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Abstract.

Objectives: Particle therapy is an advanced radiotherapy technique primarily using
protons and carbon ions, with helium and oxygen ions also being considered for elinical
applications. A critical concern in ion therapy is the production of secondary neutrons
due to nuclear reactions, which may contribute to unwanted dose deposition within the
patient.

Approach: This study investigates neutron production for different ion species and
energies, providing essential data for assessing secondary neutron exposure. Protons,
helium, carbon, and oxygen ions were used to irradiate a PMMA' phantom at two
energies, corresponding to penetration depths of approximately 5/¢m and 14 cm in
water. The secondary neutron fluence and ambient dose equivalent (H*(10)) were
measured using an extended-range Bonner sphere_ spectrometer at four angular
positions (0°, 45° 90°, and 135°) relative to the beam direction.

Main results: Results showed significant differences.in neutron production depending
on ion species and energy. The neutron ambient dose eqlzivalent per primary ion in the
beam direction varied by a factor of about 50 across the different ion species. When
normalized to the absorbed dose in the{pristine Bragg peak, variations of up to a factor
of 10 were observed between proton and oxygen ions. However, at off-axis positions,
neutron ambient dose equivalent per absorbed dose was relatively similar across ion
species, even lower for ions heavier than protons when normalizing to the biologically
effective treatment dose.

Significance: This study presents, the first measurement-based comparative analysis of
fluence energy distributions and neutron equivalent doses for protons, helium, carbon,
and oxygen ions in a synchrotren-based clinical facility for monoenergetic beams. These
findings are highly relevant for evaluating secondary neutron exposure in particle
therapy and optimizing' treatment strategies to reduce long term-risks of radiation
induced second cancers.
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1. Introduction

Modern ion beam radiation therapy using pencil beam scanning (PBS) offers more
precise dose delivery to tumors than conventional therapy modalities“while sparing
surrounding healthy tissue [1-4]. Most particle therapy centers can deliver,proton
beams, but only a few facilities worldwide offer treatment with heavier ions [4,5]. At the
Heidelberg lon-Beam Therapy Center (HIT), four different ion species (protons, helium,
carbon, and oxygen ions) can be delivered, with protons, carbon ions, and, more
recently, helium ions being used in clinical practice, while oxygen.ons being employed
exclusively for experimental purposes [6,7]. Each ion species;has its own advantages and
disadvantages. Protons are lighter than other ion types and, as a result, undergo stronger
beam broadening due to elastic scattering and range straggling, leading to a larger spot
size and a less favorable lateral /distal dose gradient. In contrast, heavier ions experience
fragmentation, which results in unwanted dosesdeposition’beyond the Bragg peak,
forming a fragmentation tail [4]. Compared tophotons, ions have a higher ionization
density, especially in the Bragg peak region, which ificreasés with ion charge and leads to
a higher relative biological effectiveness. (RBE) [8,9]. This implies that, to achieve a
similar biological effect, a lower absorbed dose is required for oxygen ions compared to
carbon, helium, or protons.

Recent advancements in radiotherapywhave significantly increased the long-term
survival rates of cancer patients. However, this improvement also raises concerns about
the long-term risks associated, with second primary cancers caused by unwanted
exposure to scattered and secondary radiation [10-12]. This issue is particularly
relevant for pediatric and young adult patients, who may have a long-life expectancy
after treatment and, therefore, :an<extended period during which second primary
malignancies could develop [13]{In this context, the advantages and disadvantages of
conventional radiotherapy versus ion beam therapy are widely discussed, with the
production of secondary.radiation, primarily secondary neutrons in particle therapy,
being of particulatr concern [14-19].

Moreover, patiénts who have been successfully treated form an essential cohort for
future epidemiological studies assessing the risk of second primary cancer following
radiotherapy. Consequently, precise data on all sources of radiation exposure, including
doses from medical imaging, therapeutic doses to the target volume, and doses from
secondary radiation at the periphery and beyond the target volume, are indispensable.

The production of secondary neutrons in nucleus-nucleus interactions depends on
several.factors, such as projectile energy, the number of nucleons in both the projectile
and the target nucleus, and various irradiation parameters, including beam angles and
beam modifiers [20,21]. As part of ongoing efforts to assess neutron exposure in proton
therapy, Working Group 9 of the European Radiation Dosimetry Group (EURADOS)
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conducted comprehensive studies to quantify neutron spectra and ambiént dose
equivalent in particle therapy [22-24].

Along these lines, the present study investigates the production of secondary neutrens in
a PMMA phantom irradiated with four different ion beams (protons, helium, carbon, and
oxygen ions). Neutron fluence energy distributions and corresponding ambient dose
equivalent (H*(10)) values were measured at four locations withinran experimental
room at HIT, for two beam energies corresponding to penetration depths of
approximately 5 cm and 14 cm in water. Such information are indismansable reference
data for benchmarking Monte Carlo code that can be used tofestimate organ- and
patient-specific neutron doses, thereby linking experimental data/with patient risk
assessment. This study presents the first comprehensive measurement of neutron
fluence energy distributions at HIT for all four ion types and'two energy levels.

2. Materials and Methods
2.1.Irradiation plans

The experiment was conducted in Q3 2015, at the HIT synchrotron-based facility,
which accelerates ions up to 430 MeV/u and delivers them using PBS with beam
currents in the range of 0.1-0.5 nA. Twe.irradiation scenarios were designed for each
of the four HIT ion species, utilizing twodifferent beam energies delivered to a 30 x 30
x 30 cm® PMMA phantom. A4 x 11 cm?® square field was planned at isocenter with a
spot step size of 5 mm, resulting-in'a total of 529 beam spot positions. For protons, the
selected beam energies were 74.7 and 139.3 MeV/u, corresponding to water-
equivalent ranges of 4.8 cmrand 14.1 cm, respectively. Helium ions were delivered at
76.3 and 140.1 MeV/u (ranges of approximately 5.0 cm and 14.2 cm), carbon ions at
138.7 and 263.8 MeV/u (ranges of about 4.7 cm and 14.0 cm), and oxygen ions at
1629 and 312.6 MeVj/u (ranges of approximately 4.7 cm and 13.9 cm). This
information is summarized in Table 1. The number of particles required to achieve a
maximum Bragg peak absorbed dose of 2 Gy for the low-energy beams and 4 Gy for
the high-energy beams“was estimated using the FLUKA Monte Carlo code [25-27].
This information was used to normalize the neutron distributions, either per primary
particle erper maximum Bragg peak physical absorbed dose.

In addition, in particle therapy, the prescribed dose is weighted by the RBE. While RBE
is fixed to»1.1 for protons, the RBE values for the other ions are higher and variable
depending'on e.g. dose, linear energy transfer, tissue-type. To normalized the value per
treatmentdose (Gy (RBE)), estimated RBE values of 1.1, 1.7, 2,7 and 3.5 were assumed
for protons, helium, carbon and oxygen ions respectively [28].
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: lon Energy (MeV/u) Range Energy Range (cm)

6 (cm) (MeV/u)

; p 74.7 4.8 139.3 14.1

9 He 76.3 4.0 140.1 14.2

10 C 138.7 4.7 263.8 14.0

11

12 0 162.9 4.7 312.6 139

13 1

1;’ 2 Table 1: Selected beam energies and the corresponding water-equivalént ranges for
16 3 protons (p) and helium (He), carbon (C) and oxygen (0O) ions.

17 4

12 5 2.2.Experimental Setup

;? 6  Figure 1 shows a photograph of the experimental setup along with a schematic
22 7  representation of the geometry used for all irradiations. The' 30 x 30 x 30 cm® PMMA
;3 8 phantom was positioned at the room isocentergapproximately 1.0 m from the beam
22' 9 nozzle exit. y

26 10  Four measurement positions were defined around/the phantom: position 1 was
;; 11 located at 0° relative to the beam direction at.a distance of 1.5 m from the phantom
29 12  center, while positions 2 (45°), 3 (90°), and 4(135°) were each positioned at a
30 13 distance of 2.0 m. The experimental roomsat HIT measures 7.7 x 6.5 x 3.55 m?, with
g; 14  concrete walls. On the wall opposite themnozzle, an iron shielding structure (2.0 x 2.0
33 15 m?) is integrated in the wall and contains a50 x 50 x 55 cm® opening, within which a
34 16  water phantom is placed to serve as:a beam dump.
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51

52
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55

56 19 Figure1: a) Sketch of the setup in the HIT experimental room (not drawn to scale) with
57 20" /the PMMA phantom at isocenter and detectors at position 1 (1.5m, 0°), position 2 (2.0m,
58 21 " 45°), position 3 (2.0m, 90°), and position 4 (2.0m, 135°); b)Photograph of the setup
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2.3. Extended-Range Bonner Sphere Spectrometer

Neutron measurements were conducted using an extended-range, Bonner sphere
spectrometer from Helmholtz Zentrum Munich (HMGU-ERBSS) [22,29]:, The HMGU-
ERBSS has been utilized in various neutron fields, including secondary neutrens from
cosmic rays and proton therapy, with results compared against those ebtained using
other commonly employed extended-range Bonner sphere spéctrometers (ERBSS)
[22,29-32].

The HMGU-ERBSS comprises 18 measurement channels, each™consisting of a
combination of a *He proportional counter, primarily sensitive to thermal neutrons, and
a moderator sphere, which modifies the neutron response function for each channel.
Specifically, the system includes 15 pure polyethylene (PE) spheres of varying diameters
(2.5,3,35,4,45,5,55,6,7,8,9,10, 11, 12, and 15 inches). Additionally, two 9-inch PE
spheres contain lead layers of different thicknesses (0.53and 1 inch) to enhance
sensitivity to high-energy neutrons above 20 MeVaOne measurement channel consists of
a bare 3He proportional counter without a moderator Sphere. The *He proportional
counters (Centronics SP9) have a spherical detector volume with a 3.3 cm diameter,
filled with *He gas at a partial pressure of 172 kPa. These 18 detectors were used at the
measurement positions shown in Figure 1. The electronic measurement system included
a charge-sensitive preamplifier (ARCHEM7E, Canberra Industries Inc.) and a multi-
channel analyzer (Multiport II, Canberra Industries Inc.). The Multiport II operated as a
fixed dead-time multi-channel analyzer withran overall electronic dead time of less than
18 ps. To minimize dead-time- effects, the beam current was adjusted to maintain
neutron count rates below 500 counts)per second in all spheres under all irradiation
conditions. Irradiation timeswere.between 1 and 5 minutes.

2.4. Unfolding and Mente-Carlo simulations

To derive the secondary neutron energy distribution from the 18 single measurements
performed under the same conditions, data unfolding is required [33]. In the case of
neutron spectrometry <where the neutron energy distributions typically span
approximately 13 orders of magnitude, or more, with 10 energy bins per decade,
unfolding corresponds to a mathematically highly under-determined problem, as only
18 single data points from the different measurement channels are available. In this
study the MSANDB unfolding code was used for data processing [34]. MSANDB is an
iterative unfolding code using a-priori estimate information about the neutron energy
distribution as initial input. To avoid unphysical solutions, like negative neutron
fluences, MSANDB applies natural logarithms of neutron fluences.

The accuracy of the unfolding results depends heavily on the quality of the response
functions for each measurement channel. These HMGU-ERBSS response functions,
including that of the bare 3He proportional counter, were calculated using the Monte
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Carlo particle transport code MCNPX including the Los Alamos High Energy Library
(LA150) [35]. These response functions were validated up to 384 MeV. in quasi-
monoenergetic neutron fields at the Osaka Research Center for Nuclear Physics (RCNP)
in Japan [36-38].

For each measurement the pulse height distribution of each 3He detector is recorded and
the number of 3He(n,p)-reactions that are deduced from this distribution are used in the
unfolding procedure. When heavy-ion fragmentation from nuclear reactions produces
light charged fragments with ranges exceeding the phantom!(size; detectors positioned
along the beam direction, such as at position 1, may be impacted by these fragments and
prompt gamma radiation. Consequently, for the highest-energy heavy-ion beams
investigated, the detector at position 1 became saturated in'the experiment due to these
fragments, especially in the lower channels of the pulse height distribution. As a result,
only the measurement results from positions 2, 3, and 4 were analyzed. In contrast, for
lower-energy heavy-ion beams, the impact of light fr%gments on the pulse height
distribution at position 1 was minimal. In that case, due to the known ratio of full energy
deposition events to partial energy deposition ‘events for each Bonner-sphere, the
number of 3He-reactions can be calculated from the full energy deposition peak of the
3He(n,p)-reaction.

A-priori information of the secondary neutron energy distributions required for the
MSANDB unfolding code were computed with the Geant4 Monte-Carlo particle transport
simulation toolkit [39]. The default physics list QGSP BIC HP was extended to simulate
thermal neutrons more precis\ely inside the PMMA phantom. For this purpose, the
G4ThermalNeutronScatteringclass was included in the G4HadronElasticPhysics class.
For hydrogen in PMMA no thermal scattering cross-sections are available. Therefore, the
thermal scattering cress-sections for hydrogen in PE were used. Furthermore, to
simulate the primaryion beam more accurately the G4StandardElectromagneticPhysics
option3 was used instead of the default.

A simple geometry containing only the 30 x 30 x 30 cm3 PMMA phantom surrounded by
dry air together/with arectangular source parallel of 11 x 11 cm? was implemented.
Phase space files recorded after the HIT beam line, containing both primary and
secondary particles, was used to reproduce the experimental beam characteristics and
focus foreach ion type and energy [40].

Secondary neutron energy distributions were scored at the four measurement positions
using 10/ cm diameter spheres filled with dry air. A self-implemented
G4SensitiveDetector class to score energy distributions, based on the
G4ParticleWithEnergy primitive scorer, was implemented, which scores fluence using
path length estimation in the scoring volume.

To minimize the large amount of computational time to achieve a-priori secondary
neutron energy distributions with a reasonable statistical uncertainty, which was
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needed to avoid artificial structures in the unfolded energy distributions for, all
irradiation conditions, simulation results at 1.0 m distance from the phantom center
were used for all measurement positions instead of the real measurement positions: It
was initially investigated that the unfolded energy distribution, using a-priori
information from 1.0 m distance leads to comparable unfolding results.(shape and peak
heights) as the ones using a-priori information from 1.5 or 2.0"m. Thus, a-priori
secondary neutron energy distributions at 1.0 m distance were simulated for each
direction, i.e. at 0°, 45° 90° and 135° (see Figure 1). Number of hi\stories was about
1.5E9, 1E9, 2E8, 1E8 for protons, helium, carbon and oxygen ions, réspectively.

Based on the secondary neutron energy distributions measured with.the ERBSS, H*(10)
values were deduced from using fluence-to-ambient dose conversion coefficients. This
was done within the MSANDB unfolding code. Contributionsito H*(10) were analyzed for
four neutron energy ranges: thermal (1 meV-0.4 eV), epithermal (0.4 eV-100 keV), fast
(100 keV-19.4 MeV), and high-energy (= 19.6 MeV)[41].

v
2.5. Estimation of uncertainties in unfolded neutron spectra

Neutron spectrometry with ERBSS is a very complicated method involving various
sources of uncertainties and systematic errors. Factors that might contribute to these
uncertainties and errors may includée'choice of unfolding code, simulation of response
matrix for a specific ERBSS, calibration of the ERBSS, characteristics of the ERBSS
electronics used, primary ‘beam characteristics, stability of beam, geometry of
experimental room, space for.detector position, distance and angle determination of
measurement positions, height of the measurement positions, irradiation time,
evaluation of pulse height spectra, choice of simulated a-priori neutron spectra, etc.
While a systematic and overall assessment of the uncertainties and errors was out-of-
scope of the presentsstudy, it is noted that such an assessment has recently been
performed for the energy distributions of secondary neutrons from cosmic radiation.
These neutron energy distributions are very similar to those observed behind the
shielding of high=energy accelerators, where the secondary neutrons are being produced
in the shielding material'used [42].

For neutrons from secondary cosmic radiation, uncertainties in total neutron fluence
related tosthe choice of the a-priori neutron distribution were shown to be less than 1%
[43], those related to the choice of the unfolding code used were shown to be less than
4% [44], and those related to the choice of the ERBSS response matrix were shown to be
less than 5% [45]. Consequently, the overall uncertainty in total neutron fluence was
about.7% when error propagation was used.

This is consistent with an overall uncertainty of about 10% in total neutron fluence and
ambient dose equivalent based on the neutron fluence energy distribution at the CERF
facility at CERN, Switzerland [46].

Page 8 of 25
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2

3

g 1  Consequently, an overall uncertainty of about 10% in Neutron ambient dose equivalent
6 2 valuesis estimated in the present study.

7

8

9 3 3.Results

10

" 4  3.1.Simulation of a-priori secondary neutron energy distributions

12

13 5 Figure 2 shows the simulated a-priori spectra at positions 1 to 4 for the highest protons
12 6 and lowest carbon ions energies. For both beam energies at position.lya‘'sharp edge on
16 7  the right side of the high-energy peak can be seen. This sharp edge is expected due to a
17 8 maximum energy transfer for a head-on collision between aprimary proton hitting a
:g 9  neutron within a nucleus. This is different for the carbon high-energy peak at position 1
20 10  (Figure 2b) due to the wide spectrum of possible interactions, between a carbon ion and
;; 11  the phantom materials. Consequently, for carbon ions the,resulting right side of the

23 12 high-energy peak shows a smoother edge.

24 13 The spectral shapes at positions 2 to 4 are/similar, fop all incident beam energies.
25 14  Typically, at position 4 a broad peak at about 5-10 MeV can be seen, while at position 3
57 15 the peak is at about 10-20 MeV depending.on the energy of the primary beam. At all
28 16  positions and for both ions a small thermal peak is visible. The simulated a-priori
29 17  neutron energy distributions do notisshow any evaporation peak, at energies of 1-2 MeV.
31 18  These evaporation neutrons are typically produced in reactions with high Z-materials
32 19  because of the increasing probability of evaporation processes in nuclei with many
20  nucleons.
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3.2. Secondary Neutron Fluences

Figures 3 and 4 present the unfolded secondary neutron energy distributions that were
based on the ERBSS measurements for the different ions at all positions, for the two
investigated beam energies, respectively. For the high-energy heavy ions at pesition 1
secondary neutrons could not be quantified due to saturation of the 3He detectors from
light beam fragments, as explained in section 2.4.

At each position the unfolded secondary neutron energy distributions show similar
shapes. At position 1 a high-energy peak is visible. In the casé of thesprotons this peak
has a sharp edge on the right side, as expected from the a-priori distributions (Figure
2a).

The high-energy peak produced by the 139 MeV/u carbon ions shows a more Gaussian
like shape compared to the peak from protons. In contrast to‘the secondary neutron
energy distributions obtained by the Geant4 simulations, those measured with the
ERBSS show some evaporation neutrons with a maximum energy around 1-2 MeV.
These neutrons were produced in materials surrounding the measurement positions like
concrete walls, the beam dump or additional shielding materials like the iron shielding
in beam direction. Due to room layout confidentiality, these structures and materials
could not be modeled in the Geant4 simulations.

For the proton, helium and oxygen ions;neutrons in the evaporation region contributed
around 40% to the total neutron fluence, while for 139 MeV/u carbon ions those
neutrons contributed only ateund 20 %. Thermal and epithermal neutrons typically
contributed around 10-20 % to.the total neutron fluence, except for 263 MeV /u carbon
ions where the epithermal neutrons contributed around 35 %, at all measured positions.

N
3.3. Secondary Neutron Doses

The neutron ambient doserequivalent values, deduced from the measured ERBSS
neutron energy distributions,are shown in Figure 5 and Figure 6, for the low and high
beam energies respectively. The neutron doses are by far dominated by fast and high-
energy neutrons.

When normalized to a single primary particle, the neutron ambient dose equivalent
H*(10) was, for instance, approximately 150 times higher for 139 MeV/u carbon ions
compared to 74.7"MeV protons at position 1. Conversely, for the higher-energy beams
(140 MeV protons and 263 MeV/u carbon ions), a difference of about a factor of 60 was
observed at'position 2, while for the lower-energy beams, this factor was approximately
30. Detailed tables showing the secondary neutron ambient dose equivalent H*(10)
values;categorized by contributions from different energy regions, are available in the
supplementary materials.

Table 2 summarizes the secondary neutron ambient dose equivalent H*(10) values for
all irradiation conditions, normalized to the Bragg peak absorbed dose (uSv/Gy) and
treatment dose (uSv/Gy (RBE)).

Page 10 of 25
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Figure 5: Neutron ambient dose equivalent values H*(10) normalized per primary
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2
3
4
5
6 Beam " * *
7 Particle ener Position / Distance (m) H*(10) per absorbed ' H*(10)/per treatment
8 &y Angle dose (uSv/Gy) dose (uSv/Gy (RBE))
9 (MeV/u)
10
1; 1/0° 1.5 0.65 0.59
13 2/45° 2.0 0.40 0.36
Proton 74.7
14 3/90° 2.0 0.27 0.25
15 4/135° 2.0 037 0.34
1? 1/0° 1.5 3.7 2.2
18 . 2/45° 2.0 0.85 0.50
Helium 76.3
19 3/90° 2.0 0.47 0.28
;‘1) 4/135° 2.0 0.51 0.30
% 1/0° 1.5 5.0 1.9
23 2/45° 2.0 0.70 0.26
24 Carbon 138.7 .
3/90 2.0 4 0.33 0.12
i 4/135° 2.0 0.28 0.10
57 1/0° 1.5 5.0 1.4
28 2/45° 2.0 0.63 0.18
29 Oxygen 162.9 .
30 3/90 2.0 0.28 0.08
31 4 /135° 2.0 0.23 0.07
32 1/0° 1.5 9.5 8.6
33 2/:45° 2.0 3.6 3.3
34 Proton 139.3 3
35 3/90 2.0 1.9 1.7
36 4./135° 2.0 1.7 1.5
37 1/0° 1.5 - -
38
2/145° 2.0 6.4 3.8
39 Helium 140.1 / .
40 3490 2.0 3.0 1.8
41 4 /135° 2.0 2.4 1.4
jé 1/0° 1.5 - -
2/45° 2.0 5.8 2.1
44 Carbon 263.8 /
45 3/90° 2.0 2.6 1.0
46 4/135° 2.0 1.8 0.7
47 o
28 1/0 1.5 - -
49 0 312.6 2/45° 2.0 6.9 2.0
xXygen .
50 R 3/90° 2.0 3.0 0.9
31 4/135° 2.0 2.1 0.6
52
53 1 . . . . . .
54 2  Table 2:"Neutron ambient dose equivalent values for all particles and initial beam
55 3 energies normalized per absorbed dose (Gy) or treatment dose (Gy (RBE)).
g? 4 Uncertainties in H*(10) values are about 10%.
58 5
59
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4. Discussion

This study presents measured neutron fluence energy distributions and corresponding
ambient dose equivalents in a clinical setting for proton, helium, carbon, and oxygenion
beams. The results indicate that high-energy neutrons contribute significantly. to the
total ambient dose equivalent, particularly in the forward direction (position 1, 0
degrees). For example, for protons, high-energy neutrons account for approximately
44% of the total ambient dose equivalent at 74.7 MeV/u initial beam energy, increasing
to around 57% for 139.3 MeV/u. This contribution decreases progressively with angle,
reaching 3% and 6% at position 4 (135 degrees) for 74.7 and. 139.3 MeV /u, respectively.
In contrast, at position 4 evaporation neutrons become the dominant contributors,
making up 94% and 89% of the total ambient dose equivalent for'74.7 and 139.3 MeV/u,
respectively. A similar trend is observed for the other ion species, with high-energy
neutron contributions ranging from approximately,75% at position 1 to around 3% at
position 4 for the lowest beam energies, with comparable values at higher energies.
v

When comparing the production of secondary neutrons between protons and heavier
ions with similar ranges in the forward direction at the lowest beam energies, helium
ions generate approximately 20 times more neutrons per primary ion than protons. This
factor increases to about 150 for carbon‘iens and 300 for oxygen ions due to the greater
fragmentation associated with heavier nuclei. At other angles and for both initial beam
energies, the neutron production ratio relative to protons is approximately 7 for helium,
30 for carbon, and 50 for oxygen ions. This difference is likely attributed to the higher
energy per nucleon required for carbonions to reach the same depth in the phantom and
the larger number of neutrons present in the carbon nucleus compared to protons.

When normalizing ‘by absorbed dose, the differences between ions are significantly
reduced, as shown in Table,2. This reduction occurs because less heavier ions are
required to achieve the same absorbed dose. Neutron doses from heavier ions remain
similar within factors 1 and 2 compared to those from protons, except in the forward
direction where they are approximately 6 to 8 times higher. Furthermore, when
normalizing with respect to biologically equivalent treatment doses taking the RBE
weighting factorssinto account, neutron doses from heavier ions are either comparable
to or lower than those from protons at all measuring positions except in the forward
direction, where they remain higher. These findings suggest that while heavy ions, such
as'carbon dons, were initially assumed to produce significantly higher neutron doses in
patients _than protons, potentially increasing the risk of second primary malignancies
compared to protons, this concern is primarily relevant for organs at risk downstream of
the Bragg peak [47-51], that can be the case in cranio-caudal beam orientation for
example. In fact, with optimized beam arrangements, treatment plans involving heavier
ions could even offer a neutron dose advantage over those involving proton beams.

Page 16 of 25



Page 17 of 25 AUTHOR SUBMITTED MANUSCRIPT - PMB-119716.R1

: Secondary Neutrons in PBS Particle Therapy 17
2
3
4
5 1
6 2
/ 3
8
9 4
10 5
11
12 Particle Beam energy Distance = H*(10) per absorbed H*(10) per treatment dose
12 (MeV/u) Angle (m) dose (uSv/Gy) (uSv/Gy(RBE))
" 0° 2.0 0.49
17 45° 2.0 0.39

Proton 75
18 90° 2.0 0.26
19 . 135° 2.0 0.37
20 Trinkl et al.[30] 0
2 0 2.0 5
22 45° 2.0 3.2
23 Proton 140 .
py 90 2.0 1.6

o 4

25 135 2.0 1.5
26 Mat to et
27 atsUMOto €t carbon 290 90" 2.0 0.6
28 al. [52]
29
30 6
31 7  Table 3: Neutron ambient dose equivalent values for protons and carbons ions from
gg 8 Trinkl et al. [30] and Matsuma@to et al. [52], for a single monoenergetic layer, normalized
34 9 per absorbed dose or treatment.dose (Gray / Gray (RBE)).
35 10
36

37 11  Neutron spectrometry data‘insheavy-ion therapy are scarce, with most available data
38 12 derived from Monte Carlo simulations rather than from direct measurements [20,52-
39 13 61]. One experimentalsstudy investigated secondary neutron energy distributions from a
41 14  water target irradiated, with 200 MeV/u carbon ions, using time-of-flight (TOF)
42 15  spectrometry to analyze light particle spectra directly behind the Bragg peak. The TOF
43 16  setup featured<a self-made phantom and a measurement distance of 3.05 m [21].
45 17  However, the'20 MeV threshold of the TOF technique is relatively high compared for
46 18 example to evaporation neutron energies, which can make up from approximatively 25
19  to 93% ifmeutrons'dose. Furthermore, this method only captures neutrons traveling
49 20  directly from the target while excluding scattered components. Consequently, these
50 21  resultssarenotdirectly comparable to those obtained in the present study. Nevertheless,
55 22  afew studies provide measured neutron ambient dose equivalent values for proton and
53 23 carbon ion beams, allowing for a more direct comparison, with corresponding results
>4 24 summarized in Table 3 [30,52].

56 29

57 26 (For example, similar neutron measurements using the HMGU-ERBSS were conducted at
>8 27 “aproton therapy facility [30], where 75 MeV and 140 MeV protons were studied under



oNOYTULT D WN =

O 0O N O Ul o W N =

AR W W W W W W W W WNDNDNDNDNDNDNDNDNDNRRRRRRRR R @
_ O O 00 IO U WP, OO0 ONNOUT WD R OV OO WD RO

AUTHOR SUBMITTED MANUSCRIPT - PMB-119716.R1

Secondary Neutrons in PBS Particle Therapy 18

comparable conditions. For carbon ions, neutron energy distributions and equivalent
dose assessments have been reported in Japan using a different detection system [52],
with measurements conducted for 290 MeV/u carbon ions in a larger target. In general,
the equivalent dose per treatment Gy (RBE) aligns well with the present study for both
ions, though observed variations could stem from differences in experimental setup
(detector type, distance to isocenter, initial beam energy) and«room design (e.g.,
shielding, nozzle configuration), resulting in some differences in neutron back scattering
and the RBE values needed for normalization. For the other ions’investigated, aside from
the Monte Carlo study of [54,55], an experimental study conducteddin a\larger irradiation
field examined neutron ambient dose equivalent contributions using WENDI-II, a
neutron rem counter [53,62]. Despite methodological differences; the study reported a
similar order of magnitude in the differences between heavier ions, such as carbon and
oxygen, compared to helium ions.

A more recent EURADOS campaign to measure ambient dgse equivalent was carried out
at HIT in 2023 for the four different ions using five different rem counters (WENDI-II
[55], LINUS [63], passive LINUS [64], LUPIN [65], and BIOREM [66]) for a spread-out
Bragg peak (10x10x10 cm?®) with an energy range close to the highest energy used in
this work [24]. The measured range.of ambient dose equivalent normalized per primary
particles for the different positions were similar to the one measured in the present
work as seen in supplementary Table 2; despite the major difference in irradiation
settings and in the layout of the HIT experimental room between 2015 and 2023 that
could impact the results. Among them the addition of an in-room research MRI
occupying approximately one fglrth of the room [67].

Given the focus on monoenergetic beams, the results presented in this work can be
easily used for validation of neutron-dose simulations (from a Monte Carlo or dedicated
engine), that can_be.then deployed for estimation of any unwanted neutron doses
received by radiotherapy patients, especially in similar treatment rooms as at HIT
[24,54,55]. This.is of particular importance for pediatric patients and potential long-time
cancer survivors: In.faet, in addition to the concepts of normal tissue complication
probability (NTCP) linking dose to risk of toxicities in organs at risks or organ excessive
dose associating dose to second primary cancer induction (where neutron doses are
typically .not considered), the estimated neutron dose and its potential effect on long-
term cancer risks could add additional information to select the best individualized
treatment approaches, including particle species and beam arrangements [10,68-70].
However; so far, no commercial treatment planning system includes such features.
Additionally, validating the in-room neutron field could theoretically enhance pediatric
treatment comfort, as has been demonstrated by a study suggesting the dose to parents
could be acceptable while remaining in the treatment room during their child's
irradiation [71]. In our study, a 11x11cm? mono-energetic layer was used; however, to
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extrapolate our results to a more clinical target size as used in Bolzonella et al [24]
(10x10x10 cm?® target volume at 15 cm depth in water), an increase of approximately
2.4 times in the number of primary particles, and consequently in H*(10), would<be
required. This implies that, for a treatment delivering 60 Gy (RBE) in 30 fractions with
protons or helium ions, or a moderately hypofractionated treatment:delivering'51 Gy
(RBE) in 17 fractions with carbon or oxygen ions, a person standingat 135.degrees and
2 meters from the target center would receive a H*(10), of approximately 216, 202, 86,
or 74 uSv, respectively. These values are comparable to the dose rece&zed during one or
two round-trip flights between Paris and Tokyo (~50 pSv per flight) [72], suggesting the
possibility that even for heavier ions that parents presence mear their children during
particle therapy could be considered.

5. Outlook

This study provides the first measurement-based comparzﬁive analysis of fluence energy
distributions and neutron equivalent doses for protons, helium, carbon, and oxygen ions
in a synchrotron-based clinical facility for monoenergetic beams of different energy
levels. The findings are crucial for validatingin-reom neutron fields simulated by Monte
Carlo methods or dedicated engine, assessing patient dose exposure, and offering to
clinicians an insight into neutron exposure variations and potential associated risks,
based on beam angulation during treatment or particle species.
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