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Abstract: Fast-charged particles have been used in diagnosis and treatment since the 19th century.
Positrons are widely used in medical imaging through positron emission tomography, but their
therapeutic potential remains underexplored due to technology limitations associated with the lack of
research on their effectiveness against cancer. One way to understand their behavior is by calculating
absorbed dose distributions in tissue, which can be safely and realistically done using computational
simulations such as the Monte Carlo Method. This study investigates the interaction of a positron
beam with brain tissue and also with a tumor within it, through simulations using the TOPAS software.
Depth dose profiles and absolute absorbed dose values were obtained in the range of 6-24 MeV.
Validation was performed using data from the water phantom with electron beams. The results
showed that, at certain depths in brain tissue, the absorbed dose by positrons was higher than that of
electrons under the same conditions—ranging from 57% to 463% more. These findings suggest that
positrons may offer advantages over conventional electron therapy and contribute to the development
of novel therapeutic approaches.

Keywords: positron therapy; brain tissue; tumor; TOPAS; Monte Carlo simulation

1. Introduction
The use of ionizing radiation for the treatment of diseases such as cancer dates back to the 1950s [1].

As technological development advanced, improvements in cancer treatment followed as well. Within
ionizing radiation, a particular group of particles stands out, known as fast light-charged particles,
characterized as "fast" because they approach the speed of light and "light" because they have a mass
smaller than that of a proton [2]. These particles include electrons and positrons, and due to their
ability to directly ionize the medium, they have many technological applications. One of these is in
medicine, particularly in cancer diagnosis and treatment [3].

Electrons and positrons have been used since the 19th century in cancer treatment. Electrons
are primarily employed in radiotherapy through the use of beams [1], and in brachytherapy, which
involves the use of a source [4]. Both applications are well studied and firmly established, both
theoretically and in clinical practice [5]. In turn, Positrons, are used only in diagnostics, being applied
in imaging exams such as positron emission tomography computed tomography (PET-CT), where
their use involves radioactive sources [6,7]. Although positrons and electrons behave similarly when
interacting with matter—with the exception occurring at the end of the positron’s trajectory, where
it undergoes annihilation upon encountering an almost stationary electron [2]—positrons are not
considered for cancer therapy, neither in beam form nor as a source [8].

Although there are currently several types of particle-based therapies, due to the difficulty and
resistance in treatment [9], as well as the high mortality rate of the disease—about 10 million deaths and
approximately 20 million new cases annually, according to the World Health Organization—developing
new technologies or improving existing therapies remains necessary [10].

Some authors have investigated the effects of positrons and their effectiveness in cancer treat-
ment [8,11,12]. Moadel reported, in both in vitro and in vivo studies conducted in 2003 and 2005, the
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potential for tumor and metastasis cure through positron-based treatment [11,12]. More recent studies
by Hioki and collaborators demonstrated the effectiveness of positrons in causing single, and double,
strand DNA breaks [8]. The underutilization of positrons is largely due to the lack of studies regarding
their potential in cancer therapy and the safety concerns related to their use. For this reason, dosimetric
calculations are essential to support the development of new technologies for their application.

One way to understand how positrons interact with matter is through dose calculation, which
aims to observe and determine how the dose is distributed within the medium. This can be done using
absolute values or, more commonly, through the calculation of the percentage depth dose (PDD) curve.

Monte Carlo method-based computer simulations are a safe and effective way to obtain reliable
estimates of how particles interact within a given medium. This method allows for highly realistic
simulations due to its stochastic and probabilistic nature, relying on cross-section calculations derived
from experimental data and reference tables used within the scientific community. Currently, there
are several simulation codes that offer robust and highly accurate results [13–15], providing reference
values for theoretical model development and supporting experimental validation. Many works in the
literature have employed this method and validated their results [15–18].

Motivated by this, the present work provides, for the first time, data on absolute dose distribution
and PDD for a positron beam incident on a biological target, specifically, material representing brain
tissue and a tumor, types of soft tissue, in an energy range between 6 and 24 MeV. The results
are obtained through Monte Carlo simulation using the TOPAS software and are compared with
simulations performed using electrons, highlighting the dose differences between the two particles.

2. Materials and Methods
In this study, the TOPAS software (Tool for Particle Simulation) (version 3.7.0) was chosen to

perform the simulations, taking advantage of its advanced capabilities in radiation physics. TOPAS, in
turn, uses version 10.06.p03 of Geant4 (Geometry and Tracking 4), a toolkit for simulating the passage
of particles or radiation, which bases its simulations on physical data tables and intrinsic interaction
models. These tables and models provide crucial information about material properties and particle
interactions with matter and are regularly updated and validated by the toolkit’s developers and
organizations responsible for supplying reliable data accepted by the scientific community. Examples
include the International Commission on Radiation Units and Measurements (ICRU), the National
Institute of Standards and Technology (NIST), and the International Commission on Radiological
Protection (ICRP).

For such applications, the use of processors with a higher number of threads is necessary and
recommended, as it significantly reduces the time required for each simulation. In this study, the
following computer specifications were used:
Intel(R) Xeon(R) Silver 4310T CPU @ 2.30GHz
Thread(s) per core: 1
Core(s) per socket: 10
Socket(s): 2
11th Gen Intel(R) Core(TM) i7-11700 @ 2.50GHz
Thread(s) per core: 2
Core(s) per socket: 8
Socket(s): 1

The simulations included the transport of all secondary particles produced by the interactions
of positrons and electrons. A total of 109 particles were simulated in order to ensure high precision,
thereby minimizing statistical uncertainties as much as possible.

To calculate the absorbed dose distribution of positrons and electrons, it is necessary to define
a well-structured geometry for the phantom. In this study, the phantom was modeled with a cubic
geometry, with dimensions of 30 × 30 × 30 cm3, placed inside a parallelepiped filled with vacuum. The
cube was positioned so that the beam was directed toward the center of one of its faces. The phantom
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was divided into 100 bins, each with dimensions of 0.3 × 30 × 30 cm3, to record the amount of absorbed
dose from positrons and electrons in each bin using the DoseToMedium scorer. The DoseToMedium
scorer provides the absorbed dose in the medium after each simulation.

In the TOPAS model, monoenergetic electron and positron beams were emitted along the Z-
direction. To evaluate the behavior of the particles, the distance between the beam and the phantom
was set to 100 cm, which is a commonly recommended and used value in the literature, experiments,
and simulation studies [19–21]. The irradiation field was set to 10 × 10 cm2. The beam configurations
used in the simulations are presented in Table (1):

Table 1. Beam parameters and scorer configuration used in the simulation.

Parameter Configuration

BeamAngularDistribution Flat
BeamAngularCutoffX and Y 2.8624 deg

The BeamAngularDistribution parameter defines the angular distribution of the particles in the
beam. In this study, it was configured to distribute particles uniformly within a specific geometric area.
This area is determined by the BeamAngularCutoffX parameter, which defines the irradiation field size.

2.1. Positrons and Electrons Beams Simulation on Water

For the validation of the methodology, the simulation settings were carefully defined to replicate
the parameters used in the experiment, such as source-to-phantom distance, irradiation field size, and
phantom material, thus ensuring comparability between the results obtained by both methods. These
same parameters were also adjusted for comparison with simulation data available in the literature,
including not only the experimental parameters but also the beam configurations.

The need to validate the methodology using electron beams in water arises from the lack of
literature data on positron beams incident on any material within the energy range used in this work.
In the absence of such data, validation must be performed using particles and media that are well-
documented in the literature. This scarcity is partly due to the technological difficulty in producing
positron beams at energies used in radiotherapy, and partly due to the limited number of studies
exploring their potential in cancer treatment [8].

Thus, for comparison with experimental data from the literature (EL), three beams with different
energies were used: 6, 9, and 12 MeV. For comparison with simulation data from the literature (SL),
five beams with different energy values were used: 6, 9, 12, 20, and 24 MeV. The phantom composition
used was the predefined material G4_WATER, which represents water. The choice of the energy range
for both procedures was based on the typical energy levels used in radiotherapy [22], as well as the
availability of data in the literature.

2.2. Positrons and Electrons Beams Simulation on Brain

After the validation of the methodology, positron beams with energies of 6, 9, 12, 20, and 24 MeV
were simulated, and both the PDD and the absolute absorbed dose in each bin were obtained in order
to generate data on the behavior of positrons in biological tissue. This is particularly important given
the lack of literature data on positrons in this type of tissue and within this energy range. The phantom
content used was brain tissue, representing the brain, with material composition data taken from ICRU
Report 44, as shown in Table (2). Subsequently, electron beams with the same energies were simulated
and the same quantities were calculated to enable a comparison of the behavior of both particles.
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Table 2. Brain components used in the simulation were taken from an ICRU 44 [23] data table.

Element Fraction by weight

H 0.107000
C 0.145000
N 0.022000
O 0.712000

Na 0.002000
P 0.004000
S 0.002000
Cl 0.003000
K 0.003000

2.3. Positrons and Electrons Beams Simulation on Tumor

A simulation of a tumor within the brain was also performed, using two geometries. For the brain,
the configuration of a cube with dimensions 30 × 30 × 30 cm3 was maintained, containing the same
material described in the previous subsections. Inside the brain phantom, a cube with dimensions
of 3 × 3 × 3 cm3 was inserted, located 2 cm from the front face of the brain and centered along the
x and y axes. The material chosen for its composition was adipose tissue, which is predefined in
the software as ADIPOSE_TISSUE. The distance between the brain phantom and the beam was kept
constant, and the irradiation field used was 5 × 5 cm2, which implies a configuration of the parameter
BeamAngularCutoffX and Y = 1.4320 deg. A representation of the described geometry can be seen in
Figure (1):

Figure 1. Geometric configuration used for simulating a tumor inside the brain.

The tumor was divided into 200 bins to account for the dose distribution along the depth, and the
total absorbed dose within the tumor volume was also obtained for both positrons and electrons, in
order to compare the behavior of both particles.

3. Results
3.1. PDD Positrons and Electrons Beams Simulation on Water

In the simulation performed with the electron beam in water, the resulting curve is shown in
Figure (2). When comparing the results of this work (SW) with the experimental PDD data obtained
from the literature (EL), very similar behavior and well-fitted curves can be observed. It is noticeable
that for the 6 MeV energy, the absorbed dose distribution reaches its maximum near the surface, while
for the 9 and 12 MeV energies, the distribution is more gradual. These behaviors are expected and
confirm that the methodology used is appropriate and valid for reproduction in other media, and can
also be used to study the behavior of positrons.
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Figure 2. PDD Comparison graph of results from this study (SW) and experimental from literature data (EL) [20]
for 6, 9, and 12 MeV energies.

In the simulation performed to compare the results obtained in this work (SW) with the electron
simulation data available in the literature (SL) for electrons incident on water, it is possible to observe,
through Figure (3), the similarity in behavior and excellent fit across all simulated energies.

Figure 3. PDD Comparison graph of results from this study (SW) and simulation from literature data (SL) [20] for
6, 9, 12, 20 and 24 MeV energies.

The similarity in behavior with the results from Figure (2) for energies of 6, 9, and 12 MeV is also
evident, with the maximum values of normalized dose remaining consistent, as well as the depths
corresponding to the minimum PDD. For the energies of 20 and 24 MeV, the maximum PDD remains
approximately at the initial 6 cm, indicating that the highest amount of absorbed dose is concentrated
within this depth range, while the minimum PDD occurs at approximately 10 and 12 cm, respectively.
When observing the behavior across all energies, it is noticeable that at higher energies, the maximum
PDD is sustained over a broader range of depths, in addition to presenting less steep declines beyond
this region.

Next, in order to compare the behavior between positrons and electrons in the same material, the
simulation was carried out using a positron beam, for the same medium used previously, composed of
water, and the results obtained can be seen in Figures (4):
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Figure 4. PDD Comparison graph of results from positron e electron beams inciding on water for 6, 9, 12, 20 and
24 MeV energies.

It can be seen from the PDD that the dose distribution of both particles in the same medium
shows similar behavior for equal energies, and presents a shape that follows the same pattern as the
results reported in the literature. The absorbed dose distribution is concentrated at the same depth for
both particles with corresponding energies. It is also noticeable that for energies of 20 and 24 MeV,
the PDD of both particles exhibits an extended region of maximum dose, rather than a single point,
and in the case of positrons, it decreases slightly more in the 6 to 8cm interval compared to electrons,
indicating that the percentage of absorbed dose in that region is reduced.

Individual dose curves for each energy are presented in Figure (5), where the differences in the
positron and electron dose distributions can be visualized.

Figure 5. PDD comparison graph: Individual results from positron and electron beams inciding on water for
energies 6, 9, 12, 20, and 24 MeV.
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3.2. PDD Positrons and Electrons Beams Simulation on Brain Tissue

The results obtained in this work for positron and electron beams incident on brain tissue can be
seen in Figure (6):

Figure 6. PDD Comparison graph of results from positron e electron beams incident on tissue brain for 6, 9, 12, 20,
and 24 MeV energies.

As observed in the results and reports obtained in the literature for behavior in water, both
particles incident on brain tissue show similar patterns, although similar, some small differences in
the dose distribution along the depths between positrons and electrons, as can be seen at 20 MeV,
indicating that a more detailed investigation may be warranted. For this purpose, the PDD comparison
was performed at individual energies and is presented in Figure (7):

Figure 7. PDD comparison graph: Individual results from positron and electron beams incident on tissue brain
for energies 6, 9, 12, 20, and 24 MeV.
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From the PDD evaluation, although the curves are largely similar, it is observed that, along the
depth, the percentage of absorbed dose is sometimes lower at the beginning of the path and grows
slightly less compared to electrons. For instance, at 6 MeV, the positron’s maximum percentage dose
occurs a few centimeters earlier than that of the electron. In the cases of 20 and 24 MeV, the absorbed
dose percentage in the first 5 cm is higher for electrons than for positrons.

Although such trends can be inferred from the graph, this analysis alone is not sufficient to
determine whether the total absorbed dose is greater for one particle than the other, since the PDD
represents a quantity normalized by the maximum absorbed dose value for each particle in the studied
medium. Therefore, it was necessary to examine the absorbed dose in absolute values throughout each
bin. These values can be found in Appendix A.1 of this article.

Upon analyzing the results, a relevant difference in the absorbed dose between the two particles
was observed, and this analysis is presented in Table (3):

Table 3. Average percentage difference of the dose absorbed by positrons compared to electrons as a function of
depth.

Energy range [MeV] depth range [cm] Mean percentage difference
in absorbed dose

6 MeV

3 – 21.3 463.56 %
21.6 – 29.7 316.26%

9 MeV

4.8 – 14.1 285.68%
14.4 – 28.8 183.34 %
29.1 – 29.7 161.38 %

12 MeV

6.9 – 20.4 164.68%
25.5 – 29.7 112.10%

20 MeV

12.6 – 20.1 99.49%
20.4 – 29.7 71.23 %

24 MeV

10.2 – 14.7 73.61%
15 – 29.7 56.63 %

From the calculation of the average percentage difference, it is possible to observe that, for the
energy of 6 MeV, the absorbed dose of positrons in absolute values is approximately 460% higher
than that of electrons in the range from 3 to 21.3 cm, considering point-by-point comparisons at the
same depth, and about 300% higher between 21.6 and 29.7 cm. At 9 MeV, this difference ranges
from approximately 285% to 160%, depending on the depth. For energies of 12, 20, and 24 MeV, the
difference gradually decreases, yet remains from 164% to 56% higher than electrons, respectively,
throughout the phantom. This demonstrates a significant difference between the two particles at
specific depths within the same energy range, indicating a greater efficiency of positrons in depositing
energy compared to electrons, depending on the material and its depth.

It is important to note that the results presented in this work have statistical uncertainties of less
than 1%.

3.3. PDD Positrons e Electrons Beams Simulation on Tumor

A PPD obtida para pósitrons e elétrons foi obtida e pode ser vista na Figura (8):
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Figure 8. PDD comparison graph: Individual results from positron and electron beams incident on tissue brain
for energies 6, 9, 12, 20, and 24 MeV.

It can be observed from Figure (8) that, for an energy of 6 MeV, in the PDD curve, the maximum
absorbed dose (100%) occurs at the beginning of the tumor at 0.015 cm, and 90% of the maximum dose
is reached at a depth of approximately 0.1 cm for positrons, while for electrons the same percentage is
found at 0.12 cm. For an energy of 9 MeV, 90% of the maximum dose occurs at 0.4 cm for positrons
and at 0.645 cm for electrons. At 12 MeV, the same percentage is reached at 1.035 cm for positrons and
at 1.32 cm for electrons. For 20 MeV, it is found at 2.4 cm for positrons and at 2.835 cm for electrons. At
24 MeV, 90% of the maximum dose reaches 3 cm, and for electrons, this same distance receives 95% of
the maximum dose. The absolute values of absorbed dose representing the PDD between 90% and
100%—which correspond to the maximum dose values—are presented in Table (4) for positrons and in
Table (5) for electrons.

Table 4. Absorbed dose with respective percentage and depth for positrons incident on the tumor.

Energy [MeV] Absorbed Dose [Gy] Percentage Depth [cm]
6 3.39E-02 100% 0.015
6 3.08E-02 90% 0.10

9 3.97E-02 100% 0.015
9 3.58E-02 90% 0.465

12 3.72E-02 100% 0.015
12 3.36E-02 90% 1.035

20 3.57E-02 100% 0.45
20 3.22E-02 90% 2.415

24 3.57E-02 100% 0.615
24 3.23E-02 90.6% 2.985

Table 5. Absorbed dose with respective percentage and depth for electrons incident on the tumor.

Energy [MeV] Absorbed Dose [Gy] Percentage Depth [cm]
6 3.72E-02 100% 0.015
6 3.37E-02 90% 0.12

9 4.14E-02 100% 0.015
9 3.73E-02 90% 0.645

12 3.91E-02 100% 0.09
12 3.52E-02 90% 1.335

20 3.76E-02 100% 0.87
20 3.39E-02 90% 2.835

24 3.75E-02 100% 1.26
24 3.57E-02 95.12% 2.985
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Figure (9) shows the PDD curves for positrons and electrons at energies of 6, 9, 12, 20, and 24 MeV
separately.

Figure 9. PDD comparison graph: Individual results from positron and electron beams incident on tumor for
energies 6, 9, 12, 20, and 24 MeV.

The results indicate that, according to the configurations selected in this study for the tumor,
with the aim of avoiding exposure to healthy tissues, the recommended energies among those evalu-
ated—both for positrons and electrons—would be 6 and 9 MeV. This is because, at 12 MeV, approxi-
mately 40% of the maximum dose reaches the end of the tumor depth, while at 20 and 24 MeV, about
90% of the maximum dose is still present at that same depth.

3.4. Absorbed Dose in the Tumor Volume

The total absorbed dose for the energies of 6, 9, 12, 20, and 24 MeV was calculated and is presented
in Table (6):

Table 6. Total absorbed dose in the tumor volume.

Energy [MeV] Total dose positron [Gy] Total absorbed dose electron
[Gy]

6 5.67E-03 6.50E-03
9 2.02E-02 2.30E-02
12 2.88E-02 3.23E-02
20 3.42E-02 3.68E-02
24 3.50E-02 3.72E-02
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Based on these values, it is possible to compare the total absorbed doses in the irradiated volume
for both particles at different energies. It can be observed that, for the calculated energies, the absorbed
doses for positrons and electrons do not differ by orders of magnitude, and the differences between
electrons and positrons for the energies of 6, 9, 12, 20, and 24 MeV are, respectively, 14.63%, 13.86%,
10.23%, 7.60%, and 6.28%.

4. Discussion
This study aimed to calculate the PDD of positrons in biological tissue targets, specifically brain

tissue and a tumor region within the brain, through Monte Carlo simulation using TOPAS software.
Due to the absence of data on positron beams in radiotherapy energy ranges for various tissues, the
methodology used in this work was necessary to validate it. For that purpose, a water phantom with
electron beams was used, because this is a well-documented medium and particle in the literature.
The simulated data were validated against experimental results reported in the literature and also
compared with published simulation results. The outcomes from this validation demonstrated that
the data obtained in this study show good agreement with those reported in the literature, confirming
that the methodology is appropriate and can be reproduced for positron studies.

The PDD of both particles was compared in the same medium to verify their behavior, and it was
possible to observe similarities, such as the shape and dose distribution, which were concentrated at
the same depths for both particles.

To assess the behavior of positrons incident on brain tissue, both the PDD and the absolute
absorbed dose values along each bin were calculated. An electron beam was also simulated in the same
medium and compared with positrons. This assessment made it possible to observe some similarities,
such as the shape of the curve and the location of the PDD minimum occurring at the same depth for
equivalent energies. However, some discrepancies were also observed in the normalized PDD. This led
to a more detailed investigation of the dose profile, and for that, the absolute dose distribution along
each bin was studied. When calculating the average percentage error of these values, it was observed
that positrons have approximately 460% higher absorbed dose than electrons at certain depths and,
although this difference decreases with increasing simulated energy, it still remains approximately 56%
higher than that of electrons.

For the simulation of a tumor located within the brain, the PDD, absolute absorbed dose values,
and total absorbed dose within the tumor volume were obtained for both positrons and electrons.
From the PDD, it can be observed that for the tumor simulated in this study, the recommended beam
treatment energies would be 6 and 9 MeV, since at higher energies, approximately 90% of the dose
is still being delivered within 3 cm, the full length of the tumor, thus reaching brain tissue. When
analyzing the total absorbed dose within the tumor volume, it was observed that electrons deliver
a slightly higher absorbed dose than positrons, with values in the same order of magnitude and a
difference not exceeding 15%. This indicates that although within the tumor volume electrons provide
a slightly higher absorbed dose than positrons, when considering the absorbed dose in the brain, the
value is significantly higher for electrons. This suggests that depending on the tumor location, the use
of positrons may be more advantageous.

The result showing that the absorbed dose of positrons is greater than electrons in brain tissue
can be attributed to the exchange effect. This is because positrons can lose all their energy in a single
collision, while electrons can only lose up to half [2,24].

The exchange effect means that incident electrons can only transfer up to half of their energy
when colliding with electrons in the medium. For positrons, however, since this effect does not occur,
they can lose all of their energy in a single collision. Another consequence is the extra term from
the exchange effect in the cross-section for electrons, which leads to a greater angular deviation in
the particle’s path, resulting in more dispersed trajectories. Positrons, on the other hand, have a less
scattered path because their cross-section is smaller due to the absence of this term. This effect was
observed in the simulations of this work, which included the StepCount scorer. It was seen that there
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were many more interactions for bins where the absorbed dose of positrons was greater than that of
incident electrons, whose interactions in the same bins were much lower.

Another property worth noting is the annihilation process, where positrons generate two 0.511
MeV photons that may interact in the desired irradiation region. This property requires further
investigation, and better strategies to control this radiation can be implemented, such as the insertion
of magnetic fields to verify their effects on the dose distribution as well as on the particle behavior.
Although there are current technological limitations in the development of high-energy positron
beams, the results obtained in this work indicate that positrons deserve more attention, and further
exploratory studies are needed to evaluate their use, whether by beam or source, especially considering
that depending on the depth, they present higher absorbed dose than electrons.

This observation is of great importance because, for the same energy, positrons are capable of
delivering a higher absorbed dose than electrons. To achieve the same dose using electrons, it would
be necessary to change their energy, which would consequently alter other behavioral conditions, such
as the depth of the maximum dose. The main advantage of this finding is to reach, as much as possible,
only the target region, thereby avoiding unnecessary exposure to healthy tissues, a situation that arises
when using higher energies, as can be seen through the PDD.
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Appendix A
Appendix A.1

This appendix contains data regarding the absolute absorbed dose values for positron and electron
beams incident on the brain and their respective depths.
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Table A1. Absorbed dose data in the brain along 100 bins for positrons and electrons at 6, 9, and 12 MeV.

Bin [cm] 6 MeV 9 MeV 12 MeV

Positron Electron Positron Electron Positron Electron

0.3 3.63E-04 3.61E-04 3.45E-04 3.48E-04 3.41E-04 3.46E-04

0.6 4.02E-04 3.93E-04 3.59E-04 3.63E-04 3.49E-04 3.56E-04

0.9 4.48E-04 4.32E-04 3.75E-04 3.77E-04 3.57E-04 3.65E-04

1.2 4.79E-04 4.67E-04 3.95E-04 3.93E-04 3.66E-04 3.73E-04

1.5 4.63E-04 4.71E-04 4.18E-04 4.12E-04 3.75E-04 3.82E-04

1.8 3.88E-04 4.15E-04 4.39E-04 4.32E-04 3.87E-04 3.92E-04

2.1 2.62E-04 2.96E-04 4.50E-04 4.46E-04 4.00E-04 4.02E-04

2.4 1.24E-04 1.46E-04 4.42E-04 4.47E-04 4.14E-04 4.13E-04

2.7 3.41E-05 3.61E-05 4.09E-04 4.26E-04 4.24E-04 4.23E-04

3 1.06E-05 2.98E-06 3.48E-04 3.75E-04 4.29E-04 4.30E-04

3.3 8.69E-06 9.63E-07 2.64E-04 2.94E-04 4.24E-04 4.29E-04

3.6 8.04E-06 9.26E-07 1.68E-04 1.93E-04 4.06E-04 4.18E-04

3.9 7.51E-06 8.98E-07 8.30E-05 9.65E-05 3.73E-04 3.92E-04

4.2 7.06E-06 8.71E-07 3.09E-05 3.11E-05 3.25E-04 3.49E-04

4.5 6.67E-06 8.47E-07 1.27E-05 5.97E-06 2.62E-04 2.88E-04

4.8 6.32E-06 8.25E-07 9.76E-06 2.03E-06 1.91E-04 2.15E-04

5.1 6.01E-06 8.04E-07 9.11E-06 1.84E-06 1.21E-04 1.38E-04

5.4 5.72E-06 7.83E-07 8.61E-06 1.79E-06 6.41E-05 7.19E-05

5.7 5.46E-06 7.65E-07 8.19E-06 1.75E-06 2.92E-05 2.80E-05

6 5.22E-06 7.46E-07 7.81E-06 1.72E-06 1.48E-05 8.41E-06

6.3 5.00E-06 7.29E-07 7.47E-06 1.68E-06 1.11E-05 3.51E-06

6.6 4.79E-06 7.11E-07 7.16E-06 1.65E-06 1.03E-05 2.95E-06

6.9 4.60E-06 6.95E-07 6.87E-06 1.61E-06 9.86E-06 2.88E-06

7.2 4.42E-06 6.78E-07 6.61E-06 1.58E-06 9.45E-06 2.83E-06

7.5 4.25E-06 6.63E-07 6.36E-06 1.55E-06 9.09E-06 2.78E-06

7.8 4.09E-06 6.48E-07 6.14E-06 1.52E-06 8.75E-06 2.73E-06

8.1 3.94E-06 6.33E-07 5.92E-06 1.49E-06 8.44E-06 2.68E-06

8.4 3.79E-06 6.19E-07 5.72E-06 1.46E-06 8.16E-06 2.63E-06

8.7 3.65E-06 6.04E-07 5.53E-06 1.43E-06 7.89E-06 2.58E-06

9 3.53E-06 5.91E-07 5.34E-06 1.40E-06 7.64E-06 2.54E-06

9.3 3.40E-06 5.78E-07 5.17E-06 1.38E-06 7.40E-06 2.50E-06

9.6 3.29E-06 5.65E-07 5.01E-06 1.35E-06 7.18E-06 2.45E-06

9.9 3.18E-06 5.52E-07 4.86E-06 1.33E-06 6.97E-06 2.41E-06

10.2 3.07E-06 5.39E-07 4.71E-06 1.30E-06 6.77E-06 2.37E-06

10.5 2.97E-06 5.28E-07 4.57E-06 1.28E-06 6.57E-06 2.33E-06

10.8 2.87E-06 5.16E-07 4.43E-06 1.25E-06 6.39E-06 2.29E-06
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11.1 2.77E-06 5.04E-07 4.30E-06 1.23E-06 6.22E-06 2.25E-06

11.4 2.68E-06 4.93E-07 4.17E-06 1.20E-06 6.05E-06 2.22E-06

11.7 2.60E-06 4.82E-07 4.06E-06 1.18E-06 5.89E-06 2.18E-06

12 2.52E-06 4.71E-07 3.94E-06 1.16E-06 5.74E-06 2.14E-06

12.3 2.44E-06 4.60E-07 3.83E-06 1.14E-06 5.59E-06 2.10E-06

12.6 2.36E-06 4.51E-07 3.72E-06 1.12E-06 5.45E-06 2.07E-06

12.9 2.29E-06 4.41E-07 3.62E-06 1.09E-06 5.31E-06 2.03E-06

13.2 2.22E-06 4.31E-07 3.52E-06 1.07E-06 5.18E-06 2.00E-06

13.5 2.15E-06 4.21E-07 3.43E-06 1.05E-06 5.05E-06 1.96E-06

13.8 2.08E-06 4.12E-07 3.34E-06 1.03E-06 4.93E-06 1.93E-06

14.1 2.02E-06 4.03E-07 3.25E-06 1.01E-06 4.81E-06 1.90E-06

14.4 1.96E-06 3.94E-07 3.16E-06 9.95E-07 4.70E-06 1.87E-06

14.7 1.90E-06 3.85E-07 3.08E-06 9.75E-07 4.59E-06 1.83E-06

15 1.85E-06 3.77E-07 3.00E-06 9.57E-07 4.48E-06 1.81E-06

15.3 1.80E-06 3.68E-07 2.93E-06 9.39E-07 4.38E-06 1.78E-06

15.6 1.74E-06 3.60E-07 2.85E-06 9.21E-07 4.27E-06 1.74E-06

15.9 1.69E-06 3.52E-07 2.78E-06 9.03E-07 4.18E-06 1.72E-06

16.2 1.64E-06 3.44E-07 2.71E-06 8.86E-07 4.08E-06 1.69E-06

16.5 1.60E-06 3.37E-07 2.64E-06 8.69E-07 3.99E-06 1.66E-06

16.8 1.55E-06 3.29E-07 2.57E-06 8.53E-07 3.91E-06 1.63E-06

17.1 1.51E-06 3.22E-07 2.51E-06 8.37E-07 3.82E-06 1.60E-06

17.4 1.47E-06 3.14E-07 2.45E-06 8.21E-07 3.73E-06 1.58E-06

17.7 1.42E-06 3.07E-07 2.39E-06 8.06E-07 3.65E-06 1.55E-06

18 1.39E-06 3.01E-07 2.33E-06 7.91E-07 3.57E-06 1.52E-06

18.3 1.35E-06 2.94E-07 2.28E-06 7.75E-07 3.50E-06 1.50E-06

18.6 1.31E-06 2.87E-07 2.22E-06 7.60E-07 3.42E-06 1.47E-06

18.9 1.27E-06 2.81E-07 2.17E-06 7.46E-07 3.35E-06 1.45E-06

19.2 1.24E-06 2.75E-07 2.12E-06 7.31E-07 3.28E-06 1.42E-06

19.5 1.21E-06 2.68E-07 2.07E-06 7.18E-07 3.21E-06 1.40E-06

19.8 1.17E-06 2.62E-07 2.02E-06 7.03E-07 3.14E-06 1.37E-06

20.1 1.14E-06 2.57E-07 1.97E-06 6.91E-07 3.07E-06 1.35E-06

20.4 1.11E-06 2.51E-07 1.93E-06 6.77E-07 3.01E-06 1.33E-06

20.7 1.08E-06 2.46E-07 1.88E-06 6.65E-07 2.95E-06 1.31E-06

21 1.05E-06 2.40E-07 1.84E-06 6.53E-07 2.89E-06 1.28E-06

21.3 1.02E-06 2.34E-07 1.80E-06 6.40E-07 2.83E-06 1.26E-06

21.6 9.98E-07 2.29E-07 1.76E-06 6.28E-07 2.77E-06 1.24E-06

21.9 9.71E-07 2.24E-07 1.72E-06 6.16E-07 2.71E-06 1.22E-06

22.2 9.45E-07 2.19E-07 1.68E-06 6.05E-07 2.66E-06 1.20E-06

22.5 9.21E-07 2.15E-07 1.64E-06 5.93E-07 2.61E-06 1.18E-06

22.8 8.97E-07 2.10E-07 1.60E-06 5.81E-07 2.55E-06 1.16E-06

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 June 2025 doi:10.20944/preprints202506.1604.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1604.v1
http://creativecommons.org/licenses/by/4.0/


15 of 19

23.1 8.75E-07 2.05E-07 1.57E-06 5.70E-07 2.50E-06 1.14E-06

23.4 8.51E-07 2.00E-07 1.53E-06 5.59E-07 2.45E-06 1.12E-06

23.7 8.29E-07 1.95E-07 1.50E-06 5.48E-07 2.40E-06 1.10E-06

24 8.08E-07 1.92E-07 1.46E-06 5.37E-07 2.35E-06 1.08E-06

24.3 7.86E-07 1.87E-07 1.43E-06 5.27E-07 2.31E-06 1.06E-06

24.6 7.66E-07 1.83E-07 1.40E-06 5.17E-07 2.26E-06 1.04E-06

24.9 7.47E-07 1.79E-07 1.37E-06 5.07E-07 2.22E-06 1.03E-06

25.2 7.27E-07 1.75E-07 1.34E-06 4.97E-07 2.17E-06 1.01E-06

25.5 7.09E-07 1.70E-07 1.31E-06 4.87E-07 2.13E-06 9.90E-07

25.8 6.90E-07 1.66E-07 1.28E-06 4.78E-07 2.09E-06 9.74E-07

26.1 6.72E-07 1.63E-07 1.25E-06 4.69E-07 2.05E-06 9.56E-07
26.4 6.55E-07 1.59E-07 1.22E-06 4.59E-07 2.01E-06 9.39E-07

26.7 6.38E-07 1.55E-07 1.20E-06 4.51E-07 1.97E-06 9.23E-07

27 6.21E-07 1.51E-07 1.17E-06 4.41E-07 1.93E-06 9.07E-07

27.3 6.05E-07 1.48E-07 1.15E-06 4.32E-07 1.89E-06 8.89E-07

27.6 5.89E-07 1.44E-07 1.12E-06 4.23E-07 1.85E-06 8.74E-07

27.9 5.73E-07 1.40E-07 1.09E-06 4.15E-07 1.81E-06 8.58E-07

28.2 5.57E-07 1.37E-07 1.07E-06 4.06E-07 1.78E-06 8.42E-07

28.5 5.42E-07 1.34E-07 1.04E-06 3.97E-07 1.74E-06 8.26E-07

28.8 5.26E-07 1.30E-07 1.02E-06 3.88E-07 1.70E-06 8.10E-07

29.1 5.12E-07 1.27E-07 9.93E-07 3.79E-07 1.67E-06 7.95E-07

29.4 4.96E-07 1.23E-07 9.68E-07 3.70E-07 1.63E-06 7.76E-07

29.7 4.68E-07 1.17E-07 9.17E-07 3.52E-07 1.55E-06 7.39E-07
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Table A2. Absorbed dose data in the brain along 100 bins for positrons and electrons at 20 and 24 MeV.

Bin [cm] 20 MeV 24 MeV

Positron Electron Positron Electron

0 3.26E-04 3.29E-04 3.26E-04 3.29E-04

0.3 3.39E-04 3.45E-04 3.39E-04 3.45E-04

0.6 3.45E-04 3.53E-04 3.45E-04 3.53E-04

0.9 3.49E-04 3.59E-04 3.49E-04 3.59E-04

1.2 3.52E-04 3.64E-04 3.52E-04 3.63E-04

1.5 3.55E-04 3.69E-04 3.54E-04 3.67E-04

1.8 3.58E-04 3.72E-04 3.56E-04 3.70E-04

2.1 3.61E-04 3.76E-04 3.58E-04 3.74E-04

2.4 3.64E-04 3.79E-04 3.60E-04 3.76E-04

2.7 3.67E-04 3.82E-04 3.62E-04 3.79E-04

3 3.70E-04 3.85E-04 3.64E-04 3.81E-04

3.3 3.74E-04 3.88E-04 3.66E-04 3.84E-04

3.6 3.77E-04 3.91E-04 3.68E-04 3.86E-04

3.9 3.81E-04 3.94E-04 3.70E-04 3.88E-04

4.2 3.85E-04 3.96E-04 3.72E-04 3.89E-04

4.5 3.88E-04 3.98E-04 3.74E-04 3.91E-04

4.8 3.91E-04 4.00E-04 3.76E-04 3.92E-04

5.1 3.93E-04 4.00E-04 3.78E-04 3.93E-04

5.4 3.92E-04 3.99E-04 3.79E-04 3.93E-04

5.7 3.89E-04 3.96E-04 3.81E-04 3.93E-04

6 3.82E-04 3.90E-04 3.81E-04 3.93E-04

6.3 3.70E-04 3.80E-04 3.81E-04 3.91E-04

6.6 3.54E-04 3.66E-04 3.79E-04 3.89E-04

6.9 3.32E-04 3.46E-04 3.75E-04 3.85E-04

7.2 3.04E-04 3.20E-04 3.70E-04 3.79E-04

7.5 2.71E-04 2.88E-04 3.61E-04 3.71E-04

7.8 2.33E-04 2.50E-04 3.49E-04 3.60E-04

8.1 1.93E-04 2.09E-04 3.34E-04 3.45E-04

8.4 1.51E-04 1.64E-04 3.15E-04 3.27E-04

8.7 1.11E-04 1.21E-04 2.92E-04 3.06E-04

9 7.66E-05 8.20E-05 2.66E-04 2.80E-04

9.3 4.95E-05 5.03E-05 2.36E-04 2.50E-04

9.6 3.12E-05 2.80E-05 2.04E-04 2.17E-04

9.9 2.09E-05 1.50E-05 1.70E-04 1.82E-04

10.2 1.62E-05 9.01E-06 1.37E-04 1.46E-04

10.5 1.45E-05 6.98E-06 1.05E-04 1.12E-04

10.8 1.38E-05 6.47E-06 7.72E-05 8.08E-05
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11.1 1.34E-05 6.33E-06 5.44E-05 5.46E-05

11.4 1.30E-05 6.24E-06 3.76E-05 3.47E-05

11.7 1.27E-05 6.15E-06 2.67E-05 2.14E-05

12 1.24E-05 6.07E-06 2.05E-05 1.38E-05

12.3 1.21E-05 5.99E-06 1.76E-05 1.02E-05

12.6 1.18E-05 5.90E-06 1.64E-05 8.85E-06

12.9 1.16E-05 5.82E-06 1.58E-05 8.43E-06

13.2 1.13E-05 5.74E-06 1.54E-05 8.27E-06

13.2 1.13E-05 5.74E-06 1.54E-05 8.27E-06

13.5 1.10E-05 5.66E-06 1.51E-05 8.17E-06

13.8 1.08E-05 5.58E-06 1.47E-05 8.06E-06

14.1 1.06E-05 5.51E-06 1.44E-05 7.96E-06

14.4 1.04E-05 5.43E-06 1.41E-05 7.85E-06

14.7 1.02E-05 5.36E-06 1.39E-05 7.76E-06

15 9.96E-06 5.29E-06 1.36E-05 7.66E-06

15.3 9.76E-06 5.22E-06 1.33E-05 7.56E-06

15.6 9.57E-06 5.15E-06 1.31E-05 7.47E-06

15.9 9.38E-06 5.08E-06 1.28E-05 7.37E-06

16.2 9.20E-06 5.01E-06 1.26E-05 7.28E-06

16.5 9.03E-06 4.94E-06 1.24E-05 7.19E-06

16.8 8.86E-06 4.87E-06 1.21E-05 7.10E-06

17.1 8.70E-06 4.81E-06 1.19E-05 7.01E-06

17.4 8.54E-06 4.74E-06 1.17E-05 6.92E-06

17.7 8.38E-06 4.68E-06 1.15E-05 6.83E-06

18 8.23E-06 4.62E-06 1.13E-05 6.75E-06

18.3 8.08E-06 4.55E-06 1.11E-05 6.66E-06

18.6 7.94E-06 4.49E-06 1.09E-05 6.58E-06

18.9 7.80E-06 4.43E-06 1.08E-05 6.50E-06

19.2 7.66E-06 4.37E-06 1.06E-05 6.41E-06

19.5 7.53E-06 4.31E-06 1.04E-05 6.33E-06

19.8 7.40E-06 4.25E-06 1.02E-05 6.25E-06

20.1 7.27E-06 4.19E-06 1.01E-05 6.17E-06

20.4 7.15E-06 4.13E-06 9.91E-06 6.09E-06

20.7 7.03E-06 4.07E-06 9.76E-06 6.02E-06

21 6.91E-06 4.02E-06 9.60E-06 5.94E-06

21.3 6.79E-06 3.96E-06 9.45E-06 5.86E-06

21.6 6.67E-06 3.91E-06 9.30E-06 5.79E-06

21.9 6.56E-06 3.86E-06 9.16E-06 5.71E-06

22.2 6.45E-06 3.80E-06 9.01E-06 5.64E-06

22.5 6.35E-06 3.75E-06 8.87E-06 5.57E-06

22.8 6.24E-06 3.70E-06 8.74E-06 5.50E-06
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23.1 6.14E-06 3.65E-06 8.60E-06 5.43E-06

23.4 6.04E-06 3.60E-06 8.47E-06 5.36E-06

23.7 5.94E-06 3.55E-06 8.34E-06 5.29E-06

24 5.84E-06 3.50E-06 8.22E-06 5.22E-06

24.3 5.75E-06 3.45E-06 8.09E-06 5.15E-06

24.6 5.66E-06 3.40E-06 7.97E-06 5.08E-06

24.9 5.56E-06 3.35E-06 7.85E-06 5.02E-06

25.2 5.47E-06 3.30E-06 7.73E-06 4.96E-06

25.5 5.39E-06 3.26E-06 7.61E-06 4.89E-06

25.8 5.30E-06 3.21E-06 7.50E-06 4.82E-06

26.1 5.21E-06 3.16E-06 7.38E-06 4.76E-06

26.4 5.13E-06 3.12E-06 7.27E-06 4.69E-06

26.7 5.04E-06 3.07E-06 7.16E-06 4.63E-06

27 4.96E-06 3.03E-06 7.05E-06 4.57E-06

27.3 4.88E-06 2.98E-06 6.94E-06 4.51E-06

27.6 4.80E-06 2.94E-06 6.84E-06 4.45E-06

27.9 4.72E-06 2.90E-06 6.73E-06 4.38E-06

28.2 4.64E-06 2.86E-06 6.63E-06 4.32E-06

28.5 4.56E-06 2.81E-06 6.52E-06 4.26E-06

28.8 4.48E-06 2.76E-06 6.42E-06 4.20E-06

29.1 4.40E-06 2.72E-06 6.31E-06 4.13E-06

29.4 4.31E-06 2.67E-06 6.18E-06 4.06E-06
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