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Abstract Following the retirement of the community supported Van Allen Probes mission, the quest for
high-quality energetic particle measurements in the radiation belts is likely to be taken on by smaller spacecraft
like CubeSats in the foreseeable future. Here we introduce the Relativistic Electron Proton Telescope integrated
little experiment-2 (REPTile-2), a miniaturized (~1.5 U) solid-state charged particle telescope that aims to
undertake this challenging task. It incorporates detailed pulse-height analysis to enable 60 electron channels and
60 proton channels and includes anticoincidence detectors to minimize unwanted background contamination.
This paper presents a description of the REPTile-2 design and emphasizes the importance of extensive
Geant4-based analysis to inform the design of a new energetic particle detector and characterize the instrument
response. Our analysis shows that REPTile-2 can measure ~0.3—~4 MeV electrons and ~6.7-35 MeV protons
with energy resolution (AE/E) of 7%—38% for electrons and 1.5%—5% for protons. Results from a Sr-90/Y-90
radioactive source test have verified the instrument performance and the validity of the Geant4 simulations.
These energetic particle measurements will enable a new scientific understanding of the inner radiation belt,
where unwanted contamination from the unforgiving penetration of highly energetic protons (tens of MeV to
GeV) is common, and provide detailed quantification of the inner belt electrons and protons in the low-Earth
orbit that is crucial for space weather modeling.

1. Introduction

High-quality measurements of energetic particles can shed light on old, lingering questions and provide a new
perspective on our prior understanding of the radiation belts. For instance, one of the perplexing findings from the
Van Allen Probes mission is the absence of MeV electrons in the inner belt (Fennel et al., 2015; Li et al., 2015, Li,
Baker, et al., 2017). This observation contrasts with previous findings such as those of Baker et al. (2004), Zheng
et al. (2006), and Li et al. (2009), where significant > MeV fluxes from previous missions were observed in the
inner belt during the early 2000s. Inspired by Van Allen Probes measurements, Selesnick (2015b) reexamined
observations from the early 2000s and suggested that equatorial trapping electron measurements in the inner belt
were overwhelmed by lower energy electrons or high-energy protons, leaving the task of characterizing these
stably trapped MeV electrons for the future. On the other hand, the theoretical prediction of the CRAND contri-
bution to high-energy inner radiation belt electrons (>800 keV) has not been verified by observation due to a
lack of high-sensitivity detectors (Selesnick, 2015a), while the CRAND contribution to quasi-trapped ~0.5 MeV
electrons has been clearly identified (for example, Li, Selesnick, et al., 2017). To address these questions requires
fine-energy resolution and low contamination energetic particle measurements.

Measuring energetic particles, especially electrons, can be a daunting task, as explained by Vampola (1998). It
requires an understanding of how particles of interest and background populations interact with the instrument. In
addition to background contamination, for example, from highly energetic protons and bremsstrahlung radiation
by highly energetic electrons, electronic limitations such as saturation add additional complexity to identifying
the energies and species of incident particles correctly. In an ideal system, the electronics can handle and resolve
every single pulse triggered by incident particles. In reality, the electronics cannot distinguish pulses that occur
within the resolution time (pileup) and require some time to recover after recording a pulse (deadtime). A coin-
cidence system might also be tricked by two different particles that hit almost simultaneously on two different
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Figure 1. Illustration of REPTile-2 design with key features labeled.

detectors and interpret them as a single particle (chance coincidence). Previous instruments have suffered from
these detrimental effects in the inner belt region, where actual measurements are sometimes overwhelmed (Sele-
snick, 2015a; Selesnick et al., 2019). To ensure the quality of energetic particle measurements, it is thus necessary
to consider and understand the effect of these potential problems early in the instrument design phase.

The Relativistic Electron Proton Telescope integrated little experiment-2 (REPTile-2) is a miniaturized solid-
state telescope that has been designed with these specific challenges in mind. The goal is to provide fine energy
resolution measurements with minimal background contamination or electronic limitations. REPTile-2 has flight
heritage from REPT (Baker et al., 2012) onboard Van Allen Probes and REPTile onboard the Colorado Student
Space Weather Experiment (CSSWE) CubeSat (Blum & Schiller, 2012; Li et al., 2012, Li, Palo, et al., 2013,
Li, Schiller, et al., 2013; Schiller & Mahendrakumar, 2010). With the addition of guard rings and pulse-height
analysis, REPTile-2 has improved upon the previous design; through Geant4 simulations and calibration results,
it demonstrates capability for providing 300 keV-3 MeV electron measurements with energy resolution as low
as 40 keV (AE/E < 17% for 300-500 keV) and in minimizing unwanted background contamination. REPTile-2
is the sole payload onboard the Colorado Inner Radiation Belt Experiment (CIRBE), a low-Earth orbit (LEO)
CubeSat mission supported by NASA. It is designed to constantly point at directions perpendicular to the local
magnetic field lines. The mission is currently scheduled for launch no earlier than the fourth quarter of 2022.

The purpose of this paper is to provide a description of REPTile-2 design and a detailed discussion of instrument
performance that is characterized with the aid of Geant4 simulations. This paper concludes with a Sr-90/Y-90 test
result that verifies the validity of Geant4 simulations and the functionality of the instrument.

2. REPTile-2 Design

REPTile-2isa ~1.5 U (10 x 10 x 15 cm, with electronics) energetic particle telescope, as illustrated in Figure 1.
It includes four 1.5 mm thick silicon detectors separated into inner areas (a diameter of 20 mm) and outer rings
(inner diameter: 20 mm; outer diameter: 40 mm), which are also known as guard rings. The silicon detectors are
obtained from Micron Semiconductors, UK. Each silicon detector is held in the center of a detector holder with
a separation of 2.5 mm between two detectors.

In front of the silicon detectors, there is a beryllium (Be) window with a diameter of 20 mm and a thickness of
0.3 mm that can block <~200 keV electrons and <~6 MeV proton from reaching the silicon detectors. In front
of the Be window, a collimator, with a total length of ~40.5 mm and seven optimally spaced, knife-edge baffles,
is used to prevent electrons outside the field of view (FOV) from entering the detector stack directly (Schiller &
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Mahendrakumar, 2010). The collimator has an inner radius of 10 mm and is mainly made of Tantalum (Ta), a
high atomic number (Z) material. Under this configuration, REPTile-2 has a ~51° FOV.

The entire instrument is shielded by aluminum (Al) with an additional inner shield made of mostly Tungsten (W)
that surrounds the silicon detectors. The thickness of the Al shield on REPTile-2 ranges between 0.1 and 10 mm,
while the thickness of the W shield ranges from 3.5 mm on the side to 5 mm on the back. This layered shield
stops electrons with energies less than ~10 MeV and protons with energies less than ~60 MeV from reaching the
detector stack. Tungsten sheets, ~0.5 mm thick each, are used on the top and bottom of the detector stack, while
the inner Tungsten shield ring around the detector stack is made of Tungsten-epoxy composite (64% Tungsten
and 36% epoxy). These changes are made to meet the orbital debris requirement during atmospheric reentry for
spacecraft de-orbit. The overall mechanical design is inherited from REPTile with some changes such as the use
of guard rings for all four detectors and a thinner Be window to decrease the lower energy limit of measurable
particles.

3. Geant4 Simulations

Geant4 (abbreviation for Geometry And Tracking, version 4) is an object-oriented toolkit that uses a Monte-Carlo
approach to simulate the passage of particles through matter (Agostinelli et al., 2003; Allison et al., 2006, 2016).
In this study, all simulations were performed using Geant4.10.6. source code. The standard Geant4 electromag-
netic physics list G4EmStandardPhysics_option4 (“EMZ”) is selected for this study. This study conducted two
types of simulations: a boresight-shooting simulation and a “spherical simulation” where particles of a rand-
omized incident energy shoot from an inner spherical surface around the instrument. The former informs us about
the instrument responses to field-of-view (FOV) particles, while the latter allows us to explore the detector's
responses to particles from and outside the FOV. We utilized the G4General Particle Source package available
in Geant4 for the spherical simulations. The radius of the source sphere is 50 mm, centered at the beryllium
window to cover the entire instrument. The angular distribution of the incident particles is prescribed a cosine-
law distribution to generate an isotropic flux inside the sphere. Incident electrons and protons that range from 0.1
to 10 MeV and 1-200 MeV, respectively, are simulated in a randomized order. Tens of billions of events were
simulated to ensure sufficient statistics. The energies deposited on all four detectors and guard rings for each
event were recorded and analyzed using MATLAB 2017b software.

4. Instrument Characterization
4.1. Anticoincidence Detectors — The Guard Rings

Very energetic protons can penetrate the passive shielding and be a source of contamination for electron meas-
urements. To mitigate this, REPTile-2 uses anticoincidence detectors for active collimation. As a critical feature
of the REPTile-2 design, these guard rings are employed to detect and remove all particles that deposit higher
than a specified threshold, TG. Figure 2a illustrates all simulated energy deposits by incident protons on the third
detector, D3, and the last detector, D4. Figure 2b shows only events where the guard rings are not triggered. The
contrast between Figures 2a and 2b (without and with guard-ring triggers) is apparent. A vast amount of side-pen-
etrating, high-energy protons are removed by using the guard rings in anticoincidence.

The bottom panel of Figure 2 presents a similar comparison but for incident electrons. Unlike Figures 2a and 2b,
fewer “contaminated” events are removed in Figure 2f, and the energy deposits by incident electrons also have no
distinct pattern. The simulated incident electrons (0.1-10 MeV) deposit lower energies (<5 MeV) than incident
protons. This is not surprising because the stopping power for electrons is smaller, and thus electrons deposit/lose
less energy than protons when traversing the same thickness material. It is also worth noting that the simulated
results in Figure 2 are from the spherical Geant4 simulations based on a flat incident energy spectrum, while in
reality, the incident particles more closely follow an exponential or power-law energy spectrum. As a result of
this realistic particle distribution, the number of very energetic incident particles that are removed by the antico-
incidence logic will be much smaller in the actual space environment. For instance, ~92.5% (~24%) of protons
(electrons) were removed by the guard rings using the flat energy spectrum, and the removal percentage reduces
to ~14% for protons and ~2% for electrons using a more realistic energy spectrum from AP9 and AE9.
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Figure 2. Energy deposition on the third detector (D3) against the energy deposition on the fourth detector (D4). The top and bottom panels are those by incident
protons and electrons, respectively. (a & e) All events without applying the anticoincidence logic. (b & f) Only events that do not trigger the guard rings (i.e., energy
deposit < TG). (c & g) Events that do not trigger the guard ring and deposit energy > TD on the first detector, which are required to be considered as valid events in this
study. (d & h) shows how the valid events are categorized into different particle types (red for RNGp, green for PENp, blue for RNGe, and cyan for PENe). TD and TG
are the threshold of the minimum energy deposit on a detector and guard rings (0.1 and 0.671 MeV in this case), respectively. A flat incident flux spectrum is used here
for both protons and electrons. The simulated electron and proton energy ranges are 0.1-10 MeV and 1-200 MeV, respectively.

4.2. Logic and Binning Equations

In this study, a valid event is an event that does not trigger the guard rings (i.e., energy deposit on guard rings is

less than or equal to TG) and deposit energies above a certain threshold, TD, on the first detector. TD and TG

are set as 100 and 671 keV based on the electronic noise analysis where the standard deviation of the electronic

noise on each detector is ~15-20 keV. Examples of the valid events from incident protons and electrons, which

deposited energies on D, and D,,, are presented in Figures 2c¢ and 2g, respectively. With the addition of D, require-

ments, the resultant valid event plot further reduces the contamination from mostly back-penetrating particles,

demonstrated in comparisons between Figures 2b and 2c and between Figures 2f and 2g. Above all, it reveals

“footprints” of distinct incident proton populations: range (RNG) protons (which deposit all their energy in the

detector stack) and penetrating (PEN) protons (which deposit little energy in the detector stack). These “foot-

Table 1
Logic Equations for Each Particle Type Used in REPTile-2

Particle types Logic equations

Range proton (RNGp) D, - Dy - (D, + Dy, - G*
D, D, -D,- D34s* -G*
D,-D,*-D*-G*

Dl . DlZs* o ])4 . G*

Penetrating proton (PENp)
Range electron (RNGe)

Penetrating electron (PENe)

Note. - is logical AND; + is logical OR; * is logical complement (NOT).
E, = measured energy depositin detector n. G, =G, + G, + G; + G,. D, is true
if E, > TD. G is true if G, > TG. D, is true if E,/2.8 MeV + E,/4.2 MeV >
1. D,,, is true if E;/13.5 MeV + E,/30 MeV > 1.

prints” prove to be helpful in deriving the logic equations for characterizing
incident particles. The valid events are then categorized into four different
particle types: range proton (RNGp), penetrating proton (PENp), range elec-
tron (RNGe), and penetrating electron (PENe). Table 1 summarizes the logic
equations, which are explained in detail below. Thresholds like TD, TG, and
the values in slant equations, D,  and D,,, can be modified during flight.

To distinguish electrons from protons, we recalled that the energy deposits by
incident electrons are significantly lower than those by incident protons. This
distinction allows the derivation of an empirical slant equation, D,,,. Parti-
cles that fulfill D,,, requirement deposit relatively high energy on the first
two detectors and hence are most likely incident protons. The valid proton
events are further binned into RNGp and PENp using another slant equation
D,,, and D, requirement (i.e., energy deposited on the last detector must be
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greater than TD). Energetic protons (>30 MeV) that enter from the FOV can penetrate through the detector
stack and deposit very little energy in the detector stack. This is shown in Figure 2¢, where the valid events have
two distinct branches and a negative-slope population. The fork is made of very energetic penetrating protons
(>30 MeV): one branch is formed by front-penetrating protons, which deposit more energy on D, than D,; the
other is formed by back-penetrating protons, which deposit more energy on D, than D,. On top of the fork, there
is a notable population with a negative slope, which is a characteristic of range protons. They distinctively deposit
much higher energies in the last two detectors than the penetrating protons. Utilizing this characteristic difference,
we derived another slant equation, D,,, that is useful to distinguish the range proton that stops on the last detec-
tor from the penetrating protons, while the D, requirement captures the range protons that stop on the first three
detectors. Together, they help differentiate range protons from penetrating protons (See Figure S1 in Supporting
Information S1 for more details).

Due to electron scattering and range straggling, which cause the lack of defined characteristics in the electron's
energy deposit distribution (Figure 2f), it is not possible to differentiate range electrons from penetrating elec-
trons, unlike for incident protons (Bichsel, 1988; Li et al., 2015). Instead, a more simplistic approach is taken:
PENe is defined as a valid event that deposits > TD energy on the last detector (namely, the D, criteria in
Table 1), while those that do not fulfill the D, requirement are considered as RNGe. Figures 2d and 2h illustrate
how valid events are categorized into different particle types using the logic equations. Most events are correctly
categorized into their corresponding species channels. However, there are a small number of high-energy protons
that deposit very little energy and are incorrectly identified as electrons (cyan dots in Figure 2d). Compared to
protons, most events by incident electrons are correctly identified by logic equations as electrons, and only a very
small portion of incident electrons that deposit sufficient energies on D, and/or D, and fulfill D,,, requirements
are incorrectly identified as protons.

The valid events for each particle type are then binned into different energy channels based on their total energy
deposit in all four detectors. Due to the electronic noise, only energy deposits higher than the threshold, TD, on
each detector are included in the computation of the total energy deposit. There is a total of 129 channels for
REPTile-2. The first 120 channels are all logarithmically spaced differential channels except the last channel
for each particle classification, which is an integral channel (i.e., Ch 50 for RNGp, Ch 60 for PENp, Ch 110 for
RNGe, and Ch 120 for PENe. Also see Tables S1, S2, and S3 in Supporting Information S1). RNGp and RNGe
channels have 50 channels each, and PENp and PENe channels have ten channels each. The last nine channels
include four channels that record counts of events that have >TD energy deposit on each detector (D, D,, D, and
D,) and another four that record the coincidence range data (D, e D,*, D, e D, e D.*, D, e D, e D, e D,* and D,
e D, e D, e D,). The last channel, 129, records the count of events on the guard rings (G). A detailed breakdown
of the required total energy deposition for RNGp, RNGe, PENe, and PENp channels is recorded in Tables S1, S2,
and S3 in Supporting Information S1.

4.3. Energy Response Functions

Response functions are commonly used to describe how efficiently an instrument detects particles with a given
incident energy, species, and angle. The energy response function, using Geant4 simulation results, is obtained
by Gri(E) = %4%%2, where n, is the number of valid events for channel i, N is the total simulated events, E
is the incident energy, i refers to channel i, and r is the radius of the source sphere in Geant4. This is equivalent
to multiplying the geometry factor of the sphere, 47°r%, by the fraction of incident particles that trigger channel
i, n/N. Spherical simulation results based on a uniform incident flux spectrum are used in the computation. The
resultant response function is independent of the choice of the source sphere size (so long as it encloses the entire
detector) because an increase in the radius of the source sphere will decrease the number of valid events for each
channel and, in turn, yield the same response function. The full response functions for the RNGp and RNGe
channels can be found in Figures 3a and 3b, and the response functions for PENp and PENe channels are shown
in Figure S2 in Supporting Information S1. The incident energy steps in these figures are 100 and 10 keV for
protons and electrons, respectively.

It is notable in Figures 3a and 3b that each channel is generally well-resolved, suggesting that the logic and
binning equations are sufficient at categorizing the particles and the simulation statistics are adequate. These
figures include the contributions of particles from inside and outside the FOV. For example, the hump around
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Figure 3. (a) & (b) Energy response functions for incident protons and electrons. Different colors represent response functions for channels: (a) RNGp channels,
Channels 1-50; (b) RNGe, Channels 61-110. The highlighted channels are Channels 10 (red), 30 (blue), 40 (green), and 50 (magenta) for RNGp; Channels 70 (red),
80 (cyan), 90 (blue), 100 (green), 105 (magenta) and 110 (yellow) for RNGe. A flat incident flux spectrum is used here for both protons and electrons. The simulated
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60-100 MeV protons (Figure 3a) indicates that these protons are energetic enough to penetrate through the AI-W
layered shielding at a specific angle that does not trigger guard rings and deposit a small amount of energy on
the detectors, appearing as lower energy protons. This population will be monitored using PENp channels and
corrected whenever necessary.

A nominal energy resolution is determined by the full width at half maximum of the response function for each
channel. Quantitively, the nominal energy resolution (AE/E) is between 7% and 38% for RNGe channels and 1.5%
and 5% for RNGp channels, which is a vast improvement from its predecessor, REPTile (with resolution between
80% and 95% for electron channels and 29% and 67% for proton channels). A nominal energy response is an
average of the corresponding energy response within the nominal energy width for each channel. The nominal
energy for RNGp and RNGe channels corresponds to £ < 35 MeV for proton and E < ~6 MeV for electrons,
and their nominal energy response ranges from 0.001 to 0.28 cm?sr for RNGe channels and 0.1-0.4 cm?sr for
RNGp channels. The nominal energy response and energy resolutions for each channel in RNGp and RNGe are
summarized in Tables S1 and S2 in Supporting Information S1.

To characterize the role of very energetic protons as background contamination to electron measurements, we
have computed the response function of incident protons that get binned into electron channels (Figure 3c). Low
energy (~6-7 MeV) protons that barely make it through the Be window have a comparable geometric factor
(0.02-0.2 cm?sr for Channel 80-100), and this could be a significant background concern for electron measure-
ments (~0.6—~3 MeV). These energetic protons generally exist in the inner belt only, except during solar proton
events when they have access to higher L (>3.5) (for example, Filwett et al., 2020). Since energetic electron fluxes
are much greater at higher L (>3.5), the effect of proton contamination on electron measurements at higher L is
generally less severe. In other words, the potential contamination from these low-energy protons will likely occur
when the spacecraft goes through the center of the inner belt and will be tracked accordingly.

4.4. Pileup Effect

We also examine the pileup effect on REPTile-2. The minimum time resolution between two events, z, is 400 ns,
that is, a pileup-free count is recorded if no additional events occur within 400 ns. Before determining the pileup
rate, the count rate is computed using the energy response function on the respective detector and the AE9/AP9
flux spectrum. The count rate, r(E), is approximated as r(E) = Gr(E)j(E)AE, where E is the incident energy, AE is
the incident energy bin width (1 MeV for protons and 0.1 MeV for electrons), Gr(E) is the energy response func-
tion, and j(E) is the estimated flux according to the trapped energetic electron and proton model (AE9 and AP9
model) (Ginet et al., 2013). The mean electron and proton flux spectra as a function of geographical longitude and
latitude are obtained from AE9 and AP9 models, assuming that the satellite orbits at an inclination of 97-degree
and an altitude of 600 km (the highest allowable altitude limit for a CubeSat with no active de-orbit mechanism
like CIRBE, in accordance with the FCC guidelines (https://docs.fcc.gov/public/attachments/DOC-358437A1.
pdf). To model the “worst-case” scenario, we selected an energy spectrum inside the South Atlantic Anomaly
(SAA) region where fluxes of most energies are high for the pileup analysis.

Since Geant4 simulates an ideal detector that can resolve every pulse (or event), the computed count rate from
Geant-4 simulations is a pileup-free count rate, as indicated by red lines in Figure 4. The two-event pileup rate is
computed based on the assumption that the superposition only involves two pulses that occur within the instru-
ment resolution time (Knoll, 2000; Selesnick & Stone, 1991). The pileup count rate can be approximated as a
summation between pileup-free events and events that were piled up to a specific channel with subtraction of
events that would be in that specific channel but were piled up to a higher-energy channel. The results are shown
as blue lines in Figure 4. The pileup analysis is conducted for the first detector, as it is subjected to the highest
flux among all detectors. Figure 4 demonstrates that with a 0.3 mm thick Be window, the pileup count rates on
detector 1 for lower-energy particles do not deviate much from the pileup-free count rate. When the pileup occurs,
multiple lower energy pulses can appear as a single high-energy pulse. Consequently, the system (incorrectly)
records smaller counts for lower energy particles and higher counts for higher energy particles. Figure 4 suggests
that the pileup effect is negligible for protons but could be a problem for electrons in this worst-case scenario
analysis. This will likely happen when the spacecraft goes through the SAA region, during which the pileup effect
will be monitored and corrected when needed. In most observations outside of the SAA region, we expect the
pileup effect to be relatively small and negligible.
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Figure 4. Count rate with and without two-event pileup on detector 1 for incident electrons (left) and protons (right).

5. Instrument Sr-90 Radioactive Source Test

We have performed a Sr-90/Y-90 radioactive source test on the flight REPTile-2 instrument to verify the instru-
ment performance. The source was placed directly in front of the REPTile-2 aperture. Sr-90 has a half-life of
28.8 years and undergoes beta decay into Y-90, resulting in a maximum electron energy of 546 keV. With a
half-life of 64 hr, Y-90 decays into the stable Zr-90 and produces a maximum energy of 2.3 MeV (NuDat, 2008).

The Sr-90 source used in this test is a <0.5 mm thin strontium plated onto a steel disk and was acquired in the late
2000s. Since the range of a 300 keV electron in Sr happens to be 0.5 mm, the thickness of the Sr source will have
little influence on the energy range that we are interested to compare with. In addition, even as the source decays
over time, its spectrum is likely unaffected since Sr-90 has a relatively long half-life (~29 years). Also note that
this test was conducted in the laboratory and thus some of the lower energy electrons from the Sr-90 spectrum
will be lost to the air when traversing through the collimator before reaching the Be window. Based on our Geant4
simulations and the ESTAR table (Berger et al., 2005), >200 keV electrons lose <8% of their initial energy in the
air before arriving at the Be window. Since most of the <~200 keV electrons are blocked by the Be window, the
loss of lower energy electrons in air will have little effect on our Sr-90 test result.

The black asterisks in Figure 5a show the measured count rates for these events. The relationship between count
rate and flux is:

ri =/ Gri(E)j(E)dE (1)
where 1, is the count rate at channel i, Gr,(E) is the channel energy response, and j(E) is flux spectrum as a function
of energy, E. We used two different approaches to convert the count rate to flux: a bowtie method (Claudepierre
et al., 2021; Selesnick & Blake, 2000) and a generalized least square method (Selesnick et al., 2018; Tarantola &
Valette, 1982). The bowtie method is often used in space missions due to its simplicity of implementation, but it
has some intrinsic disadvantages. For instance, its resolution is limited by the channel width. On the other hand,

the generalized least square method is commonly used in geophysics to tackle the inverse problem and can yield
a better-resolved flux spectrum, given a fine energy response function.

Figure 5b presents the estimated fluxes from both bowtie and generalized least squares method and their compar-
isons with the expected spectrum (Euramet, 2019). We converted estimated fluxes back to count rates using
Equation (1) and compared estimated count rates to observed count rates to verify that the least squares solution
is reasonable (Figure 5a). Figure 5b shows that estimated fluxes from both methods are in good agreement with
the expected spectrum, which validates the instrument performance and Geant4 simulations. The uncertainty in
the bowtie solution is estimated by propagating the statistical errors in the count rates to the final flux estimates.
Overall, the uncertainty in the bowtie solution is small, except at £ > 2.1 MeV. Compared to the solutions from
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Figure 5. (a) Observed (black) and estimated (red) count rate from the least squares method for the Sr-90 source test. (b)
Estimated flux from the bowtie method (blue) and least squares method (red), in comparison with the expected Sr-90/Y-90
spectrum (dotted gray curve). The dotted red curves and blue error bars show the uncertainties of the estimated flux from the
least squares method and the bowtie analysis, respectively.

the bowtie method, the least squares solution yields a better-resolved energy spectrum. It provides an uncertainty
estimate as indicated by the red dotted curve in Figure 5b. Higher uncertainty is associated with estimated fluxes
for <300 keV electrons, as expected. It is also noted that since the lowest RNGe channel (Channel 61) measures
only >220 keV electrons and has an FWHM energy range between 240 and 300 keV (based on its response func-
tion described in Figure 3b and Table S2 in Supporting Information S1), flux for <220 keV electrons using the
least squares method is extrapolated and thus has a higher uncertainty. The solution uncertainty also increases
near the end of the Sr-90/Y-90 spectrum at £ > 2.1 MeV. We also noted that count rates are not exactly zero at
higher energy (nominal energy, E > 2.3 MeV) channels, namely electron channel 98 and above, possibly due to
background radiation like muons. This explains why the bowtie analysis provides a very low flux (rather than
zero) with a relatively large uncertainty at E ~ 2.4 MeV.

6. Final Remarks

This paper summarizes the comprehensive analysis involved in the design of the miniaturized solid-state charged
particle instrument, REPTile-2. We would like to emphasize the critical role of Geant4 simulations in inform-
ing and improving the REPTile-2 design. Most of the analysis is aided by Geant4 simulations, including the
derivation of the logic and binning equations, instrument characterization, and the study of the pileup effect on
REPTile-2. A radioactive source test validated the Geant4 simulations and the performance of REPTile-2, provid-
ing fine energy resolution measurements for relativistic electrons. With the incorporation of pulse-height analysis
and anticoincidence detectors, REPTile-2 has vastly improved performance relative to its predecessor instrument
(REPTile), particularly in background reduction and energy resolution. The compact design of REPTile-2 also
makes it suitable for small satellite missions.

Data Availability Statement

Simulated data used in this study is generated using the Geant4 source code that can be obtained from https://
geant4.web.cern.ch and is publicly available at https://figshare.com/projects/REPTile-2_Geant4_simulation_data/
134291.
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