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Neutron Capture Enhanced Particle Therapy (NCEPT) boosts the effectiveness of particle therapy

by capturing thermal neutrons produced by beam-target nuclear interactions in and around the
treatment site, using tumour-specific 1°B or 1*’Gd-based neutron capture agents. Neutron captures
release high-LET secondary particles together with gamma photons with energies of 478 keV

or one of several energies up to 7.94 MeV, for 1°B and 1°’Gd, respectively. A key requirement for
NCEPT's translation is the development of in vivo dosimetry techniques which can measure both

the direct ion dose and the dose due to neutron capture. In this work, we report signatures which

can be used to discriminate between photons resulting from neutron capture and those originating
from other processes. A Geant4 Monte Carlo simulation study into timing and energy thresholds for
discrimination of prompt gamma photons resulting from thermal neutron capture during NCEPT was
conducted. Three simulated 300 x 300 x 300 mm? cubic PMMA targets were irradiated by “He or 12C
ion beams with a spread out Bragg peak (SOBP) depth range of 60 mm; one target is homogeneous
while the others include 10 x 10 x 10 mm? neutron capture inserts (NCls) of pure 1°B or 157 Gd located
at the distal edge of the SOBP. The arrival times of photons and neutrons entering a simulated

50 x 50 x 50 mm? ideal detector were recorded. A temporal mask of 50-60 ns was found to be optimal
for maximising the discrimination of the photons resulting from the neutron capture by boron and
gadolinium. A range of candidate detector and thermal neutron shielding materials were simulated,
and detections meeting the proposed acceptance criteria (i.e. falling within the target energy window
and arriving 60 ns post beam-off) were classified as true or false positives, depending on their origin.
The ratio of true/false positives (R7r) was calculated; for targets with 1°B and **’Gd NCls, the detector
materials which resulted in the highest Rrr were cadmium-shielded CdTe and boron-shielded LSO,
respectively. The optimal irradiation period for both carbon and helium ions was 1 ps for the 1°B NCI
and 1 ms for the 1°Gd NCI.

Neutron Capture Enhanced Particle Therapy (NCEPT) is a new type of radiotherapy first proposed by Safavi-
Naeini et al.!. The principal aim of NCEPT is to boost the effectiveness of particle therapy (either proton or heavy
ion therapy) by capturing the internally generated thermal neutrons produced in and around the treatment site
as a byproduct of the particle therapy process, using a !°B or !>’Gd-based neutron capture agent (NCA) which
concentrates in cancer cells. Neutron capture by these (stable) isotopes results in the production of high-LET
secondary particles (which are responsible for the main therapeutic benefits of both NCEPT and conventional
neutron capture therapy) together with the emission of gamma photons at several specific energies®.
Planning, optimisation and delivery of NCEPT is more complex than for conventional particle therapy, since
the internally-generated thermal neutron fluence depends on several factors, including treatment volume size and
depth, and the cellular concentration of the NCA. A critical step in the translation of NCEPT is the development
of in-vivo techniques for measurement of the total dose delivered to the patient, including both the ion dose and
the dose due to neutron capture. Since virtually none of the primary radiation emerges from the patient, this must
be performed indirectly via detection of prompt gamma radiation emitted at specific wavelengths during the
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boron or gadolinium neutron capture reactions. Therefore, it is necessary to develop an imaging system capable
of localising these high energy prompt gamma photons and to develop techniques which allow the estimation
of the dose resulting from boron and/or gadolinium neutron capture.

The prompt gamma spectrum produced during conventional particle therapy (i.e. in the absence of 1B or
157Gd in the target) has been previously reported in the literature for a variety of target materials and beam
types, both experimentally and via simulation’’; it includes a continuum, which decreases as an approximately
exponential function of energy, and a number of spectral peaks due to deexcitation of oxygen or carbon nuclei
to their ground state (notably at 4.44 MeV and 6.13 MeV, respectively)’. These excited states are very short-lived;
the photons are mostly emitted within a few nanoseconds of the interaction between the target and the ion (hence
the term prompt gamma). Several schemes to utilise these photons for range verification in particle therapy have
been proposed'®™*4 the use of a temporal window to improve discrimination of prompt gamma photons from
neutrons has also been explored by several authors!*-"7.

Neutron capture by !°B or 1>’Gd results in the emission of gamma photons whose spectra have well-defined
peaks at 478 keV (in the case of 1°B) and {79.5 keV, 182 keV, 6.75 MeV, 7.86 MeV and 7.94 MeV} (in the case of
157Gd)?-+518, In the context of particle therapy, the emission of the majority of these neutron-capture-associated
gamma photons occurs some time after the arrival of the beam pulse, due to the time required for thermalisation
after the neutrons are generated via fragmentation.

Acquisition and accurate identification of neutron-capture prompt gamma photons is challenging due to
their high energy and the confounding presence of free neutrons and other particles in the radiation field. The
ideal detector for this application should be able to reject neutrons (since the objective is to quantify neutron
capture in the target rather than the detector) while also being able to clearly discriminate between prompt
gamma photons emitted by the de-excitation of nuclear fragments created during irradiation and prompt gamma
photons emitted during neutron capture.

In this work, we explore the timing and energy characteristics of prompt gamma photons originating from
thermal neutron capture by 1°B or 1’Gd during irradiation with carbon or helium ions. For the first time we
report unique signatures which can be used to discriminate between photons resulting from neutron capture and
those originating from other processes. Finally, we estimate the achievable performance of both ideal and realistic
detector models utilising these signatures for neutron capture discrimination, and identify suitable materials for
shielding the detector from thermal neutrons without compromising gamma photon detection performance.

First, a Monte Carlo simulation model is constructed, in which a target phantom is irradiated by a spread
out Bragg peak (SOBP) helium or carbon ion beam with a 60 mm depth range. The detectors are positioned
proximal to the Bragg peak and orientated towards the region of interest, which minimises the number of
neutrons interacting directly with the simulated detectors (since neutrons are predominately created with initial
momentum parallel to the beam'*!”). Three phantoms are used in the simulation: the first is a solid homgeneous
block of poly(methyl methacrylate) (PMMA), while the second and third include pure °B and 1*’Gd inserts
located at the distal end of the SOBP. The energy and time of arrival (relative to the time of primary particle
generation) of all neutrons entering the insert region of each phantom are scored; the time of arrival (also relative
to the time of primary particle generation) and energy of photons which exit the phantom were also scored. Based
on these results, a temporal mask and energy window suitable for neutron capture discrimination are designed.

The temporal mask and energy window are applied to all particles arriving at an ideal detector (perfect
absorption, infinite energy resolution, no dead time) and the numbers of true and false positive and negative
classifications (where the ground truth is the known origin of each detected event) are counted. True positive/
negative detections are defined as those where the detection is correctly classified as neutron capture or non-
capture; false positives are those detections which satisfy the timing and energy acceptance window but are
not related to neutron capture events, and false negatives are those where the detection was related to neutron
capture, but either energy has been lost due to scattering outside of the detector volume such that the photon
falls outside of the acceptance windows, or the photon arrives early or late due to an unusually rapid or slow
neutron thermalisation prior to capture.

For the final part of the study, realistic detector simulation models are used, and the same evaluation of true/
false positive/negative detection is performed. Several alternative detector materials are evaluated, including
direct-detection CdTe, CZT (for boron neutron capture) and LaBr3:Ce, LSO:Ce, BGO and PbWOy scintillator-
based detectors (for both boron and gadolinium neutron capture); these detectors are simulated both unshielded
and with thin layers of several alternative thermal neutron shielding materials.

The remainder of this paper is divided into the following sections. The configuration used for the simulation
is described in “Materials and methods” section. Results from the work are presented and discussed in “Results
and discussion” section. A final summary and conclusions are presented in “Conclusion” section.

Materials and methods
A Monte Carlo simulation model of an target phantom, ion beam and detector model was constructed in Geant4
as shown in Fig. 1%,

The simulated target phantoms are 300 x 300 x 300 mm? PMMA cubes; the first is a homogeneous block
of PMMA, while another two include a 10 mm cubic insert embedded within the PMMA phantom, with its
centre at a depth of 140 mm (i.e. extending from 135 to 145 mm along the path of the beam, corresponding to
the distal 10 mm of the spread-out Bragg peak) and centred laterally and vertically (in x and y), consisting of
either pure !B or 1>’Gd. The physical properties of the materials used in the simulations, including elemental
compositions and density, are based on the library of standard materials defined by the National Institute of
Standards and Technology (NIST).

Scientific Reports |

(2022) 12:5863 | https://doi.org/10.1038/s41598-022-09676-x nature portfolio



www.nature.com/scientificreports/

20 mm FWHM Gaussian-profile ion beam

60 mm SOBP
85-145 mm depth
NCI region (green)
10x10x10 mm3

Figure 1. Schematic of the simulation configuration.

Interaction Energy range Geant4 model
Radioactive decay | N/A G4RadioactiveDecayPhysics
Particle decay N/A G4Decay
Hadron elastic 0-100 TeV/ G4HadronElasticPhysicsHP
0-110 MeV Binary Light Ion Cascade
Ton inelastic 100 MeV-10 GeV BIC
9.99 GeV-1TeV FTFP
0-20 MeV NeutronHPCapture

Neutron capture
19.9 MeV-100 TeV | nRadCapture

Neutron inelastic 0-20 MeV
0eV-20 MeV NeutronHPElastic
20 MeV-100 TeV hElasticCHIPS

NeutronHPInelastic

Neutron elastic

Proton inelastic 0-9.9 GeV Binary Cascade

Table 1. Physics models used in all simulations.

Polyenergetic beams of '2C and *He are synthesised with energy ranges of 225-294 MeV/u and
113-156 MeV/u, respectively, so as to create an approximately flat biological dose between depths of 85 mm
and 145 mm in the phantom (the procedure used to create a flat biological dose is fully described in'). The ion
beams are rotationally symmetric, with a 20 mm FWHM Gaussian beam profile, and are generated at the surface
of the phantom, parallel to the z-axis of the phantom, with 108 particles simulated for each beam and phantom
combination. The energy deposited in the target phantom by each beam is scored as a function of depth across
the full width at tenth maximum of the ion beam and normalised to the energy deposited at the entrance.

Geant4 version 10.2.p03 is used for all simulations, since it has been previously identified as providing
the best agreement with experimental fragmentation measurements in particle therapy'®??2. Electromagnetic
interactions were modelled using the standard Geant4 physics option 3 model (G4EmStandardPhysics
option3), while the other physics models (including hadronic interactions) used in the simulation are listed
in Table 1.

It is known that the default Geant4 model for °’Gd neutron capture (as of 2022) has several deficiencies—
in particular, while it reproduces the continuum component of the '’Gd neutron capture gamma spectrum
accurately, many of the high-energy emission lines which have been observed experimentally are not correctly
reproduced!®?*, The specific issues with the standard Geant4 model and the impact of these on our !>’Gd results
are discussed in “Photons arriving at detector” section.

Depth-dose profiles. Physical and biological depth-dose profiles for the SOBPs used in this work are
generated by scoring energy deposited per unit mass in each voxel along the centre of the beam.

Neutron and photon spectrograms. Neutrons entering NCI region. The energy and arrival time of
neutrons entering the neutron capture insert region are recorded. Two-dimensional spectrograms characterising
neutron arrival time (vertical axis) vs. kinetic energy (horizontal axis) are constructed. Time is measured relative
to the instant at which the incident ion is generated at the surface of the phantom.
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Emission wavelength

Material Density (g/cm®) | Yield (ph/MeV) | Decay time (ns) | Energy resolution (%) | (nm) Data source
LSO:Ce 7.10-7.40 30000 40 10.5 420 2

BGO 7.13 8000-10000 300 9.7 480 =

LaBr3:Ce 5.06 63000 16-25 2.2-2.6 380-385 26.27

PbWO,4 8.28 400-500 6/30 36 440/530 2829

CdTe 5.85 N/A (direct) N/A (direct) 2.4 N/A (direct) 30

CZT 5.8 N/A (direct) N/A (direct) 2-3 N/A (direct) 2

Table 2. Detector materials, including a range of scintillators and two direct-detection materials.

Photons arriving at detector. 'The energy and arrival time of photons entering the detector are recorded. Two-
dimensional spectrograms characterising photon arrival time (vertical axis) vs. energy (horizontal axis) are
constructed. Time is measured relative to the instant at which the incident ion is generated at the surface of the
phantom. The duration of the prompt gamma emission period will be estimated by examining the spectrogram;
this will be used to determine an appropriate mask interval which can be used to exclude these photons in
“Detector material, irradiation period and shielding optimisation” section.

Neutrons arriving at detector. 'The energy and arrival time of neutrons entering the detector are recorded. Two-
dimensional spectrograms characterising neutron arrival time (vertical axis) vs. energy (horizontal axis) are
constructed. Time is measured relative to the instant at which the incident ion is generated at the surface of the
phantom.

Detector material, irradiation period and shielding optimisation. The second part of the study
aims to determine the accuracy with which photons resulting from thermal neutron capture in the neutron
capture insert can be distinguished from photons originating from other processes using several alternative
detector models. Both idealised and physical detectors are simulated.

An ideal detector is modelled as a simple geometric volume which records the identity, creating process, time
of arrival and energy of any particle entering the detector volume. The detector volume is cubic, with dimensions
of 50 mm x 50 mm x50 mm 3. The detector is positioned as shown in Fig. 1, with the normal vector of its front
face oriented towards the centre of the distal edge of the SOBP region in the phantom. The front face of the
detector is a distance of 47.32 cm from the centre of the distal edge of the SOBP, at an angle of & = 60° (about
the vertical axis) relative to the ion beam.

The realistic detector models use the same geometry as the ideal detectors, and a range of different detector
materials as listed in Table 2. LaBrs, CZT and CdTe are suitable for detecting the gamma photons from 1°B
neutron capture, since they provide the highest energy resolution, while the higher densities of LSO:Ce, BGO and
PbWO, are more appropriate for detecting the higher energy photons emitted during }>’Gd neutron capture. It
is assumed that several scintillator crystals or semiconductor detectors were stacked and logically/electronically
coupled to form a single detector unit.

Total irradiation periods of 1 ps, 10 ps, 1 ms, 10 ms and 100 ms are simulated. Over these intervals, the beam’s
timing nanostructure is modelled as a pulse sequence with a period of 200 ns and a beam-on period of 11 ns (a
duty cycle of 5.5%) as shown in Fig. 2312, A total of 10° primary particles are used for each simulation, with the
particles injected periodically at a constant rate during each nano-spill; the particle injection rate dependent on
the total irradiation period such that the total number of particles delivered during the macroscopic irradiation
period is the same. For any particle which deposits energy in the detector, the particle type, creating process, time
of arrival, total deposited energy, and location(s) of energy deposition in the detector are scored (see Fig. 1); all
individual energy depositions resulting from multiple-interaction events (e.g. multiple Compton interactions)
are summed. The optical scintillation process is not modelled in simulation. Modelling the optical scintillation
process in Geant4 is possible but increases the execution time by several orders of magnitude, and therefore not
implemented for this study. It is assumed that the area under the output pulse from the optical photodetector is
proportional to the deposited energy.

Since the ion beams, target geometry and composition are the same as in the first part of this study, a phase
space record of the prompt gamma photons generated in the previous simulation (including the energy, time,
position and responsible process of particle creation within the phantom) is used to drive this simulation,
substantially reducing the required simulation time.

Based on the results presented in the first part of this study, an energy window and temporal mask are defined
to differentiate between neutron capture photons and photons unrelated to neutron capture in the NCI region.
Energy deposited into the detector during the masked-out intervals was not scored. Eight different temporal
masks are investigated:

® 0 ns—no mask applied;

® 11 ns—masking during beam-on period);

® 11 ns + Tprompt—masking during beam-on period plus prompt gamma emission period (Tprompt), to be
determined based on the analysis described in “Photons arriving at detector” section; and
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Figure 2. The micro-structure of the beam during the first 500 ns. This pattern is repeated for the entire
irradiation period. The red hashed region indicates the range of the timing mask, during which events are
rejected; events occurring outside of this range will be accepted.

® 1118 + Tprompt + Theutron = 30, 40, 50, 60, 70, 80 ns total — masking during beam-on period plus prompt
gamma emission period plus a range of possible neutron capture emission periods.

The temporal masks are applied from the start of each nano-spill and extend over the total irradiation interval.
For each irradiation interval, ion beam (carbon and helium), and detector model (ideal plus each of the
realistic models), detected events divided into four classes:

e True positives: neutron capture events which are detected during the temporal acceptance window and which
fall within the defined energy acceptance window;

e True negatives: non-neutron capture events which are detected either outside of the temporal acceptance
window or which do not fall within the energy acceptance window;

® TFalse positives: non-neutron capture events which are detected during the temporal acceptance window and
which fall within the defined energy acceptance window, and are therefore incorrectly classified as neutron
capture events; and

e TFalse negatives: neutron capture events which are detected either outside of the temporal acceptance window
or which do not fall within the energy acceptance window, and therefore are incorrectly classified as non-
neutron capture events. These may arise either due to unusually fast or slow neutron thermalisation (leading
to long but low-probability tails in the temporal distribution of neutron captures), Compton scattering of
the emitted photon in the phantom (resulting in a lower energy and an altered photon trajectory), Compton
scattering in the detector (in the case of the realistic detector models) followed by the escape of the scattered
photon (resulting in only part of the photon’s energy being deposited in the detector), or the detection of
particles other than photons (e.g. fast neutrons, protons or other fragments) in the detector.

Following this classification, the following performance metrics are calculated:

e True positive sensitivity and false positive sensitivity, defined as the ratios of true positive and false positive
detections to the total the number of photons reaching the detector; and
® Selectivity, defined using the the ratio of true positives : false positives (RtF).

Using the true and false positive sensitivity performance metrics and the selectivity metric Rrr, a series of
separate comparisons were performed to optimise different aspects of the detector design:

Comparison of detector materials. The performance metrics were evaluated for each of the different detector
materials across a range of timing mask intervals with a fixed irradiation period. For the B NCI target, an
irradiation period of 1 us was chosen based on the results of the first part of the study, since after this period the
relative numbers of 511 keV (created via annihilation of positrons resulting from the decay of short-lived g7
-emitting fragmentation products) and 2.23 MeV photons (resulting from hydrogen neutron capture) begin to
increase, which will make it difficult to discriminate between the background and the 478 keV photons from
boron neutron capture. For the '>’Gd NCI target, the irradiation period is less critical to absolute sensitivity and
selectivity, therefore an arbitrary irradiation period of 1 ms was selected. Irradiation periods were subsequently
optimised via the method described in “Comparison of irradiation periods” section.
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Figure 3. Depth-dose profiles (upper plot; blue = physical dose, green = biological dose) and energy spectra
(lower plots) of polyenergetic carbon and helium ion beams; a red X’ along the axis denotes the centroid of the
NCI region.
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Figure 4. The arrival-time/energy spectrograms of neutrons entering the NCI region per incident particle
following irradiation by polyenergetic carbon and helium ion beams. A vertical red dashed line is drawn at
energy = 0.4 eV.

Comparison of irradiation periods. The impact of (macroscopic) irradiation period on detector sensitivity
and Ry for a range of timing mask intervals were evaluated for the best-performing materials identified in
“Comparison of detector materials” section: firstly, for only the photons depositing energy in the detector, and
secondly, for all particles depositing energy in the detector. The chosen detectors for this comparison (based on
the results in “Comparison of detector materials” section) were the CdTe detector for the !°B NCI and the LSO
detector for the 15’Gd NCI.

Comparison of shielding materials. ~ Utilising the best-performing detector materials identified in “Comparison
of detector materialsComparison of detector materials” section (CdTe for the 1B NCI and LSO for the '*’Gd
NCI), a range of different high thermal neutron cross-section front-face shielding materials were evaluated.
The shield is a 50 x 50x1 mm layer of the evaluated material, applied to the front face of the detector only.
For phantoms with a 1°B NCI, (natural) gadolinium, cadmium and hafnium are evaluated as potential thermal
neutron shielding materials, while for those with the 157Gd NCI, (natural) boron, cadmium and hafnium are
evaluated.

Results and discussion
Depth-dose profiles. The depth-dose profiles (normalised to entrance dose) and the energy weights used
to generate the beams are shown in Fig. 3.

Neutron and photon spectrograms.  Neutrons entering NCI region.  The two-dimensional spectrograms
of neutron arrival time into the NCI region vs. energy are presented in Fig. 4 for carbon and helium ion beams.
The energy and time of arrival of photons and neutrons entering the detector are scored and a photon arrival
time (vertical axis) vs. energy (horizontal axis) spectrogram is produced. Arriving photons are distributed into
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Figure 5. The energy/arrival-time spectrograms of photons entering the detector following an instantaneous
irradiation by polyenergetic carbon and helium ion beams.

1000 linearly spaced energy bins (each 10 keV in width, from 0 to 10 MeV), and 100 logarithmically spaced
arrival time bins (from 0.1 to 10'° ns). Arriving neutrons are distributed into 130 logarithmically spaced energy
bins (from 10~ to 10> MeV), and 100 logarithmically spaced arrival time bins (from 0.1 to 10 ns). Again, time
is measured relative to the instant at which the primary particle is generated.

From the energy and timing distribution of the neutrons entering the NCI region (Fig. 4), it is apparent
that arrival time of the neutrons depends on the energy of the neutron. Neutrons which are created with high
initial kinetic energies must scatter multiple times to reach thermal equillibrium, which takes time. The neutron
spectrograms for both carbon and helium ion beams exhibit similar characteristics, with thermal neutrons
reaching the NCI region between ~12 and 10° ns after creation. As a result of the delay between primary
particle arrival and thermal neutron arrival time in the NCI region, it is expected that gamma emissions due to
the thermal neutron capture process within the NCI will start to be observed between 12 and 10° ns after the
onset of a beam pulse.

Photons arriving at detector. The energy and time of arrival of photons arriving at the detector volume are
presented in Fig. 5.

In phantoms without the NCI (Fig. 5a,b for carbon and helium ion beams, respectively), all prompt (non-
neutron-capture) photons arrive at the detector during the first 11 ns after the primary particle is generated. As
previously discussed, thermalisation takes time, and as such, thermal neutrons principally appear during the
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12 ns-10° ns temporal window (as can be seen from the 2.23 MeV hydrogen neutron capture line), with virtually
none appearing outside of this window. Therefore, the use of the 12 ns-10° ns timing window for thermal neutron
capture discrimination is justified. In phantoms both with and without the NCI, the 511 keV annihilation line
starts to appear at approximately 10* ns and grows in intensity as time increases and the positron-emitting
fragmentation products decay (binning is logarithmic in the temporal dimension).

In the phantoms with the '°B NCI (Fig. 5¢,d for carbon and helium ion beams, respectively), the 478 keV line
from 1°B thermal neutron capture is visible during the period extending from approximately 12 ns to 10° ns,
corresponding to the period when thermal neutrons are present in the phantom. However, the presence of the
strong 511 keV positron annihilation signal nearby is a confounding factor in neutron capture discrimination,
demanding high energy resolution from candidate detectors. The 2.23 MeV hydrogen neutron capture contributes
to background at a broad range of lower energies, due to Compton scatter.

In the case of phantoms with the '°’Gd NCI (Fig. 5e.f for carbon and helium ion beams, respectively), the
7.94 MeV emission line from !> Gd neutron capture is visible over the same time window as the !B NCI line—
from ~12 to 10 ns. However, unlike the '°B case, there is no significant scatter background due to the absence
of nearby decay or capture peaks.

The accuracy of our results for 1>’Gd are limited by the quality of the current Geant4 simulation model for
157Gd neutron capture. The Geant4 model is known to be unable to accurately reproduce all of the emission lines
which have been observed experimentally'®*. However, we note that the emission line at 7.94 MeV which is seen
in Fig. 5e,f (and which corresponds to the emission of the entire Q-value of the reaction as a single photon) has
been observed experimentally, albeit with a low relative intensity compared to several other notable high-energy
spectral peaks which are absent in our simulation. The remainder of our !*’Gd analysis assumes that we are
only able to detect the 7.94 MeV spectral line; however, in practice, we expect to be able to detect the additional
spectral peak at 6.75 MeV as well. Since this line should be much more abundant compared to the 7.94 MeV
peak, and also more readily detectable due to its lower energy, it is expected that the achievable true positive
sensitivity will, in practice, be much greater than suggested by our results in “Detector materials, mask interval,
irradiation duration and shield optimisation” section. A key planned future extension of this work is to integrate
the Geant4 model published by the ANNRI-Gd Collaboration with our simulation model*!$*.

Neutrons arriving at detector. The energy and time of arrival of neutrons arriving at the detector are presented
in Fig. 6.

In all phantoms, the time of arrival of neutrons at the detector depends on its energy (Fig. 6). For the purposes
of this study, there are three energy and timing bands for neutrons arriving at the detector:

e Fast neutrons—energies above 1 MeV, with most neutrons arriving before 50 ns;

e Intermediate-energy neutrons—energies between 0.4 eV and 1 MeV, with most neutrons arriving between
50 and 10* ns; and

e Thermal neutrons—energies below 0.4 eV, which most neutrons arriving between 10% and 107 ns.

Fast and intermediate neutrons can potentially deposit enough energy in the detector to satisfy the energy
window for neutron-capture prompt gamma detection, thereby creating false positives. Shielding against these
neutrons is impractical, since stopping energetic neutrons at these requires large amounts of shielding material,
which would also attenuate the gamma photons emitted during neutron capture processes in the target. The
detection of fast neutrons can be greatly reduced by using a 50 ns timing mask post irradiation, since any fast
neutrons arriving at the detector will do so within approximately 50 ns of the end of the beam pulse (providing
that the detector itself does not become activated with long-lived radio-isotopes). Intermediate energy neutrons
arrive at the detector in lower fluences and over a longer timescale compared to fast and thermal neutrons; while
they potentially can deposit enough energy to trigger a false positive, they are much fewer in number compared
to fast neutrons, and in any case, cannot be effectively blocked by shielding without compromising detector
sensitivity.

Detector materials, mask interval, irradiation duration and shield optimisation. An exhaustive
search for the best timing mask and detector was undertaken; in summary, the CdTe detector with a 1 ps
irradiation period was determined to be the optimal combination for the °B neutron capture insert, since it
provided the highest true positives : false positives ratio (Rtr), both for the unshielded detector and a detector
shielded with 1 mm of cadmium. For the 1°?Gd neutron capture insert, the LSO:Ce detector with a 1 ms beam
duration was the optimal combination, again providing the highest (Rtr) for both the unshielded detector and
a detector shielded with 1 mm of boron.

For brevity, a subset of our results for carbon ion irradiation are presented here; specific plots comparing
detector materials, irradiation duration and shielding materials are presented in “Detector materials-Shielding
materials” sections. Corresponding results for helium ion irradiation are included in the Sections 1-3 of the
Supplementary Material (Supplementary Figures 1, 2, 3); the best-performing detector materials with the helium
ion beam were the same as for the carbon ion beam—CdTe (with optimal irradiation duration of 1 ps) and
LSO:Ce (with optimal irradiation duration of 10 ys) for the 1B and /Gd inserts, respectively.

Note that all plots in this section are shown with 95% confidence intervals (£20¢), however in most cases the
errorbars are too small to be visible under the markers.
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Figure 6. The energy/arrival-time spectrograms of neutrons entering the detector following irradiation by
polyenergetic carbon and helium ion beams.

Detector materials. Figure 7 shows a comparison of the sensitivity and Rrr of detectors with a fixed geometry
and different detector materials irradiated by a carbon ion beam for fixed irradiation durations of 1 us for the
198 NCI and 1 ms for the ”Gd NCI (a comparison of irradiation durations is discussed in the next subsection).

For the 1°B NCI, both the highest true positive rate and lowest false positive rate were obtained with the CdTe
detector, resulting in the highest Rrr (R7r = 2.07 & 0.01) of all evaluated materials. The next-best performing
material was CZT (Ryr = 1.645 £ 0.009) followed by LaBr3 (Rr = 1.402 £ 0.007). For CdTe, the value of Rrr
is maximised when the mask interval reaches 60 ns, beyond which it declines slightly (Fig. 9). True-positive
sensitivity is better at at 50 ns than at 60 ns, while Rrr is only slightly lower (note the logarithmic scale of the
upper plots); therefore 50 ns may be a better mask interval for the °B insert, depending on whether the priority
is sensitivity or selectivity.

For the 1*7Gd NCI, the discrimination problem involves a different set of trade-offs compared to the 1°B
NCI case. With the 1%’Gd NCI there is a near-total absence of scatter from photons with energy above the
acceptance window, which implies that all false positives will be a result of neutron interactions within the
detector. The PbWOy detector had the highest absolute sensitivity to true positives due to its high density,
however, for all timing masks, the false positive rates were higher than the true positive rates, leading to a very
poor maximum Ryr compared to the other materials (0.442+0.002). If the detector could be sufficiently shielded
against intermediate energy neutrons to reduce the rate of false positives, it might be a more competitive choice of
detector material in cases where absolute sensitivity is prioritised. If, instead, selectivity is prioritised, then LSO is
the best-performing detector material by a factor of almost 4 over the the next-best material (Rtr = 5.52 £ 0.06
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compared with Rr = 1.454 £ 0.008 for BGO); however, its absolute true positive sensitivity is the lowest amongst
the evaluated materials. The low false positive rate of LSO is due to the lack of neutron capture emission lines
in the energy acceptance window for any of of its constituent elements/isotopes. The much better selectivity of
LSO compared to the other materials make it the preferred material for neutron capture discrimination for a
157Gd NCL. Finally, for the 17 NCI, Rr reaches its maximum value for all evaluated materials when the temporal
mask is set to 50 ns, with no further improvements in R7r and a continuing decline in sensitivity obtained for
mask intervals longer than 50 ns.

Corresponding results for helium ions are presented in Section 1 of the Supplementary Material
(Supplementary Figure 1); the best materials were the same for helium ions as for carbon ions. All remaining
simulations employ the best-performing materials for each NCI type.

Total irradiation period. Figure 8 illustrates the performance (in terms of sensitivity and Rrr vs. temporal
mask duration) of physical CdTe and LSO detectors with 1°B and '*”Gd NClIs, respectively, with perfect neutron
shielding. Fig. 9 shows the same measurements performed with detectors with no neutron shielding.

For the perfectly-neutron-shielded case, an irradiation period of 1 ps for the 1°B NCI resulted in the highest
detector selectivity (Ryr peaking at 14 for a temporal mask interval of 22 ns and remaining above 9 for all longer
mask intervals). However, absolute sensitivity was lowest for this irradiation interval for all temporal mask
periods. Irradiation intervals of 1 ms-100 ms cannot be used at all since in each case RTr << 1. This is largely
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due to the presence of many photons with energies above the acceptance window arriving at the detector between
1 ps and 100 ms after irradiation. When these photons interact with detector via Compton scattering, they may
deposit energy within the acceptance window, contributing greatly to the false positive rate. This problem can
be largely eliminated with a shorter irradiation duration.

For the 1>’Gd NCI, both selectivity and sensitivity are much higher than for 1B, with irradiation intervals of
1 ms-100 ms resulting in approximately equal-highest true positive detection rates which greatly exceed the false
positive detection rate - leading to Rrr > 30 in all of these cases (10 ms being optimal). As for the 10B NCI, R
is maximised when the temporal mask exceeds 22 ns. There are very few photons with energies in excess of the
acceptance window, and thus the impact of Compton scatter is on the false positive rate is negligible.

A comparison of the perfectly-neutron-shielded detector with the unshielded detector provides a clear
illustration of the effect of neutrons on detector performance. Any neutrons which which deposit energy in
the detector will do so within the first 60 ns (see Fig. 6), increasing the false negative count for this period and
decreasing Ryy. In Fig. 9, the highest selectivity (Rrr) for carbon ion irradiation of a !°B NCl is still achieved with
the 1 ps irradiation period, however its value reaches a maximum when the temporal mask period is greater than
60 ns, since the false negative rate continues to decline rapidly up to this point. For the '>’Gd insert, unshielded
detector selectivity is maximised with a 1 ms irradiation period, with R7r reaching a maximum value after 50 ns;
this irradiation period also provides the highest absolute sensitivity to true positives.

In all cases, the selectivity of the unshielded detector is much lower than the corresponding perfectly-neutron-
shielded case.

Shielding materials. The plots of sensitivity and Ry for realistic detectors using different front shielding
materials following carbon ion irradiation are presented in Fig. 10.

Thermal neutrons start to arrive at the detector in significant numbers after 104 ns. Due to their low kinetic
energy, thermal neutrons do not directly contribute to false positives; however, they can cause the detector
itself to become activated, contributing to an increase in background radiation, which, in turn, can result in the
detection of false positives (depending on the wavelenths of emitted gamma radiation). As the detector ages,
this problem will progressively increase; therefore, it is desirable to block thermal neutrons from the detector.
Thermal neutrons can be almost entirely absorbed by a thin layer of certain materials with high thermal neutron
cross sections, which will not significantly attenuate neutron capture gamma photon fluence—provided that the
shielding material is distinct from the neutron capture isotope used during NCEPT treatment.

The addition of a thin layer of any of the evaluated shielding materials on the front face of the detector results
in a very small decrease in Ryr when using phantoms with a !°B neutron capture insert (Fig. 10a). This is a
result of slightly increased attenuation and scatter of the neutron capture gamma photons prior to reaching the
sensitive volume of the detector, while there is minimal impact on the background level of scattered photons,
fast and intermediate neutrons. The same result is observed for both carbon and helium ion irradiation (see
Supplementary Figure 4a).

In the case of the '*’Gd neutron capture insert, the addition of boron or hafnium front shielding on the
detector results in a substantial increase in Rr relative to the unshielded case (both for carbon and helium
ion irradiation; see Supplementary Figure 4b), since the false positives are predominantly caused by neutron
interactions within the detector (Fig. 10b). By contrast, the use of cadmium shielding with a 1>’Gd NCI in the
target results in a very substantial decrease in Ry, since the !'*Cd neutron capture reaction results in the emission
of high energy photons at 8.48 MeV and 9.04 MeV, which will cause single and double escape peaks to fall in the
7.94 MeV energy acceptance band™.
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NCI only), black boron shielding (1*’Gd NCI only), and magenta hafnium shielding. In the upper plots in each
subfigure, square markers ([J) joined by unbroken lines denote true positives, while cross markers (x) joined by
dashed lines denote false positives.

Since the addition of thermal neutron shielding almost entirely eliminates the problem of thermal neutron
activation of the detector while having minimal negative impact on the sensitivity and specificity of the prompt
gamma detector system (with the exception of cadmium shielding in the case of a 1>’Gd-bearing target), the use
of thermal neutron shielding to prolong the life of the detector is justified; the best choice are cadmium for a 1°B
target and boron for the 15’Gd target, both for carbon and helium ion beams.

Conclusion

The feasibility of the proposed method for discriminating between '°B or !>’Gd neutron capture events and other
sources of prompt gamma radiation from the target volume during particle therapy, via energy windowing and
temporal masking relative to the beam pulse arrival time, has been established. Overall, for targets containing a
10B NCI, the detector which obtained the highest Rrr was the CdTe detector with a 60 ns timing mask and 1 ps
irradiation duration. For the 1>’Gd NCI, the LSO detector provided the highest Rrr with a 60 ns timing mask
and 1 ms beam duration. The addition of a thin thermal-neutron shield to the front face of the detector results
in a slight reduction in sensitivity and selectivity when using a boron NCI, however it allows almost all of the
thermal neutrons to be absorbed before reaching the detector, avoiding the problem of neutron activation. In
the case of the gadolinium NCI, the addition of front face shielding results in an increase in the R as the false
positives are caused by neutron interactions within the detector.

Data availability

Full datasets generated and/or analysed during the current study are available from the corresponding author
on reasonable request; sensitivity and selectivity results and additional timing and spectral plots are included as
CSV files in the Supplementary Materials, with the CSV file format described in Section 4 of the Supplementary
Materials PDE Alternatively, all CSV files can be downloaded from the following repository: https://bitbucket.
org/msafavi/promptgammadatabase.

Received: 30 November 2021; Accepted: 24 March 2022
Published online: 07 April 2022

References

1. Safavi-Naeini, M. et al. Opportunistic dose amplification for proton and carbon ion therapy via capture of internally generated
thermal neutrons. Sci. Rep.https://doi.org/10.1038/s41598-018-34643-w (2018).

2. Sauerwein, W., Wittig, A., Moss, R. & Nakagawa, Y. (eds.). Neutron Capture Therapy, 164-165 (Springer, 2012). https://doi.org/
10.1007/978-3-642-31334-9.

3. Goorley, T. & Nikjoo, H. Electron and photon spectra for three gadolinium-based cancer therapy approaches. Radiat. Res. 154,
556-563. https://doi.org/10.1667/0033-7587(2000)154[0556:eapsft]2.0.co;2 (2000).

4. Tanaka, T. et al. Gamma-ray spectra from thermal neutron capture on gadolinium-155 and natural gadolinium. Prog. Theor. Exp.
Phys.https://doi.org/10.1093/ptep/ptaa015 (2020).

5. Dymova, M. A, Taskaey, S. Y., Richter, V. A. & Kuligina, E. V. Boron neutron capture therapy: Current status and future perspectives.
Cancer Commun. 40, 406-421. https://doi.org/10.1002/cac2.12089 (2020).

6. Sakurai, Y. & Kobayashi, T. Experimental verification of the nuclear data of gadolinium for neutron capture therapy. J. Nuclear Sci.
Technol. 39, 1294-1297. https://doi.org/10.1080/00223131.2002.10875341 (2002).

7. Kelleter, L. et al. Spectroscopic study of prompt-gamma emission for range verification in proton therapy. Phys. Med. 34, 7-17.
https://doi.org/10.1016/j.ejmp.2017.01.003 (2017).

Scientific Reports |

(2022) 12:5863 | https://doi.org/10.1038/s41598-022-09676-x nature portfolio


https://bitbucket.org/msafavi/promptgammadatabase
https://bitbucket.org/msafavi/promptgammadatabase
https://doi.org/10.1038/s41598-018-34643-w
https://doi.org/10.1007/978-3-642-31334-9
https://doi.org/10.1007/978-3-642-31334-9
https://doi.org/10.1667/0033-7587(2000)154[0556:eapsft]2.0.co;2
https://doi.org/10.1093/ptep/ptaa015
https://doi.org/10.1002/cac2.12089
https://doi.org/10.1080/00223131.2002.10875341
https://doi.org/10.1016/j.ejmp.2017.01.003

www.nature.com/scientificreports/

8. Foulher, F. L. et al. Monte carlo simulations of prompt-gamma emission during carbon ion irradiation. IEEE Trans. Nuclear Sci.
57,2768-2772. https://doi.org/10.1109/tns.2010.2048042 (2010).

9. Testa, E. et al. Dose profile monitoring with carbon ions by means of prompt-gamma measurements. Nuclear Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. Atoms 267, 993-996. https://doi.org/10.1016/j.nimb.2009.02.031 (2009).

10. Min, C.-H., Kim, C. H., Youn, M.-Y. & Kim, J.-W. Prompt gamma measurements for locating the dose falloff region in the proton
therapy. Appl. Phys. Lett.https://doi.org/10.1063/1.2378561 (2006).

11. Richter, C. et al. First clinical application of a prompt gamma based in vivo proton range verification system. Radiother. Oncol.
118, 232-237. https://doi.org/10.1016/j.radonc.2016.01.004 (2016).

12. Parodi, K. & Polf, J. C. In vivo range verification in particle therapy. Med. Phys.https://doi.org/10.1002/mp.12960 (2018).

13. Bello, R. D., Martins, P. M. & Seco, J. CeBr 3scintillators for4he prompt gamma spectroscopy: Results from a monte carlo
optimization study. Med. Phys. 45, 1622-1630. https://doi.org/10.1002/mp.12795 (2018).

14. Zarifi, M. et al. Characterization of prompt gamma ray emission for in vivo range verification in particle therapy: A simulation
study. Phys. Med. 62, 20-32. https://doi.org/10.1016/j.ejmp.2019.04.023 (2019).

15. Testa, M. et al. Real-time monitoring of the bragg-peak position in ion therapy by means of single photon detection. Radiat.
Environ. Biophys. 49, 337-343. https://doi.org/10.1007/s00411-010-0276-2 (2010).

16. Hueso-Gonzalez, F. et al. Compton camera and prompt gamma ray timing: Two methods for in vivo range assessment in proton
therapy. Front. Oncol.https://doi.org/10.3389/fonc.2016.00080 (2016).

17. Werner, T. et al. Processing of prompt gamma-ray timing data for proton range measurements at a clinical beam delivery. Phys.
Med. Biol.https://doi.org/10.1088/1361-6560/ab176d (2019).

18. Hagiwara, K. et al. Gamma-ray spectrum from thermal neutron capture on gadolinium-157. Prog. Theor. Exp. Phys. 2019, 023D01.
https://doi.org/10.1093/ptep/ptz002 (2019).

19. Agostinelli, S. et al. Geant4—a simulation toolkit. Nuclear Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc.
Equipm. 506, 250-303. https://doi.org/10.1016/s0168-9002(03)01368-8 (2003).

20. Geant4 Collaboration. Geant4 material database. http://geant4-userdoc.web.cern.ch/geant4-userdoc/UsersGuides/ForApplica
tionDeveloper/html/Appendix/materialNames.html

21. Bolst, D. et al. Validation of geant4 fragmentation for heavy ion therapy. Phys. Med. 42, 4. https://doi.org/10.1016/j.ejmp.2017.09.
010 (2017).

22. Chacon, A. et al. Comparative study of alternative geant4 hadronic ion inelastic physics models for prediction of positron-emitting
radionuclide production in carbon and oxygen ion therapy. Phys. Med. Biol.https://doi.org/10.1088/1361-6560/ab2752 (2019).

23. Ali, A. et al. Analysis of gd(n, gamma) reaction with 155, 157 and natural gd targets taken with JPARC-ANNRI and development
of gd(n, gamma) decay model for gd-doped neutron/neutrino detectors. In Proceedings of The 39th International Conference on
High Energy Physics—PoS(ICHEP2018) (Sissa Medialab, 2019). https://doi.org/10.22323/1.340.0120

24. Advatech. LSO(Ce)—Lutetium Oxyorthosciilicate (Ce) Scintillator Crystal (accessed 16 January 2021); https://www.advatech-uk.
co.uk/lso_ce.html (2021).

25. Crystals, S.-G. BGO Bismuth Germanate Bi4Ge3012 (accessed 16 January 2021);https://www.crystals.saint-gobain.com/produ
cts/bgo(2021).

26. Crystals, S.-G. Lanthinum Bromide LaBr3(Ce) (accessed 16 January 2021); https://www.crystals.saint-gobain.com/products/stand
ard-and-enhanced-lanthanum-bromide (2021).

27. Advatech. LaBr3(Ce)—Scintillator Crystal (accessed 16 January 2021); https://www.advatech-uk.co.uk/labr3_ce.html (2021).

28. LLC, M. S. Lead-Tungstate Crystals PbWO4 (accessed 16 January 2021); https://www.msesupplies.com/products/pbwo4-cryst
als-lead-tungstate (2021).

29. Danevich, E et al. Application of PbWO4 crystal scintillators in experiment to search for decay of 116cd. Nuclear Instrum. Methods
Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equipm. 556, 259-265. https://doi.org/10.1016/j.nima.2005.09.049 (2006).

30. Murata, I, Nakamura, S., Manabe, M., Miyamaru, H. & Kato, I. Characterization measurement of a thick CdTe detector for BNCT-
SPECT—detection efficiency and energy resolution. Appl. Radiat. Isotopes 88, 129-133. https://doi.org/10.1016/j.apradiso.2014.
01.023 (2014).

31. Yamada, S. Commissioning and performance of the HIMAC medical accelerator. In Proceedings Particle Accelerator Conference
(IEEE, 1995). https://doi.org/10.1109/pac.1995.504557

32. Fujimoto, T. et al. Acceleration of heavy ions with a new RF system at HIMAC synchrotron. Nuclear Instrum. Methods Phys. Res.
Sect. B: Beam Interact. Mater. Atoms 269, 2886-2890. https://doi.org/10.1016/j.nimb.2011.04.029 (2011).

33. Reen, M. S, Sudo, T., Ali, A., Gazzola, E. & Sakuda, M. Website of the ANNRI-Gd model (accessed 16 February 2022); http://
www.physics.okayama-u.ac.jp/~sakuda/ANNRI-Gd_verl.html (2020).

34. Rusev, G. et al. Cascade gamma rays following capture of thermal neutrons on 113cd. Phys. Rev. Chttps://doi.org/10.1103/physr
evc.88.057602 (2013).

Acknowledgements

This research/project was undertaken with the support of the high performance computing resources at the
National Computational Infrastructure (NCI), which is supported by the Australian Government and the Tesla
high performance computing cluster at ANSTO. The authors wish to acknowledge the support of the ANSTO
Graduate Institute Industry Fellowship, the Australia Government Research Training Program Scholarship and
the Australian Institute of Nuclear Science and Engineering (AINSE) Honours Scholarship.

Author contributions

Dr A.C. implemented and carried out the Monte Carlo simulations, contributed to the development of the data
analysis and visualisation, the shielding strategy, and the discussion of results and contributed to the writing of
the manuscript. Ms M.K. carried out detailed simulation Monte Carlo studies focusing on the angular placement
of the detectors and the shielding strategy, and contributed to the writing and proofreading of the manuscript.
Mr H.R. assisted with the manuscript preparation and proofreading. Ms A.C., Mr L.B., Ms .D’A,, Prof M.C. and
Prof C.F. assisted with the selection of the detector material, provided theoretical and experimental timing and
energy specifications for several detector options relevant to this study, contributed the discussion of the results
and assisted with the manuscript preparation and proof-reading. Dr D.E contributed to analysis of the simulation
data, interpretation of the results, provided input in the choice of performance metrics and the selection of
suitable detector materials and assisted with manuscript preparation and proof-reading. Dist Prof A.R. and A
Prof S.G. provided feedback on the theoretical and simulation methodology. A Prof M.S.-N. proposed the idea of
the use of neutron capture gamma for dose quantification in NCEPT. She designed the Monte Carlo simulations,
proposed the statistical methods and metrics used establishing the ground truth and assessing the performance

Scientific Reports|  (2022) 12:5863 | https://doi.org/10.1038/s41598-022-09676-x nature portfolio


https://doi.org/10.1109/tns.2010.2048042
https://doi.org/10.1016/j.nimb.2009.02.031
https://doi.org/10.1063/1.2378561
https://doi.org/10.1016/j.radonc.2016.01.004
https://doi.org/10.1002/mp.12960
https://doi.org/10.1002/mp.12795
https://doi.org/10.1016/j.ejmp.2019.04.023
https://doi.org/10.1007/s00411-010-0276-2
https://doi.org/10.3389/fonc.2016.00080
https://doi.org/10.1088/1361-6560/ab176d
https://doi.org/10.1093/ptep/ptz002
https://doi.org/10.1016/s0168-9002(03)01368-8
http://geant4-userdoc.web.cern.ch/geant4-userdoc/UsersGuides/ForApplicationDeveloper/html/Appendix/materialNames.html
http://geant4-userdoc.web.cern.ch/geant4-userdoc/UsersGuides/ForApplicationDeveloper/html/Appendix/materialNames.html
https://doi.org/10.1016/j.ejmp.2017.09.010
https://doi.org/10.1016/j.ejmp.2017.09.010
https://doi.org/10.1088/1361-6560/ab2752
https://doi.org/10.22323/1.340.0120
https://www.advatech-uk.co.uk/lso_ce.html
https://www.advatech-uk.co.uk/lso_ce.html
https://www.crystals.saint-gobain.com/products/bgo
https://www.crystals.saint-gobain.com/products/bgo
https://www.crystals.saint-gobain.com/products/standard-and-enhanced-lanthanum-bromide
https://www.crystals.saint-gobain.com/products/standard-and-enhanced-lanthanum-bromide
https://www.advatech-uk.co.uk/labr3_ce.html
https://www.msesupplies.com/products/pbwo4-crystals-lead-tungstate
https://www.msesupplies.com/products/pbwo4-crystals-lead-tungstate
https://doi.org/10.1016/j.nima.2005.09.049
https://doi.org/10.1016/j.apradiso.2014.01.023
https://doi.org/10.1016/j.apradiso.2014.01.023
https://doi.org/10.1109/pac.1995.504557
https://doi.org/10.1016/j.nimb.2011.04.029
http://www.physics.okayama-u.ac.jp/%7esakuda/ANNRI-Gd_ver1.html
http://www.physics.okayama-u.ac.jp/%7esakuda/ANNRI-Gd_ver1.html
https://doi.org/10.1103/physrevc.88.057602
https://doi.org/10.1103/physrevc.88.057602

www.nature.com/scientificreports/

of different detector material for the quantification of the boron and gadolinium neutron capture gamma. A Prof
S.-N. organised and composed the manuscript and has provided the overall leadership of the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-09676-x.

Correspondence and requests for materials should be addressed to M.S.-N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© Crown 2022

Scientific Reports |

(2022) 12:5863 | https://doi.org/10.1038/s41598-022-09676-x nature portfolio


https://doi.org/10.1038/s41598-022-09676-x
https://doi.org/10.1038/s41598-022-09676-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Detection and discrimination of neutron capture events for NCEPT dose quantification
	Materials and methods
	Depth-dose profiles. 
	Neutron and photon spectrograms. 
	Neutrons entering NCI region. 
	Photons arriving at detector. 
	Neutrons arriving at detector. 

	Detector material, irradiation period and shielding optimisation. 
	Comparison of detector materials. 
	Comparison of irradiation periods. 
	Comparison of shielding materials. 


	Results and discussion
	Depth-dose profiles. 
	Neutron and photon spectrograms. 
	Neutrons entering NCI region. 
	Photons arriving at detector. 
	Neutrons arriving at detector. 

	Detector materials, mask interval, irradiation duration and shield optimisation. 
	Detector materials. 
	Total irradiation period. 

	Shielding materials. 

	Conclusion
	References
	Acknowledgements


