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ABSTRACT

This study analyzes the effects of proton energy and silicon detector thickness on particle distribution and
dosimetric response using Monte Carlo simulations based on the Particle and Heavy Ion Transport System
(PHITS) code. Simulations were performed at two proton energies, namely 25 MeV and 100 MeV, with variations
in silicon detector thickness grouped into thin and bulk categories. The analyzed results include the two-
dimensional distributions of protons, secondary photons, and secondary neutrons, as well as the Total lonizing
Dose (TID) values in the silicon detector. The simulation results show that the proton distribution is clearly
influenced by particle energy, where 100 MeV protons have a longer transport range and more dominant
penetration compared to 25 MeV protons. Conversely, visual differences in the distribution of secondary particles,
namely photons and neutrons, across all energy and thickness variations are not clearly apparent in the obtained
two-dimensional maps. From a dosimetric perspective, TID increases linearly with increasing silicon detector
thickness for both proton energies. Furthermore, the TID values at 100 MeV are consistently higher than those at
25 MeV across all thickness variations. Analysis of the D1oo(t)/D,5(t) ratio indicates that an increase in proton
energy enhances the dosimetric response at every detector thickness. These results confirm that within the detector
thickness range of 0.001 cm to 0.5 cm, thickness directly determines the magnitude of TID, while proton energy
enhances the detector’s dosimetric response.
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I. INTRODUCTION

Total Ionizing Dose (TID) is a dosimetry parameter that represents the energy of ionizing radiation absorbed
per unit mass of material; it is widely used to evaluate the effects of radiation on semiconductor materials, sensors,
and electronic devices operating in radiation environments [1-3]. The quality and quantity of radiation are
represented by the dose, which describes the magnitude of energy deposition that can potentially affect the
performance of materials or devices, and by the particle flux passing through. The relevance of TID in silicon-
based systems is also evident in various studies of devices and detectors, including studies of the TID effect on
electronic devices and the use of silicon plates as the sensitive volume for TID evaluation in shielding
configurations [4], [5].

Several factors influence the magnitude of TID in silicon detectors, including the type and energy of the
incident particles and the thickness of the detector’s sensitive volume [6], [7]. Proton energy determines
penetration capability, interaction path length, and the probability of secondary particle formation, while detector
thickness determines the size of the active volume that receives energy deposition. Previous research has shown
that the thickness of the silicon detector is a critical parameter in radiation response, whether in thin detectors or
thicker structures; for example, studies on ultra-thin silicon detectors report thicknesses ranging from a few to tens
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of micrometers, while other studies highlight the importance of silicon thickness in evaluating radiation response
and energy deposition [8].

Monte Carlo simulations have long been used to analyze dosimetric responses and particle transport in
semiconductor materials because they can model radiation interactions in detail across a wide range of energy
scales and geometries, including TID calculations [9-12]. Park et al. (2019) performed a Geant4-based Monte
Carlo simulation to model an X-ray inspection system and calculate the absorbed dose in semiconductor
components, demonstrating that this absorbed dose is highly dependent on X-ray energy [9]. Other studies have
also specifically examined the ability of MCNPX Monte Carlo to track the transport of neutron particles within
semiconductor detectors [11].

This study aims to analyze the effects of proton energy and silicon detector thickness on the Total Ionizing
Dose using Monte Carlo simulations based on the Particle and Heavy Ion Transport code System (PHITS).
Simulations were performed at two proton energies, namely 25 MeV and 100 MeV, with variations in silicon
detector thickness grouped into two main categories: thin and bulk. In addition to evaluating TID values across all
thickness variations, this study also analyzed the distribution of protons and secondary particles—namely photons
and neutrons—to support the interpretation of the physical mechanisms underlying the dosimetric response.

II. METHOD

1) Simulation Design: All simulations in this study were performed using the Monte Carlo-based Particle
and Heavy Ion Transport code System (PHITS) [13]. Simulations were performed to evaluate the effect of silicon
detector thickness on the dose response following the production of secondary particles in an aluminum alloy (Al
alloy) target with the following elemental composition: Mg, Al, Si, Ti, Cr, Mn, Fe, Cu, and Zn, with a weight
fraction of 0.025000, 0.892500, 0.002340, 0.001170, 0.002300, 0.001760, 0.002930, 0.016000, and 0.056000,
respectively. The simulation design was developed to calculate the differences in dose values resulting from
variations in the thickness of the volume-sensitive region, with all silicon detectors placed at the same depth. The
density of Al alloy and Si are 2.81 and 2.33 g/cm?, respectively.

The simulation geometry is shown in Figure 1 below. The geometry was constructed in a linear configuration
along the z-axis, a target material for secondary particle production, an air gap, and a silicon detector. The air gap
between Al alloy and Si have density 0.001205 g/cm? that consist of O, N, C, and H with weight fraction 0.7874,
0.2123, 0.0001 and 0.0002, respectively. The protons are 1 cm directed toward an Al alloy target to generate a
secondary particle field, which subsequently interacts with the silicon-sensitive volume. A linear geometry was
chosen to simplify the interpretation of particle transport mechanisms and energy deposition while minimizing
geometric complexity. The simulated proton energies are 25 and 100 MeV. These two energies were selected to
represent two distinct shielding response regimes: the intermediate-energy condition, where protons can be
completely stopped by the shielding material, and the high-energy condition, where most protons still possess
significant penetration capability through a 5-mm-thick shield, allowing TID to be measured under conditions
dominated by both stopping and penetration processes.

Aluminum
Alloy
Si
Proton Detector
Se——— 5cm
—_—
«—
1icm

Fig. 1. Simulation design

The range of silicon thicknesses used in this study is from 0.001 cm to 0.5 cm. This range was chosen to
cover two thickness regimes: thin and bulk. The thin group covers thicknesses of 0.001-0.02 cm, and the bulk
group covers 0.1-0.5 cm. This grouping is intended to facilitate the analysis of changes in dosimetric response
from a very shallow sensitive volume to a much larger active volume. Simulations were run under identical source,
target, material, and geometric environment conditions for all thickness variations. The primary simulation output
was obtained through the tally of energy deposition in the detector volume, while additional tallies could be used
to support the interpretation of the distribution of secondary particle tracks within the simulation geometry.
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2) TID Calculation: The primary parameter analyzed is the Total Ionizing Dose (TID), which is a quantity
that represents the energy of ionizing radiation absorbed by a material per unit mass. In this simulation, TID is
used to assess how changes in the thickness of the silicon sensitive volume affect the dose received by the detector
when exposed to a secondary particle field resulting from the interaction of primary particles with the target. The
TID value is obtained from the t-deposit in the silicon volume with the output in the form of a dose, so that each
simulation result represents the amount of dose absorbed by the detector for the specified irradiation conditions.

Dose (D) is defined as the energy deposited (Eqcp) in a material divided by the mass (m) of that material [14],
[15], which can be expressed mathematically as the following equation (1).

p = Eaew (1)
m

Since mass can be expressed as the product of density (p) and volume (V), Equation (1) can be rewritten as the
following Equation (2).

b Eaew )
pV

For a slab-shaped detector with a fixed cross-sectional area A and thickness t, its volume is given by V=At, so
dose on the silicon detector can be written as equation (3).

Edep(t) (3)
pAt

D(t) =

Equation (3) shows that changes in silicon thickness (#) affect the deposited energy (Euep(?)) and the volume (V)
mass that receives the deposition. Therefore, the effect of thickness on TID was analyzed numerically using Monte
Carlo simulations.

The T-Deposit calculation in PHITS provides the dose per source particle for each simulated thickness
variation. The simulation results are expressed in Gy/source, representing the absorbed dose per primary particle
(Dsim). The simulated dose values can be multiplied by the number of source particles (N) to obtain the total TID
value (Equation (4)).

TI'lDiotar = Dsim X N “4)

III. RESULTS AND DISCUSSION

In this study, simulations were performed using two proton energy levels—25 MeV and 100 MeV—to
represent primary particle conditions with different penetration capabilities and potentials for secondary particle
formation. Variations in silicon detector thickness were grouped into two main categories—thin and bulk—so that
differences in response between very thin sensitive volumes and larger active volumes could be observed more
clearly. The simulated outputs analyzed include proton tracks as a representation of primary particle transport
within the simulation geometry, secondary particle tracks in the form of photons and neutrons produced after
proton interaction with the target, and the dose received by the silicon detector for all thickness variations at each
energy level. Analysis of proton tracks and secondary particles is used to provide a physical picture of the transport
mechanisms and the formation of radiation fields within the system, while dose analysis is used to quantitatively
evaluate the effects of proton energy and detector thickness on the silicon dosimetry response. This 2D
visualization of primary and secondary particle trajectories aims to provide a qualitative understanding of the
interaction mechanisms underlying dose calculations, whereas quantitative analysis focuses on the total ionizing
dose (TID) as an integrated measure of energy deposition. The statistical uncertainty of all simulations obtained
in this study is less than 2%.

1) Distribution of protons and secondary particles as a function of energy and detector thickness. Figure 2
shows the two-dimensional (2D) distribution patterns of proton scattering in the x—z plane for four simulation
conditions with two proton energy variations—25 MeV and 100 MeV—and two detector thickness variations—
0.001 cm and 0.05 cm. Figure 2(a) represents 25 MeV energy with a thickness of 0.001 cm, (b) 25 MeV energy
with a thickness of 0.05 cm, (c) 100 MeV energy with a thickness of 0.001 cm, and (d) 100 MeV energy with a
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thickness of 0.05 cm. The color scale on the right side of each panel indicates flux magnitude, with red indicating
higher intensity. These 2D maps show how protons move from the left side (particle source) toward the Al alloy
target region and then continue their path toward the detector for various combinations of energy and thickness.

This figure shows that the most distinct difference is observed in the change in proton energy, while
differences due to changes in detector thickness are not observed. At 25 MeV (Figures 2(a) and (b)), the proton
spread after passing through the target region appears very limited and does not show significant penetration to
the right, so the dominant flux distribution remains concentrated around the entry path and the region near the
target. Protons are well absorbed in the Al alloy material. Conversely, at 100 MeV (Figures 2(c) and (d)), the
protons appear to penetrate further in the positive z-axis direction with a longer spread pattern and a flux intensity
that remains high along the main axis, indicating greater penetration at higher energies. This proton penetrated
deeply enough to pass through the Si detector material. Meanwhile, when comparing thicknesses of 0.001 cm and
0.05 cm at the same energy, no significant difference is visible in this 2D map for both energy variations, which
show nearly identical distribution shapes. Variations in detector thickness have not yet produced clear changes in
the proton distribution pattern, whereas the increase in energy from 25 MeV to 100 MeV yields noticeable changes
in the path length and the dominance of the proton flux within the simulation geometry.
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Fig. 2. 2D distribution of protons as a function of energy and thickness: (a) Energy: 25 MeV; thickness: 0.001 cm, (b) Energy: 25 MeV;
thickness: 0.05 cm, (c) Energy: 100 MeV; thickness: 0.001 cm, and (d) Energy: 100 MeV; thickness: 0.05 cm

Protons interact with the Al alloy material, producing secondary particles in the form of photons and
neutrons. The 2D maps of the secondary particle distribution for variations in energy and detector thickness are
shown in Figures 3 and 4. These visualizations demonstrate how changes in proton energy affect the formation
and distribution of secondary particles within the simulation geometry. In addition, these distribution maps also
provide insight into whether variations in detector thickness result in changes in the distribution patterns of
secondary particles that can be observed visually.

In this simulation, photons are generated when 25 MeV and 100 MeV protons interact with the aluminum
alloy material in the target. The protons lose energy as they pass through the material via ionization and atomic
excitation, which produces secondary electrons. These secondary electrons can emit photons through the process
of bremsstrahlung as they are slowed down by the atomic nuclei within the material. Additionally, the interaction
of protons with target atoms can also create excited states in the atoms or nuclei, which then release energy in the
form of photons as they return to a more stable state [16-18]. The photons shown in the figure are an indirect result
of the interaction of protons with the target material, and their presence reflects the transfer of energy from the
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primary protons to the secondary radiation field. The differences in proton energy (25 MeV and 100 MeV) and
detector thickness (0.001 cm and 0.05 cm) are not visually apparent in this 2D distribution map, as the color
patterns and photon flux distributions in the four images appear nearly identical.
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Fig. 3. 2D distribution of photons as a function of energy and thickness: (a) Energy: 25 MeV; thickness: 0.001 cm, (b) Energy: 25 MeV;
thickness: 0.05 cm, (c) Energy: 100 MeV; thickness: 0.001 cm, and (d) Energy: 100 MeV; thickness: 0.05 cm

Another secondary particle is the neutron, which is also produced by the interaction of the Al alloy target
material with protons. The neutron distribution pattern remains unchanged across different thicknesses. However,
changes in proton energy result in different patterns (Figure 4). The figure shows that more neutrons are produced
at higher energies because the probability of interaction is greater when the proton energy is increased.
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Fig. 4. 2D distribution of neutrons as a function of energy and thickness: (a) Energy: 25 MeV; thickness: 0.001 c¢m, (b) Energy: 25 MeV;
thickness: 0.05 cm, (c) Energy: 100 MeV; thickness: 0.001 cm, and (d) Energy: 100 MeV; thickness: 0.05 cm

2) TID calculation: In addition to the distribution of protons and secondary particles, which represent the
quantity of radiation, the Total Ionizing Dose (TID) parameter is also analyzed to evaluate the quality of the energy
deposition received by the silicon detector as a result of exposure to protons and the resulting secondary particles.
TID is an important parameter because it not only indicates the presence of radiation around the detector but also
describes how much ionizing energy is actually absorbed by the sensitive material. In this context, the silicon
detector was chosen because it is a semiconductor material highly relevant for radiation sensor applications, where
its dosimetric response is influenced by direct interactions with primary protons as well as indirect interactions via
secondary photons and neutrons. Therefore, TID analysis provides more representative information regarding the
potential impact of radiation on the detector material compared to flux analysis alone. The TID is calculated using
Equation (4) in units of Gy.
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Fig. 5. Variation of TID with silicon detector thickness at proton energies of 25 MeV and 100 MeV

The relationship between variations in silicon detector thickness and TID values at proton energies of 25
MeV and 100 MeV is shown in Figure 5. In general, both energy levels exhibit the same trend: TID values increase
with increasing detector thickness in both the thin and bulk groups. This increase indicates that the greater the
thickness of the silicon’s sensitive volume, the greater the energy that can be deposited within the detector.
Increasing the thickness extends the effective path length of particle interactions within the material, thereby
increasing the accumulation of energy deposition recorded as absorbed dose. Although both energy levels show a
similar linear trend, the curve at 25 MeV appears flatter than that at 100 MeV. In the thin group, the dose remains
relatively small due to the limited detector thickness and the increase in dose remains consistent with the increase
in thickness. Meanwhile, in the bulk group, the dose values are significantly higher because the thicker active
volume allows for greater energy deposition. Figure 4 confirms that detector thickness has a direct effect on TID
and this effect becomes stronger at higher proton energies. Detector thickness has a direct effect on TID because
an increase in thickness increases the effective interaction path length and the volume of energy deposition within
the silicon. This effect becomes more pronounced at higher proton energies because higher-energy protons have
greater penetrating power and are capable of sustaining the energy deposition process throughout the detector’s
thickness, accompanied by an additional contribution from secondary particles formed at the target [12], [19].

Pillar of Physics, page. | 6



Yani et al

1,7x10*

1,6x10% 4

1,5x10% 4

o/D2s

o 1:4x10° 1

1,3x10% 4

1,2x10% 4

T T
0,001 0.005 0,01 0.05 0,1 0.5 1

Thin Bulk
Detector thickness (cm)
Fig. 6. Relative TID of silicon detectors at D19o(t)/D2s(t) for each detector thickness

The difference in dosimetric response between the two energies is illustrated in Figure 6, which shows the
ratio of D1go(t)/D25(t) for each detector thickness. This figure normalizes the effect of thickness and directly
shows the magnitude of the dose increase at 100 MeV compared to 25 MeV at the same thickness. The ratio tends
to increase with greater thickness, indicating that the effect of proton energy becomes increasingly significant in
thicker sensitive volumes. The TID results in Figures 5 and 6 are consistent with the distributions of protons and
secondary particles discussed earlier. At an energy of 100 MeV, protons have greater penetration and longer track
lengths, thereby increasing the probability of energy deposition within the silicon. The increase in proton energy
responsible for this rise in the TID value is consistent with findings from other study [7]. On the other hand, proton
interactions with the target also produce secondary particles such as photons and neutrons, which contribute to
energy deposition in the detector. Therefore, the increase in TID at higher energies is not only related to the
dominance of primary protons but also to the secondary radiation field formed around the detector. This
relationship indicates that the particle distribution within the simulation geometry plays a direct role in shaping
the silicon dosimetry response so that flux and TID analyses complement each other in explaining the radiation
characteristics of the simulation system with the detector thickness 0.001 — 0.5 cm.

IV. CONCLUSION

Proton energy and silicon detector thickness have different effects on the particle transport characteristics
and dosimetric response of the system under study. The proton distribution shows a clear difference between 25
MeV and 100 MeV energies, where 100 MeV protons have a longer transport range and more dominant penetration
within the simulation geometry, whereas the effect of extreme thickness variations on the proton distribution
pattern is not visually prominent. The distribution of secondary particles, namely photons and neutrons, across all
energy and thickness variations also exhibits relatively similar patterns, so that the differences cannot be clearly
distinguished from the obtained 2D maps. Furthermore, the simulation results indicate that the TID value increases
linearly with increasing silicon detector thickness for both 25 MeV and 100 MeV proton energies, with the TID
value at 100 MeV consistently higher than that at 25 MeV across all thickness variations. These findings confirm
that within the range of parameters examined, detector thickness plays a direct role in determining the magnitude
of TID, while an increase in proton energy systematically enhances the dosimetric response of the silicon detector.
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