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A B S T R A C T

Secondary neutrons generated during ion beam radiotherapy present a concern due to the potential dose
deposition beyond the treatment volume, thereby elevating the risk of inducing secondary tumours. These
neutrons can possess energies comparable to those of the primary ions, reaching magnitudes of several
hundred MeV, posing a challenge for neutron detectors. Fluorescent Nuclear Track Detectors (FNTDs) are
promising detectors for high-energy neutron dosimetry given their capability to detect particles with a low
linear energy transfer. In this work, the sensitivity of FNTDs to neutron energies reaching 20MeV was analysed
by experiments and Monte Carlo (MC) simulations, quantifying the recoil proton yield of FNTDs combined
with polyethylene (PE) converters of different thicknesses. The FNTDs were read out using a dedicated FNTD
reader, demonstrating a reasonable uncertainty by analysing a detector area of 0.1mm2. Investigations of
different converter thicknesses reveal optimal detector sensitivity between 0.5mm to 1.0mm for a 241AmBe
source, yielding a maximum sensitivity of (22.7±3.4) tracksmSv−1 mm−2. Similar converter-FNTD configurations
were assessed through MC simulations using FLUKA, yielding a correlation between detector sensitivity and
converter thickness. Furthermore, an enhanced detector sensitivity for neutron energies up to 20MeV was
found for the PE converter thickness of 4.0mm. The MC simulations can be used to optimise FNTD detector
configurations for measuring higher neutron energies by maximising the recoil proton yield.
. Introduction

Cancer is a leading cause of mortality, rendering radiotherapy
n essential treatment modality for patients. Ion beam radiotherapy
IBRT) using protons and light ions represents a treatment type suit-
ble for certain indications and tumour locations, particularly central
ervous system tumours, sarcomas such as chordomas and paediatric
umours (Dreher and Combs, 2018). IBRT enables precise targeting
f the tumour by exploiting the well-defined range of particles at a
iven energy, known as the Bragg peak, allowing highly conformal
adiotherapy while sparing normal tissue (Wilson, 1946; Jäkel et al.,
022). In addition, particles heavier than protons possess a higher
iological effectiveness, which can enhance the therapy outcome even
or radioresistant tumours (Scholz, 2000; Schardt et al., 2010).

∗ Corresponding author at: Department of Radiation Oncology, Heidelberg University Hospital (UKHD), Heidelberg, Germany.
E-mail address: stefan.schmidt@dkfz.de (S. Schmidt).

A potential issue in IBRT is the generation of secondary neutrons,
significantly contributing to out-of-field dose and carrying the potential
risk of inducing secondary cancers outside the treated volume (Schnei-
der and Hälg, 2015; Smith et al., 2019). Notably, IBRT can produce
secondary neutrons with energies similar to those of the primary ions,
reaching several hundred MeV (Shrestha et al., 2022; Van Hoey et al.,
2022; Vedelago et al., 2022; Geser et al., 2024). At these high neutron
energies, achieving precise dose estimation has been hampered by
the limited detection sensitivity exhibited by certain neutron detec-
tors (Mayer et al., 2006; Gómez-Ros et al., 2023). Furthermore, some
active detectors such as rem counters are suitable for high neutron
energies up to GeV, but they are not suitable for personal dosimetry
or in-phantom measurements (Olsher et al., 2000; Toppi et al., 2020).
Similarly, thermoluminescence detectors are only suitable for thermal
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neutrons, although the energy range can be extended by relying on
albedo neutrons back-scattered by the body (ICRU, 2002; Gambarini
et al., 2004). Plastic Nuclear Track Detectors (PNTD) are widely used in
neutron personal dosimetry and can be used up to several MeV (Tanner
t al., 2005). However, for energies beyond 10MeV, their response
unction does not follow the recommended fluence-to-ambient dose
onversion coefficient curve, imposing limitations for the energies of
econdary neutrons produced in IBRT facilities (Domingo et al., 2013).

Fluorescent Nuclear Track Detectors (FNTDs) offer suitable char-
cteristics for neutron dosimetry including small detector size, non-
estructive readouts and re-usability after bleaching (Akselrod and
ouwenberg, 2018). They also exhibit capability for Linear energy

ransfer (LET) measurements down to 0.4 keVμm−1, capturing recoil
rotons generated by high-energy neutrons up to several hundred
eV (Akselrod et al., 2006; Sykora et al., 2008a).

One option to characterise the response of the detector is to use
omputational tools for simulations. The Monte Carlo (MC) code FLUKA
Fluktuierende Kaskaden), along with its graphical user interface
LAIR, was employed as a radiation transportation code (Vlachoudis,
009; Battistoni et al., 2015; Ahdida et al., 2022). It can be used to
imulate interactions between particles and matter, including neutrons
cross a broad energy spectrum. MC simulations are particularly rel-
vant for higher energy neutrons since the available facilities offering
eutron fields with energies above the 241AmBe are scarce (Pomp et al.,
013; Colonna et al., 2018).

Studies based on MC simulations have been conducted for FNTDs
ith neutrons up to 140 MeV, revealing the detector response and

ensitivity to high-energy neutrons (Wang et al., 2019; Stabilini et al.,
021b). Additional experimental data is needed to completely char-
cterise FNTDs within these energy ranges. There have been some
xperimental studies, but primarily for neutrons possessing lower en-
rgies, ranging from a few MeV up to almost 20MeV. However, these
tudies focused on aspects such as the neutron energy dependence of
NTDs for neutron energy determination (Sykora et al., 2009; Fomenko
t al., 2018).

This study investigates the optimisation of the converter thickness
o enhance FNTD sensitivity for neutron dosimetry. The presented
ethodology aims to maximise the generation of recoil protons. To

chieve this, the sensitivity of FNTDs was analysed for four distinct
olyethylene (PE) converter thicknesses between 0.5mm and 3.0mm.

241AmBe neutron source was used for the irradiations, followed by
maging using a dedicated FNTD reader. The detector response was also
uantified using MC simulations to estimate the converter thicknesses
or neutron energies of up to 20MeV.

. Materials and methods

.1. Detectors and irradiations

FNTDs manufactured by Landauer Inc. (Stillwater, OK, USA) were
sed, with dimensions of 8.0mm×4.0mm×0.5mm respectively in length
idth and height, and polished to optical quality on one side (lot
umber #144004, process date 21.12.2020).

In-house manufactured neutron converters were employed to gen-
rate recoil protons that create ionisation tracks in the FNTDs. The
onverter used in this study consists of high-density PE purchased from
erck KGaA (Darmstadt, Germany; product number GF29956461-1EA)
ith a density of 0.95 g cm−3, which induces elastic scattering of the
eutrons at the hydrogen atoms (Sykora and Akselrod, 2010).

For precise measurements, the FNTDs were placed on a 3D-printed
older on top of the converter materials. The holder guarantees a fixed
istance between the source and converter surface of 0.46mm, as it
as done previously (Becker et al., 2022). A total of four converters
ith thicknesses of 0.5mm, 1.0mm, 2.0mm and 3.0mm were used. Fig. 1
isplays a sketch of the converter-detector arrangement. The manu-
acturing of the converter has been done with an accuracy of 0.1mm,
2

s

Fig. 1. Experimental setup for a 1.0mm thick PE converter with the 0.5mm thick FNTD.
he primary neutrons impinge from the left-hand side. The two scoring planes for the
C simulations are highlighted by the two red dashed lines, the first for scoring the

eutron fluence reaching the PE and the second (not to scale) for scoring the recoil
roton fluence inside the FNTD.

wing to the precision of the converter material cutting. Additionally,
he holder has an uncertainty of 16 μm due to 3D printing.

The 241AmBe source is one of the standard neutron sources used as
reference for detector-response characterisation and calibration (Van-
avere et al., 1998; Yukihara et al., 2017). Thus, irradiations were
onducted at the German Cancer Research Centre (DKFZ; Heidelberg,
ermany) using a 241AmBe source with a nominal activity of 37MBq
nd associated uncertainty of ±10%. The 241AmBe source, with a
iameter of 17.4mm and a height of 19.2mm, has a fluence-averaged

energy of 4.17MeV and a maximal energy of 11MeV (ISO 8529-1:2021-
1, 2021). It is packed in an X.2 capsule and has been calibrated at the
hysikalisch-Technische Bundesanstalt (PTB; Braunschweig, Germany).
he gamma-ray background due to the packing of the source is less
han 3.5% (ISO 8529-1:2021-11, 2021). Irradiations of single FNTDs
ere performed for ambient dose equivalent 𝐻∗(10) values of 10mSv,
0mSv, 100mSv, 150mSv, 200mSv, 250mSv and 300mSv.

.2. Readout procedure and track counting

FNTDs were read out using a dedicated confocal laser scanning
icroscope, the FXR700RG from Landauer (Akselrod et al., 2014). This
evice allows fully automated reading of up to 216 FNTDs, including
utomatic surface detection and the ability to capture stacked images,
hus allowing high throughput of detectors. The output from the FNTD
eader, in either image or text file format, contains information on
he intensity distribution across the acquired area. The parameters for
eadout were configured for a field size of 100 μm×100 μm, a resolution
f 512 px× 512 px, a scan depth of 2 μm and an imaging time of 100 s.

Fiji (version 1.54f), a successor to ImageJ, was used to identify
he recoil proton tracks in the images through a dedicated FNTD
lugin (Schindelin et al., 2012; Klimpki et al., 2016). Its core element
s the MOSAIC package, which allows background corrections to be
pplied to the raw image, as well as the identification of potential track
pots (Sbalzarini and Koumoutsakos, 2005).

Intra- and inter-detector sensitivity differences due to differences
n colouration must be corrected before comparing different images
Klimpki et al., 2016). Becker et al. (2022) presented a so-called
ntensity threshold variation method, which is also used here. The
asic idea of this method is to determine a user-independent intensity
hreshold parameter 𝑡∗, which is later used for the tracking algorithm to
emove false-true track spots. Briefly, the relation between the variable
hreshold parameter 𝑡 and the number of identified tracks results in a

imilar curve shape for all images, thus two regions can be identified
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and fitted with a linear model. One region describes the overestimation
and the other the underestimation of identified tracks. By calculating
the intersection of the linear fits from each region, the 𝑡∗ value can be
determined.

As the 𝑡∗ methodology described was developed for a multipur-
pose confocal microscope, the same FNTD samples from the previous
study were analysed using the FNTD reader. The results, shown in
the supplementary material, showed good agreement and allowed the
post-processing procedures to be transferred to images acquired with
the FNTD reader. To adapt the original 𝑡∗ procedure to the output of
the FNTD reader, some adjustments were necessary. These adjustments
include increasing the minimum number of data points required for
the linear fit in the underestimation region, thus accounting for the
greater data variability with the FNTD reader. Additionally, the fitting
procedure in the overestimation region was adjusted by redefining
parameter and offset values, as the post-processing tended to initiate
the linear fit before the defined overestimation region, resulting in a
smaller value of 𝑡∗. Moreover, the process was further automated by
using the Python scripting functionality in Fiji. Subsequently, Matlab
2023a (MathWorks, Natick, Massachusetts, USA) was employed for
post-processing routines (The MathWorks Inc., 2023). The new version
of the 𝑡∗ code is included as supplementary material.

2.3. Uncertainty analysis

Two main sources of uncertainty have been identified during the
track counting procedure. The first contribution comes from the char-
acteristic neutron emission from the 241AmBe source, leading to a
dispersion in the number of tracks for different readout fields, called
𝑢(𝑠𝑜𝑢𝑟𝑐𝑒). It was quantified using the standard deviation of the mean
number of identified tracks in the readout fields, representing the
systematic uncertainty. The other major contribution comes from the
𝑡∗ methodology, called 𝑢(𝑡∗), and represents the statistical uncertainty
(GUM 2008). It was quantified by the uncertainties associated with the
linear fits used to determine the 𝑡∗ value. The determination of the
intersection point reveals an uncertainty 𝑢(𝑖𝑛𝑡), which is used to deter-
mine the number of tracks for the lower uncertainty bound, yielding a
𝑢(𝑖𝑛𝑡) for each scanned field. By using gaussian uncertainty propagation,
the uncertainty of the 𝑡∗ methodology can be calculated for a given
number of readout fields 𝑛 as specified in Eq. (1):

𝑢(𝑡∗) = 1
𝑛

√

√

√

√

𝑛
∑

𝑖=1
𝑢(𝑖𝑛𝑡)2𝑖 (1)

here the index 𝑖 iterates through the different readout fields. Consid-
ring these two uncertainty contributions, the total uncertainty can be
alculated according to Eq. (2):

(𝑡𝑜𝑡𝑎𝑙) =
√

𝑢(𝑡∗)2 + 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒)2 (2)

.4. Monte Carlo simulations and sensitivity calculation

MC simulations were performed with FLUKA (version 4-3.4) em-
edded in the Flair (version 3.2-4) environment (Vlachoudis, 2009;
attistoni et al., 2015; Ahdida et al., 2022). One of the major changes

ntroduced in the FLUKA version 4-3.0 is the pointwise neutron trans-
ort below 20MeV (Mendoza et al., 2012, 2014; Mendoza and Cano-
tt, 2018). The energies were sampled from a custom FLUKA user

outine, using the energy spectrum of a 241AmBe source according to
he ISO 8529-1 (ISO 8529-1:2021-11, 2021). The source was imple-
ented as a 3D cylindrical volume and an isotropic angular distribution

f neutrons was simulated in agreement with the experimental setup.
he neutron fluence was scored at the PE converter surface and the
roton fluence at a depth of 2 μm within the FNTD using unidirectional
SRBDX scoring cards. A scoring area of 16 mm2 was used for both
rotons and neutrons, corresponding to the FNTD covered with PE as in
3

r

Table 1
Fluence-to-ambient dose equivalent conversion coefficient 𝑓 . For *, the spectrum-
averaged value for the 241AmBe source is given, and for +, the values are obtained
by cubic interpolation between the tabled values (ICRP, 1996).

Neutron energy (MeV) 𝑓 factor (pSv cm2)

4.17* 391
5.0 408
8.0 409
14.8 536.3+

19.0 584.6+

the experimental setup. A visualisation of the geometry and the scoring
positions can be found in Fig. 1.

The comparison between simulations and experiments is done by
comparing the sensitivity values obtained by the two methods. For
the experiments, the sensitivity 𝐶𝑃𝐸 (tracksmSv−1 cm−2) can be derived
directly from the calibration curve as the slope of the linear fit. Instead,
the simulated sensitivity needs to be computed according to Eq. (3),
taking into account the proton fluence 𝜙𝑝 (primary−1 cm−2) at 2 μm
depth within the FNTD and below the PE converter as well as the
neutron fluence 𝜙𝑛 (primary−1 cm−2) at the converter surface (Stabilini
et al., 2021b):

𝑐𝑃𝐸 =
𝜙𝑝 ∗ 109

𝜙𝑛 ∗ 𝑓
(3)

where 𝑓 is the fluence-to-ambient dose conversion coefficient (pSv cm2),
abulated for the energies used in this study in Table 1 (ICRP, 1996).
he conversion from pSv to mSv is done with the factor 109 in Eq. (3).
he uncertainty of the simulations is derived from the propagation of
ncertainty in Eq. (3).

In the simulations, the fluences were scored double differentially
n energy and angle using the USRBDX card. In addition, the USRBIN
ard was used for scoring the spatial distribution of the fluence in a
artesian mesh. This way, the proton fluence was first estimated with
he USRBIN card at the surface of the FNTD, followed by the sensitivity
alue estimation with the resulting converter thickness at a depth of
μm using the USRBDX card.

In the next stage, further measurements at higher neutron energies
re planned to assess the converter optimisation methodology. There-
ore, simulations of the mono-energetic ISO reference neutron fields
vailable at PTB1 were conducted for neutron energies ranging from
MeV to 20MeV, as reported in Table 1 (Nolte et al., 2004).

. Results

.1. Optimisation of the readout area for the FNTD reader

To identify the optimal number of readout fields or equivalently
he FNTD area necessary for reducing uncertainty, an examination
as performed across various sizes of readout area quantifying the
ean number of identified tracks and their corresponding uncertain-

ies. Fig. 2a shows the mean number of identified tracks as a function of
he readout area up to 0.30mm2 for two FNTD samples irradiated with
0mSv and 300mSv, using the 1.0mm thick converter. The reported
alues are normalised to the mean number of identified tracks at
.10mm2, which is 5480 tracksmm−2 for 10mSv and 12 322 tracksmm−2

or 300mSv. For both data sets, the mean values are overestimated
y more than 20% for the smaller readout areas, and its deviation
ecreases below 5% of the normalised value after 0.05 mm2. Moreover,
or readout areas larger than 0.10mm2, the deviation remains within
5% of the mean value for both detectors.

1 The PTB facility offers reference fields of mono-energetic neutron beams.
he highest energy neutron beam available is 19MeV, therefore this value
as used for the MC simulations. Nevertheless, for the general text like the

ntroduction, the nominal value of 20MeV is used, since it is the one usually
eported in other publications.
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Fig. 2. Optimal readout area for the FNTD reader: (a) mean number of tracks and (b)
the corresponding uncertainties as a function of the readout area. The two contributions
as well as the total uncertainty are plotted. Lines connecting the dots are plotted for
visual aid.

Fig. 2b presents the total uncertainty 𝑢(𝑡𝑜𝑡𝑎𝑙) and the two contri-
utions to it, 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) and 𝑢(𝑡∗), also as a function of the readout
rea. For the smallest readout area, which corresponds to only one
eadout field, there is no data point for 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) because the variance
nd thus the standard deviation equals per definition zero. For both
amples, a decrease in 𝑢(𝑡∗) is evident during the initial increase of the
eadout area. Within the range spanning from 0.10mm2 to 0.30mm2,
he uncertainty decreased respectively from 12.0% to 6.9% for the
NTD irradiated with 10mSv and from 9.0% to 5.3% for the FNTD
rradiated with 300mSv. Instead, 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) presents some fluctuations
or the smaller areas, reaching a steady trend with changes between
6% to 31% for the 10mSv and 16% to 20% for the 300mSv sample.
ncreasing the readout area from 0.10 mm2 to 0.30 mm2 reduced the
otal uncertainty by less than 1% according to the values obtained for
oth samples, representing no significant improvement.

Taken together, the results reveal that an analysis encompassing a
eadout area of 0.10mm2 with the FNTD reader could strike a balance
etween accuracy and the extent of post-processing effort, thereby
ncreasing the overall readout process efficiency. This is based on
wo main facts observed in Fig. 2 for both samples: (i) the mean
umber of identified tracks for 0.10mm2 is not significantly changing
hen increasing the scanned area; (ii) 𝑢(𝑡𝑜𝑡𝑎𝑙) at 0.10mm2 is already
ominated by 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) with a similar value compared to the largest
rea, while 𝑢(𝑡∗) steadily decreases without any major impact. Hence,
urther results were obtained by analysing this specific FNTD area.

.2. Effect of converter thickness on the sensitivity to the 241AmBe source

To examine the correlation between converter thickness and FNTD
ensitivity, detectors equipped with various converter thicknesses were
xposed to a 241AmBe radiation source, followed by establishing a cali-
ration curve to derive sensitivity values. Fig. 3 depicts the calibration
urves for converters with thicknesses of 0.5mm, 1.0mm, 2.0mm and
.0mm. For all four converters, the mean values of the identified tracks
xhibit an ascending trend with the increase in dose.
4

Table 2
Detector sensitivities and coefficient of determination for different converter
thicknesses.

Converter thickness (mm) Sensitivity (tracksmSv−1 mm−2) R2

0.5 19.6 ± 2.4 0.931
1.0 22.7 ± 3.4 0.897
2.0 20.0 ± 1.3 0.981
3.0 19.4 ± 2.0 0.948

A weighted linear regression was employed to determine the slopes
for each calibration curve, corresponding to the sensitivity of the
detector. The sensitivity of each fit along with the coefficient of de-
termination R2 are summarised in Table 2. The values indicate that the
detector sensitivity first increases with increasing converter thickness
and reaches its maximum at a converter thickness of 1.0mm for the
241AmBe source. According to the trend of the mean values, a further
increase in converter thickness leads to a decrease in sensitivity.

3.3. Monte Carlo simulations for the 241AmBe

MC simulations using FLUKA were conducted to determine the
sensitivity values across different converter thicknesses and compared
to the experimental results for validation. Fig. 4 displays the results
of both the simulation and experimental investigation. It is worth
mentioning that the experimental data has uncertainties in the con-
verter and holder dimensions of 0.1 mm and 0.016 mm, respectively,
which are represented by the horizontal error bars. Furthermore, the
resolution of the experimental data is restricted as it only contains two
data points describing the region for converter thicknesses of 1.0 mm
and smaller. Overall, simulations and experiments both agree with a
maximum deviation of 28%. They follow a similar trend of increas-
ing sensitivity, followed by a decrease when increasing the converter
thickness.

The simulations yielded the highest sensitivity values for a converter
thickness of 0.5 mm, corresponding to (25.3 ± 0.3) tracks mSv−1 mm−2.
Instead, a maximum sensitivity of (22.7 ± 3.4) tracks mSv−1 mm−2 was
observed for a converter thickness of 1.0 mm based on the experi-
mental data. Although the data points for converter thicknesses below
1.0 mm and above 2.0 mm deviate, the findings reveal a correlation
between sensitivity and converter thickness for both simulations and
experimental data. Based on the results for the 241AmBe source, the
MC model was used to estimate the converter thickness and detector
sensitivity. A deeper discussion on the discrepancy between simulations
and experiments is presented in Section 4.2.

3.4. Monte Carlo study on converter thickness and detector sensitivity for
higher neutron energies

To ascertain the optimal thickness for the converter to detect high-
energy neutrons, MC simulations were performed for different con-
verter thicknesses. The findings are depicted in Fig. 5a. The proton
fluence increases initially for all energies analysed until it reaches
a maximum at a specific depth, after which the fluence decreases.
Between the converter thickness at which proton fluence is maximal
and a converter thickness of 10.0mm, the proton fluence decreases by
less than 10%. From the observation of the four different curves, it
is notable that increasing neutron energy requires a thicker neutron
converter to achieve maximum proton fluence.

For these four curves, the converter thickness that gives the max-
imum proton fluence was identified with the USRBIN card and ded-
icated simulations were performed using the USRBDX card to assess
the detector sensitivity for these converter thicknesses. Fig. 5b illus-
trates the outcomes, which reveals a detector sensitivity of (38.5 ±
0.2) protons primary−1 mm−2 for the mono-energetic 5MeV beam when
using a converter of 0.6mm thickness. The sensitivity for neutrons with

an energy of 19MeV is almost 2.5 times greater than for neutrons with
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Fig. 3. Influence of converter thickness on the FNTD sensitivity. Obtained calibration curves for (a) 0.5mm, (b) 1.0mm, (c) 2.0mm and (d) 3.0mm converter thickness. The mean
umber of identified tracks for each dose is indicated as a blue square with the error bars as 𝑢(𝑡𝑜𝑡𝑎𝑙). The solid lines represent each linear fit and the dashed lines the 95%
onfidence interval.
n energy of 5MeV. To achieve this sensitivity, the required converter
hickness is 4.0mm, which is more than 6 times greater than the thick-
ess required for neutrons with an energy of 5MeV. The slower rise
n sensitivity at higher neutron energies is due to the declining cross-
ection of elastic interactions between neutrons and matter, thereby
eading to a diminished rate of recoil proton generation. This MC-based
nvestigation showcased the potential for enhanced detector sensitivity
t higher neutron energy levels by enlarging the converter thickness.

. Discussion

.1. Readout area and uncertainty estimation

In this study, the effect of increasing the readout area has been
nalysed with a focus on the dedicated FNTD reader. It has been shown
hat the total uncertainty is dominated by the uncertainty associated
ith the neutron source. This effect might be related to the nature of
eutron emissions since it cannot be compensated by increasing the
eadout area and agrees with the uncertainty of the 241AmBe source
eported in the calibration document (ISO 8529-1:2021-11, 2021).
owever, a deeper analysis of Fig. 2b suggests that there may also be
statistical contribution to 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) related to the absolute dose value,
hich is represented by the absolute number of tracks, resulting in a

maller 𝑢(𝑠𝑜𝑢𝑟𝑐𝑒) for the 300 mSv FNTD in comparison to the 10 mSv
NTD. At the same time, the uncertainty of the 𝑡∗ methodology has a
inor impact on the total uncertainty, particularly when the field size

ncreases from 0.10mm2 to 0.30mm2. Therefore, it can be concluded
hat with this readout procedure, a readout area of 0.10mm2 is sufficient
or the track determination to ensure that the mean number of track
alue remains within ±5%.

However, it has been presented that the readout area required
or FNTD analysis varies depending on the post-processing procedure
nd the microscope image quality. While Sykora and Akselrod (2010)
mplemented 45 to 150 readout fields of 0.01mm2 each, Becker et al.
2022) employed one single readout field of 0.0182mm2 with a higher
5

Fig. 4. FNTD detector sensitivity for different converter thicknesses, comparing exper-
imental data and data obtained from MC simulations. The dashed lines connecting the
markers are plotted for visual aid.

image quality. In the former work, the observed sensitivity was stated
with an uncertainty of about 8.1%, while in the latter, the dose value
was specified with an uncertainty of about 9.4% on average, compared
to a mean uncertainty of 11.0% according to the values reported in
Table 2.

The uncertainties reported in Fig. 2 can be further decreased by
increasing the number of FNTDs irradiated per dose value, as demon-
strated in the supplementary material. For instance, for the 1.0 mm
converter, computing the linear fit with the irradiations done in tripli-
cate leads to a sensitivity relative uncertainty of 2.2%, compared to the
15.0% reported in Table 2. Since the goal of this study was to evaluate
the impact of various converter thicknesses, comparing mean values is
adequate.

An offset of the calibration curves was found, consistent with
earlier research (Becker et al., 2022). This offset may have resulted
from the post-processing procedure and the absence of specific cor-

rections for the gamma contribution. Nevertheless, the offset appears
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s

Fig. 5. Monte Carlo study of the optimisation of converter thickness for higher neutron energies. (a) Proton fluence as a function of converter thickness. (b) Maximal detector
ensitivity at 2 μm depth of the FNTD and corresponding converter thickness. As the uncertainties are smaller than the marker size, the error bars are not displayed. In both plots,
the dots are connected with lines for visual aid.
to be unrelated to the absolute dose values because the obtained
slope of (22.7 ± 3.4) tracksmSv−1 mm−2 for the 1.0mm thick converter
presents no significant difference from the ones reported in other
studies. For instance, Becker et al. (2022) reported a slope of (21.1 ±
2.0) tracksmSv−1 mm−2, while Akselrod et al. (2006) reported (21.0 ±
4.0) tracksmSv−1 mm−2. Thus, the presented analysis is valid in terms of
maximising the recoil proton yield for different converter thicknesses.

4.2. Influence of converter thickness on sensitivity for the 241AmBe source

The analysis of the converter thickness revealed an increase in sensi-
tivity with increasing converter thickness and a decrease in sensitivity
after reaching an optimum converter thickness (Table 2 and Fig. 3).
The increase in sensitivity is explained by the build-up effect due to
the formation of recoil protons with increasing depth inside the PE
converter. When the same number of recoil protons are created and
stopped inside the converter, maximum sensitivity is reached in the
detector. The subsequent decrease in sensitivity is mainly due to the
decrease in neutron fluence. Notably, a similar discussion applies to
the higher neutron energies reported in Fig. 5a.

It was possible to reproduce the main results of the experimental
part using the FLUKA MC code, yielding comparable sensitivity values,
as reported in Fig. 4. A deviation of 4.8% was found between the mean
value of the simulation compared to the experiment for the 2 mm
converter thickness, in agreement with previous studies for FNTDs pre-
senting deviations of 5.6% for the same converter thickness (Stabilini
et al., 2021b).

For the 1.0 mm and 2.0 mm thick converters, the sensitivity values
observed in both experiments and simulations fall within the range of
the associated uncertainties. However, a discrepancy was found for the
other experimental values compared to the simulations. One source
of uncertainty contributing to the discrepancy might be the 0.1 mm
uncertainty in the manufacture of the converters, combined with the
relatively reduced discrete values quantified experimentally. Further
analysis of the discrepancy could be achieved by reducing uncertainty
in the experimental setup or by using different MC codes.

Overall, the results from the simulations align with the experimental
sensitivities in terms of trend and magnitude and are therefore used
to optimise the converter thickness. The MC study on the impact of
converter thickness at higher neutron energies is not expected to be
significantly influenced by the discrepancies observed previously, as it
only indicates the trend of proton fluence and sensitivity. However, it is
essential to experimentally calibrate the response of the detectors with
the optimised converter for accurate neutron dose assessment, because
of the discrepancies of up to 28% between the absolute sensitivity
6

values in simulations and experiments.
4.3. Mono-energetic neutrons versus broad neutron spectrum

For the simulation of mono-energetic neutrons with energies of
5MeV, it has been shown that similar trends and behaviour can be
expected as for the 241AmBe experiments. For the 241AmBe, where
the mean neutron energy is 4.2MeV, a PE converter with a thickness
between 0.5mm to 1.0mm maximise the sensitivity. This is in agree-
ment with the required thickness for 5MeV, shown in Fig. 5b. The
5MeV mono-energetic neutrons exhibit greater sensitivity due to their
ability to generate recoil protons with a longer range compared to the
fraction of lower energy neutrons originating from the 241AmBe (ISO
8529-1:2021-11, 2021).

Many studies have analysed the recoil proton generation to broad
energy neutron spectrum, like the one of the 241AmBe source (Sykora
et al., 2008b; Stabilini et al., 2021b; Becker et al., 2022). Instead, fewer
dedicated studies have been performed on mono-energetic neutron
beams. For instance, Fomenko et al. (2018) used a PE converter with a
thickness of 0.72mm for the measurement of mono-energetic neutrons
up to 16.5MeV. They concluded the results obtained for neutron en-
ergies below 5MeV cannot be extrapolated for describing the FNTDs
response to higher neutron energies.

For mono-energetic neutrons, the obtained results revealed the need
for larger PE converter thicknesses when increasing the neutron energy
used (Fig. 5). Moreover, the results indicate that a converter thickness
of 4mm might be a good compromise to measure even 19MeV neutrons
with a sensitivity loss of approximately 3% for 5MeV neutrons.

4.4. Accuracy improvement by other techniques

For further detector analysis, different techniques could be consid-
ered, such as the use of polytetrafluoroethylene (PTFE) as a converter
material to correct for the gamma signal contribution (Akselrod and
Sykora, 2011). Using this technique, the offset shown in Fig. 3 might
be reduced. Also, the application of the Principle Component Analysis
(PCA) and the use of different information from the track spots, like
circularity and mean intensity, could be beneficial in terms of neutron
dose contribution discrimination (Stabilini et al., 2021a).

Other techniques for readout and post-processing include 3D track-
ing, which enables assessment of recoil tracks and might further reduce
the uncertainty (Stabilini et al., 2020). LET determination could further
advance the post-processing and would be advantageous for the appli-
cation in secondary neutron dose estimation, allowing discrimination
between primary particles, fragments and recoil protons. A similar
technique has been introduced for PNTD detectors (Caresana et al.,
2012). In combination with proper positioning of the detectors, sec-
ondary neutron dose determination could be improved (Vedelago et al.,
2022). Further attempts to reduce the uncertainty could also be done
by introducing correction methods for the FNTD colouration (Muñoz
et al., 2022; Kusumoto et al., 2023). Applying these techniques might

help to improve the accuracy of the results presented in Figs. 3 and 4.
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4.5. Implications for secondary neutron detection in ion beam radiotherapy

As indicated in Fig. 5b, the sensitivity for higher neutron energies in-
creases at a slower rate than the rise in required PE converter thickness.
This trend might become even more pronounced for the application of
FNTD technology in IBRT when measuring secondary neutrons. Since
the thickness of converters may be limited in certain configurations
and settings, other converter materials might be required to further
increase the sensitivity. For example, in rem counter detectors, high
Z materials such as lead or tungsten are employed to improve the
sensitivity for neutron energies up to hundreds of MeV (Olsher and

cLean, 2008). Therefore, further steps will include the measurement
f neutrons with energies up to and above 20MeV, complemented with
study of different converter configurations and materials suitable for

he high-energy neutrons present in IBRT facilities.
In addition, secondary neutron spectra from proton and other ion

eams, as presented by Vedelago et al. (2022) and Geser et al. (2024),
ould be used for assessing the performance of converters by con-
ucting MC simulations, considering the energy distribution of these
eutrons. Resulting values can then be compared with secondary neu-
ron dose measurements reported in other studies for primary ion
eams (Agosteo et al., 1998; Tessa et al., 2014; Stolarczyk et al., 2018).

It should be noted that using the calibration curves presented here
or the 241AmBe source directly for higher neutron energies, such as
hose of the secondary neutrons in IBRT, may result in overestimations
f the dose. Therefore, future steps should focus on comparing the
C simulations for neutron energies up to 20 MeV with experimental

ata. Subsequently, further MC simulations could be used to guide the
esign of suitable converters for higher neutron energies to cover the
ull energy spectrum of secondary neutrons produced during IBRT.

Overall, this study represents an initial step towards a character-
sation of FNTDs for secondary neutron measurements in IBRT, as it
eports the sensitivity of the detectors for neutrons with energies up
o 11 MeV through a combination of experiments and MC simulations,
nd up to 20 MeV by simulations only, covering the energy range of
he evaporation peak of secondary neutrons produced during IBRT.

. Conclusion

Improvements in Fluorescent Nuclear Track Detectors (FNTDs) tech-
ology for neutron dosimetry were developed, including optimisation
f the readout area, post-irradiation analysis and converter thickness.
or a 241AmBe neutron source with a maximum energy of 11 MeV, a
eadout area of 0.10 mm2 was found to be optimal for the dedicated
NTD reader, considering a balance between the total uncertainty
nd the readout area. Additionally, the sensitivity was optimised by
esting different converter thicknesses, yielding the highest sensitivity
f (22.7 ± 3.4) tracksmSv−1 mm−2. The experimental data was used
o verify the magnitude of the estimations of a FLUKA Monte Carlo
odel, which was later used to assess the detector sensitivity at higher
eutron energies and to optimise the converter thickness for future
xperiments involving neutron energies up to 20MeV. In summary, this
tudy provides the basis for implementing FNTDs for higher neutron
nergies, as the Monte Carlo simulation can be used for estimating the
onverter thickness to be later experimentally characterised.
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