm for each piece
Mask frame material  Two layers of ~1.50 mm thick carbon

fiber
Mask dimension 575 mmx475 mm plus some margin
Lateral shielding 0.4 mm thick of tantalum and 1~10 mm
material thick of aluminum alloy
Detector material GAGG:Ce crystal arrays, 5.75 mmXx

5.75 mmx20.00 mm for each pixel
Detector segment 36 detector modules, 8 x8 GAGG:Ce array

for each module

Pitches of detector 6.25 mm between two adjacent pixels
within one module, 18.75 mm between
neighboring modules

Detecting area ~761 cm?

Mask and detector 125.6 mm
plane distance

Field of view 80° x 54° (full-coded),
132° x 125° (half-coded)

Average angular ~1.4°

resolution

4 Performance simulations

Based on the Geant4 simulation toolkit,! the performance of the BSD detector was
evaluated using Monte-Carlo methods. The software enables detailed mass modeling
of the detector structure, as described in Sect. 3, along with the implementation of
appropriate physics models to simulate the interaction of incident particles with the
instrument.

A comprehensive simulation study was conducted to assess the overall perfor-
mance of the detector and its compliance with mission requirements. Key perfor-
mance metrics—including energy response, detection sensitivity, expected GRB
detection rate, and localization accuracy—were investigated in accordance with the
objectives outlined in Sect. 2. Prior to these analyses, a full mass model of the instru-
ment was constructed, and the in-orbit background environment and corresponding
count rates were determined.

4.1 Mass modeling

The detector simulation, based on the Geant4 (version 10.7.p02) framework, incor-
porates a dedicated module for constructing the instrument’s mass model. This mod-
ule accurately defines the geometric dimensions and material composition (including
atomic constituents and density) of each detector component. For the BSD instrument,
the modeling begins with the sensitive detector array, where each unit comprises 64

Uhttps://geant4.web.cern.ch/
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GAGG:Ce crystals. Each crystal is modeled as a rectangular prism with dimensions
of 5.75 x 5.75 x 20 mm. In the simulations, interaction details of incident particles
within the crystals—such as the detector unit, pixel identifier, interaction position, and
energy deposition—are recorded for subsequent analysis. For the subsequent simula-
tions, the Geant4 Shielding physics list was utilized, which comprehensively handles
electromagnetic and hadronic interactions, including the activation of materials.

The detection process may be influenced by materials surrounding the sensitive
volume. Particles may undergo Compton scattering or be fully absorbed within these
components before reaching the active detector elements, potentially leading to non-
detection. Conversely, these structures also provide shielding against the in-orbit low-
energy particle background. Given their substantial impact, a detailed mass model
of all external detector components is essential. While justified simplifications can
be made based on their expected influence on the detector response, a high-fidelity
representation is crucial. The complete Geant4 mass model of the BSD instrument,
derived from the professional structural design, is shown in Fig. 5.

=

Incident direction

(d)

Fig. 5 Geant4 mass model of the POLAR-2/BSD instrument. (a) Full assembly of the instrument. (b)
Close-up view of the coded-aperture mask. (¢) Internal structure with shielding walls removed. (d)
Detailed view of the GAGG:Ce detector array
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To further enhance the simulation’s realism, the influence of the CSS platform was
included. Structures on the platform can scatter photons into the detector’s field of
view that would not otherwise hit it directly. A simplified model of the CSS was con-
structed based on its overall dimensions and material properties. Unknown surround-
ing payloads were omitted, as this level of simplification is deemed sufficient for the
current stage of performance evaluation. The simplified CSS mass model, indicating
the anticipated installation position of BSD, is presented in Fig. 6.

4.2 In-orbit background

Maximizing the observational duty cycle is crucial for GRB detectors to capture
randomly occurring transient events. Consequently, the dominant source of detected
events in orbit is the continuous flux of background particles, which directly impacts
key performance metrics such as trigger sensitivity and localization accuracy. There-
fore, pre-launch simulation of the in-orbit background spectrum and count rate is
essential for a realistic performance assessment of the detector.

The primary radiation environment for the BSD instrument on the CSS, in its low-
Earth orbit (altitude ~400 km, inclination ~40°), consists of several components.
The major contributor is the cosmic X-ray background (CXB). Additional sources
include cosmic rays (primarily protons, electrons, and positrons, along with second-
ary particles generated by their interactions with the atmosphere and spacecraft).
Albedo gamma-rays from the Earth’s atmosphere are excluded from this study, as
the BSD’s field of view is oriented towards space, and these particles are largely
blocked by the station structure. When passing through the SAA region, the payload
would be powered off. However, the high-flux of high-energy protons and electrons
can activate materials in the payload or the CSS. The de-excitation of these materials
produces considerable radiation and some characteristic emission lines. After exiting
the SAA, when the payload is powered on, an amount of delayed background radia-

Fig. 6 Geant4 mass model of the China Space Station (CSS), showing the anticipated installation posi-
tion of the BSD instrument
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tion may still be detected [35, 52]. This radiation is complex and orbit-dependent,
and further detailed study of the in-orbit background will be conducted subsequently.

CXB, attributed to the integrated emission of extragalactic point sources, is mod-
eled as an isotropic component with a broken power-law spectrum [25], given by
Eq. 1. The spectra for primary cosmic rays (protons, electrons, and positrons) are
adopted from measurements by the AMS experiment [4, 5], with empirical models
implemented as described in [60]. Albedo neutrons, generated by cosmic ray interac-
tions with the atmosphere, are also considered due to their potential for capture in
the GAGG crystals. Their spectrum is derived from a segmented power-law fit to
COMPTEL data [7].

dNexn 054E~14 | E <0.02 MeV
B _ ! 0.0117E-238 | 0.02 < E < 0.1 MeV (1)
dE 0.014E-23 | E>0.1 MeV

where the dNcxp/dFE is expressed in units of counts cm~2 -s=1 . MeV~! - sr 1.
The input spectra for these background components are shown in Fig. 7. The
resulting simulated energy deposition spectra in the BSD detector are presented in
Fig. 8. The corresponding total and segmented count rates for each component are
summarized in Table 2.
Analysis of Table 2 indicates that CXB is the dominant background component
below ~150 keV. At higher energies, the background is primarily dominated by sec-

106 -
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g 100 -
v CXB
TE 1072 - Primary_Protons
% —— Primary_Electrons
u_:f 1074 4 — Primary_Positrons
Secondary_Protons
. —-= Secondary_Electrons
107 T1—-- Secondary_Positrons \
—— Secondary_Neutrons \
1078 “4rrm—r—rrrr——r 4

1072 107! 10° 10t 107 103 10* 10°
Energy [MeV]

Fig.7 Spectral models of the space radiation environment components considered for the BSD in-orbit
background simulation
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Fig. 8 Simulated energy deposition spectra in the BSD detector from individual in-orbit background
components

Table 2 Simulated in-orbit

Components Count rate (counts/s)
';a;g%;‘;‘:fudnf:;m rates for the 10-100 keV 10-2000keV
CXB 3942 4409
Primary Proton 291 1088
Primary Electron 7 28
Primary Positron 1 3
Secondary Proton 51 194
Secondary Electron 87 395
Secondary Positron 366 1658
Neutron 18 49
Total 4763 7824

ondary particles. In contrast, the direct contributions from primary cosmic-ray elec-
trons and positrons are negligible compared to other components.

These simulated in-orbit background results establish a critical foundation for sub-
sequent, detailed investigations into the BSD instrument’s performance capabilities
within a realistic flight environment.

4.3 ARF and RMF

The energy response matrix of a detector characterizes the relationship between the
energy of incident photons and the resulting distribution of deposited energy within
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Fig. 9 RMF of BSD for on-axis incidence. The full-energy peaks, Gadolinium escape peaks, and the
511 keV electron-positron annihilation line are indicated

the detector. In X-ray astronomy, this matrix is conventionally separated into two
components: the Redistribution Matrix File (RMF) and the Ancillary Response File
(ARF). The RMF is a two-dimensional matrix that describes the probability for a
photon of a given incident energy to be recorded in a specific energy channel. The
AREF is a one-dimensional function that encapsulates the effective area of the detec-
tor as a function of the incident photon energy. Both the RMF and ARF are typically
dependent on the incident angle of the photons.

The energy response of the BSD CAMI detectors was investigated through
Monte-Carlo simulations using the Geant4 mass model detailed in Sect. 4.1. Simula-
tions were performed for photons with various incident energies. Figure 9 shows the
simulated RMF for incoming on-axis photons in the energy range of 10 keV to 10
MeV. Figure 10 compares the on-axis ARFs for the BSD instrument with and without
the coded-aperture mask, along with their difference curve, over the energy range of
5keV to 5 MeV. As a comparison, the effective area of AstroSat/CZTI? which is also
a CAMI instrument, is added in the Fig. 10. Compared to AstroSat/CZTI, BSD has a
larger effective area above ~200 keV.

Analysis of Fig. 10 reveals that the effective area of BSD decreases at lower ener-
gies, primarily due to absorption by the coded-aperture mask plate. The maximum
total effective area is approximately 500 cm?. The effective area also decreases at

2 https://astrosat.iucaa.in/czti/home

@ Springer


https://astrosat.iucaa.in/czti/home

9 Page 14 of 40 Experimental Astronomy (2026) 61:9

800 ———————ry ———————y
i —— mask ]
700;_ Absorb edge no mask ]
: ~50 keV modulated ]
_ 600 -——Astrosat/CZTI -
R
L 500
e S N (T ———
o i
< 4001
] L
2 r
:8 3002—
HLE L
200
100F
of

10010 7103

Energy [keV]

Fig. 10 Effective area of the BSD detector for on-axis incidence. The blue, green, and yellow curves
correspond to the configurations with the coded-aperture mask, without the mask, and their difference
(net modulated area), respectively. The difference quantifies the modulation and absorption introduced
by the mask. The red dashed line represents the effective area of Astrosat/CZTI, while BSD shows
greater sensitivity at higher energies

higher energies, a consequence of the increasing transparency of the GAGG:Ce scin-
tillator crystals to high-energy photons.

4.4 Sensitivity and GRB detection rate

The instrument sensitivity and expected GRB detection rate were evaluated using
the in-orbit background simulations (Sect. 4.2) and the energy response matrices
(Sect. 4.3). The sensitivity is defined as the minimum source flux required to achieve
a detection significance of 50, and the significance Sig is calculated using the simpli-
fied formula of Eq. 2.

S S @
ig=—,
g VB
where B and S represent the net background and source counts within the same obser-
vation time interval and energy range, respectively.

Using the Band function [9] with fixed spectral parameters (« = —1.0, 8 = —2.3),

the sensitivity of BSD was computed for different values of £},¢ak, as shown in Fig. 11.
The analysis considered two energy bands: the standard 10-100 keV range typical
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Fig. 11 Sensitivity of the BSD instrument for on-axis GRBs as a function of E},c,k, evaluated in the
10-100 keV and 50-300 keV energy bands

for GRB prompt emission, and an optimized 50-300 keV band chosen to enhance
the sensitivity.

To provide a meaningful reference for evaluating the performance of BSD in
GRB spectroscopy, we compare its sensitivity with that of AstroSat/CZTI, which has
reported some GRB polarization measurements and operates on a similar Compton
scattering detection principle. This comparative analysis reveals distinct behaviors
between the two instruments. The sensitivity of CZTI, calculated based on its effec-
tive area (Fig. 10) and documented trigger threshold [57, 67], remains relatively sta-
ble across a range of Fpcax values, maintaining approximately 0.66 ph cm=2 s~!
at Fpeak ~ 230 keV. In contrast, the sensitivity of BSD not only achieves a com-
petitive value of ~0.8 ph cm~2 s7! in the 50-300 keV band at the same Ecax,
but also exhibits a marked improvement with increasing Epcax. This highlights the
enhanced performance of BSD for high-energy GRB spectroscopy and its comple-
mentary observational role.

To estimate the expected GRB detection rate, we generated a simulated sample of
1650 GRBs, corresponding to three years of observation assuming an annual rate of
550 GRBs [10]. The spectral parameters for these simulated bursts were randomly
drawn from the distributions of « and 3 derived from the CGRO/BATSE catalog
[31], as shown in Fig. 12. For each simulated GRB, we determined its visibility
from the CSS orbit, excluding periods when the GRBs are obstructed by the Earth or
affected by the SAA region where high particle flux is considered. The resulting sky
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Fig. 12 Distribution of the Band function spectral parameters « and 3 obtained from peak flux analysis
of GRBs in the BATSE catalog

distribution of simulated GRBs relative to the BSD instrument is shown in Fig. 13,
with red markers indicating the detectable events.

The simulation results show that BSD is expected to trigger on approximately 127
GRBs per year, with about 78 of these occurring within the 120° partially-coded field
of view (Fig. 13).

4.5 GRB localization capability

According to the requirements for POLAR-2 polarization analysis, BSD should pro-
vide GRB localizations with an accuracy better than 1° for typical bright GRBs.
Distinct localization approaches have been employed by previously launched GRB
detection instruments, including CGRO/BATSE, Swift/BAT, Fermi/GBM, GECAM,
SVOM/GRM and SVOM/Eclairs, etc. Instruments such as BATSE, GBM, GECAM
and GRM utilize the count-rate comparison method across multiple wide-field detec-
tors oriented in different directions. While this technique provides large FoV cover-
age, its localization accuracy is typically limited to a few degrees at best [87].

In contrast, the CAMI method offers an optimal balance between wide FoV and
high angular resolution, making it the preferred solution for the BSD instrument. This
technique is capable of achieving arcminute-level precision while maintaining sensi-
tivity across a broad energy range from hard X-rays to soft gamma-rays.

The fundamental principle of CAMI involves capturing different projections of the
sky through a patterned mask. The recorded detector counts D can be expressed as:
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90°

270°

Fig. 13 Simulated distribution of GRBs in the BSD instrument coordinate system, with events exceed-
ing the 50 detection threshold highlighted in red

D=S+«M+B, 3

where S represents the sky image, M is the mask pattern, and B denotes the back-
ground counts. Image reconstruction is performed using a balanced correlation
decoding algorithm. The decoded sky image is obtained through:

+ —
S — 2k Gi+k7j+ka1Dkl Dokl i+k,j+szlel
1] — T - —
Zkl Gi+k’j+kal Zkl Gi+k,j+kal

: “)

where GT and G~ represent the balanced correlation mask and anti-mask patterns,
respectively, and W contains the detector weighting coefficients [32]. The source position
is then determined using a centroid-fitting algorithm applied to the reconstructed image.

To evaluate the localization performance of the BSD design, we conducted
comprehensive Geant4 simulations of GRBs with varying fluences. Figure 14
shows a representative example for the on-axis case, displaying both the recorded
detector count pattern and the reconstructed image for a GRB with a fluence of
1x107% erg - em™2 (integrated over 10—1000 keV) in 1 s. The clean reconstruc-
tion demonstrates the effectiveness of the balanced correlation decoding algorithm in
resolving source positions.
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The systematic evaluation of localization accuracy as a function of fluence is
presented in Fig. 15. At the lowest fluences considered (~ 10~7 erg - cm™2), the
localization accuracy approaches ~ 2°, while for brighter bursts with fluences above
107 erg - em ™2, the offsets between the reconstructed and input source posi-
tions are kept to below 1°. For faint GRBs comparable to GRB 170817A in flux,

- -—- 90% interval
100 =% GRB 170817A

'c 80
£
o

S 60
*a
0

o 40

20

0

0 20 40 60 80 100
Fluence [10~7 erg/cm?/s @10-1000 keV]

Fig. 15 Localization accuracy as a function of GRB fluence. The distribution of angular offsets is
shown for multiple realizations at different fluence levels, with the red dashed line indicating the 90%
confidence region, the yellow dashed line indicates the position of GRB 170817A [74]. The input GRB
spectrum is modeled with a Band function (v = —1.0, 8 = —2.3, F,cax = 230 keV)
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the simulated localization accuracy is approximately 1.5°, as shown in Fig. 15. The
demonstrated localization capability will allow POLAR-2 to independently provide
the accurate source positions required for reliable polarization measurements, signifi-
cantly expanding the sample of GRBs with high-quality polarimetry data compared
to previous missions. This robust performance validates the current mask-to-detector
separation and pixel size optimization, confirming that BSD will serve as a reliable
instrument for GRB localization in the POLAR-2 mission.

4.6 Polarimetry with BSD

In addition to its capabilities in GRB spectroscopy and high-precision localization,
BSD naturally possesses inherent polarimetric sensitivity due to its large-area pix-
elated detector array design—a philosophy shared by instruments like AstroSat/CZT]I,
Daksha [8], etc. Our analysis indicates that the use of GAGG, a high-Z scintillator
material, enables polarization measurements at higher energy ranges compared to
LPD and HPD. High-energy gamma-ray photons undergoing Compton scattering in
one GAGG crystal pixel are likely to be subsequently absorbed by other pixels in
the array. This characteristic provides BSD with significant potential for simultane-
ous measurement of both polarization and energy of gamma-ray photons, making it
promising for studying energy-dependent polarization evolution in GRBs.

The polarimetric capability of BSD will serve as an important complement to LPD
and HPD, warranting further in-depth exploration. To quantify this capability, we first
computed the effective area for polarization measurements using the BSD detector
array. This was done by selecting events where incident gamma-ray photons undergo
at least two interactions within the GAGG crystal array, with at least one of these
interactions being a Compton scattering process. Preliminary Monte-Carlo simulation
results for the polarimetric effective area of the BSD detector, assuming an incident
photon angle of 0°, are shown in Fig. 16. The results demonstrate that the polarimetric
effective area of BSD reaches its maximum at approximately 450 keV. Compared to
the primary energy range of 100-300 keV for polarization measurements in CZTI [14],
BSD exhibits higher sensitivity to GRB polarimetry of higher-energy photons.

The simulated azimuthal scattering angle distribution for 450 keV photons with
the 0° incident angle is presented in Fig. 17. The distribution is normalized to that
expected for an unpolarized source. A modulation of the form given in Eq. 5 is clearly
observed. From the fit, a modulation factor of p100 = A/B = 0.27 is derived, which
characterizes the instrument’s response to fully polarized radiation at this energy.

C(n) = Acos(2(n—p+7/2)) + B 6))

The Minimum Detectable Polarization (MDP) [78] was computed using Eq. 6,
incorporating the simulated modulation factor p1g9, the polarimetry effective area
(Fig. 16), and the in-orbit background estimated from the double-bar event rate
(Sect. 4.2). For on-axis incidence, a MDP of 50% is achieved for a GRB with a flu-
ence of ~ 1.6 x 107° erg cm~2 (integrated over 101000 keV) and a duration of
1 s (Fig. 18).
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5 Prototype development and tests

An 8 x 8 array of GAGG:Ce crystals, with individual pixel dimensions of
5.75 x 5.75 x b mm, was developed for performance verification. This crystal array
was coupled with a front-end electronics unit from the HPD payload to form an engi-
neering model of a single BSD detector modular unit. The physical assembly of the
prototype, which includes the crystal array, FEE, carbon fiber socket, and aluminum
support structure, is shown in Fig. 19.

The detector prototype was characterized using a hard X-ray beam at the ID15A
beamline of the European Synchrotron Radiation Facility (ESRF) [72]. A key objec-
tive was to verify that the GAGG-SiPM configuration achieves the 10 keV low-energy
threshold—a critical requirement for capturing the low-energy X-ray component of GRB
emission for accurately deriving physical parameters from more complete spectra and
ensuring high photon statistics—as previously demonstrated with a GAGG-PMT sys-
tem. The experimental setup, consistent with that used for polarization response tests of
the HPD module [41], is shown in Fig. 20. The prototype was mounted in an aluminum
frame on a translation stage, enabling a horizontal and vertical scan across all 64 chan-
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Fig. 17 Simulated modulation curve at 450 keV, normalized with the unpolarized data to remove in-
strumental effects

nels. During testing, a General Purpose Input/Output (GPIO) board was used for signal
readout and front-end electronics (FEE) configuration, serving as a temporary interface
pending the completion of the dedicated back-end electronics.

The energy response of this detector module prototype was evaluated at beam
energies of 40, 50, and 70 keV. The results from these measurements are presented in
Table. 3. The energy spectra for the high-gain and low-gain channels after ADC-to-
energy conversion are shown in Fig. 21 and Fig. 22, respectively, with the red dashed
line indicating the 10 keV reference. A spectral feature around 32 keV is visible in
the spectra, attributed to barium (Ba) K,, fluorescence from the BaSO, coating in the
prototype’s GAGG crystal array housing. The mechanical housing material has been
changed to Enhanced Specular Reflector (ESR) in the final flight design to prevent
the X-ray photons to be absorbed in the dead volumes in between the GAGG crystals.

The tests successfully demonstrated a low-energy threshold of 10 keV, achieved
even with the SiPM operating at room temperature. This threshold is expected to
improve during flight operations, as the planned operating temperature below 0°C
will reduce SiPM dark noise. It should be noted that the detector parameters during
this initial test were not fully optimized. For instance, a high gain setting caused
signal saturation in some channels, limiting the effective dynamic range. Future opti-
mization of parameters, such as the SiPM bias voltage and ASIC gain settings, is
expected to significantly enhance the detector’s performance.

Subsequent Monte-Carlo simulations led to an optimized crystal length of 20 mm
(retaining the 5.75 mmx5.75 mm cross-section) to improve efficiency over the
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Fig.18 The MDP as a function of fluence, calculated using the simulated in-orbit background (Fig. 8) and
the Compton effective area (Fig. 16). The MDP at the 50% corresponds to ~ 1.6 x 1075 erg cm—2
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Fig. 19 Schematic design of the BSD detector module prototype for ESRF beam test
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@) | e @

Fig. 20 Experimental setup for the BSD detector module prototype at the ESRF ID15A beamline. (a)
Overview of the test configuration. (b) Rear view. (¢) Close-up of the GAGG:Ce crystal array. (d)
SiPM readout electronics board

Table 3 The pulse height analysis (PHA) values (in units of ADC channel) and their resolution for the BSD
high-gain and low-gain channels

Energy (keV) High gain channel Low gain channel
PHA Resolution(%) PHA Resolution(%)
40 2041 28.3 272 27.7
50 - - 349 243
70 - - 453 24.0

For the high-gain channel, PHA values and resolution data for 50 and 70 keV are excluded due to the
electronics saturation effects which was not optimized during the beam tests

required energy range. A new crystal array with these dimensions has been fabricated
(Fig. 23). Furthermore, a 1/9-scale coded-aperture mask plate has been produced
(Fig. 24). Current and future work focuses on optimizing the detector parameters
with the new crystal array and conducting performance tests.

6 Summary and conclusion

The POLAR-2 mission, scheduled for installation on the China Space Station, now
planned around 2028, is designed to conduct high-precision polarization, spectral, and
temporal observations of high-energy transients, particularly GRBs. A key objective
of POLAR-2 is to achieve significant breakthroughs in understanding the GRBs’ radi-
ation mechanisms, magnetic field configurations, and jet geometries. As an essential
component of POLAR-2, BSD is tasked with providing precise source localization
and broadband spectroscopy, which are critical for accurate polarization analysis.
This paper has detailed the design, simulated performance, and preliminary ground
testing of the Broad-band Spectrometer Detector (BSD) instrument. The spectrometer
adopts a coded-aperture mask imaging technique to meet its scientific requirements
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Fig. 22 Energy spectra of the BSD low-gain channel at 40, 50, and 70 keV beam energies

within the engineering constraints of the space station platform. A comprehensive
performance evaluation was conducted using Geant4-based Monte-Carlo simulations,
and the functionality of the detector concept was verified through prototype tests.
The simulation results confirm that the current design effectively fulfills the pri-
mary mission requirements. Specifically, BSD is capable of localizing typical GRBs
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Fig. 24 A 1/9-scale model of the BSD coded-aperture mask plate, fabricated for design verification.
The top carbon fiber layer with the aperture pattern (through which photons pass) is visible

with an accuracy better than 1°, enabling POLAR-2 to perform autonomous polariza-
tion analysis without complete reliance on external instruments. This will significantly
increase the sample size of GRBs with high-quality polarization measurements. Fur-
thermore, the design provides a large FoV to maximize the coincidence observation
rate with the polarization detectors (HPD/LPD) and incorporates a real-time trigger
and alert system to facilitate multi-messenger follow-up observations.
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In terms of polarization measurement capability, our analysis demonstrates that
the BSD instrument exhibits significant potential for detecting polarized signals
from high-energy photons. While the CZTI’s polarimetric sensitivity is optimized
for the 100-300 keV energy range [14], BSD shows a distinct advantage at higher
energies due to its thicker GAGG:Ce crystals and larger pixel geometry. The calcu-
lated MDPgqo, for BSD reaches 50% at a fluence of ~ 1.6 x 10™® erg cm2inls
(Band: oo = —1.0, B = —2.3, Epcax = 230 keV), which compares favorably with the
performance of Daksha [8]. Although this sensitivity is somewhat inferior to the dedi-
cated Compton telescope COSI, which achieves a 50% MDP at 5 x 106 erg cm—2
in 1 s [69], BSD’s polarimetry capability—when combined with its very large field of
view (about 40% of the sky in comparison with 25% of the sky covered by COSI),
spectroscopic and localization functions—creates a unique multi-messenger observa-
tional capacity. Besides, the HPD instrument of POLAR-2 achieves the same MDP
at a fluence below 1 x 107¢ erg e¢cm~2 in 1 s [28], demonstrating that the com-
bined polarimetric sensitivity of the full POLAR-2 instruments represents a signifi-
cant advancement in capability. Further optimization of the detector parameters and
analysis techniques will be essential to fully exploit the scientific potential of BSD
for gamma-ray polarimetry, particularly in its energy-resolved polarimetry capability.

Ground testing of an engineering prototype at the ESRF beamline demonstrated a
low-energy threshold of 10 keV, meeting a critical requirement for broadband spec-
tral measurements. However, these tests also revealed that the detector configuration
parameters were not yet fully optimized.

In conclusion, the design and preliminary performance studies of the POLAR-2/
BSD spectrometer confirm its feasibility and potential to become a high-performance
instrument for GRB observations. The ongoing and planned optimization and testing
activities will ensure that it achieves its scientific objectives upon deployment on the
China Space Station.
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