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Abstract

High-flux, high-energy y-ray measurements are constrained by pulse pile-up and detector saturation.
To address this issue, a well-type BGO scintillation detector based on a controlled low-efficiency sam-
pling strategy is proposed, enabling online measurement of high-flux y-ray beams. The design reduces
the probability of full-energy absorption while maintaining a stable detector response, allowing reliable
operation at elevated flux levels. The detector performance was systematically evaluated through Monte
Carlo simulations, energy calibration using (p,y) reactions, and on-beam tests at SLEGS. The results show
that the detector operates stably over an energy range of 5.5-21.7 MeV at fluxes of approximately 105 s-1,
without performance degradation. The experimental results agree well with the simulated one over the
energy range, validating the reliability of both the model and the measured data. The detector provides an
effective and scalable solution for real-time monitoring of high-flux y-ray beams.
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1 Introduction

High-flux gamma-ray beams with tunable energy are widely used in nuclear physics, astrophysics, detector cali-
bration, and radiation applications[[l]]. Recent developments in Laser Compton Scattering (LCS) sources have enabled
the production of y-ray beams with high intensity, narrow energy spread, and adjustable energy, as represented by
facilities such as HIyS(USA) [2, 3], NewSUBARU BLO1 (Japan) [4, 5], ELI-NP (Europe) [0, 7], VIGAS (China) [8]
and SLEGS (China)[9, 10, 11]]. These advances impose stringent requirements on beam diagnostics, particularly for
accurate measurements of energy spectrum and intensity.

Traditional detectors exhibit severe performance degradation under high-flux conditions, including signal satu-
ration, pulse pile-up, and dead-time effects. These effects distort the measured energy spectra and count rate, and
cannot be fully compensated by optimized readout electronics. Commonly used gamma detectors, such as Nal(TI),
BGO [[12], LaBr3 [[13] scintillator and HPGe crystal, operate reliably at moderate count rates, but rapidly saturate at
high flux due to their high intrinsic efficiency . To address these issues, several approaches have been developed,
including passive attenuation with thin absorbers, detection of scattered gamma rays [[14, [1], activation-based offline
measurement [|15, 16]and online measurement based on D(y, p)n photoneutron reactions [|l 7]. However, these meth-
ods introduce significant distortion of the incident energy spectrum, complex background, increase the uncertainty in
spectrum reconstruction, or fail to enable real-time online measurements of the energy spectrum and flux.

Based on the core concept of controlled low-efficiency sampling measurement, this paper develops a novel Well-
type BGO detector(WBGO) suitable for high-flux y-ray conditions. It is designed to achieve direct measurements of
the y-ray energy spectrum and flux in high-flux y-ray experimental environments, avoid detector signal saturation and
pulse pile-up, while minimizing interference with the primary beam.
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2 Detector Design

Instead of pursuing high detection efficiency, a controllable low-efficiency sampling detection strategy is specifi-
cally designed for high-flux y-ray beam environments, enabling a deliberately reduced detection efficiency tailored for
such conditions. The approach relies on the interplay between interaction physics (Compton scattering and electron—
positron pair production) and geometrical acceptance control. By restricting the solid-angle acceptance of scattered
photons and secondary electrons through geometrical design, signal pile-up and detector saturation are effectively
suppressed, thereby ensuring stable and reliable measurements.

A schematic diagram of the proposed WBGO is shown in Fig. Iﬂ The detector is based on a cylindrical BGO
crystal, identical in size to WBGO: 76.2 mm diameter and 100 mm length, with a 10 mm-diameter central borehole.
A thin aluminum scattering foil with a thickness of 15 um is positioned at the entrance of the channel. Under the
thin-target condition(i.e., interaction probability < 1), the probabilities of Compton scattering and electron—positron
pair production in the foil remain intrinsically low. Consequently, most incident y rays pass directly through the central
borehole without interaction. For the small fraction of particles that undergo interactions, only a limited amount of
energy is deposited in the foil, and the process is primarily manifested as angular deflection. These deflected particles
subsequently enter the surrounding BGO crystal, where they deposit energy and generate scintillation signals. The rear
end of the BGO crystal is optically coupled to a size-matched SiPM for scintillation light readout. The SiPM output is
processed by front-end electronics and digitized by the data acquisition (DAQ) system.

The detector assembly is enclosed in a thick aluminum alloy housing for mechanical support and radiation shielding.
All cylindrical components are aligned along the Z axis, forming a compact and axisymmetric configuration. Detailed
detector parameters are summarized in Table .
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Figure 1. Schematic Diagram of the Well-Type BGO Detector

Table 1. Main parameters of the WBGO

Parameter Value
Diameter of WBGO 76.2 mm
Length of WBGO 100 mm
Thickness of SiPM 40 mm
Thickness of optical coupling medium 50 um
Thickness of aluminum foil 15 ym
Diameter of Well Channel 10 mm
Thickness of aluminum alloy shell 2 mm

3 Experimental Setup

SLEGS is a nuclear physics beamline at SSRF that produces quasi-monoenergetic y rays beams via LCS mode [|1§].
The main components of SLEGS responsible for y-ray generation include the interaction chamber, the multifunction
chamber, and a CO, laser system. In the multifunction chamber, head-on (180°) laser—electron collisions produce
backscattered y rays with an maximum energy of 21.7 MeV. In slant scattering mode,y-ray energies ranging from
0.66 to 21.1 MeV can be achieved by varying the laser—electron collision angle from 20° to 160°. Therefore, the y-
ray energy can be continuously tuned by adjusting the collision angle. The SLEGS beamline employs a two-stage
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collimation system to control the beam spot size and energy spread, consisting of an upstream rotating lead Coarse(C)
collimator with multiple apertures and a downstream Lead Three-hole(T) collimator for 1,2,3 mm aperture adjustment
and beam shaping[[10, [12]. The 20 mm Coarse and 2 mm Three-hole collimation(C20T2) mode was adopted in this
work.

During the experiment, the WBGO was operated inside a vacuum chamber with a pressure of approximately 65 Pa
to minimize additional y-rays interactions in air. A lead collimator with an aperture matched to the detector bore was
placed in front of the detector to suppress background y-rays from off-axis directions, thereby constraining the spatial
distribution of incident particles, as illustrated in Fig. 2. To ensure precise alignment of the y-ray beam with the central
bore of the WBGO, a MiniPIX pixel detector was temporarily installed downstream of the beamline to measure the
transverse beam spot distribution. After alignment optimization, the MiniPIX detector was removed.

In addition, a downstream large size BGO detector (LBGO, Dia.76.2mm x Len.200 mm) was used to measure the
y-ray energy spectrum and beam flux. To avoid saturation under high-flux irradiation, a copper attenuator was placed
in front of the LBGO to reduce the incident flux. Owing to the intentionally low detection efficiency of the WBGO, its
interaction probability with y rays is extremely small, and its perturbation to the beam can be considered negligible.
Therefore, the spectrum measured by the LBGO can be regarded as effectively unperturbed by the upstream detector.
The measured spectra were corrected using the detector response function and subsequently unfolded to reconstruct
the true incident y-ray energy distribution [|12].

Data acquisition was performed using a CAEN V17258 digitizer within the CoMPASS framework, recording three
signal channels: the laser bunch signal, the WBGO signal, and the LBGO signal [|19]. The laser bunch signal was used
to subtract the gamma-ray background.
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Figure 2. Layout Diagram of the SLEGS Experimental Station.

4 Response Simulation

To quantitatively characterize the response of the WBGO under high-flux y-ray irradiation, a comprehensive Monte
Carlo simulation framework based on Geant4 was developed, incorporating detailed detector geometry and rele-
vant physical processes [20]. The G4EmStandardPhysics package was employed to simulate y-ray interactions in
the Aluminum foil and detector materials (e.g., Compton scattering and electron—positron pair production), while
G4OpticalPhysics was used to describe scintillation photon generation and optical photon transport [21]. In contrast
to conventional approaches based on empirical energy broadening, the present work implements a full-chain simulation
from energy deposition to scintillation emission and subsequent optical photon transport.

A realistic optical transport model consistent with the actual detector configuration was established. This model
includes scintillation photon production in the BGO crystal, photon propagation, and optical processes at material
interfaces, such as reflection, refraction, and scattering. The interfaces between the crystal, reflective layers, air gaps,
optical coupling media, and the SiPM were carefully modeled with appropriate optical parameters. Optical photons
reaching the sensitive area of the SiPM were probabilistically converted into photoelectrons according to the photon
detection efficiency (PDE), enabling a physics-based description of the detector response. Based on the statistical nature
of photon detection, a response model linking deposited energy to output signal was established, with key parameters
summarized in Table E

To ensure consistency between experimental and simulation, the y-ray energy spectrum obtained from the LBGO
via unfolding was used as the input for the simulation. The developed framework provides reliable theoretical and
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technical support for response function construction and incident yy-ray spectrum reconstruction of the WBGO.

Table 2. Scintillator parameters used for Geant4 simulation

Parameter Value

Scintillator BGO

Density 7.13 g/cm’

Light yield 8500 photons/MeV

Emission peak ~480 nm

Refractive index (BGO) 2.11-1.32 (wavelength dependent)
Reflectivity (PTFE) ~0.95 (diffuse)

Refractive index (coupling) ~1.43

SiPM PDE peak ~0.49 @ 450 nm

PDE wavelength range ~200-950 nm

5 Experimental Results and Analysis
5.1 Detector validation with ®*Co source

To validate the accuracy of the detector response model, measurements were performed using a standard °Co y-ray
source and compared with Geant4 simulations. The ®°Co source emits two well-defined y rays at 1173 keV and 1332
keV, providing a reliable probe of the detector response in the low-energy region. As shown in Fig.a(a), the comparison
shows that the simulated spectra are in good agreement with the experimental data in terms of peak position, energy
resolution (FWHM), and Compton continuum. This agreement indicates that the Geant4 model accurately reproduces
the physical response of the detector,validating its applicability for subsequent high-energy calibration and spectral
analysis.

Furthermore, without introducing any empirical energy broadening, the simulation still reproduces the measured
spectral features with good accuracy, demonstrating the effectiveness of the physics-based modeling approach.
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Figure 3. (a) Experimental and Geant4-simulated spectra for °Co source. (b) Monoenergetic y-ray spectra
measured in 1B(p,y)!12C reaction with natural radioactive background at IMP.

5.2 Energy response and calibration

Following model validation, a systematic study of the detector energy response was carried out using monoener-
getic y-ray calibration data from the Institute of Modern Physics (IMP, Chinese Academy of Sciences), and multi-
angle measurements from the SLEGS beamline. In the IMP experiment, monoenergetic y rays were produced via the
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HB(p,y)!2C reaction, providing reference energies at 4.439, 11.7, and 16.1 MeV [22]. The corresponding spectra are
shown in Fig. B(b).

The WBGO detector exhibits a low-energy background, primarily originating from intrinsic radioactivity of the
crystal, trace radioactive impurities, and environmental radiation. In particular, a-emitting isotopes such as 210Po,
produced via neutron activation of bismuth, contribute significantly to the low-energy region due to the reduced light
yield of WBGO for « particles[23]. In addition, natural radioactive decay chains and ambient y radiation form a
continuous background component.

Based on these data, the monoenergetic y rays from the IMP experiment (4.439, 11.7, and 16.1 MeV) were used
as primary calibration reference points, while characteristic low-energy background features (e.g., 40K and 232Th)
provided auxiliary constraints on the detector response in the low-energy region. This enabled the establishment of a
quantitative relationship between the detector output ( in ADC Channel) and the incident y-ray energy. To extend the
calibration to higher energies, SLEGS multi-angle data were incorporated, with y-ray energies independently deter-
min@d by the beam monitoring system. The resulting energy response and corresponding fitting results as shown in
Fig4.
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Figure 4. Detector energy response with IMP and SLEGS data; the curve shows the nonlinear fit based on the
SiPM saturation model.

Due to the finite number of microcells in silicon photomultipliers (SiPMs), saturation effects arise under high
photon flux, leading to a nonlinear detector response. To account for this behavior, a microcell-based saturation model,
which is widely used to describe SiPM saturation under high photon flux conditions, was employed to characterize the
detector response[24, 25, 26]. The saturation model is given by the following equation:

—Nphoton X PDE)} , 0

Nﬁred:Ntotalx{l_eXp( Neowr
total

where Nfireds Notal, Nphoton and PDE denote the number of fired pixels (corresponding to the actual output signal of
the detector, e.g., the ADC channel), total number of microcells, number of scintillation photons incident on the SiPM,
and photon detection efficiency, respectively.

Fitting the experimental data yields an effective number of microcells Ny, = 6429.33 and an effective photon
detection efficiency PDE = 0.479. Here, N, represents the effective number of pixels, while PDE is an effective
parameter incorporating both intrinsic detection efficiency and optical collection efficiency.

The inverse form of this model was subsequently constructed to correct for the nonlinear response, enabling the
conversion from detector output to incident y-ray energy. Using the calibrated response function, the peak positions
measured at SLEGS were converted into reconstructed y-ray energies E'.,which were then compared with the reference
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energies Emonitor provided by the beam monitoring system. The relative deviation is defined as:

DE — Erec - Emonitor ) (2)

Emonitor
The average deviation is 3.7% over the entire investigated energy range, demonstrating good consistency of the response
model. The remaining discrepancies are attributed to uncertainties in energy calibration, beam energy determination,
and statistical fluctuations in the measured spectra. At the highest energy point (corresponding to 180° backscattering),

the deviation increases slightly. This behavior is attributed to enhanced nonlinearity effects in the SiPM response and
increased sensitivity to model parameters under high photon flux conditions.

6 Results of SLEGS Online Experiment

Figure E presents the online experimental results obtained at the SLEGS beamline. During the measurements,
eight energy points were selected under an oblique incidence configuration, together with additional points in the
backscattering mode, where both the WBGO and the beam monitoring system were operated simultaneously. The
background-subtracted spectra measured by the WBGO were compared with Geant4 simulation results. The incident
vy-ray energy distribution used in the simulation was obtained by unfolding the spectrum measured with the LBGO.

The results show that the background-subtracted experimental spectra are in excellent agreement with the simulated
spectra over the investigated energy range. This agreement validates that the combination of the WBGO design, accu-
rate energy calibration, background subtraction, spectrum unfolding from the LBGO, and the Geant4 response model
enables a consistent and quantitative reconstruction of y-ray spectra at different incident angles. Minor discrepancies
observed in the low-energy region are mainly attributed to limitations in the detector modeling and input assumptions,
including electronic noise, baseline fluctuations, and possible nonlinear effects in scintillation light yield and SiPM
response. In addition, the online background is mainly caused by incomplete suppression of scattered vy rays in air and
near the entrance of the beamline by the lead collimator.
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Figure 5. Comparison of online-measured laser gamma spectra (online background subtracted) and simulation
using a well-type BGO detector.
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Figure B shows the detection efficiency of the WBGO detector as a function of y-ray energy. The experimental
results demonstrate that the detection efficiency remains at the level of 1073 over the full energy range, decreasing
monotonically from approximately 8.6 x 1073 at 5.5 MeV to approximately 5.7 x 1073 at 21.7 MeV. This controlled low
efficiency is a direct consequence of the sampling strategy, enabling stable operation under high-flux y-ray conditions.

The Geant4 simulation results are in good agreement with the experimental data across the entire angular range. To
quantitatively evaluate the agreement, the relative deviation is defined as: (&gim— Eexp)/Eexp, 1S Shown in the lower panel
of Fig.E. where &¢m and &exp denote the simulated and experimental efliciencies,respectively. The deviation remains
within 2.3% for all angles, indicating that the simulation reproduces the measured efficiency with high accuracy. A
slightly larger deviation is observed in the intermediate angular range (approximately 12.8 MeV-16.3 MeV),which can
be attributed to experimental uncertainties and approximations in the simulation.

Overall, the simulation results are consistent with the experimentally observed efficiency and its angular depen-
dence, further validating the proposed low-efficiency sampling detection approach.
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Figure 6. Detection efficiency of the well-type BGO detector as a function of energy. The upper panel shows
the comparison between experimental data and Geant4 simulation, while the lower panel presents the relative
difference (&gim — €exp)/Eexp-

7 Summary

A well-type BGO detector for high-flux y-ray beam monitoring has been developed based on a controlled low-
efficiency sampling strategy. By combining a central bore structure with an ultrathin aluminum scatterer, the detec-
tion efficiency is maintained at the level of 107>, allowing most incident y rays to pass through without interaction.
This design effectively suppresses pulse pile-up and saturation while preserving sensitivity to beam characteristics. A
comprehensive Geant4-based response model, incorporating y-ray interactions, energy deposition, and optical photon
transport, was established. Together with monoenergetic y-ray data from IMP and multi-angle measurements from
SLEGS, a nonlinear energy calibration method accounting for SiPM saturation was developed. The reconstructed en-
ergies agree with independently measured beam energies with an average deviation of 3.7% over most of the energy
range. Good agreement between background-subtracted experimental spectra and simulations further demonstrates the
self-consistency of the response model and analysis framework. In addition, the detection efficiency agrees well with
simulations over the full angular range, with relative deviations below 2.3%.

To explore the applicability at even higher flux levels, a preliminary Geant4-based study of key structural parameters
was performed. The results show that reducing the thickness of the aluminum foil or enlarging the central bore can
further decrease the interaction probability. These results indicate that a flexible balance between detection efficiency
and linear response range can be achieved through parameter optimization.

Overall, the proposed detector demonstrates stable and controllable performance under ultra-low-efficiency condi-
tions, providing an effective and scalable solution for high-flux y-ray beam diagnostics and spectroscopy.
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