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Abstract:



SPHiNX is a proposed satellite-borne gamma-ray burst polarimeter operating in the energy range 50–500 keV. The mission aims to probe the fundamental mechanism responsible for gamma-ray burst prompt emission through polarisation measurements. Optimising the signal-to-background ratio for SPHiNX is an important task during the design phase. The Geant4 Monte Carlo toolkit is used in this work. From the simulation, the total background outside the South Atlantic Anomaly (SAA) is about 323 counts/s, which is dominated by the cosmic X-ray background and albedo gamma rays, which contribute ∼60% and ∼35% of the total background, respectively. The background from albedo neutrons and primary and secondary cosmic rays is negligible. The delayed background induced by the SAA-trapped protons is about 190 counts/s when SPHiNX operates in orbit for one year. The resulting total background level of ∼513 counts/s allows the polarisation of ∼50 GRBs with minimum detectable polarisation less than 30% to be determined during the two-year mission lifetime.
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1. Introduction


The Satellite Polarimeter for High eNergy X-rays (SPHiNX) is a proposed mission for a Swedish scientific satellite based on the InnoSat platform1, which supports a maximum payload mass of 25 kg and provides a payload power budget of 30 W.



SPHiNX is a dedicated polarimeter for gamma-ray bursts (GRBs), the most luminous explosions in the Universe [1]. Long GRBs are generated by the collapse of massive stars [2], while short GRBs come from the merger of binary neutron stars or neutron star–black hole binary systems [3]. The recent detection of gravitational waves together with a short-duration GRB, from a binary neutron star system [4], highlights the importance of GRB measurements. Even though thousands of GRBs have been detected by, for example, the CGRO, Swift and Fermi2 satellites, there are still many open questions about GRBs.



The main scientific goal of the SPHiNX mission is to probe the fundamental mechanism behind the GRB prompt emission, by measuring the linear polarisation [5]. In contrast with energy spectrum and timing studies, there is a lack of reliable polarimetric data.



Background plays an important role in the satellite-borne high-energy telescopes as they operate in the severe radiation environment above the atmosphere. Particles in the orbital environment interact with the detector, generating background indistinguishable from the signal data, resulting in a loss of sensitivity. The effect of background particles can be simulated with Monte Carlo software. Such simulations provide an efficient method to optimise the scientific performance of an instrument, for example, by maximising the signal-to-background ratio (S/B) [6].



This paper describes the background study for SPHiNX implemented with the Geant4 [7] Monte Carlo simulation toolkit, and the paper is organised as follows. Section 2 provides an overview of the SPHiNX mission and its properties. Section 3 presents the details of the simulations, and Section 4 presents results from the simulations. Section 5 is a brief summary of the work.




2. Instrument Design and Properties


SPHiNX is optimised for GRB detection, meaning that a large field of view (FoV) is needed. Compton scattering is the dominating physics process in the SPHiNX sensitive energy range (50–500 keV). The photon interaction cross-section is described by the Klein–Nishina equation as follows:


[image: ]



(1)




where [image: ] is the classical electron radius, [image: ], E is the initial photon energy, [image: ] is the scattered photon energy, [image: ] is the polar scattering angle between the incident photon and the scattered photon, and [image: ] is the azimuthal scattering angle of the scattered photon with respect to the polarisation of the incident photon.



From Equation (1), it is clear that the azimuthal scattering angle [image: ] will be modulated by the polarisation of the incident photons, that is, photons are preferentially scattered at angles perpendicular to the incident polarisation vector. This mechanism provides a sinusoidal modulation curve when reconstructing the azimuthal scattering angle recorded by the detector. The phase and amplitude of the modulation curve are proportional to the polarisation angle and fraction of the incident beam, respectively.



Unlike the GRB polarimeter, POLAR [8], which makes measurements on-board the Chinese spacelab Tiangong-2, two kinds of detector material have been used for SPHiNX; one is the low-atomic-number plastic scintillator which has a large cross-section for Compton scattering, and the other one is the high-atomic-number GAGG (gadolinium aluminium gallium garnet) scintillator [9], which provides a high probability for photoelectric absorption. In the baseline design, plastic scintillators are read out using photomultiplier tubes (PMTs), and GAGG scintillators are read out using multipixel photon counters (MPPCs). As shown in Figure 1, inside the cylindrical shielding, seven hexagonal plastic scintillators are indicated in grey, and each of them is split into six pieces with a gap size of 1 mm in between. The gap is implemented to accommodate wrapping materials that are needed to maximise the collection of scintillation light. Each side of the plastic scintillators is surrounded by four pieces of GAGG scintillator which are shown in yellow, resulting in a total number of 120 pieces of GAGG.


Figure 1. An overview of the SPHiNX payload, including the plastic and GAGG scintillators, the shielding, electronics, and the power-supply module.
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The ideal events for polarisation measurement are generated by photons that undergo Compton scattering in a plastic scintillator with a subsequent photoelectric absorption in a GAGG scintillator. The interactions are required to occur within a coincidence window with duration of a few hundred nanoseconds. In practice, all valid two-hit events can be used for the polarisation calculation, that is, plastic to plastic, GAGG to GAGG, plastic to GAGG and GAGG to plastic. One-hit events are foreseen to be used for spectroscopy and localisation of GRBs. Properties of SPHiNX are shown in Table 1. The field of view is defined by the incidence angle for which the effective area reduces to 50% of the value for an on-axis observation.


Table 1. SPHiNX properties.





	Property
	Value





	Field of view
	±60[image: ]



	Energy range
	50–500 keV



	Effective area
	≥125 cm[image: ]



	Energy resolution
	≤30% @ 60 keV



	Timing resolution
	≤100 ms










3. Geant4 Simulation


Geant4 [7] is a powerful toolkit for Monte Carlo simulations of particle interactions. The geometric mass model of the satellite, the input particle spectrum, physics models describing particle interactions and the selections on energy deposits are needed in order to determine background rates. Geant4 version 10.02.p023 has been used in this work.



3.1. Geometric Model


A geometric model of the SPHiNX satellite is built in Geant4 based on the mission baseline design. All important components are implemented, including the solar panel, scintillator detectors, photosensors, carbon fibre-reinforced polymer (CFRP) front window, electronics, shielding, support structure, and the InnoSat platform, as shown in Figure 2. A higher level of detail is implemented in the sensitive detectors and elements around them, for example, the cylindrical shielding comprising three layers of 1 mm of lead (outermost layer), 0.5 mm of tin (intermediate layer) and 0.25 mm of copper (innermost layer). For components with a complicated structure that lies far from the sensitive detector, the primary concern is to represent the correct mass and the dominant materials of the modelled objects. For example, for the InnoSat platform, structural 7075 aluminium alloy and the lithium battery have been implemented.


Figure 2. The SPHiNX satellite as implemented in Geant4. The figure shows the geometry of the solar panel (green), InnoSat platform (grey), shielding (the upper brown cylinder), support structure (the bottom yellow cylinder) and sensitive scintillators (blue and red components inside the shielding). For clarity, the CFRP window covering the instrument aperture is not shown.
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3.2. Space Radiation Environment


The space radiation environment strongly depends on the orbit of the satellite. SPHiNX is foreseen to be launched into a low Earth orbit (LEO) with an altitude of 550 km and an inclination of 53[image: ]. This is the lowest available inclination due to platform constrains. Outside the South Atlantic Anomaly (SAA), prompt background contributions are mainly the cosmic X-ray background (CXB); primary and secondary cosmic rays (CRs), which are dominated by protons; albedo gamma rays; and neutrons, which are generated by the interaction of CRs with the upper atmosphere. All background components are assumed to be isotropic. Earth-shielding effects are applied to CXB and cosmic-ray backgrounds. For albedo gamma rays and neutrons, the fluxes are normalised taking into account the average polarimeter pointing direction during a representative orbit. The energy spectra of these components are derived from the same methods used in the background simulation of HXMT (the Hard X-ray Modulation Telescope) [10], which operates in LEO at the same altitude of SPHiNX but a lower inclination of 43[image: ]. The spectra of cosmic rays exhibit a strong dependence on geomagnetic latitude. Compared to HXMT, SPHiNX operates at a lower geomagnetic cut-off which primarily affects low-energy particle fluxes. The input spectra are shown in Figure 3, with the ten components considered for SPHiNX. In the relatively high magnetic latitude, the secondary electrons and positrons have the same energy spectrum [11].


Figure 3. The spectra of the ten background components simulated outside the SAA.
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SPHiNX will pass through the SAA—a region with an extremely high flux of trapped particles (mainly protons and electrons)—several times per day. During a passage through the SAA, activation of structural components can cause a delayed background due to the decay of radioactive isotopes. The spectra of trapped particles in the SAA are obtained from SPENVIS (ESA’s SPace ENVironment Information System)4. Prediction from models AP-8 and AE-8 for the orbital parameters of SPHiNX are shown in Figure 4. The maximum galactic cosmic ray flux will arrive at the Earth during the solar minimum. SPHiNX is expected to be launched in 2021, which is approaching the solar maximum. Here, the conservative solar minimum case has been considered, corresponding to the extreme case that SPHiNX may encounter. While the flux of electrons is much higher than the protons, the energy range of the electrons, which varies from 40 keV to 7 MeV as shown in Figure 4b, is too small to activate materials. Protons, occupying a higher energy range up to 400 MeV, are the main source of the delayed background, as shown in Figure 4a.


Figure 4. Flux of SAA-trapped protons and electrons during solar minimum, as obtained from SPENVIS.
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3.3. Physics Model for Particle Interactions


A reference physics list offered by the Geant4 collaboration named the Shielding Physics List has been used in the simulation. This package includes all the physics processes needed for simulations in the space environment, which include electromagnetic physics, hadronic physics and radioactive decay physics. In order to correctly model the relatively low-energy interactions in the scintillators and treat polarisation properly, “G4EmLivermorePolarizedPhysics” has been used instead of the default “G4EmStandardPhysics” implementation.




3.4. Data Analysis


When tracking particles interacting with the sensitive detectors, all steps with energy deposit have been recorded together with the corresponding detector ID by Geant4 software. After the simulation of all the background components, the generated data are analysed.



For SPHiNX, an event will be considered as a signal only if certain photosensor pulse height conditions are fulfilled. Applying the same conditions to the background simulated data yields the background event rate. These conditions are related to three parameters, the hit threshold (HT), the trigger threshold (TT) and the upper discriminator level (UD):

	
All hits must have an energy deposit exceeding the HT.



	
At least one hit has an energy deposit above the TT.



	
No hit has an energy deposit exceeding the UD.








Here, a hit means an interaction in a scintillator, which comprises the sum of all internal energy deposits. A hit is seen only when it has an energy deposit above the HT, otherwise it would be indistinguishable from the electronic noise level and would thus not issue a trigger in the instrument. TT is needed to flag a valid event and UD is applied for suppressing background, mainly from cosmic ray minimum-ionising particles (MIPs).



Based on the difference in light-yield between the plastic scintillator and GAGG scintillator, separate parameters have been applied for them, as shown in Table 2. All these parameters are related to the detector and electronic readout system, and are chosen to optimise the polarimetric sensitivity in the SPHiNX energy range.


Table 2. Parameters applied for plastic scintillator and GAGG scintillator.





	Parameters
	Plastic (keV)
	GAGG (keV)





	HT
	5
	30



	TT
	25
	30



	UD
	600
	600











4. Results


4.1. Prompt Background


The prompt background levels for all simulated background components outside the SAA after applying selections are shown in Table 3. Here, the background count rate from each component has been separated into three categories: one-hit events (energy deposit in only one scintillator), two-hit events (energy deposit in two separate scintillators) and higher-multiplicity events (with interactions in three scintillators or more). Two-hit events are used to determine the polarisation, and one-hit events are foreseen to be used for spectroscopy and localisation of GRBs. Higher-multiplicity events may not be recorded due to onboard storage constraints.


Table 3. Background rates for all components.





	Component
	One-Hit Rate (Hz)
	Two-Hit Rate (Hz)
	Higher-Multiplicity Rate (Hz)





	CXB
	1270.1
	195.3
	37.5



	Albedo Gamma
	397.5
	112.9
	30.8



	Albedo Neutron
	14.3
	5.1
	2.7



	Primary CRs
	15.5
	5.3
	2.9



	Secondary CRs
	9.2
	4.5
	3.3



	Total
	1706.6
	323.1
	77.2









From Table 3, one-hit events are seen to dominate the total background at more than five times the two-hit events. The situation for GRBs is similar, with one-hit events dominating by percentages depending on the GRB energy spectrum. Only a fraction of one-hit events will be stored, because of limitations on the onboard storage, dead time and downlink. Higher-multiplicity events contribute little to the total rate and are ignored in what follows.



The total prompt background of two-hit events is 323 counts/s, as shown in Table 3. The dominating component is CXB, with a contribution of 195 counts/s, which is ∼60% of the total background. This is common for large-FoV satellite-borne detectors. The second prominent component is albedo gamma rays, coming from cosmic rays interacting with the upper atmosphere. The flux of albedo gamma rays depends on the amount of atmosphere that the detector views [6]. Here, the average background from albedo gamma rays has been presented, which is about 35% of the total background. The remaining 5% comes from albedo neutrons and primary and secondary cosmic rays, which is negligible due to the shielding and thresholds applied, as discussed in Section 4.3.




4.2. Delayed Background


The delayed background is generated by the decay of radioactive isotopes, produced by trapped protons in the energy range from 100 MeV to 400 MeV [10]. Such decays can be recognised from the energy deposit time recorded by Geant4. While the timescale for prompt background is <1 [image: ]s, the delayed background has a much wider time distribution, extending to hundreds of days depending on the half-life of the radioactive isotope.



The simulation shows that the delayed background increases rapidly during the first month, and slowly saturates after one-year operation in orbit, to ∼190 counts/s for two-hit events, as shown in Figure 5. The majority of the delayed background originates from the aluminium materials in the platform structure. The effect of this background may be reduced during final optimisation study of payload integration.


Figure 5. The accumulated distribution of the delayed background of two-hit events induced by SAA-trapped protons.
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4.3. Upper Discriminator Selection


The prompt and delayed background levels presented here are derived using a UD of 600 keV, which is chosen as a trade-off between source and background rates. The UD setting affects particle backgrounds (like protons, electrons and neutrons) more strongly than the photon background. For example, the two-hit event rate from CXB increases by 0.7% if no UD is applied at all, while the primary proton rate increases by a factor of 22.5 in the absence of a UD selection, resulting in the two-hit event rate of ∼106 counts/s, which is comparable to the contribution from the second dominating background source, albedo gamma rays. As the UD selection only has limited influence on photons, for a GRB with Band spectral parameters [12], [image: ] 200 keV, [image: ], UD selection only affects 0.2% of the two-hit event rate in maximum, which is negligible compared to the particle background. Thus, the UD selection is very important for the data quality in terms of the signal-to-background ratio. This is of high importance for SPHiNX, where the downlink capacity from the payload will be limited.




4.4. Hit Threshold


The behaviour of the HT is opposite to that of the UD. When the hit threshold is increased, the CXB rate decreases dramatically, while the primary proton rate remains essentially unaffected, as shown in Figure 6, where the same hit threshold is applied for both plastic and GAGG. This is under the assumption that the dynamic range of the GAGG detector and readout can be extended down to 5 keV. The total background is dominated by the rate of the CXB, that is, a high hit threshold is favoured. However, a large fraction of the signal events from the GRBs generate hits in this low-energy region, meaning that a low hit threshold is required for the scintillators. The optimisation of these event-selection parameters is done in terms of the minimum detectable polarisation (MDP) [13] based on the Fermi/GBM catalogue of GRBs [14].


Figure 6. Two-hit event rates of CXB and primary protons, as a function of hit threshold.
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5. Summary


The Geant4 toolkit has been used in the background study of SPHiNX, by constructing an instrument model, a space radiation model and applying particle interaction physics models. Data selections are based on the parameters listed in Table 2, which are optimised in terms of the MDP based on an independent simulation of GRBs from the Fermi/GBM catalogue.



The simulation shows that the total background of two-hit events, including prompt and delayed background, is 513 counts/s when SHPiNX operates in orbit for one year. This is expected to be the most extreme case that SPHiNX will encounter.



The prompt two-hit event rate from all considered background components outside the SAA amounts to ∼323 counts/s, as shown in Table 3. The dominant component is the CXB, contributing 60% of the total background. The second most prominent component, albedo gamma rays, whose flux varies with the pointing of the instrument, has an average contribution of 35%. Background from albedo neutrons and primary and secondary cosmic rays has a total contribution of 5%, which is negligible, due to the shielding and thresholds applied.



A delayed background originating from radioactive isotope decay induced by SAA-trapped protons significantly increases the two-hit background. It increases rapidly during the first month, and slowly saturates at ∼190 counts/s after SPHiNX is in orbit for one year, as shown in Figure 5. Since the delayed background mainly originates from the aluminium platform structure, it is expected that a reduction will be possible once the polarimeter shielding is optimised.



An independent simulation of GRBs from the Fermi/GBM catalogue, using the same thresholds as applied for the background study, shows that the polarisation of ∼50 GRBs with minimum detectable polarisation less than 30% will be measured during the two-year mission lifetime. The performance is sufficient to allow discrimination between GRB prompt emission arising from synchrotron processes in ordered and random magnetic fields, and inverse Compton-dominated outflows [14].
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