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ABSTRACT

Introduction: The generation of secondary neutrons in proton therapy produces a biologically signif-
icant out-of-field dose, which is associated with an elevated risk of secondary cancers. This study was
designed to quantify the absorbed and equivalent doses from these neutrons within a water phantom,
specifically to establish how these doses depend on the initial energy of the proton beam.

Methods: We utilized a validated Monte Carlo model on the Geant4/GATE platform to simulate a pencil
proton beam incident on a water phantom at energies ranging from 70 to 250 MeV. Model accuracy
was verified by comparing the simulated Bragg peak positions (Rgo) against NIST reference data. The
secondary neutron absorbed dose was isolated using the DoseActor and Digitizer tools. Subsequently, the
neutron equivalent dose (H) was calculated using energy-dependent radiation weighting factors (wWg),
as recommended in ICRP Publication 103. All dose calculations were normalized to a clinically standard
therapeutic dose of 2 Gy delivered to the Bragg peak.

Results: The simulations revealed a substantial increase in the neutron dose with increasing incident
proton energy. As the proton energy was increased from 70 to 250 MeV, the mean neutron absorbed
dose escalated from 0.031 to 0.138 mGy per 2 Gy therapeutic fraction. This caused the mean neutron
equivalent dose to climb from 0.25 to 1.45 mSv. Furthermore, spatial analysis showed that the majority
of this neutron dose is deposited in the entrance channel, upstream of the Bragg peak.

Conclusion: The secondary neutron equivalent dose delivered during proton therapy shows a strong
dependence on treatment energy, with a nearly sixfold increase observed across the clinical energy range
investigated. These quantitative findings are vital for clinicians and medical physicists in evaluating the
risk-benefit ratio of treatments requiring high-energy proton beams and in developing more accurate
algorithms for treatment planning systems.
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INTRODUCTION

Proton therapy represents a significant advance in ra-
diation oncology, offering a distinct dosimetric ad-
vantage over conventional photon-based radiother-
apy. This superiority stems from the characteristic
Bragg peak, a physical phenomenon in which protons
deposit the majority of their energy over a very nar-
row range at the end of their path, followed by a sharp,
finite dose fall-off. This allows highly precise deliv-
ery of a therapeutic dose that conforms tightly to the
tumor volume while maximally sparing surrounding
tissues and organs at risk (OARs) distal to the target !.
However, this therapeutic precision is inevitably ac-
companied by the production of a complex, mixed
field of secondary radiation generated through inelas-
tic nuclear interactions between the primary proton
beam and the nuclei of the elements that comprise hu-
man tissue?.

Among the various particles comprising this sec-
ondary field, neutrons are the primary clinical con-

cern. Unlike charged secondary particles, which have
a limited range, neutrons are uncharged; therefore,
they are highly penetrating, allowing them to travel
significant distances from the primary beam path and
contribute to a whole-body, out-of-field dose?. Crit-
ically, neutrons have a high relative biological effec-
tiveness (RBE), meaning they induce more complex
and severe DNA damage per unit absorbed dose than
photons or protons®. This elevated biological dam-
age potential translates directly to an increased life-
time attributable risk (LAR) of developing secondary
malignancies*. This risk is of particular gravity in pe-
diatric oncology, where patients have both a long life
expectancy for stochastic effects to manifest and an
increased intrinsic radiosensitivity of developing tis-
sues®. Recent studies have also highlighted the im-
portance of assessing out-of-field doses for other sen-
sitive groups, such as pregnant patients®, and evaluat-
ing safety for parents accompanying children during

treatment” .
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Consequently, the accurate quantification of the sec-
ondary neutron dose is indispensable for comprehen-
sive risk assessment and treatment optimization. Ex-
tensive efforts have been made to characterize these
secondary neutron fields through both measurements
in proton therapy centers® and advanced Monte Carlo
simulations comparing different ion species. While
the physical yield of neutrons has been studied, trans-
lating this physical information into a clinically mean-
ingful biological metric, the neutron equivalent dose
(Hp), remains complex due to the continuous nature
of neutron energy spectra. The equivalent dose ac-
counts for the differential biological harm caused by
different types of radiation and is calculated by multi-
plying the neutron absorbed dose (D) by an energy-
dependent radiation weighting factor (wg), as de-
fined by the International Commission on Radiolog-
ical Protection (ICRP). While commercial treatment
planning systems (TPS) are highly optimized for tar-
get volume dose calculations, they often employ an-
alytical algorithms that prioritize speed. These mod-
els may have limitations in accurately predicting far-
out-of-field neutron doses compared with full Monte
Carlo simulations, necessitating independent verifi-
cation methods.

This study utilizes the Geant4/GATE platform to sys-
tematically investigate the relationship between the
initial proton beam energy and the resulting sec-
ondary neutron dose equivalent. By leveraging Monte
Carlo simulations, the gold standard for modeling
coupled particle transport in radiotherapy?, this work
quantifies both the neutron absorbed dose (D,) and
the neutron equivalent dose (H,) in a water phantom
for proton energies ranging from 70 to 250 MeV. The
objective is to provide a comprehensive, open-source
dataset that can inform clinical risk-benefit analyses
and serve as a supplementary benchmark for validat-
ing Monte Carlo configurations and refining treat-
ment planning algorithms, contributing to the ongo-
ing effort to precisely characterize secondary doses in
proton therapy.

METERIALS AND METHODS

Monte Carlo Simulation Model

Simulation Platform and Geometry

The study was conducted using the Geant4 Appli-
cation for Tomographic Emission (GATE) simula-
tion toolkit (version 9.0), which is built upon the
GATE is a
well-validated and widely used platform in medical

robust Geant4 (version 10.7) libraries.

physics, specifically designed to model radiotherapy
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scenarios with high accuracy. The simulation geom-
etry consisted of a 27 x 27 x 57 cm® water phantom,
which is the standard reference medium for radia-
tion dosimetry due to its tissue-equivalent properties.
These dimensions were chosen to be large enough to
provide full lateral electronic equilibrium and contain
the entire range of the highest-energy proton beam,
ensuring accurate scoring of the full dose distribution
and secondary particle scatter.

Beam Configuration and Simulation Param-
eters

The phantom was irradiated with a monoenergetic
pencil proton beam, representing the fundamental
component of modern pencil beam scanning systems.
Simulations were performed for five clinically rele-
vant incident proton energies: 70, 100, 150, 200, and
250 MeV, covering the range from shallow to deep-
seated tumor treatments. To achieve a low statistical
uncertainty (<1%) in the dose calculations, 10° pri-
mary proton histories were simulated at each energy
level.

Physics Model and Validation

Physics model selection is critical for accurately sim-
ulating the primary proton interactions and the sub-
sequent transport of secondary particles. We em-
ployed the QGSP_BIC_HP_EMY physics list, which
is a standard and recommended configuration for
proton therapy applications. This composite list com-
bines:

The quark-gluon string precompound (QGSP) model
for high-energy hadronic interactions (>10 GeV).
The binary cascade (BIC) model for intermediate-
energy hadronic interactions.

The high precision (HP) neutron model for tracking
neutrons with energies below 20 MeV, which uses
evaluated cross-section data from the ENDF/B-VII.1
library for high-fidelity transport.

The “EMY” standard electromagnetic physics option
for accurate modeling of electron, positron, and pho-
ton interactions.

The accuracy of the primary proton beam transport
was validated. The simulated depth-dose profiles for
the primary protons were used to determine the pro-
ton range, defined as Rg (the depth of the 80% dose
on the distal fall-off of the Bragg peak). These simu-
lated Rgp values were compared against the author-
itative PSTAR database from the National Institute
of Standards and Technology (NIST). Across all five
energies, the deviation between our simulated ranges
and the NIST reference data was less than 1.64%,
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confirming the high accuracy of our electromagnetic
physics model and geometric setup. Because electro-
magnetic interactions primarily determine R80, the
validation of the hadronic physics model governing
secondary neutron production is addressed in the dis-
cussion section by comparing it with previously pub-
lished Monte Carlo data.

Neutron Dose Calculation

The three-dimensional dose distribution throughout
the phantom was scored using a GATE DoseActor.
A high spatial resolution was achieved by setting the
voxel size to 1 x 1 x 1 mm?>. To specifically isolate
the dose contribution from secondary neutrons, we
implemented a filtering strategy. The Digitizer mod-
ule was used to record every energy-deposition event
(a “hit”) within the phantom. Each hit contains in-
formation about the particle that caused it. These hits
were filtered, and only those created by particles with
a particle data group (PDG) code of 2112, the unique
identifier for the neutron, were retained. This process
effectively removes the dose contributions from pri-
mary protons and all other secondary charged parti-
cles (e.g., electrons, secondary protons, and alphas).
Monte Carlo simulations calculate dose on a per-
primary-particle basis. To translate these results into
a clinically relevant context, all dose values were nor-
malized. For each incident proton energy, a nor-
malization factor was determined by calculating the
number of primary protons required to deliver an ab-
sorbed dose of exactly 2 Gy to the Bragg peak max-
imum. This same normalization factor was then ap-
plied to the scored neutron dose distribution. The fi-
nal mean absorbed neutron dose (D;;) was calculated
over the entire phantom volume and is reported in
units of mGy per 2 Gy therapeutic fraction.

The absorbed dose (D,), measured in Grays (Gy),
does not fully capture the biological impact of differ-
ent types of radiation. To assess biological risk, the
absorbed neutron dose was converted to the equiv-
alent dose (H,), a protection quantity measured in
Sieverts (Sv). This conversion was performed using
the energy-dependent radiation weighting factor (wg)
for neutrons, as defined in ICRP Publication 103. The
wp, for neutrons is not a single value but a continuous
function of the kinetic energy of the neutron.

To implement this, the neutron fluence spectrum
(number of neutrons per unit area per unit energy)
was scored and averaged over the entire phantom
volume for each incident proton energy. The rela-
tive fluence values were normalized to the absolute
fluence (cm—2) based on the therapeutic dose. A

single, spectrum-averaged radiation weighting factor
(WR avg) was then calculated by convoluting this ab-
solute fluence spectrum with the ICRP 103 wg(E,)
function. This approach simplifies the spatially vary-
ing neutron spectrum to a single average value and
provides a robust, conservative estimate of the overall
biological dose burden. The mean neutron equivalent
dose (H,,) was then calculated using the formula:

Hyp =Dy X WRavg

where D,, is the mean neutron absorbed dose, and
WRavg is the calculated average radiation weighting
factor for the specific neutron spectrum generated by
each primary proton energy.

RESULTS

Neutron Production Yield and Energy Spec-
trum

A significant by-product of non-elastic proton nuclear
interactions is the generation of secondary neutrons.
A strong, positive correlation was quantified between
the incident proton energy and the neutron yield. As
detailed in Table 1, the relative neutron yield, defined
as the number of neutrons produced inside the phan-
tom per incident proton, increased by more than 19-
fold, from 1.78% at 70 MeV to 34.84% at 250 MeV,
as the incident proton energy increased. This is a di-
rect consequence of the larger cross-sections for non-
elastic nuclear reactions at higher proton energies.

Table 1: Neutronproduction yield within a water
phantom as a function of incident protonenergy.

Incident Proton Energy (MeV)  Relative Yield (%)
70 1.78 £0.02

100 4.93+0.05

150 12.94+0.13

200 23.22+0.23

250 34.84+0.35

Note: Uncertainties represent one standard deviation

(k=1).

Analysis of the neutron energy spectra revealed two
key characteristics. First, neutrons produced inside
the phantom exhibited a continuous energy distribu-
tion with a characteristic evaporation peak around
2 MeV, and a maximum energy close to the inci-
dent proton energy. Second, the spectra become pro-
gressively “harder” as the incident proton energy in-
creased: they contained a greater proportion of high-
energy neutrons.
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The simulated neutron energy spectra are illustrated
in Figure 1. The spectra revealed two distinct mech-
anisms of neutron production. First, a prominent
evaporation peak was consistently observed around 2
MeV across all incident energies, originating from the
de-excitation of compound nuclei. Second, a high-
energy tail extended from the evaporation peak up to
the maximum energy of the incident proton. As the
proton energy increased from 70 to 250 MeV, this tail
extended significantly, indicating a “spectral harden-
ing” effect. This hardening is clinically significant be-
cause high-energy neutrons have different radiation
weighting factors (wg) than thermal or evaporation
neutrons.

Figure 1: Comparative Neutron Energy Spectra
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Figure 1: Comparative neutron fluence energy
spectra within a water phantom for incident pro-
ton energies ranging from 70 to 250 MeV. The spec-
tra are displayed on a log-log scale to highlight the
characteristic evaporation peak around 2 MeV and
the spectral hardening (high-energy tail) that in-
creases with incident proton energy.

Yield and Directionality of Escaping Neu-
trons

A significant fraction of the neutrons produced within
the phantom have sufficient energy to escape its
boundaries, contributing to the out-of-field dose. Ta-
ble 2 quantifies the total escaping neutron yield and
its directional distribution relative to the beam axis.
An analysis of the directionality reveals an impor-
tant interplay between production kinematics and
phantom geometry. As the incident proton energy
increased, the initial production of secondary neu-
trons became kinematically forward-peaked due to
momentum conservation. However, due to the elon-
gated geometry of the phantom (57 cm long), these
forward-directed neutrons had a high probability of
undergoing scattering interactions within the wa-
ter medium before reaching the distal face. Conse-
quently, a substantial fraction of the neutrons were
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scattered and laterally escaped.

As shown in Table 2, at 250 MeV, although the for-
ward yield (1.99%4-0.02%) is higher than at 70 MeV
(0.56%=0.01%), the lateral yield (17.29%=£0.17%) re-
mains the dominant component of the total escaping
flux. While the primary interaction directed neutrons
forward, the resulting out-of-field radiation field sur-
rounding the phantom was substantial in all lateral di-
rections, creating a diffuse “neutron bath” around the
target volume.

Neutron Absorbed and Equivalent Dose

The ultimate clinical concern is the dose deposited by
these neutrons. The substantial observed increase in
neutron production (Table 1) directly translated to a
higher mean absorbed dose (D,,), which rose by a fac-
tor of 4.5 from 70 to 250 MeV (Table 3).

To assess the biological risk, the absorbed dose was
The “harder”
neutron spectra at higher energies resulted in a

converted to equivalent dose (H,).

larger spectrum-averaged radiation weighting factor
This
synergy—more neutrons that are also more biologi-

(WRavg)> which increased from 8.1 to 10.5.

cally effective—led to a steep, nearly six-fold increase
in the mean neutron equivalent dose, which climbed
from mSv to 1.45 mSv per 2 Gy fraction. Spatial analy-
sis confirmed that the highest dose concentration oc-
curs in the entrance path, well upstream of the Bragg
peak, creating a “neutron bath” that irradiates healthy
tissue.

To visualize the spatial distribution of the secondary
dose, Figure 2 presents a 2D dose map for the 150
MeV beam on a logarithmic scale. While the primary
protons deposit their energy within a narrow path
ending at the Bragg peak, a diffuse “neutron bath”
is observed extending laterally and distally through-
out the phantom. This confirms that healthy tissues
located parallel to the beam path (lateral OARs) are
subject to continuous low-dose exposure from scat-
tered secondary neutrons, consistent with data on lat-
eral neutron escape yields.

DISCUSSION
To validate the hadronic physics model
(QGSP_BIC_HP) governing neutron produc-

tion, our calculated neutron yields were compared
with previously published Monte Carlo studies. For
instance, at 250 MeV, the calculated relative yield of
34.84% is consistent with the findings of Griffin et al.
(2022) (11), who reported comparable total neutron
yields using the MCNP6 and PHITS codes for similar
water phantom geometries. This agreement supports
the reliability of our Geant4/GATE configuration for
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Table 2: Yield and directional distribution of secondaryneutrons escaping phantom relative to incident proton

beam.

Incident Proton Total Escaping Forward Yield' Lateral Yield” Backward Yield®
Energy (MeV) Yield (%) (%) (%) (%)

70 1.2440.01 0.56+0.01 0.6740.01 0.0140.00

100 3.23+0.03 1.03+0.01 2.1240.02 0.08+0.00

150 8.19+0.08 1.59+0.02 6.13+£0.06 0.47+0.01

200 14.75+0.15 1.8540.02 11.50£0.12 1.384+0.01

250 22.54+0.23 1.99+0.02 17.29+0.17 3.26+0.03

I Forward: Neutrons exiting the distal face of the phantom.

2Lateral: Sum of neutrons exiting all four lateral sides of the phantom.

3 Backward: Neutrons exiting the proximal (entrance) face of the phantom.

Table 3: Calculated mean neutron absorbed dose (D, )and equivalent dose (H,) per 2 Gy therapeutic fraction as
a functionof incident proton energy.

Incident Proton Energy

Mean Neutron

(MeV) Absorbed Dose,
Dn (mGy/2 Gy)

70 0.031

100 0.054

150 0.091

200 0.120

250 0.138

Average Neutron wR Mean Neutron Equivalent
Dose, Hn (mSv/2 Gy)

8.1 0.25

8.8 0.48

9.5 0.86

10.1 1.21

10.5 1.45

Lateral Position Y (mm)

Figure 2: 2D Dose Distribution & Neutron Bath (150 MeV)
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Figure 2: Two-dimensional dosedistribution map

(YZ plane) for a 150 MeV proton beam.

The

color scale islogarithmic to visualize the large dy-
namic range between the primary protonbeam
(red/orange) and the low-dose secondary neutron
bath (cyan/green), whichextends laterally into the

phantom.

secondary particle transport. This study translates
the physical characteristics of secondary neutrons,
from their initial production (Table 1) to their trans-
port and escape (Table 2) and ultimate biological
impact (Table 3), into the clinically relevant metric of
equivalent doses. Our key finding is a strong, positive

correlation between incident proton energy and
secondary neutron equivalent dose, which increases
by nearly a factor of 6 across the clinical energy
range. A clinician choosing to treat a deep-seated
tumor (e.g., at a depth of 30 cm, requiring ~220 MeV
protons) will subject the patient to an out-of-field
neutron dose several times higher than that for a
shallow tumor treatment (e.g., at 4 cm, requiring ~70
MeV protons).

The magnitude of the equivalent dose, reaching up to
1.45 mSv per 2 Gy fraction, is significant. For a typ-
ical 30-fraction course of treatment, the cumulative
neutron equivalent dose could exceed 40 mSv. This
level of whole-body exposure is a non-trivial factor
in stochastic risk calculations, especially for pediatric
patients with long life expectancies.

Our results provide quantitative data that can directly
inform clinical decision-making. The finding that
neutron production increases dramatically with en-
ergy (Table 1) provides quantitative evidence sup-
porting the recommendation to use the lowest possi-
ble proton energy that can adequately cover the target
volume. Furthermore, the data on escaping neutrons
(Table 2) reveal a high lateral escape fraction (up to
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~17% at 250 MeV). This suggests that careful attention
should be paid to OARs located laterally to the tar-
get volume, in addition to those located distally. This
comprehensive dataset can serve as a supplementary
benchmark for developers of TPSs and for validating
analytical dose algorithms, which may have uncer-
tainties in estimating far-out-of-field neutron dose.
The primary limitation of this work is the use of a ho-
mogeneous water phantom. Future studies will ex-
tend this dose calculation methodology to patient-
derived CT-based phantoms to investigate the influ-
ence of tissue heterogeneities (e.g., bone and lung)
on neutron dose distribution in specific OARs. This
methodology has been demonstrated effectively using
age-dependent voxel phantoms.

CONCLUSIONS

This study successfully quantified the strong, positive
correlation between incident proton energy and the
secondary neutron equivalent dose in proton ther-
apy. Using a validated Monte Carlo model, the neu-
tron equivalent dose increases nearly sixfold across
the clinical proton energy range of 70 to 250 MeV.
This substantial increase underscores the clinical im-
portance of accounting for the secondary neutron
dose, particularly when high-energy beams are re-
quired to treat deep-seated tumors. This work pro-
vides a valuable quantitative foundation for the radi-
ation oncology community, enabling more informed
risk-benefit assessments and serving as a reference
for refining next-generation treatment planning algo-
rithms to better optimize the safety and efficacy of
proton therapy.
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