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Abstract

Gravitational-wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) is a constellation of all-sky monitors in hard X-ray and gamma-ray bands, primarily observing high-energy transients such as gamma-ray bursts, soft gamma-ray repeaters, solar flares, and terrestrial gamma-ray flashes. As GECAM has the highest temporal resolution (0.1 μs) among instruments of its kind, it can identify the so-called simultaneous events (STEs) that deposit signals in multiple detectors nearly at the same time (with a time window of 0.3 μs). However, the properties and origin of STEs have not yet been explored. In particular, STEs may impact the observation of high-energy transients. In this work, we present the first systematic study of the properties of STEs detected by GECAM, including the morphology, energy deposition, and the dependence on the geomagnetic latitude. Based on their properties, we suggest that these STEs probably result from direct interactions between high-energy charged cosmic rays and the satellite. GEANT4 Monte Carlo simulations using the GECAM spacecraft mass model were carried out to provide additional support for this interpretation. Our result indicates that GECAM could potentially detect and characterize the high-energy cosmic rays through STEs, thereby extending its scientific capability.
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1. Introduction
The first joint observation of a gamma-ray burst (GRB 170817A) and a gravitational wave (GW170817) in 2017 marked the dawn of multi-messenger gravitational-wave astronomy (Abbott et al. 2017; Goldstein et al. 2017; Li et al. 2018). Motivated by and designed for the detection of a gamma-ray burst associated with gravitational waves (Xiong 2020), the Gravitational-wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) was proposed in 2016.
Initially, GECAM comprised two micro-satellites (GECAM-A and GECAM-B) in low-earth orbit at an altitude of 600 km and an inclination of 29°, which were launched on December 10, 2020 (UTC+8). Each GECAM satellite carries 25 gamma-ray detectors (GRDs; An et al. 2022), eight charged-particle detectors (CPDs; Xu et al. 2022), and an electronics box (EBOX; Li et al. 2022. The GRDs employ lanthanum bromide (LaBr3) crystals coupled to silicon photomultiplier (SiPM) for gamma-ray detection, while the CPDs use plastic scintillators with SiPM readout to monitor charged particles and help GRDs to discriminate between gamma-ray bursts and particle events. The EBOX is located in the payload dome and is responsible for acquiring and processing detection data from the GRDs and CPDs, enabling on board triggering and localization of gamma-ray transients.
Following the initial configuration of two micro-satellites, GECAM has expanded to a constellation consisting of four instruments, including GECAM-A/B, GECAM-C (Li et al. 2025), and GECAM-D (Feng et al. 2024). Thus, GECAM offers all-sky coverage, high sensitivity, real-time in-flight trigger and localization, and a broad-energy range with a low-energy threshold. It can distribute the trigger alerts of gamma-ray transients to the ground nearly in real time to initiate follow-up observations. GECAM made many observations and obtained a broad range of discoveries (Wang et al. 2024), including gamma-ray bursts (Moradi et al. 2024; Zhang et al. 2024), magnetar bursts (Xie et al. 2025), solar flares (Su et al. 2020; Zhao et al. 2023a), terrestrial gamma-ray flashes, terrestrial electron beams, and a new type of high-energy transient in the low Earth orbit (Zhao et al. 2023b).
A highlighted feature of GECAM is its unprecedented time resolution of 0.1 μs among wide-field gamma-ray monitors (Zhang et al. 2022b; Xiao et al. 2024; Zhao et al. 2023b). For comparison, Insight-HXMT’s High Energy X-ray telescope (HE) has a time resolution of 2 μs (Zhang et al. 2020; Liu et al. 2020), while AstroSat’s LAXPC instrument has one of 10 μs (Agrawal 2006; Yadav et al. 2017), Swift/BAT of 100 μs (Sakamoto et al. 2008), Konus-Wind of 2 ms (Aptekar et al. 1995), and INTEGRAL/SPI-ACS of 50 ms (von Kienlin et al. 2003). High time resolution could facilitate many studies, including precise source localization via time-delay methods (Xiao et al. 2021), investigation of emission mechanisms through timing analysis (Bernardini et al. 2015), detection of potential high-frequency quasi-periodic oscillations in magnetars (Huppenkothen et al. 2014; Roberts et al. 2023), and spacecraft-based pulsar navigation (Zheng et al. 2019; Xiao et al. 2024; Luo et al. 2023). Importantly, high time resolution allows GECAM to identify the phenomena called simultaneous events (STEs), which are signals1 recorded by multiple detectors of GECAM within a very small time window (i.e., 0.3 μs).
Although wide-field gamma-ray monitors such as Fermi/GBM have previously reported multi-detector simultaneous events associated with cosmic-ray background in TGF searches (Briggs et al. 2013; Meegan et al. 2009), these events were primarily regarded as instrumental background produced by energetic cosmic-ray showers and were typically removed using characteristic signatures (Briggs et al. 2010). Moreover, those studies were limited to a time resolution of 2 μs and did not include a dedicated or systematic investigation of the physical properties of such simultaneous events. Dedicated particle spectrometers, for example AMS-02, instead provide direct measurements of cosmic-ray flux with rigidity resolution and detailed characterization of geomagnetic cutoff effects (Aguilar et al. 2015). In contrast to both approaches, the STEs observed by GECAM represent an indirect signature of secondary particle cascades generated in spacecraft materials by energetic cosmic rays. This makes STEs a complementary diagnostic: they are detected with wide sky coverage and sub-microsecond time resolution, offering a unique probe of the local high-energy particle environment and its interaction with spacecraft structures. Indeed, GECAM is the first gamma-ray monitor yielding a good sample of STEs with high time precision. Nevertheless, the properties and origin of STEs have not yet been systematically explored.
This work is dedicated to characterizing the properties and possible origin of the STEs detected by GECAM. A systematic investigation of the observational properties of STEs has been missing. For the origin of STEs, even if the cosmic-ray shower is the probable source of STEs, there are (at least) two hypotheses that could account for the production of the cosmic-ray shower: (1) the satellite scenario, in which primary cosmic rays interact with satellite structures or even detector materials directly to induce particle cascades that simultaneously leave signals in multiple detectors; and (2) the atmospheric scenario, in which primary cosmic rays interact with nitrogen and oxygen nuclei in Earth’s atmosphere to produce secondary particles that reach satellite altitude and are simultaneously registered by multiple detectors. The primary task of this work is to determine whether cosmic rays are the primary source of STEs and in which scenario mentioned above.
This paper is structured as follows: Section 2 describes the GECAM instruments, their operating modes, and the data, and it presents the basic characteristics and preliminary statistics of STEs. Section 3 details the random-coincidence test method for assessing the probability of multi-detector sub-microsecond events (i.e., STEs). Section 4 analyzes observations in the zenith pointing mode (fully anti-Earth–pointing), including geomagnetic latitude effects, geomagnetic field-line orientation dependence, and spatial clustering. Section 5 discusses observations in non-zenith pointing mode. Section 6 compares the spectral evolution of single-detector and multi-detector STEs to reveal their energy distribution. Section 7 synthesizes these analyses to discuss the origin and mechanisms of STEs. Section 8 summarizes this study.
2. Instrument and data
2.1. GECAM
The GECAM payload utilizes a multi-detector array configuration: 25 GRDs and 6 CPDs are mounted on the satellite’s domed compartment and oriented in different directions for wide-field sky monitoring, while the remaining 2 CPDs are affixed to the +X side of the EBOX. Each detector is numbered according to the design specification to indicate its spatial layout, as shown in Fig. 1. Each GRD has a geometric area of approximately 45 cm2 (circular, 7.6 cm diameter) and an on-axis effective area of about 21 cm2 for 1 MeV γ-rays (Guo et al. 2020). They detect high-energy photons with energies ranging from approximately 15 keV to 5 MeV (Zhang et al. 2022a), employing a dual-channel readout design: a high-gain channel covering 15–300 keV and a low-gain channel covering 300 keV–5 MeV. The dead time for normal events is 4 μs, while that for overflow events is not less than 69 μs (Liu et al. 2022). The CPDs have a geometric area of 16 cm2 (square, 4.0 cm side length) and an on-axis effective area of about 16 cm2 for 1 MeV electrons (Xu et al. 2022). They are designed to measure charged-particle flux variations in the 100 keV–5 MeV range (Zhao et al. 2023b). To clarify the spatial clustering discussed later, we summarize here the key geometric and shielding characteristics of the GRD array. Each GRD features a circular entrance aperture with a diameter of 7.6 cm, and the typical center-to-center spacing between adjacent detectors on the dome is approximately 130 mm. The detector entrance window consists of a thin beryllium foil (∼0.20–0.22 mm thick), while the crystal–SiPM assembly is housed in an aluminum enclosure that provides both mechanical protection and light-tight sealing (Feng & Sun 2024; Zheng et al. 2024a).
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Structural layout of the GECAM payload shown from different perspectives and comprising 25 GRDs (designated G01 through G25) and eight CPDs (designated C01 through C08). The payload comprises two main components: the detector dome housing and the EBOX. The payload coordinate system is defined such that the +X, +Y, and +Z axes align with the central normals of detectors G18, G24, and G01, respectively (Zhao et al. 2023c).



The GECAM detectors operate in two observational modes: normal mode and South Atlantic Anomaly (SAA) mode. In the normal mode, the detectors record event-by-event, with GRDs and CPDs recording the energy and arrival time of each incident event in real time. When the GRD count rate within several predefined time and energy windows significantly exceeds the background fluctuation, the payload automatically initiates an onboard real-time analysis routine to determine the event’s trigger time, location, classification, and intensity, and promptly downlinks this information to the ground station via the BeiDou satellite navigation system. Upon entering the SAA, the local charged-particle flux rapidly increases, causing a substantial rise in the data volume if keeping record of event-by-event data. Therefore, the payload is set to automatically switch to SAA mode, in which only a few detectors are kept on and the event-by-event data output is turned off. This SAA mode can not only control the data volume but also protect the detectors.
The GECAM satellite operates in two pointing modes: zenith and non-zenith observation. In the normal mode, the satellite conducts continuous all-sky monitoring, with attitude adjustments made according to the observation plan. We define the angle θ between the payload boresight (+Z axis) and the direction toward Earth’s center (0° ≤θ ≤ 180°) to quantify observation attitude. The payload attitude can be adjusted from zenith pointing to non-zenith pointing, as shown in Fig. 2. The observation mode is determined by the preset observation plan.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Attitude variations of GECAM during its monitoring mission are shown. The angle θ denotes the angle between the payload coordinate system’s +Z axis and the vector toward the Earth’s center. At θ = 0°, GECAM observes toward the Earth. At θ = 180°, GECAM observes directly away from the Earth.



There are two pointing modes for GECAM. In the zenith-pointing mode, the boresight of the detector dome points toward the zenith, thus minimizing Earth occultation of the detectors’ field of view (FOV). Data in this mode can be used to investigate how geomagnetic latitude modulates STEs. In the non-zenith pointing mode, the boresight points to directions other than the zenith. By varying the satellite attitude from Earth-pointing to zenith pointing, we can test whether STEs exhibit directional dependence, thereby determining whether they are sourced from specific sky directions. In order to comprehensively investigate the source characteristics of STEs, it is necessary to classify observational data according to satellite pointing mode.
2.2. Data
GECAM data products follow a tiered classification in accordance with standard space astronomy conventions (Zheng et al. 2024b). Remarkably, dedicated scientific data products have been designed and produced for STEs. STE data products are divided into hourly segments. Each file covers a 100 s time window corresponding to the final 100 s of the preceding hour, recording detailed count information from any two or more of the 33 detectors that got events recorded simultaneously, thereby providing basic and convenient data for the temporal and spectral analysis of these STEs.
Due to power constraints on GECAM-A observations, this study only utilizes the event-by-event data (EVT data) by GECAM-B (Cai et al. 2025). The dataset spans multiple orbital periods and covers a wide range of geomagnetic latitudes. To avoid spatial non-uniformity effects of the CPD detectors on the GECAM dome, we analyze only trigger data from 25 GRDs.
The definition of STEs is illustrated in Fig. 3. The time window Δt to identify STEs is defined as 0.3 μs. A STE occurs when at least two detectors register events within this interval. This time window was determined through ground calibration with a 22Na source and on-orbit secondary cosmic-ray measurements to ensure that physically related events (e.g., Compton scattering events, cosmic-ray shower events) could be accurately identified considering the fluctuation in the timing system among GECAM detectors. The choice of Δt = 0.3 μs is further supported by in-orbit timing calibration based on cosmic-ray–induced multi-detector events. Using a one-hour dataset (2022-10-06 06:00:00–06:59:59 UTC) containing 13 353 candidate cosmic-ray events, we find that 97% of the events exhibit a maximum inter-detector trigger-time spread smaller than 0.3 μs, and about 76% have spreads below 0.1 μs. This corresponds to a relative timing precision of approximately 0.1 μs (1σ). A month-by-month stability check covering the period from 2022 August to 2023 July shows no measurable degradation of this timing precision. The absolute timing was independently cross-checked using the Crab pulsar pulse profile, in comparison with Fermi/GBM and GECAM-B, yielding offsets at the level of a few microseconds. Consequently, adopting Δt = 0.3 μs (approximately 3σ) preserves the vast majority of true coincident events while keeping the rate of accidental coincidences negligible (Xiao et al. 2022).
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Schematic diagram illustrating STEs. Within a 2 μs interval, two-detector and seven-detector STEs were detected in time windows (a) and (b), respectively. Outside these windows, no events satisfy the simultaneity criterion. Colored spheres indicate the triggered GRDs and their identifiers.



For each STE event, the number of triggered detectors, N, ranges from 2 to 25 (the total number of GRDs on board). For simplicity, STEs with N triggered detectors are called N-fold STEs or simply referred to as STEs-N throughout this paper. Analysis of the observed data reveals a large number of STEs within a single hour, as shown in Fig. 4.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Statistical distribution of STEs observed on-orbit by GECAM-B. The figure illustrates the average number of STEs per hour for varying numbers of detectors triggered (N), depicting the observational characteristics of events that simultaneously trigger multiple detectors.



3. Coincidence effect on STEs
We note that almost all STEs are expected to correspond to real physical events that leave simultaneous signals in multiple detectors, such as the cosmic-ray showers and Compton scattering, since the probability of multiple detectors being triggered within such a narrow window (0.3 μs) by purely random detector background is vanishingly small. Here we employ GECAM’s on-orbit background count rates and Poisson statistics to demonstrate this.
To verify the physical origin, we denote the mean count rate of the ith detector in time bin j as λi, j in the theoretical calculation. Within a window of width Δt = 0.3 μs, the probability that a single detector triggers at least once is given by
[image: Mathematical equation: $$ \begin{aligned} p_{i,j} = 1 - \exp \bigl (-\lambda _{i,j}\,\Delta t\bigr ).\end{aligned} $$](1)
Treating Xi, j ∼ Bernoulli(pi, j) as independent random variables, the number of detectors simultaneously triggered
[image: Mathematical equation: $$ \begin{aligned} K = \sum _{i=1}^N X_{i,j}, \end{aligned} $$](2)
following a Poisson–binomial distribution. Equivalently,
[image: Mathematical equation: $$ \begin{aligned} P_{j}(K = k) = \sum _{A \subset \{1,\dots ,N\} \atop |A| = k} \left(\prod _{i \in A} p_{i,j}\right) \left(\prod _{i \notin A} (1 - p_{i,j})\right)\,. \end{aligned} $$](3)
Recursive convolution is used to extract the polynomial coefficients efficiently. Averaging Pj(K = k) over all time bins yields [image: Mathematical equation: $ \bar{P}_{\mathrm{th}}(k) $]. In the Monte Carlo simulation, for each time bin j and detector i, we sample
[image: Mathematical equation: $$ \begin{aligned} n_{i,j} \sim \mathrm{Poisson}(\lambda _{i,j}\,\Delta t). \end{aligned} $$](4)
If ni, j > 0, the detector is considered triggered (i.e., record a signal). Repeating this procedure over all time bins and averaging gives [image: Mathematical equation: $ \bar{P}_{\mathrm{sim}}(k) $]. Under the assumption of independent detector counts following Poisson processes, the Poisson–binomial model provides theoretical predictions for the N-fold random-coincidence rate. Monte Carlo simulations furnish numerical confirmation of these predictions. The results show that the probability of ≥5 detectors triggering within 0.3 μs due to random counts is extremely low (e.g., 2.24 × 10−14 for N = 5). The theoretical predictions are displayed in Fig. 5. Because Monte Carlo sampling is inherently inefficient for extremely low-probability events, even after hundreds of millions of trials only the k = 2 and k = 3 orders yield nonzero, statistically significant random-coincidence probabilities, whereas for k ≥ 4 virtually no events are sampled. Although such events are exceedingly rare, they are nonetheless observed in the GECAM data.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Multi-detector random coincidence probability theoretical calculations (blue circles) and simulation results (orange squares) within a 0.3 μs time window.



Figure 6 plots the expected random-coincidence probability within one hour as a function of N, and comparison shows that the on-orbit measurements in Fig. 4 lie well above the predicted random-coincidence background. For N = 5, a random coincidence occurs only once every six months on average, implying that STEs with N ≥ 5 cannot be attributed to chance and must share a common physical source. By contrast, during bright gamma-ray episodes, STE-2 can include a physically distinct subpopulation (residual Compton scattering across two detectors after random-coincidence subtraction). More generally, when N ≲ 4, the sample may represent a mixed population in which residual Compton-scattering events and low-multiplicity random coincidences introduce ambiguity into the physical interpretation, whereas for N ≳ 5, the cascade origin becomes dominant and the sample is comparatively clean. For consistency and to ensure sample purity, STEs-2/3/4 are therefore not used to constrain the origin inference in this work, instead, we focus on STEs with N ≥ 5. Notably, both GRDs and CPDs employ fully independent signal-acquisition architectures (Liu et al. 2022). Signals are routed through independent channels into the payload EBOX. The EBOX unifies data acquisition, processing, and transmission and provides bias-voltage regulation for gain control, thus precluding physical crosstalk (Li et al. 2021).
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Comparison plot of the expected random coincidence probability versus the number of triggered detectors (N) within one hour. The inset shows an enlarged view of the random coincidence probabilities for N = 2, 3, 4, 5.



To further investigate the composition of the GECAM-recorded STEs, we take STE-5 as an illustrative example. Several possibilities merit discussion; for instance, four detectors may be genuinely triggered by a single physical particle while an unrelated accidental hit falls within the same 0.3 μs window. Using Bayesian inference, we calculate the posterior probability of having k accidental triggers among the observed five simultaneous triggers, based on the accidental trigger probabilities in each time bin and the prior distribution of the number of genuine triggers. The calculated conditional probabilities of accidental contamination among the observed STEs-5 are 4.30 × 10−3 for exactly one accidental hit, 9.82 × 10−6 for two, 1.59 × 10−8 for three, and 2.05 × 10−11 for four, indicating that STEs-5 are overwhelmingly pure with negligible accidental coincidence events from background.
4. Zenith pointing observation mode
4.1. Correlation with geomagnetic latitude
To investigate the spatial distribution of STEs, we performed systematic analyses using both geographic and geomagnetic latitude as classification parameters. Statistics based on geographic latitude exhibit no obvious spatial pattern, indicating that the conventional geographic coordinate system does not effectively reveal features in STE distribution. When data are categorized by geomagnetic latitude, however, a clear correlation emerges. We converted geographic coordinates to geomagnetic coordinates using the standard Altitude-Adjusted Corrected Geomagnetic Coordinates (AACGM) model (Shepherd 2014) and examined, in geomagnetic latitude, the distribution of the subsatellite point trajectories of STEs detected by GECAM-B during on-orbit operations. To visualize the geomagnetic coverage of STEs, Fig. 7 displays a single continuous UTC day (excluding the SAA region) of STE-5 subsatellite locations, where the one-second binned scatter points appear quasi-continuous along the orbital tracks due to the very high occurrence rate of STEs-5 (cf. Fig. 4). In the equatorial region, the thick black curve denotes the projection of the 0°–15° geomagnetic-latitude band at the satellite’s altitude, where multiple orbital passes overlap. The geomagnetic axis is inclined by approximately 10° relative to the Earth’s rotation axis (Macmillan & Finlay 2010). As a result, the geomagnetic equator is displaced from the geographic equator and exhibits slight undulations with longitude. Consequently, points on the geographic equator map to roughly 0°–15° geomagnetic latitude during the transformation. Based on these geometric features, in the subsequent geomagnetic-latitude classification we selected on-orbit data within the ±400° range, excluding data within the ±15° band, for statistical analysis.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. One-day distribution map of subsatellite point trajectories of GECAM-B STEs-5 detected during on-orbit operation, overlaid with geomagnetic latitude. Lines represent the dense one-second scatter along the orbital tracks (excluding the SAA region), colors indicate orbital altitude, and dashed black lines denote geomagnetic latitude contours.



The geomagnetic modulation of STEs becomes evident through their latitude-dependent energy spectra and integral fluxes. Energy-deposition spectra for STE-5, STE-6, and STE-7 were computed in 5°-wide geomagnetic-latitude bins, as displayed in Fig. 8. Spectra from magnetically symmetric intervals (e.g., [−40°, −36°] vs. [36°, 40°]) display highly consistent shapes, directly reflecting the north–south symmetry of Earth’s magnetic field and its modulation of cosmic-ray transport. Using the spectrum in the [16°, 20°] bin as a reference, we normalize its probability-density function to zero and apply the same normalization to all other bins to extract spectral “shape” parameters. The invariance of these shape parameters across geomagnetic latitudes indicates that the geomagnetic field primarily modulates the occurrence rate of STEs, rather than altering their intrinsic energy-distribution characteristics. The integral flux of STE-5, STE-6, and STE-7 increases monotonically with absolute geomagnetic latitude, as presented in Fig. 9. We note that this latitude-dependent enhancement is consistent with the geomagnetic-rigidity cutoff effect. According to the magnetospheric transmission-function theory (Bobik et al. 2006), cutoff rigidity decreases with increasing geomagnetic latitude, permitting more low-energy cosmic rays to penetrate Earth’s magnetic shielding and reach satellite altitude, thereby boosting the observed primary cosmic-ray flux at high latitudes. This modulation arises because only particles with momentum above the local cutoff rigidity can overcome the Lorentz force exerted by the geomagnetic field. We note that, although the integral flux varies with latitude, the spectral shape remains stable, with differences confined to overall intensity and maximum energy, confirming that the geomagnetic field affects the event rate but not the fundamental physics of STEs.
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Energy deposition spectra for the STEs at different geomagnetic latitudes. Panels (a), (b), and (c) correspond to STEs-5, STEs-6, and STEs-7, respectively. Upper panels: Energy deposition spectra of STEs at ten different geomagnetic latitudes. Lower panels: Spectral shape differences. The dashed red line indicates the energy value at 511 keV.



	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Integrated flux distribution of STEs across different geomagnetic latitude intervals. Blue, orange, and light green correspond to the STE-5, STE-6, and STE-7 configurations, respectively.



The energy spectra of STEs exhibit a pronounced 511 keV positron-annihilation line (Siegert et al. 2016; Guo et al. 2020). This feature could arise from multiple processes: primary cosmic rays interacting with detector materials produce secondary particles and radioactive isotopes; β+ decay of these isotopes emits positrons that annihilate with electrons in the detector or nearby material, yielding back-to-back γ-ray pairs at 511 keV; and high-energy γ rays (E > 1.022 MeV) generated by cosmic-ray interactions produce electron-positron pairs, whose subsequent annihilation further enhances the 511 keV line (Diehl et al. 2018).
4.2. Detector-geomagnetic field line angular correlation
To further investigate the correlation between STEs and geomagnetic field modulation, we established a quantitative analysis model relating the detector trigger rate to the angle between the detector’s normal vector and the geomagnetic field lines. In this analysis, we compute the angle between the detector’s normal vector and the Earth’s magnetic field lines to quantitatively assess how their relative geometry influences the detector trigger rate. Taking STE-5 as an example, we examined the trigger rate distribution across the GRD array under different geomagnetic latitude conditions. The two-dimensional spatial distribution of GRDs on board the GECAM-B satellite and their corresponding trigger rates at various geomagnetic latitude intervals are presented in Fig. 10. The statistical analysis indicates that the outermost ring detectors (G18–G25) exhibit relatively low trigger rates across all geomagnetic latitudes, a phenomenon attributable to the spatial geometric configuration of the detector array. As edge elements, the outer ring detectors have significantly fewer spatial couplings with adjacent detectors compared to inner ring detectors, resulting in a reduced probability of receiving correlated signals. Considering this geometric effect, data from the outer ring detectors were excluded from the subsequent field-line–direction dependence analysis, in order to minimize spatial-location bias in the study of the physical mechanism.
	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Schematic diagram of the two-dimensional spatial distribution of the 25 GRDs (G01–G25) and their trigger rates at different geomagnetic latitudes. The numerical values (%) displayed within each detector denote its average trigger rate, with darker shades indicating higher rates; see the color bar at right for the exact scale.



The analysis reveals a pronounced negative correlation between the detector trigger rate and the angle relative to the geomagnetic field lines, as illustrated in Fig. 11. When the detector’s normal direction is nearly parallel to the field-line direction (small angle), the trigger rate of STEs is higher; conversely, when they are nearly perpendicular or opposite (large angle), the trigger rate significantly decreases. While the anticorrelation between the GRD trigger rate and the angle to the local geomagnetic field is statistically significant, we caution that GeV galactic cosmic rays at LEO are not magnetically guided along the local field lines. Instead, the geomagnetic field primarily controls the accessibility of charged primaries through the rigidity cutoff and direction-dependent magnetospheric transmission. In this sense, the local field orientation can serve as a convenient proxy for the anisotropy of the allowed arrival directions at a given location. Combined with the geometry-dependent effective acceptance and asymmetric shielding of the payload (dome + EBOX), this naturally produces a correlation between trigger rate and the local field orientation. We therefore interpret the observed correlation as an acceptance/shielding + geomagnetic-transmission effect, rather than magnetic guiding of the secondary cascades.
	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Relationship between detector trigger rates and magnetic field line orientation. The x-axis represents the angle between GRDs and magnetic field lines, while the y-axis represents the GRD trigger rates. The blue line shows the least-squares fit, with the fitting function and correlation coefficient displayed in the upper right corner (where r denotes the strength of the linear relationship between the two variables).



4.3. Clustering of triggered detectors
To further analyze the physical characteristics of STEs, we examined the spatial distribution of triggered detectors of each STE event. If STEs were produced by independent random particle excitations, the triggered detectors would be expected to exhibit an uncorrelated, random spatial distribution. In this work, we therefore use STE-5 as the analysis sample and define a quantitative clustering index based on pairwise spherical angular separations among the five simultaneously responding detectors.
Let each GRD d have a fixed boresight (θd, ϕd) in the payload frame (polar and azimuthal angles), and define the associated unit vector
[image: Mathematical equation: $$ \begin{aligned} \boldsymbol{u}_d=\big (\sin \theta _d\cos \phi _d,\ \sin \theta _d\sin \phi _d,\ \cos \theta _d\big ). \end{aligned} $$](5)
For a given STE with detector set S = {d1, …, dm}, the spherical pairwise angular separation between detectors i and j is defined as
[image: Mathematical equation: $$ \begin{aligned} d_{ij} = \arccos \!\big (\boldsymbol{u}_{d_i}\!\cdot \!\boldsymbol{u}_{d_j}\big ), \end{aligned} $$](6)
We summarize the spatial configuration by the following statistics over all unordered pairs i < j:
[image: Mathematical equation: $$ \begin{aligned} \overline{d}=\frac{2}{m(m-1)}\sum _{i < j} d_{ij}\quad \text{(mean} \text{ angular} \text{ distance)}, \end{aligned} $$](7)
We adopt [image: Mathematical equation: $ \overline{d} $] as the primary clustering index (smaller values indicate tighter spatial clustering), which provides a compact numerical descriptor of each event’s detector geometry and effectively characterizes the degree of clustering or dispersion within a detector combination.
To test against the null hypothesis that STEs arise from random, uncorrelated triggers, we generate a null distribution of [image: Mathematical equation: $ \overline{d} $] via Monte Carlo by drawing m-tuples (without replacement) from the 25 GRDs, with m = 5 to match the STE-5 sample. We then compare the observed and null distributions (Fig. 12) using the two-sided Mann–Whitney U test (Hill et al. 2018), which assesses whether the central tendencies (location parameters) of two independent samples are consistent with being drawn from the same parent distribution. We report the test p-value together with an effect size
	[image: Thumbnail: Fig. 12. Refer to the following caption and surrounding text.]	Fig. 12. Distribution of clustering characteristics for STE-5. The histogram for on-orbit data is compared with (i) randomly simulated triggers (null hypothesis) and (ii) an end-to-end Monte Carlo (MC) simulation based on the full spacecraft mass model of GECAM-B, with isotropic primary protons and α particles. The MC result reproduces the observed mean-angular-distance distribution, indicating that the measured clustering is compatible with cascade footprints in the spacecraft structures.



[image: Mathematical equation: $$ \begin{aligned} \delta =\frac{\mu _{\mathrm{real}}-\mu _{\mathrm{rand}}}{\sqrt{\big (\sigma _{\mathrm{real}}^2+\sigma _{\mathrm{rand}}^2\big )/2}}. \end{aligned} $$](8)
The resulting p-value is extremely small, indicating that the observed events are not consistent with the random model. The mean clustering index of the on-orbit events (Orbit Mean) deviates markedly from the theoretical expectation for simulated combinations (Simulation Mean), quantitatively confirming pronounced spatial clustering among simultaneously triggered detectors.
Physically, STEs preferentially involve detectors that are spatially adjacent, whereas combinations spanning large angular separations are comparatively rare. This pattern is naturally explained if STEs originate from particle showers: high-energy cosmic-ray primaries impinging on the spacecraft structure generate cascades of secondary particles in the surrounding materials, which then trigger multiple neighboring detectors within the 0.3 μs window. The observed clustering, together with the statistical rejection of the random-hypothesis model, provides direct empirical support for a cosmic-ray–induced cascade origin of STEs.
To directly compare the observed clustering with physically motivated cascade footprints, we performed an end-to-end Monte Carlo simulation using the full spacecraft mass model of GECAM-B, injecting isotropic primary protons and α particles in the 0.5 GeV–1 TeV range. For simulated events passing the STE-5 selection, we compute the same clustering indices as for the data. The resulting mean-angular-distance distribution (labeled “MC” in Fig. 12) closely reproduces the on-orbit distribution, whereas the purely random simulation does not. This agreement supports the interpretation that the spatial clustering of STEs is consistent with secondary-particle cascades developing in the spacecraft structures.
5. Non-zenith pointing observation mode
Based on observations of how STEs depend on magnetic field orientation, this section investigates the characteristics of their spatial origin, with particular emphasis on determining whether they originate from external signals coming from specific directions in the sky or from the Earth. The analysis employs a comparative approach under different satellite-pointing conditions, examining the patterns of variation in energy-deposition spectra and integrated fluxes. As mentioned above, we use the angle between the satellite’s Z-axis and the geocenter, denoted θ, which ranges from 0° (Z-axis pointing directly toward the geocenter) to 180° (Z-axis pointing directly away toward deep space). To eliminate systematic interference arising from variations in geomagnetic latitude, only observations collected at a fixed geomagnetic latitude are selected for this study. A sample of STEs-5 is selected for analysis. Four representative angular intervals are defined: 4° −15°, 59° −81°, 125° −143°, and 165° −175°. These intervals cover the full range of satellite attitudes, from Earth-pointing to nearly zenith-pointing.
The statistical analysis reveals that the energy deposition spectra for STEs maintain highly consistent shapes across all four angular intervals, with no systematic shifts observed in the relative intensity distributions across energy bands, as shown in Fig. 13. We note, however, an apparent line feature around ∼6–7 MeV, which is an instrumental artifact: above ∼5 MeV, STEs induce saturation effects in the GRDs, leading to line-like structures in the count spectra. Therefore, all quantitative comparisons of spectral shapes in this section are confined to the non-saturated energy range (20 keV–5 MeV), and events affected by overflow are excluded to prevent biases introduced by detector saturation. Furthermore, the integrated fluxes of STEs remain essentially constant across these angular intervals, as shown in Fig. 14. The detector trigger rates at different pointing angles (as shown in Fig. 15) and their correlation with magnetic field-line inclination angles (as shown in Fig. 16) provide additional insights into the nature of these events. The study finds a significant negative correlation between detector trigger rates and field-line inclination angles at all pointing angles. Notably, under fixed geomagnetic latitude conditions, the non-zenith pointing mode exhibits a stronger negative correlation than the zenith pointing mode. The absolute value of the correlation coefficient is markedly increased. This difference can be attributed to the modulation effect of geomagnetic latitude. By fixing the geomagnetic latitude, gradients of magnetic field strength with latitude are eliminated. Consequently, the influence of field-line inclination angle can be isolated more cleanly, enhancing the statistical significance of the correlation. The energy spectrum shapes and integrated fluxes of STEs remain stable across all satellite attitudes. No systematic response patterns are observed in relation to attitude changes. This stability effectively excludes the possibility that the STEs have their source in external signals fixed in a particular sky direction. If they did, changes in satellite pointing would produce corresponding variations in event rates or spectral shapes. The observed consistency suggests that these STEs are more likely to exhibit isotropic distributions or arise from physical processes within the local satellite environment.
	[image: Thumbnail: Fig. 13. Refer to the following caption and surrounding text.]	Fig. 13. Energy deposition spectra of STEs at different pointing angles under the same geomagnetic latitude, with the dashed red line corresponding to the energy value at 511 keV.



	[image: Thumbnail: Fig. 14. Refer to the following caption and surrounding text.]	Fig. 14. Integrated flux of STEs at different pointing angles under the same geomagnetic latitude.



	[image: Thumbnail: Fig. 15. Refer to the following caption and surrounding text.]	Fig. 15. Schematic diagram of GRD trigger rates at different pointing angles under the same geomagnetic latitude.



	[image: Thumbnail: Fig. 16. Refer to the following caption and surrounding text.]	Fig. 16. Relationship between GRD trigger rates and magnetic field line directions at the same geomagnetic latitude.



6. Energy spectrum analysis
To further elucidate the physical nature of STEs, we compare the energy-deposition spectra of single-detector background events with those of STEs for multiplicities N = 5, 10, 20, 25. The brown curve in Fig. 17 represents the spectrum of events triggering only one detector within a 0.3 μs time window (right-hand vertical axis). In the single-detector spectrum, a delayed background peak appears around 410 keV, arising from the decay of radioactive nuclides activated in spacecraft materials. Since decay is a stochastic process whose timing depends on the nuclides’ half-lives and thus occurs with a characteristic lag, this component is termed the delayed background (Guo et al. 2020). An intrinsic background peak at 1470 keV is attributed to 138La decay in LaBr3 scintillators (Zhang et al. 2019; Quarati et al. 2012), and the 511 keV feature corresponds to positron annihilation radiation induced by space radiation particles. By contrast, the spectra of STEs (red, green, blue, and magenta curves in Fig. 17 for N = 5, 10, 20, 25, respectively) effectively suppress both intrinsic and delayed background contributions, confirming that the coincidence-trigger mechanism selects non-background physical events. The similarity of these spectra across different N values indicates a common physical source, while the increasing statistical uncertainty with higher N reflects the rarity of high-multiplicity events. Using the N = 5 spectrum as a reference, we shift its probability-density function to a zero baseline and apply the same procedure to the other spectra in order to extract their “shape” characteristics. Analysis of the spectral-shape evolution reveals a dual trend bifurcated at 511 keV: photon counts in the low-energy region (20 keV − 511 keV) decrease with increasing N, whereas counts in the high-energy region (511 keV − 5 MeV;non-saturated) increase. Events flagged as overflow (energy deposition above the low-gain calibration range) are excluded from the spectral-shape analysis; we verified that the reported spectral evolution with N remains unchanged after removing all overflow events, indicating that the low-energy suppression and high-energy enhancement are not artifacts of saturation. The 511 keV annihilation peak persists across all multiplicities but diminishes in relative intensity as N grows, likely because high-N cosmic-ray events induce more extensive secondary particle cascades in the detector array, amplifying high-energy counts and diluting the annihilation feature.
	[image: Thumbnail: Fig. 17. Refer to the following caption and surrounding text.]	Fig. 17. Schematic diagram showing the evolution of single detector event spectra and STE spectra. The brown line represents the single detector event spectrum, corresponding to the right-hand vertical axis. From left to right, the two brown arrows indicate delayed background and intrinsic background, respectively. The red, green, blue, and magenta spectral lines correspond to STEs involving 5, 10, 20, and 25 detectors, respectively. Lower panel: Spectral-shape variations of STEs involving 10, 20, and 25 detectors, using the STE-5 spectrum as the reference baseline.



Overall, as N increases from 5 to 25, the spectral centroid shifts progressively toward higher energies. This evolution aligns with the energy-deposition processes of cosmic rays in detector materials: higher multiplicities correspond to incident particles of greater energy, more complex secondary cascades, larger numbers of triggered detectors, and greater total deposited energy. The observed dual-evolution pattern can be ascribed to energy-threshold effects in cosmic-ray interactions: low-energy cosmic rays deposit energy chiefly via ionization losses in one or a few detectors, producing limited secondary particles and low-multiplicity triggers; high-energy cosmic rays have sufficient energy to initiate nuclear interactions, generating abundant secondary particles (neutrons, protons, mesons, etc.) that form extensive showers across the array and trigger multiple detectors simultaneously (Grieder 2001). The ubiquitous presence of the 511 keV annihilation peak underscores positron production as a hallmark of high-energy cosmic-ray interactions, and its dependence on N reflects the intrinsic link between cascade development and incident-particle energy.
7. Possible origin of STEs
In this section we discuss the potential production mechanism of STEs. We primarily evaluate two likely scenarios involving high-energy cosmic rays: the atmospheric scenario and the satellite scenario.
In the atmospheric-origin scenario, STEs are hypothesized to arise from secondary particles produced when high-energy cosmic rays interact with Earth’s atmosphere, primarily with oxygen and nitrogen nuclei (Ren et al. 2024). A fraction of these secondary particles may be backscattered into space and subsequently detected by GECAM. However, our observations are inconsistent with this hypothesis in several key aspects.
First, if STEs were predominantly of atmospheric origin, GECAM would be expected to record substantially stronger signals during Earth-pointing observations and significantly weaker signals when pointing toward the zenith. In contrast, both the energy spectra and occurrence rates of STEs are found to be essentially invariant across all spacecraft pointing attitudes. Second, previous measurements (Alcaraz et al. 2000), together with earlier studies of atmospheric albedo, have shown that the flux of upward-going (albedo) charged particles peaks near the geomagnetic equator and decreases toward higher geomagnetic latitudes. This behavior is incompatible with our observation that the STE flux increases with geomagnetic latitude. Third, published albedo studies indicate that at an altitude of approximately 600 km, the upward fluxes of neutrons and gamma rays in the energy range from tens of MeV to GeV are extremely low and decrease further with increasing energy. The upward neutron energy spectrum has been reported as (Armstrong et al. 1973; Morris et al. 1998)
[image: Mathematical equation: $$ \begin{aligned} \frac{dN}{dE} = 4.88\,E^{-1.89}, \end{aligned} $$](9)
and the corresponding upward gamma-ray spectrum as (Mizuno et al. 2004; Abdo et al. 2009)
[image: Mathematical equation: $$ \begin{aligned} \frac{dN}{dE} = 0.729\,E^{-2.0}, \end{aligned} $$](10)
where the units are cm−2 s−1 MeV−1. Rapid Monte Carlo estimates based on these representative upward spectra demonstrate that the contribution of such neutral secondary particles to STEs with multiplicity N ≥ 5 within a sub-microsecond coincidence window is negligible. Upward-going muons are also unlikely to constitute a significant component at an altitude of 600 km, owing to their finite lifetime and decay length. Only muons with energies ≳100 GeV could survive to such altitudes, but their upward flux is expected to be vanishingly small (Garg et al. 2025). Finally, the coincidence time scale itself further disfavors an atmospheric origin. Producing N ≥ 5 nearly simultaneous triggers within Δt = 0.3 μs in a compact detector array would require an atmospheric shower at orbital altitude with an exceptionally rare geometric configuration. While so-called “grazing atmospheric showers” have been discussed in the literature (Ulmer 1994), they are typically associated with much longer, millisecond-scale temporal signatures. We note that extreme edge cases – for example, ultra-high-energy primaries producing very grazing showers that skim the atmosphere and intercept the spacecraft at orbital altitude – are not strictly impossible in principle; however, their expected flux and the geometry- and timing-constrained probability of generating N ≥ 5 coincident events within Δt = 0.3 μs are so small that they can be regarded as theoretical curiosities with negligible practical contribution. Taken together, these considerations indicate that atmospheric secondary particles are unlikely to be the dominant source of STEs.
In the satellite scenario, STEs originate directly from cosmic-ray interactions in the satellite detectors or nearby materials. Incident cosmic-ray particles strike spacecraft materials and initiate secondary-particle cascades–comprising ionization products and high-energy photons–that emit quasi-isotropically and are recorded nearly simultaneously by multiple detectors. Primary cosmic rays are charged, so their trajectories are modulated by the geomagnetic rigidity cutoff. At high latitudes, a lower cutoff permits more high-energy cosmic rays to reach the satellite. The spatial clustering of simultaneously triggered detectors on the satellite platform aligns with the geometry of cascade propagation in the spacecraft material. Moreover, as detector multiplicity N increases, the energy spectrum evolves from being dominated by low-energy particles to being dominated by high-energy particles. The persistent 511 keV annihilation peak reflects the production of positrons in these cascades. Both features are in full agreement with high-energy particle cascade physics. The satellite scenario also accounts for the independence of STE characteristics from satellite pointing. Although Earth should block primary cosmic rays over an approximate 2π sr solid angle when Earth-pointing, the measured energy spectra and integrated fluxes remain statistically unchanged for all attitudes. This pointing-independence indicates that STEs are not tied to any specific incident direction of primary cosmic rays. Instead, they are governed by secondary cascades within spacecraft materials. Even if Earth occludes certain directions, cosmic rays from unobstructed directions still produce similar cascades, maintaining the statistical stability of STE properties. Taken together, the satellite scenario self-consistently explains all observed features, whereas the atmospheric scenario exhibits multiple contradictions. We therefore conclude that STEs are primarily sourced from direct interactions of cosmic rays with the satellite detectors and their surrounding materials.
Following the exclusion of atmospheric-origin scenarios based on observational constraints, we further investigate whether STEs can be quantitatively explained as particle cascades induced by cosmic rays interacting with the spacecraft itself. To this end, we carried out end-to-end Monte Carlo simulations using the full GEANT4 mass model of GECAM-B. Primary protons and α particles were injected isotropically with energies spanning from 0.5 GeV to 1 TeV. Figure 18 summarizes the normalized event yields producing different STE multiplicity intervals (2–5, 6–10, 11–15, 16–20, and 21–25) as functions of the primary particle energy. As the STE multiplicity interval increases, both the onset (minimum) primary energy and the energy band at which the yield peaks shift systematically toward higher energies, while the overall normalized yield decreases. This trend indicates that higher-multiplicity STEs require increasingly energetic primary particles and are intrinsically rarer. Although the absolute normalization of the simulated yields may be affected by uncertainties in the incident cosmic-ray spectra and by residual simplifications in the detector response(e.g., the lack of a full electronics chain such as SiPM/electronics nonlinearities or saturation, threshold/pile-up effects, and dead-time coupling), the full mass model accurately captures the global material distribution and geometric configuration of the spacecraft. Consequently, the relative trends with primary energy and STE multiplicity are robust, whereas the absolute rate normalization is the quantity most sensitive to these unmodeled effects. Taken together, these results provide direct, model-based support for interpreting STEs as cascades generated locally by cosmic rays interacting with spacecraft structures, rather than as products of atmospheric secondary particles.
	[image: Thumbnail: Fig. 18. Refer to the following caption and surrounding text.]	Fig. 18. Normalized event yields of simulated STEs as a function of primary particle energy for different multiplicity intervals (2–5, 6–10, 11–15, 16–20, and 21–25), obtained from end-to-end GEANT4 simulations using the full mass model of GECAM-B.



8. Discussion and summary
In this study, we performed the first systematic analysis of the STEs detected by the all-sky gamma-ray monitor and explored the possible origin of these interesting events. We find that these STEs detected by GECAM-B exhibit clear characteristics of a true physical event, rather than instrumental noise or random coincidence. The count rate of STEs increases as geomagnetic latitude increases, which is consistent with the cosmic-ray rigidity cutoff effect. The observed spatial clustering of triggered detectors on the STE satellite, confirmed by MC simulations, further supports this interpretation. We confirm a statistically significant correlation between STE rates and the local geomagnetic-field orientation. We interpret this correlation as a geomagnetic-transmission (rigidity cutoff and direction-dependent access) effect convolved with the geometry- and shielding-dependent effective acceptance of the payload, rather than magnetic guiding of secondary cascades. Under different satellite pointing modes (i.e., zenith and non-zenith), the deposited energy spectrum of STEs remains stable, which rules out any source in a particular sky region. As the number of simultaneously triggered detectors (N) increases, the spectral centroid shifts toward higher energies, and a pronounced 511 keV annihilation peak becomes apparent. Moreover, the spectral evolution of STEs aligns with the cosmic-ray–induced cascade scenario. These results support the scenario that the primary source of STEs is the cascade of secondary particles produced by high-energy cosmic rays interacting with the satellite, and the contribution from atmospheric secondary particles is not the dominant component.
We note that this finding carries important implications. First, STEs may be misclassified as transient high-energy phenomena such as terrestrial gamma-ray flashes (Fishman et al. 1994; Dwyer et al. 2012; Yi et al. 2025); our analysis provides a criterion to discriminate such false triggers by STEs. Second, STEs exhibit a well-defined physical source and high synchronicity, making them very suitable for the in-flight calibration of relative timing resolution among detectors in a multi-detector system.
We stress that GECAM was not initially designed to detect and study cosmic rays, and this is a by-product of the special design of the GECAM instrument. For other GECAM-like all-sky monitors, cosmic-ray–induced multi-detector coincident triggers were typically regarded as background noise and directly filtered out. Although this approach enhances the signal-to-noise ratio for the targeted astrophysical events, it sacrifices the valuable physical information carried by the cosmic rays. Taking advantage of the sub-microsecond time resolution (0.1 μs) of detectors, GECAM can record and identify STEs and thus use them as a qualitative and semi-quantitative diagnostic of the near-earth high-energy cosmic-ray environment. Because STEs are produced by secondary cascades in spacecraft materials, GECAM may not be a precision cosmic-ray spectrometer, and any inference of primary energy or composition is indirect and model-dependent.
In summary, this work has not only systematically characterized the observational features of STEs detected by GECAM, but also discussed the high-energy cosmic-ray origin of these STEs, deepening our understanding of near-Earth high-energy cosmic-ray particle environments and their interactions with satellites. To further constrain the properties (such as the particle type and energy) of high-energy cosmic rays from STEs, more work needs to be done, including (i) developing a GEANT4-based end-to-end model of the spacecraft–detector system to establish the quantitative relationship between the properties of incident particles (including their energy and composition) and the spectral evolution (STE-N) distribution. Because the detector primarily records secondary products generated in the cascade process initiated by the incident particles rather than the primary particles themselves, the model will incorporate the effects of spacecraft geometry, material composition, and limitations arising from detector readout nonlinearity as well as dead-time and pile-up or threshold effects; it will also (ii) analyze STE-2/3/4 data to disentangle Compton scattering from particle cascades under both burst and quiet conditions. These efforts are crucial to achieving the transition from qualitative diagnostics to quantitative reconstruction of cosmic rays (while the present work focuses on robust qualitative and semi-quantitative trends rather than absolute-flux calibration).
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Structural layout of the GECAM payload shown from different perspectives and comprising 25 GRDs (designated G01 through G25) and eight CPDs (designated C01 through C08). The payload comprises two main components: the detector dome housing and the EBOX. The payload coordinate system is defined such that the +X, +Y, and +Z axes align with the central normals of detectors G18, G24, and G01, respectively (Zhao et al. 2023c).
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	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Schematic diagram illustrating STEs. Within a 2 μs interval, two-detector and seven-detector STEs were detected in time windows (a) and (b), respectively. Outside these windows, no events satisfy the simultaneity criterion. Colored spheres indicate the triggered GRDs and their identifiers.
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In the text
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	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. One-day distribution map of subsatellite point trajectories of GECAM-B STEs-5 detected during on-orbit operation, overlaid with geomagnetic latitude. Lines represent the dense one-second scatter along the orbital tracks (excluding the SAA region), colors indicate orbital altitude, and dashed black lines denote geomagnetic latitude contours.
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	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Energy deposition spectra for the STEs at different geomagnetic latitudes. Panels (a), (b), and (c) correspond to STEs-5, STEs-6, and STEs-7, respectively. Upper panels: Energy deposition spectra of STEs at ten different geomagnetic latitudes. Lower panels: Spectral shape differences. The dashed red line indicates the energy value at 511 keV.
In the text



	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Integrated flux distribution of STEs across different geomagnetic latitude intervals. Blue, orange, and light green correspond to the STE-5, STE-6, and STE-7 configurations, respectively.
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	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Schematic diagram of the two-dimensional spatial distribution of the 25 GRDs (G01–G25) and their trigger rates at different geomagnetic latitudes. The numerical values (%) displayed within each detector denote its average trigger rate, with darker shades indicating higher rates; see the color bar at right for the exact scale.
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	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Relationship between detector trigger rates and magnetic field line orientation. The x-axis represents the angle between GRDs and magnetic field lines, while the y-axis represents the GRD trigger rates. The blue line shows the least-squares fit, with the fitting function and correlation coefficient displayed in the upper right corner (where r denotes the strength of the linear relationship between the two variables).
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	[image: Thumbnail: Fig. 12. Refer to the following caption and surrounding text.]	Fig. 12. Distribution of clustering characteristics for STE-5. The histogram for on-orbit data is compared with (i) randomly simulated triggers (null hypothesis) and (ii) an end-to-end Monte Carlo (MC) simulation based on the full spacecraft mass model of GECAM-B, with isotropic primary protons and α particles. The MC result reproduces the observed mean-angular-distance distribution, indicating that the measured clustering is compatible with cascade footprints in the spacecraft structures.
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	[image: Thumbnail: Fig. 13. Refer to the following caption and surrounding text.]	Fig. 13. Energy deposition spectra of STEs at different pointing angles under the same geomagnetic latitude, with the dashed red line corresponding to the energy value at 511 keV.
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	[image: Thumbnail: Fig. 14. Refer to the following caption and surrounding text.]	Fig. 14. Integrated flux of STEs at different pointing angles under the same geomagnetic latitude.
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	[image: Thumbnail: Fig. 15. Refer to the following caption and surrounding text.]	Fig. 15. Schematic diagram of GRD trigger rates at different pointing angles under the same geomagnetic latitude.
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	[image: Thumbnail: Fig. 16. Refer to the following caption and surrounding text.]	Fig. 16. Relationship between GRD trigger rates and magnetic field line directions at the same geomagnetic latitude.
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	[image: Thumbnail: Fig. 17. Refer to the following caption and surrounding text.]	Fig. 17. Schematic diagram showing the evolution of single detector event spectra and STE spectra. The brown line represents the single detector event spectrum, corresponding to the right-hand vertical axis. From left to right, the two brown arrows indicate delayed background and intrinsic background, respectively. The red, green, blue, and magenta spectral lines correspond to STEs involving 5, 10, 20, and 25 detectors, respectively. Lower panel: Spectral-shape variations of STEs involving 10, 20, and 25 detectors, using the STE-5 spectrum as the reference baseline.
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	[image: Thumbnail: Fig. 18. Refer to the following caption and surrounding text.]	Fig. 18. Normalized event yields of simulated STEs as a function of primary particle energy for different multiplicity intervals (2–5, 6–10, 11–15, 16–20, and 21–25), obtained from end-to-end GEANT4 simulations using the full mass model of GECAM-B.
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        Structural layout of the GECAM payload shown from different perspectives and comprising 25 GRDs (designated G01 through G25) and eight CPDs (designated C01 through C08). The payload comprises two main components: the detector dome housing and the EBOX. The payload coordinate system is defined such that the +X, +Y, and +Z axes align with the central normals of detectors G18, G24, and G01, respectively (Zhao et al. 2023c).

      

    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Attitude variations of GECAM during its monitoring mission are shown. The angle θ denotes the angle between the payload coordinate system’s +Z axis and the vector toward the Earth’s center. At θ = 0°, GECAM observes toward the Earth. At θ = 180°, GECAM observes directly away from the Earth.
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        Schematic diagram illustrating STEs. Within a 2 μs interval, two-detector and seven-detector STEs were detected in time windows (a) and (b), respectively. Outside these windows, no events satisfy the simultaneity criterion. Colored spheres indicate the triggered GRDs and their identifiers.
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        Statistical distribution of STEs observed on-orbit by GECAM-B. The figure illustrates the average number of STEs per hour for varying numbers of detectors triggered (N), depicting the observational characteristics of events that simultaneously trigger multiple detectors.
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        Multi-detector random coincidence probability theoretical calculations (blue circles) and simulation results (orange squares) within a 0.3 μs time window.
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        Comparison plot of the expected random coincidence probability versus the number of triggered detectors (N) within one hour. The inset shows an enlarged view of the random coincidence probabilities for N = 2, 3, 4, 5.
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        One-day distribution map of subsatellite point trajectories of GECAM-B STEs-5 detected during on-orbit operation, overlaid with geomagnetic latitude. Lines represent the dense one-second scatter along the orbital tracks (excluding the SAA region), colors indicate orbital altitude, and dashed black lines denote geomagnetic latitude contours.
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        Energy deposition spectra for the STEs at different geomagnetic latitudes. Panels (a), (b), and (c) correspond to STEs-5, STEs-6, and STEs-7, respectively. Upper panels: Energy deposition spectra of STEs at ten different geomagnetic latitudes. Lower panels: Spectral shape differences. The dashed red line indicates the energy value at 511 keV.
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        Integrated flux distribution of STEs across different geomagnetic latitude intervals. Blue, orange, and light green correspond to the STE-5, STE-6, and STE-7 configurations, respectively.
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        Schematic diagram of the two-dimensional spatial distribution of the 25 GRDs (G01–G25) and their trigger rates at different geomagnetic latitudes. The numerical values (%) displayed within each detector denote its average trigger rate, with darker shades indicating higher rates; see the color bar at right for the exact scale.
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        Relationship between detector trigger rates and magnetic field line orientation. The x-axis represents the angle between GRDs and magnetic field lines, while the y-axis represents the GRD trigger rates. The blue line shows the least-squares fit, with the fitting function and correlation coefficient displayed in the upper right corner (where r denotes the strength of the linear relationship between the two variables).
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        Distribution of clustering characteristics for STE-5. The histogram for on-orbit data is compared with (i) randomly simulated triggers (null hypothesis) and (ii) an end-to-end Monte Carlo (MC) simulation based on the full spacecraft mass model of GECAM-B, with isotropic primary protons and α particles. The MC result reproduces the observed mean-angular-distance distribution, indicating that the measured clustering is compatible with cascade footprints in the spacecraft structures.
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        Energy deposition spectra of STEs at different pointing angles under the same geomagnetic latitude, with the dashed red line corresponding to the energy value at 511 keV.
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        Integrated flux of STEs at different pointing angles under the same geomagnetic latitude.
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        Schematic diagram of GRD trigger rates at different pointing angles under the same geomagnetic latitude.
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        Relationship between GRD trigger rates and magnetic field line directions at the same geomagnetic latitude.
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        Schematic diagram showing the evolution of single detector event spectra and STE spectra. The brown line represents the single detector event spectrum, corresponding to the right-hand vertical axis. From left to right, the two brown arrows indicate delayed background and intrinsic background, respectively. The red, green, blue, and magenta spectral lines correspond to STEs involving 5, 10, 20, and 25 detectors, respectively. Lower panel: Spectral-shape variations of STEs involving 10, 20, and 25 detectors, using the STE-5 spectrum as the reference baseline.
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        Normalized event yields of simulated STEs as a function of primary particle energy for different multiplicity intervals (2–5, 6–10, 11–15, 16–20, and 21–25), obtained from end-to-end GEANT4 simulations using the full mass model of GECAM-B.
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