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1. Introduction

Radiotherapy is a cornerstone of modern cancer
treatment, aiming to kill tumor cells while min-
imizing damage to healthy tissues. Technolog-
ical and theoretical advances, such as intensity
modulated radiation therapy, image-guided ra-
diation therapy, and hadron therapy, have im-
proved the precision and efficacy of radiation
treatments. Hadron therapies stand out for their
unique depth-dose distribution, characterized by
the Bragg peak. It enables conformal dose de-
livery to tumors and superior sparing of normal
tissues. This makes it effective for deep seated
or radioresistant tumors.

Despite these advantages, significant challenges
remain. The biological effectiveness of radia-
tion, quantified by the relative biological effec-
tiveness (RBE), is not only determined by the
absorbed dose but also by the stochastic pat-
terns of energy deposition at the cellular scale.
These complexities are compounded in hadron
therapy, where the radiation field includes a mix
of primary and secondary particles each con-
tributing differently to biological outcomes.

A key innovation investigated in this study is
Neutron Capture Enhanced Particle Therapy
(NCEPT), approach proposed by Safavi-Naeini

et al [1], which aims to boost the efficacy of
hadron therapy by employing the unique prop-
erties of neutron capture agents like boron-10
(1°B). In the course of hadron therapy, the in-
teraction of the primary ion beam with tissue
leads to the production of secondary particles,
including thermal neutrons. NCEPT takes ad-
vantage of these neutrons by introducing a cap-
ture agent that selectively accumulates within
tumor cells. When a thermal neutron is ab-
sorbed by a 1B atom, the following nuclear re-
action takes place:

B +n —"Li+*He+ v (Q = 2.314 MeV, 94%)
B 4+ n =7 Li+* He (Q = 2.796 MeV, 6%)

This process generates high LET « particles and
"Li nuclei, which travel only 7.5 and 4.1 um
in tissue, respectively. As a result, the energy
from these particles is deposited locally, produc-
ing biological damage where the capture agent
has been delivered. Through this mechanism,
NCEPT enables a localized increase in radiation
dose within the tumor. Successful clinical appli-
cation of NCEPT depends on achieving highly
selective delivery and retention of the neutron
capture agent in tumor cells, as well as careful
management of neutron exposure to minimize
unintended dose to surrounding healthy tissues.



This thesis addresses these challenges by inte-
grating microdosimetric techniques and radio-
biological modeling to bridge the gap between
physical dose distributions and biological effects
using Geant4 simulation toolkit. The work fo-
cuses on two main aspects: (1) the enhance-
ment of proton therapy through NCEPT, and
(2) the evaluation of RBE variability along the
proton Bragg peak. This study employs Monte
Carlo simulations based on silicon-on-insulator
(SOI) microdosimeters developed by the Centre
for Medical Radiation Physics (CMRP) to inves-
tigate radiation quality and its implications for
cancer treatment [2|. By modeling the response
of these detectors, the study aims to deepen the
understanding of energy deposition at the mi-
croscopic scale and its biological relevance.

2. Microdosimetry and RBE

Microdosimetry quantifies the stochastic nature
of energy deposition by ionizing radiation at mi-
croscopic scales [3]. Unlike conventional dosime-
try, which measures the average absorbed dose
over macroscopic volumes, microdosimetry fo-
cuses on the random distribution of energy im-
parted by individual particles as they traverse
matter. At the core of microdosimetry is the
concept of lineal energy (y), defined as the en-
ergy imparted by a single particle traversal di-
vided by the mean chord length through a sen-
sitive volume (SV) of the detector:

y:m (1)

where € is the energy imparted to the SV in a
single event and (I) is the mean chord length of
the SV. In this work the mean chord length was
10 pm for silicon microdosimetry. Lineal energy
is a stochastic quantity, described by probability
distribution f(y). The frequency distribution,
f(y), can be transformed into a dose distribu-
tion, d(y), and the dose-weighted distribution,
yd(y). These dose based spectra are used for
RBE modeling. An important average can be
derived:

Ya = /O h yd(y)dy (2)

The dose-mean lineal energy, 74, is a key mea-
sure of radiation quality. By weighting energy
deposition events by their dose contribution, g4
reflects the biological impact of high linear en-

ergy transfer (LET) interactions and links phys-
ical dose to biological effectiveness, enabling the
comparison between different radiation types.
RBE measures the biological impact of differ-
ent radiation types to a standard, usually X-
rays. RBE is determined by the dose required
to achieve the same biological effect and is influ-
enced by many factors. Two key models are used
for evaluating the RBE: the Microdosimetric Ki-
netic Model (MKM) and the Biological Weight-
ing Function (BWF) approach. The MKM pre-
dicts RBE by relating the g4 to biological end-
points, incorporating both the randomness of
energy deposition and DNA repair kinetics. The
BWF model estimates RBE by integrating the
d(y) spectrum with an empirical response func-
tion, 7(y), capturing the distribution of energy
depositions. The Loncol model is the most com-
monly used BWF approach.

3. NCEPT

3.1. Setup

In this study, the setup for NCEPT consisted of
positioning the SOI microdosimeter within a wa-
ter phantom. Three distinct SOI configurations
were investigated to assess their sensitivity to
neutron capture events: a standard Mushroom
SOI microdosimeter without boron; a configura-
tion with the SV uniformly doped with B to
allow neutron capture reactions directly within
the detector; and a design featuring a thin boron
carbide [4] (1°B4C) converter layer deposited on
the detector surface. The simulations examined
how each configuration responded to thermal
neutrons generated during proton irradiation,
focusing on the detection and microdosimetric
characterization of high LET particles produced
by the °B(n, a)” Li reaction.
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Figure 1: Simulation setups



Figure 1 illustrates the two configurations
adopted in this study. In the second setup, a
tungsten slab was introduced upstream of the
detector to enhance neutron production via spal-
lation processes. By comparing these setups, the
study identified the influence of boron placement
and converter thickness on neutron detection ef-
ficiency and microdosimetric spectra.

3.2. Results

The placement of the SOI microdosimeter was
optimized to coincide with the location of max-
imum thermal neutron flux, both in the con-
figuration without the tungsten slab and in the
setup incorporating a 5 mm tungsten slab. The
optimal position differed between the cases, as
the tungsten slab not only increased neutron
production through spallation but also modified
the proton beam energy and the spatial distri-
bution of thermal neutrons within the phantom.
The initial proton beam energy was set at 200
MeV, but after traversing the tungsten, its en-
ergy and the resulting neutron field were altered,
necessitating a new detector position to maxi-
mize sensitivity to thermal neutrons. In addition
to probe placement, the effect of varying the pro-
ton beam size was investigated. It was observed
that increasing the beam area led to a rise in the
number of thermal neutrons reaching the detec-
tor, a trend clearly illustrated in Figure 2. This
enhancement in the thermal neutron spectrum
directly benefits microdosimetric measurements,
as a larger thermal neutron flux increases the
probability of neutron capture events. As a re-
sult, a beam size of 10x10 cm? was identified as
the most effective configuration for NCEPT ap-
plications. Analysis of the neutron energy spec-
tra further revealed that the introduction of the
tungsten slab more than doubled the number of
thermal neutrons at the detector. This signifi-
cant increase translates into a higher rate of neu-
tron capture reactions, as evidenced by the pro-
nounced enhancement in the ¢, shown in Table
1. The rise in g4 demonstrates the microdosi-
metric advantage conferred by tungsten neutron
amplification, confirming its critical role in max-
imizing the effect.
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Figure 2: Comparison of neutron energy spectra
at the B4C for varying beam sizes.

10pB,C Uniform 1°B
No W | 2911 £+ 0.263 | 3.0808 + 0.4164
A%Y% 6.080 £ 0.457 | 5.6509 4+ 0.6655

Table 1: Comparison of g; values, with and
without tungsten slab.

However, even in the absence of the tungsten
slab, a clear contribution from high-LET parti-
cles generated by neutron capture reactions was
evident. As summarized in Table 2, both the
boron-doped (uniform) and the 1° B4C converter
configurations exhibited higher 35 values com-
pared to the standard SOI microdosimeter. This
enhancement reflects the increased production of
high-LET « particles and “Li nuclei. Notably,
while the effect is already significant without
tungsten, the addition of a tungsten slab fur-
ther amplifies this enhancement by increasing
the thermal neutron flux at the detector, leading



to an even greater rise in 7gq.

Configuration | gg (keV/um)

vp,C 2.911 + 0.263
Uniform °B | 3.0808 + 0.4164

Standard SOI 1.93 £+ 0.2698

Table 2: g4 values for each configuration, with-
out a tungsten slab.

Figure 3 presents the yd(y) spectra for the
SOI configurations, highlighting the distinct im-
pact of neutron capture reactions in the 30-100
keV/um range. This contribution is a clear sig-
nature of high-LET particles produced by the
capture reaction. Comparing the configurations,
the uniform boron-doped detector exhibits two
narrow peaks corresponding to the energy depo-
sition from o and " Li generated directly within
the SV. In contrast, the 19B,C converter con-
figuration results in a broader peak within the
same lineal energy range. This spectral broad-
ening arises because particles must traverse ma-
terials before reaching the SV, leading to energy
loss and degradation of the sharpness observed
when these products are generated internally.
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Figure 3: Comparison of yd(y) vs log(y) spectra
for two SOI configurations with tungsten slab.

Additionally, an analysis was performed to as-
sess the impact of converter thickness on micro-
dosimetric outcomes. The data show that varia-
tions in the thickness of the 1°B,C converter do
not lead to significant differences in the micro-
dosimetric spectra, as ¢, values remain very sim-
ilar across all configurations, with overlapping
uncertainties. While increasing the converter

thickness does generate a greater total number
of reaction products, most of these particles are
self-absorbed and never reach the SV. In con-
trast, thinner converters allow a higher fraction
to escape into the SV, and these particles typi-
cally retain more of their initial kinetic energy.
Crucially, as summarized in Table 3, increas-
ing the thickness leads to a greater number of
« reaching the SV. However, as the converter
becomes thicker, their energies upon arrival de-
crease. This reduction in energy means that the
amount of energy deposited per particle is di-
minished. As a result, these opposing effects
counterbalance each other, and g, remains con-
stant across varying converter thicknesses. For
Li ions, by contrast, both the number of par-
ticles detected and their energy upon arrival
show minimal variation with converter thick-
ness. This behavior is attributed to the shorter
range and higher stopping power of 7 Li in solid
materials, which limits their likelihood of escap-
ing even thin converter layers and results in rel-
atively consistent detection statistics regardless
of film thickness.

05um | 1 um | 3 um

o gen 3783 | 9043 | 37538
"Li gen 3864 | 9094 | 33752
o det 118 190 | 273
"Li det 79 83 75

Bdepo [k6V] | 8295 | 673.5 | 509.6
Egeprr; [keV] | 272.4 | 195.7 | 234.1

Table 3: g4 values for each configuration, with-
out a tungsten slab.

Overall, the use of thinner converters is advan-
tageous for maximizing both the energy and
fraction of escaping neutron capture products,
as they minimize self-absorption effects and en-
able more energetic particles to reach the SV.
This result is consistent with prior studies in
Boron Neutron Capture Therapy (BNCT) mi-
crodosimetry made by Vohradsky et al.[5]. This
optimization is reflected in the observed stabil-
ity of g4, demonstrating that, from a microdosi-
metric perspective, the interplay between par-
ticle yield and energy loss governs the detector
response as converter thickness varies.



4. RBE variation along the
Bragg peak

4.1. Setup

To characterize the variation of RBE along the
proton Bragg peak, a series of spherical water
volumes, cell dimensions, were placed at differ-
ent depths along the axis of a monoenergetic
proton beam in a water phantom. These spheres
had radii of 1, 5, and 10 um and were distributed
with high spatial resolution, especially in the re-
gion of the Bragg peak and its distal edge, to
capture rapid changes in energy deposition.

4.2. Results

A microdosimetric evaluation was conducted us-
ing a monoenergetic 100 MeV proton beam, fo-
cusing on the characterization of the g4, as it
relates to LET and RBE. Figure 4 compares ¥4
profiles for varying sensitive sphere sizes along
the proton beam’s trajectory. A clear trend
emerges in the distal region of the Bragg peak:
as the radius of the spheres decreases, g, rises.
This behavior is tied to the microdosimetric ge-
ometry, specifically, the probability that a pro-
ton will stop inside the SV increases close to
the range. The evaluation of lineal energy re-
lies on the mean chord length, which presumes
the particle traverses the sphere. If the proton
halts before exiting, its traversed path and the
associated chord length are reduced. This dis-
crepancy has a more visible impact with larger
spheres, where the effect of protons stopping
within the volume lowers the calculated lineal
energy. Thus, sphere size influences the observed
microdosimetric spectrum.
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Figure 4: g4 values for spheres of varying sizes
positioned along the proton beam path.

Spheres 4 and 8 display high g4 values that sur-

pass theoretical expectations. This increase re-
sults from infrequent but significant heavy ion
recoil events that deposit a large amount of en-
ergy within the SV. These rare but powerful en-
ergy depositions have a big impact on the gg,
causing unexpected values. The presence of im-
portant error bars underscores the statistical un-
certainty introduced by these rare, high energy
events, reflecting the stochastic nature of energy
deposition in microdosimetric measurements.
The evaluation of RBE employs several ap-
proaches. The MKM relies directly on g4, so
it is more affected by rare, high energy heavy
ion recoils than BWF models. This means that
when these rare events happen, the MKM’s re-
sults respond strongly, while BWF models are
less influenced by them. Figure 5 illustrates the
comparison of these models. In the entrance re-
gion, the MKM predicts RBE values that fall
slightly below one. In contrast, BWF models,
such as those developed by Parisi and Loncol,
yield RBE values that remain above unity in this
region. Entering the Bragg peak region, the pre-
dictions from all models converge, demonstrat-
ing excellent agreement.
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Figure 5: Depth-dependent RBFEjg values for
V79 cells calculated using different models.

It is evident that the RBE does not remain con-
stant at the clinical reference value of 1.1. In-
stead, RBE rises sharply beyond the Bragg peak,
reaching values as high as 2.5. This results in the
formation of a biological "hot zone" situated just
past the Bragg peak. Such an increase amplifies
biological effects in tissues immediately beyond
the tumor, raising concerns for patient safety.
When critical structures are positioned adjacent
to the target volume, even small uncertainties in
dose positioning could lead to unintended toxic-

ity.



5. Conclusions

This work demonstrates how the application of
microdosimetry, supported by Monte Carlo sim-
ulations, offers a direct and quantitative demon-
stration of both the physical and biological ad-
vantages of NCEPT and clarifies the spatial vari-
ability of RBE in proton therapy.

The introduction of a neutron capture agent
such as !B significantly enhances the local bi-
ological effect inside the target, even in the ab-
sence of further physical modifications. Incorpo-
rating a tungsten slab into the setup more than
doubles the local thermal neutron flux, further
boosting the frequency and impact of neutron
capture reactions. This dramatic increase in re-
action events confirms the direct physical foun-
dation for enhanced biological efficacy within
the irradiated volume.

Microdosimetric measurements reveal that the
dose-mean lineal energy, and therefore RBE,
rises sharply at and just beyond the distal edge
of the proton Bragg peak. This creates a bi-
ological "hot zone" immediately after the tu-
mor. Specifically, the presence of this high risk
zone accentuates the importance of RBE model-
ing and underscores the critical need for careful
treatment planning to prevent unintended toxi-
city in healthy tissues adjacent to the target.
Overall, this integration of experimental micro-
dosimetry and radiobiological modeling bridges
the gap between physical dose delivery and bio-
logical outcomes, setting a foundation for more
precise, safe, and effective strategies in modern
particle therapy.
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