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A B S T R A C T   

Fluorescence Nuclear Track Detectors (FNTDs) are part of a new technology developed for particle detection and 
applicable to personal neutron dosimetry. The objective of this study is to simulate the FNTD fast neutron 
response to: (i) assess and understand the performance of the existing neutron dosimeter design (Landauer Inc.) 
and its associated single layer track-spots analysis; and (ii) evaluate the potential information that can be ob-
tained by the analysis of the 3D reconstructed recoil proton trajectories. To achieve that, a FLUKA Monte Carlo 
(MC) model of the current FNTD design was developed and the FNTD response was investigated for mono- 
energetic neutrons and the 252Cf and 241AmBe neutron sources. The investigation of the recoil proton den-
sities behind the different converters showed that the single layer analysis and dose calculation algorithm, based 
on the comparison and subtraction of the track densities behind the different converters, works properly only up 
to neutron energies ~13 MeV. Above this neutron energies, recoil protons generated in the detector housing (PE) 
have a range larger than the thickness of the PTFE and 6Li-enriched glass, reaching the FTND and, therefore, 
adding to the signal in these detection regions and influencing the secondary electron discrimination and the 
energy determination algorithm. MC simulations show that the FNTD 3D reconstructed recoil proton tracks can 
provide estimates of the irradiation angles and average neutron energy. The results show that the angle or 
displacement (dX/dZ or dY/dZ) distributions of the recoil proton tracks can be used to obtain information on 
irradiation angle; the angle with the detector’s normal (polar angle), the most important because of its influences 
on the FTND sensitivity, can be determined in laboratory and for irradiation angles < 60◦ with an 4◦ uncertainty 
already for doses > 4.5 mSv in the case of a214AmBe neutron irradiation. The neutron field mean energy can also 
be determined for normal irradiation by analysing the depth distribution of the recoil proton tracks already for a 
minimum of 150 tracks, or 2.5 mSv for 241AmBe, assuming a scanned area is ~2.0 mm2. Therefore, the present 
study contributes to understanding the performance of the current FNTD design and analysis for neutron 
dosimetry and investigates a new detector evaluation approach to gain additional information on the irradiation 
conditions.   

1. Introduction 

In neutron personal dosimetry, passive solid state nuclear track de-
tectors, mostly poly allyl diglycol carbonate (PADC) detectors, are some 
of the most used types of detectors to monitor neutron doses of radiation 
exposed workers (Mayer et al., 2020). PADC detectors, however, require 
chemical etching, are not re-useable and often exhibit material prob-
lems. Carbon and magnesium co-doped aluminium oxide (Al2O3:C,Mg) 

Fluorescence Nuclear Track Detectors (FNTDs), a new type of track 
detector based on fluorescence (Akselrod and Kouwenberg, 2018), do 
not require chemical etching and are re-useable. Several studies docu-
ment the use of the Al2O3:C,Mg FNTDs in a variety of applications, 
ranging from radiobiology (Niklas et al., 2013) to ion-therapy (Greilich 
et al., 2013). FNTDs have also been demonstrated and commercialized 
for personal neutron dosimetry in neutron fields with energy ranging 
from thermal energies up to 20 MeV(Akselrod et al., 2014b). 
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The Al2O3:C,Mg FNTDs are single crystals that can record the passage 
of charged particles: ionisations along the charged particle’s track cau-
ses the radiochromic transformation of F2

2+(2 Mg) centres into F2
+(2 Mg) 

centres in the crystal lattice. The spatial distribution of these defects in 
the crystal can be probed by fluorescence, giving rise to luminescent 
track-spots when the detector is scanned with a confocal laser scanning 
microscope, whose focal spot has a 2-μm diameter in the z direction, 
perpendicular to the detector’s surface (Akselrod and Kouwenberg, 
2018). Compared to PADC detectors, FNTDs offer higher spatial reso-
lution and sensitivity to charged particles with linear energy transfer in 
water down to 0.5 keV/μm (Akselrod et al., 2006). Moreover, since the 
radiochromic transformation can be reversed by UV laser light, which 
causes two-photon ionization of the F2

+(2 Mg) defects, the FNTDs can be 
reused after an appropriate resetting procedure (Akselrod and Kou-
wenberg, 2018). 

Although Al2O3:C,Mg FNTDs can record the passage of charged 
particles, the detectors themselves are insensitive to neutrons. For 
application in personal neutron dosimetry, the FNTD must be coupled 
with fast and thermal neutron converters, e.g. one made of polyethylene 
(PE) and one of 6Li-enriched glass, respectively, embedded in a PE 
holder (Akselrod et al., 2014b). The FNTD region behind the PE con-
verter records the neutron-induced recoil protons generated by (n,p) 
scattering in the PE converter, mostly due to fast neutrons, whereas the 
FNTD region behind the 6Li-enriched glass registers the 3H and 4He 
particles created by the neutron capture reaction 6Li (n,α)3H in the 6Li, 
mostly due to thermal neutrons (scattered neutrons, albedo neutrons, 
etc). Comparing the FNTD track density behind these two converters, 
some information on the neutron field energy can be obtained (Sykora 
et al., 2009). Although it is beyond the scope of the present study, FNTDs 
could also be used isolated (without converters) in phantom studies (i.e., 
placed inside phantoms), in which case the recoil protons detected are 
produced by neutron scattering interactions within the phantom. 
Regardless of the application (personal dosimetry, in-phantom studies 
for patient dosimetry, etc.), the detected charged particles are generated 
outside the FNTDs. 

In the automatic reader dedicated to neutron dosimetry described by 
Akselrod et al. (2014b), a single layer at (2.0 ± 0.2) μm below the 
polished detector surface is used for the FNTD evaluation. For personal 
dosimetry, the neutron doses are calculated by counting the detected 
track-spots within specific FNTD regions below the Li-glass (thermal 
neutron component) and the PE converter (fast neutron component), 
using an algorithm based on calibration data of track density versus dose 
for each region. 

Because a photon component is always present in a neutron fields, 
one problem with this approach, however, is that the photon exposure 
induces secondary electrons, whose signal starts to overlap with 
increasing doses, resulting in track-spots that can be confounded with 
the light ion ones. To account for this field component, a third converter 
of polytetrafluoroethylene (PTFE) is used in the current dosimeter 
design (Sykora and Akselrod, 2010). PTFE is hydrogen-free and pro-
duces no recoil protons, except for nuclear reactions with fluorine and 
carbon nuclei. The track-spot density measured below this latter con-
verter, mostly due to secondary electrons, is subtracted from the ones 
acquired below the fast and the thermal neutron converters before 
computing the dose. 

The applicability of this approach for various neutron energies has 
not been investigated yet. Monte Carlo (Geant4) simulations involving 
FNTDs based dosimeters have been published (Wang et al., 2019), with 
the goal of optimizing the detector design as a H*(10) dosimeter. That 
study, however, did not address the performance of the current neutron 
dosimeter design and the evaluation procedure in fast neutron fields. 
These have been characterised only experimentally (Sykora et al., 
2008a, 2009; Sykora and Akselrod, 2010). 

Another issue to be investigated is the compliance of the FNTDs 
energy and angle dependence with the ISO 21909-1 standard (ISO, 
2015). Because of the kinetics of the neutron-induced recoil proton 

production and registration in the track detector, the final track density 
will depend on the neutron energy (Sykora et al., 2009) and irradiation 
angle (Sykora et al., 2008b). With the single layer analysis, the energy 
dependency is taken into account by comparing the track density behind 
the Li glass and PE converters (Sykora et al., 2009), but no correction for 
the irradiation angle has been investigated so far. 

FNTDs, however, offer the possibility of obtaining more information 
on the radiation field by 3D scanning and trajectories reconstruction 
(Akselrod and Kouwenberg, 2018), which has the potential of providing 
the missing information that can be used to select more appropriate 
calibration coefficients, potentially improving the dose estimations. In a 
previous study (Stabilini et al., 2020), the reconstructed trajectories of 
recoil protons were investigated experimentally in a variety of condi-
tions (252Cf and 241AmBe sources, free-in-air and on-phantom irradia-
tion, 0◦–60◦ irradiation). These results provided the first evidence on the 
possibility of using the 3D track information in neutron dosimetry, but 
they were limited by the statistics that could be achieved in the current 
experimental conditions. This could be solved by developing and vali-
dating a Monte-Carlo model for the FNTDs. 

The objective of this study is to simulate the FNTD response to fast 
neutron fields with two goals in mind: (i) to assess and understand the 
performance of the existing dosimeter design and its associated single 
layer track-spots analysis; and (ii) to investigate the potential informa-
tion that can be obtained by the analysis of the 3D reconstructed recoil 
proton trajectories. The results are compared with experimental data 
from Stabilini et al. (2020). We also characterise the uncertainties 
involved and their dependence with the number of reconstructed tracks. 
Lastly, the benefits of the more time-consuming 3D readout and analysis 
are discussed. This work is concerned only with the recoil proton tracks 
induced by fast neutrons, not with particles generated in the Li-glass by 
the 6Li (n, α)3H reaction, since their ranges and directions are not 
correlated with the incident neutron energy or angle. The combination 
of the signals behind the slow and fast neutron converters for the esti-
mation of the operational radiation protection quantities is outside the 
scope of this work. As a first step in the development of the methods 
proposed, the study does not consider the more complicated exposure 
situation of a moving person wearing the dosimeter, but focuses on the 
simpler condition of reference fields. 

2. Materials and methods 

2.1. FLUKA Monte Carlo simulations 

The simulation studies were carried out using the FLUKA (FLUk-
tuierende KAskade) particle transport code, version 2011–3.0 released 
from CERN, https://fluka.cern (Vlachoudis, 2009; Bohlen et al., 2014; 
Battistoni et al., 2015). The FLUKA code is being used for many decades 
in accelerators and targets design developments, radiation therapy and 
patient, space and personal dosimetry, etc. (Andersen et al., 2004, 2005; 
Battistoni et al., 2016). The definition of the geometry and the scoring 
regions is performed by programming a set of built-in modifiable in-
structions, named cards. 

In the DEFAULTs card, the option “PRECISIOn” was selected to allow 
the transport of particles down to 100 keV and of neutrons down to 
energies of 10− 5 eV. Specifically, neutrons with energies <20 MeV are 
transported in 260 energy groups using group-wise cross sections from 
evaluated nuclear data files, whereas for the transport of neutrons with 
energies >20 MeV the PEANUT cascade model is used (Fasso et al., 
1997; Ballarini et al., 2006; Battistoni et al., 2013). 

2.1.1. Detectors and geometry 
The FNTD personal neutron dosimeters were simulated according to 

their current design (Akselrod et al., 2014a, 2014b), whose structure can 
be thought as two main coupled components: (i) the converters, (ii) the 
FNTD (sensitive crystal). 
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i. The converter assembly on top of the FNTD dosimeter is divided into 
three regions. A high-density PE (0.93 g cm− 3) rectangular prism of 
area 4.0 mm × 8.0 mm and thickness 2.0 mm, serving both as holder 
and fast neutron converter, has two carved sockets at the sides 
hosting a PTFE chip (2.2 g cm− 3), of surface 2.7 mm × 4.0 mm and 
thickness 1.0 mm, and a Li-glass chip (2.5 g cm− 3) of equivalent 
surface and 0.83 mm thickness.  

ii. The FNTD, made of Al2O3:C, Mg (3.97 g cm− 3), whose bulk volume 
was divided into detection regions beneath each corresponding 
converter, starting at a depth of 2.0 μm, having areas of 2.4 mm2 for 
PTFE and Li-glass and of 3.2 mm2 for PE. The regions were separated 
from each other and from the crystal borders by a distance of 1 mm. 
The definition of these regions allowed minimisation of crosstalk 
effects at converters borders and avoided edge effects. This principle 
is also applied during the readout of these detectors. 

Fig. 1(a) shows a cross-section of the geometry along the detector’s 
width, where each region is labelled, and Fig. 1(b) displays a 3D model 
of the dosimeter. The transparent filling colours in Fig. 1(b) allow to see 
the relative positions of the converters and the stacked regions in the 
mock-up. The detector was placed in vacuum and exposed to directional 
homogeneous neutron fields impinging on the dosimeter’s front side. 

For the simulation studies related to single layer analysis, particle 
fluences of neutrons and protons were scored at the FNTD detection 

regions interfaces using FLUKA’s USRBDX cards. 

2.1.2. 3D track reconstruction from simulations 
In the case of the 3D analysis, recoil proton trajectories, generated in 

the converter and propagating in the detector medium, were recorded in 
FLUKA by activating the USERDUMP card. The card calls the user- 
defined routine “mgdraw.f”, modified to record the initial and final 
coordinates of the particles, their energy and the energy released of the 
so-called “events” in a given region. An “event” is defined as any sort of 
interaction where a recoil proton is involved: this includes the recoil 
proton generation, any geometrical boundary crossing, other than its 
scattering or seldom-occurring reactions with matter. 

Full simulated trajectories were subsequently reconstructed by 
stitching together many “events”, listed in the output file, belonging to a 
given propagating proton. The grouping was performed based on the 
equivalence of the initial coordinates of a given interaction and the final 
coordinates of the preceding one. Assuming the validity of the contin-
uous slowing down approximation, we linearly fitted the reconstructed 
trajectories and derived parameters of interest such as: the polar (θ) and 
azimuthal (φ) angles and the range of each recoil proton trajectory. The 
trajectory polar angle θ is defined as the angle between the direction of 
the linearly fitted recoil proton track and the normal to the detector 
surface. The azimuthal angle φ of a recoil proton trajectory is identified 
as the angle between its projection onto the plane of the detector and a 

Fig. 1. (A) Side cross-section view of the FNTD neutron dosimeter geometry used in the simulations, scales are in cm; the Al2O3:C,Mg crystal is divided into three 
regions (marked in red) below each converter, where the particle fluences are scored. (b) 3D view of the detector geometry modelled and reference frame for polar (θ) 
and azimuthal (φ) angles definition. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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chosen reference direction in this plane. A representation of the polar 
and azimuthal angles is shown in Fig. 1. 

2.1.3. Neutron sources 
A modified user-defined routine “source.f”, generating a uniform 

field distribution of dimensions 1.0 cm × 0.6 cm, was used in the sim-
ulations to mimic neutrons emitted from 241AmBe and 252Cf standard 
sources. The sampling of the primary neutrons energy is performed 
randomly on the cumulative discrete distributions, computed from the 
ISO 8529-1 (ISO, 2001). 

To characterise the detector sensitivity, other than the aforemen-
tioned reference neutron sources, pure mono-energetic neutron fields 
with energies between 1 MeV and 140 MeV were simulated. 

To reproduce irradiations at angles, the neutron fields direction were 
chosen by modifying the direction cosines in the “source.f” file. Data 
were acquired simulating the detector irradiation to directional 
241AmBe neutron fields in a variety of configurations, characterised by 
the polar (Θ) and the azimuthal (Φ) angles of irradiation described in 
Table 1. (Here the capital Greek letters Θ and Φ are used to represent the 
irradiation direction, whereas the lower-case Greek letters θ and φ are 
used to represent the angles of each reconstructed recoil proton track. In 
both cases, however, the system of coordinates is as illustrated in Fig. 1.) 
The polar irradiation angle Θ is defined as the angle between the di-
rection of the impinging neutron field and the detector’s reference di-
rection (normal to the detector surface). For Θ = 0◦ the incident 
radiation is normal to the detector’s surface. The azimuthal irradiation 
angle Φ is defined as the angle between the projection of the neutron 
field direction in the plane of the detector and a selected reference di-
rection in the same plane. For every energy, source and layout condition, 
five independent simulations with different initial random numbers 
were performed, each one having 107 primary neutrons generated, to 
reproduce multiple detector irradiations. 

2.2. Calibration coefficients calculation 

To validate the simulations accuracy, we calculated the fast neutron 
track-spots density to dose calibration coefficients for the 241AmBe and 
252Cf neutron sources and compared them with experimental results and 
values reported in literature. 

In practice, extremely elongated track-spots, generated by particles 
glancing the FNTD at high impact angles, are not recognised during the 
readout and image processing (Stabilini et al., 2020). Therefore, they do 
not contribute to the track density. To account for this effect, in the 
simulations we considered only particles crossing the sensitive regions 
of the FNTD and propagating within angles lower than 65◦ with the 
normal to the FNTD surface. 

The sensitivity below the PE region, CPE [proton tracks mSv− 1 cm− 2], 
was obtained according to the relation in Equation (1) 

CPE =
φp109

φn f
(1)  

where φp [protons primary− 1 cm− 2] is the proton fluence, restricted to 
protons with energy > 100 keV, scored at the interface between the 
FNTD and the sensitive region below PE, φn [neutrons primary− 1 cm− 2] 
is the neutron fluence measured at the converter surface, and f [pSv cm2 

neutron− 1] is the spectrum averaged fluence to personal dose equivalent 
conversion coefficient given by in the ISO 8529–3 (ISO, 1998), for each 
reference neutron source. 

3. Results and discussion 

3.1. Single layer (2D) analysis 

The FNTD MC model described in Section 2.1 was first used to 
investigate the performance of the current FNTD dosimeter design and 
evaluation approach, based on the scan of a single FNTD layer at a depth 
of (2.0 ± 0.2) μm behind different converters (PE, 6Li-enriched glass, 
and PTFE). 

3.1.1. 241AmBe and 252Cf calibration coefficients: simulations and 
comparison to experiments 

The FNTD Monte-Carlo model was validated by comparing the 
calibration coefficients obtained by Monte-Carlo with the experimental 
ones (see Section 2.2). The results are summarised in Table 2. The 
simulated sensitivity values are in good agreement (within 8%) with the 
sensitivities obtained experimentally and reported in literature for both 
252Cf and 241AmBe sources (Sykora et al., 2008a). These results give 
confidence on the dosimeter’s geometry model fidelity. Such geometry 
can in principle be used to predict by simulations the sensitivity of this 
dosimeter design to neutron fields, providing their spectra and the 
irradiation layout as input. The lower experimental track density may be 
associated with the problem of discriminating secondary electrons from 
the recoil proton tracks, which is not an issue in the simulations. 

3.1.2. Simulations with mono-energetic neutrons beams 

3.1.2.1. Recoil proton density. Fig. 2 displays the recoil proton density 
per primary neutron, measured in the sensitive regions beneath each 
converter, for a variety of mono-energetic neutron energies larger than 
1 MeV (Section 2.1.2). The dosimeter design was not investigated for 
neutron energies lower than 1 MeV, as the resulting recoil protons 
hardly reach the detection volume, yielding very low sensitivity. For 
neutron energies larger than 1 MeV, the recoil protons density beneath 
the PE converter (red circles) registers a steep increase due to the facts 
that, with increasing neutron energies, the PE converter effective thick-
ness, i.e. the converter thickness for which the generated recoil protons 
are also detected in the FNTD, increases progressively. For energies >20 
MeV the effective thickness reaches the actual physical converter 
thickness, yielding in principle constant sensitivity. However, the recoil 
proton density drops, according to the diminishing cross section for 
increasing neutron energies and the progressive loss of particles equi-
librium in the neutron converter. 

Fig. 2 also shows that, with the given dosimeter’s geometry, recoil 
protons induced by fast neutrons are detected below the Li-glass (blue 
triangles) for neutron energies > 10 MeV, because, for these energies, 
the recoil protons generated in the top PE layer of the holder can have 
ranges larger than the Li-glass thickness. This energy threshold obtained 
by simulations is consistent with the 10.5 MeV analytical threshold 
estimation, considering that the most energetic recoil protons (gener-
ated by knock-on collision) possess an energy equal to the energy of the 
incoming mono-energetic neutrons, and that 10.5 MeV protons have a 
range of equal to the Li-glass thickness (830 μm). 

The detection region below the PTFE converter (black squares) 

Table 1 
Simulated FNTD irradiation angles to a directional homogeneous neutron field 
generated by a241AmBe source. To mimic the statistics of different detector ir-
radiations, each simulation was independently executed five times, generating 
~103 detectable recoil protons tracks.  

Simulation Polar angle (Θ) Azimuthal angle (Φ) 

1 0◦ – 
2 30◦ 0◦

3 45◦ 0◦

4 60◦ 0◦

5 30◦ 90◦

6 45◦ 90◦

7 60◦ 90◦

8 30◦ − 135◦

9 45◦ − 135◦

10 60◦ − 135◦
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displays an analogous behaviour: recoil protons are present for energies 
≥ 13 MeV, in accordance with the recoil proton range calculations based 
on the PTFE layer density and thickness. The growing trend in the recoil 
proton track density in the detection regions below PTFE and 6Li- 
enriched glass is parallel up to neutron energies of 25 MeV. Above 25 
MeV a saturation behaviour is observed, since, as the neutron energy 
increases, the number of recoil protons stopped in the PTFE and Li-glass 
chips becomes progressively negligible, approaching the same value 
reported for the track density below the PE converter. A deviation is 
noticeable in the curve referring to PTFE, where, from energies >30 
MeV, a share of detected protons comes from reactions with fluorine. 
This additional source term for proton generation within the PTFE 
converter adds up to the fluence value produced by recoil protons 
generated in the top part of the PE converter, displayed by the other two 
series, exhibiting slightly larger fluences at very high energies. 

3.1.2.2. Recoil proton spectra. Fig. 3 shows proton spectra recorded in 
the sensitive regions of the modelled FNTD dosimeter below each con-
verter for mono-energetic neutron fields of increasing energy. Given the 
dosimeter’s geometry, protons are not detected in the regions below Li- 
glass and PTFE until primary neutron energies are larger than 10 MeV. 
Above this energy, recoil protons generated in the upper layer of the 
holder made of PE possess enough energy to travel through the Li-glass 

chip and hence be detected in the corresponding FNTD region. Because 
these protons went through the Li-glass chip, their spectrum shows an 
energy degradation with respect to the one registered below the pure PE 
region. The same behaviour is observed at the sensitive region corre-
sponding to PTFE, with the only changes in the gap of the energy 
degradation and in the minimum energy from which protons are 
detected (13 MeV), due to the difference in the chip thickness and 
density. With the increasing primary neutron energy, we observed a 
progressive reduction in the difference between the recoil proton flu-
ences behind the various converters, as well as a decrease of the energy 
gap between the degraded proton spectra below PTFE and Li-glass and 
the PE. For energies larger than 80 MeV, a 10% difference or less is 
observed behind the different converters. 

The proton spectra shown here are only dependent on the primary 
neutron energy and converters geometry: the results can hence be useful 
also to evaluate the response of other types of solid-state nuclear track 
detectors that use the same converter-based technique to measure 
neutrons. 

3.1.2.3. Impact on dose calculations. As briefly mentioned in the intro-
duction, it is worth recalling that the current dose (D) assessments from 
fast neutrons, both in track counting mode for lower doses and in Power 
Spectrum Integral (PSI) mode for higher doses, rely upon the subtraction 
of the signal measured below PTFE, from the one measured below PE as 
stated in Equation (2), where τPE and τPTFE are the signals (either track 
densities [tracks cm− 2] or PSI) measured at the PE and PTFE sensitive 
regions respectively (Sykora and Akselrod, 2010). As explained in Sec-
tion 1, this subtraction is used to select the signal due to recoil protons 
only and exclude the one generated by gamma-induced secondary 
electrons. 

D=
τPE − τPTFE

CPE
(2) 

Ideally, because PTFE is a hydrogen-free material, no recoil protons 
track-spots are detected in the corresponding detection region, leaving 
the sole signal of secondary electrons to be detected. Nevertheless, the 
results in this Section show that, with the increasing neutron field en-
ergy, recoil protons generated in the top part of the PE holder can have 
sufficient energies to travel through the PTFE chip and be detected in the 
corresponding FNTD sensitive region. Ultimately, this causes an un-
derestimation of the recoil protons track-spot density, as some of the 
recoil proton signal is also subtracted. The underestimation increases 
with the energy as more and more recoil protons have sufficient energy 
to pass through the PTFE converter. 

Analogously, the recoil proton “contamination” behind Li-glass in-
creases with the neutron energy. This is undesirable for low energy 
neutron measurements in broad spectrum fields, as doses from thermal 
and epithermal neutrons components are calculated assessing the track- 
spots of 6Li reaction products (alpha and tritium ions), which cannot 
completely be distinguished from recoil protons track-spots. 

Fig. 4 summarises and highlights the energy range in which the 
current dosimeter design yields consistent and accurate performances. 
The graph shows the recoil proton track density ratios among different 

Table 2 
Proton and neutron fluences, obtained from simulations, and quantities used to compute the FNTD sensitivity to fast neutrons from simulated241AmBe and252Cf sources 
for 0◦ incident radiation. Columns 5th and 6th report the simulated and experimental sensitivities to be compared.  

Source 
φp 

[
protons

primarycm2

]

φn 

[
neutrons

primarycm2

]

f 
[
pSv cm2

neutron

]

CPE Simulations 
[ protons
mSvcm2

]
CPE Experimental 

[ protons
mSv cm2

]

241AmBe (1.55 ± 0.04) × 10− 3 1.667 ± 0.001 411 2270 ± 70 2150 
252Cf (6.49 ± 0.07) × 10− 4 1.667 ± 0.001 400 970 ± 10 900 

φp: Proton fluence scored at the interface with the detector’s sensitive region below PE. 
φn: Neutron fluence scored at the converter surface. 
f : Spectrum average fluence to Hp(10,0◦) coefficient reported in the ISO 8529–3 (ISO, 1998). 
CPE Simulation: simulated sensitivity calculated according to Equation (1). Statistical uncertainty propagated from fluence values. 
CPE Experimental: Sensitivities to the sources obtained experimentally (Sykora et al., 2008a). 

Fig. 2. Proton fluence per primary crossing the sensitive regions beneath PTFE 
(black), PE (red) and Li-glass (blue) converters for different mono-energetic 
neutron fields. The steep increase in the PE curve starting from lower en-
ergies is explained considering the progressive increase in range of recoil pro-
tons. Concerning the blue and black curves, this profile has a threshold at 10 
MeV for Li-glass and 13 MeV for PTFE, as recoil protons generated in the upper 
part of the PE converter must possess enough energy to go through these ma-
terials and reach the detection region. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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converters (τPTFE/ τPE and τLi− glass/ τPE) for mono-energetic neutrons 
fields of increasing energies. The inset offers better details in the energy 
interval 1 MeV–20 MeV. 

The ratio τPTFE/ τPE in Fig. 4 indicates that the detector design is well 
suited to assess the fast neutron doses in fields characterised by neutron 
energies up to 13 MeV. For neutron energies lower than 13 MeV, the 
ratio yields a value close to zero, i.e. the contribution of recoil protons to 
the signal beneath PTFE is essentially negligible. For neutron energies 
higher than 13 MeV, an increasing share of recoil protons is detected in 
the region below PTFE, with a mild effect up to energies of ~16 MeV 
(τPTFE/ τPE < 10%). Fig. 4 also shows that, in case of broad neutron fields 
with both slow and fast neutron components, the accuracy of the dose 
estimation from thermal neutrons can be already compromised for 
neutrons with energies >10 MeV, with the ratio τLi− glass/ τPE increasing 
over 10% for 13 MeV neutrons. 

Therefore, to calculate doses delivered by neutrons fields, whose 
spectra have non negligible fluences for neutron energies above 16 MeV, 
we advise against using the method of subtracting the signal measured 
below PTFE from the one measured below PE. In this case, other 
methodologies to discriminate the recoil proton tracks from the sec-
ondary electron tracks are required. One alternative, based on the ex-
amination of multiple parameters of the FNTD tracks using the principal 
component analysis, has been proposed (Stabilini et al., 2021). 

Another alternative, the modification of the dosimeter’s design, 
would consist in removing the top PE layer from the PTFE and Li-glass. 
In this way, the detection of neutron-induced recoil protons would be 
confined to the FNTD detection region beneath PE only, extending the 
applicability range of Eq.(2) to higher energies, until ~50 MeV, where 
the recoil proton range starts exceeding the spacing among detection 
regions, introducing cross-talk effects. 

Fig. 3. Recoil proton spectra scored in the respective sensitive regions of the FNTD below each converter, for mono-energetic neutron fields of increasing energy 
normal to the detector’s surface. There is no proton detection in regions beneath Li-glass and PTFE converters up to primary neutron energies of <10 MeV. Above 
that, protons start to be detected, with a degraded spectrum, in the sensitive region below Li-glass, and then in PTFE for higher energies (≥13 MeV). Below these two 
regions, the relative number of detected protons with respect to that detected below the PE converter increases with the increasing neutron energy. For neutron fields 
with energy >80 MeV no appreciable difference in the scored proton spectra beneath the three converters can be observed. 

Fig. 4. Ratio of the recoil proton track density detected beneath different 
converters for FNTD exposed normally to mono-energetic neutrons: τPTFE/ τPE 

in black and τLi− glass/ τPE in red. The curves exhibit a saturation trend and 10 
MeV and 13 MeV threshold values for Li-glass and PTFE correspondingly, as 
highlighted in the inset graph. The difference in thresholds is related to the 
different thicknesses and densities of the mentioned converters. For PTFE, the 
share of protons generated by the neutron reaction with fluorine assume larger 
importance with increasing energies, yielding larger ratios with respect to 
τLi− glass/ τPE for energies >40 MeV and ratios larger than one for even higher 
energies. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 5 shows the FNTD dosimeter relative energy response (sensi-
tivity to mono-energetic fast neutrons normalised by that of 241AmBe). 
The sensitivity was calculated with Eq. (1) combining the recoil proton 
fluence, obtained by simulations, with the tabulated fluence to dose 
conversion coefficients reported in the ICRU Report 57 (ICRU, 1998), 
afterwards normalised by the sensitivity to 241AmBe. Black squares 
indicate the sensitivity when considering protons detected beneath the 
PE region only, whereas the green triangles identify the sensitivity 
evaluating the detector with the current analysis, i.e. subtracting the 
signal of PTFE to the one of PE, as shown in Eq. (2). 

Because no recoil proton is detected behind PTFE, the two sensitiv-
ities overlap for neutron energies ≤13 MeV, showing a steep increase in 
the sensitivity with the neutron energy, as more recoil protons of higher 
energy reach the FNTD detection region. This increase is consistent with 
the factor ~2 observed in the calculated sensitivities to 252Cf and 
241AmBe, reported in Table 2, considering for each source its dose 
equivalent average energy (2.3 MeV and 4.4 MeV respectively) from the 
ISO 8529–1 (ISO, 2001). 

For neutron energies higher than 13 MeV the two sensitivities 
diverge: the one for protons detected below the PE converter shows a 
reasonably constant trend, attesting a sensitivity ~4.5 times higher than 
the one of 241AmBe in the range 13 MeV–100 MeV, as the small 
reduction in proton fluence seen in Fig. 2 is counterbalanced by the 
increasing fluence to dose conversion factors. Conversely, the detector’s 
sensitivity based on the current analysis reveals a sheer decrease with 
the rising neutron energy, caused by the erroneous subtraction of the 
increasing proton signal registered below the PTFE converter. 

The relatively flat sensitivity in the energy range 13 MeV–100 MeV 
makes the FNTD dosimeters particularly suitable to measure doses from 
fast energy neutrons at accelerator sites, where the spectra span this 
energy range, showing little variation in the calibration coefficient. 

3.2. 3D track reconstruction analysis 

Given the limitations of the single-layer FNTD analysis described in 
the previous Section, we now use the MC model to understand what 
information can be obtained from the multi-layer FNTD scanning and 
analysis, coupled with the 3D reconstruction of the recoil-proton 

trajectories. This complements the experimental study described by 
Stabilini et al. (2020). 

3.2.1. Distribution of polar (θ) and azimuthal (φ) angles of the recoil 
proton tracks 

We first looked at the information that can be obtained regarding the 
irradiation angle. Fig. 6 shows the track of the recoil protons for irra-
diation with an 241AmBe neutron spectrum and two polar irradiation 
angles Θ. It is clear from the figure that information on the neutron 
irradiation angle is reflected in the resultant recoil proton distribution, 
but one needs to investigate how this information could be extracted in 
practice. 

Fig. 7 illustrates the distribution of the azimuthal angles φ of the 
simulated recoil protons tracks, generated by neutrons sampled from 
a241AmBe spectrum for various polar (Θ) and azimuthal (Φ) irradiation 
angles. An irradiation normal to the detector’s surface (Θ = 0◦) produces 
a uniform distribution in the recoil proton azimuthal angle φ (black 
line). Different coloured lines represent some of the distributions for the 
variety of irradiation angles Θ and Φ listed in Table 1. If the dosimeter is 
tilted in any direction (Θ ∕= 0), a peak centred at the corresponding 
azimuthal angle forms, having an intensity proportional to the irradia-
tion polar angle (0◦ < Θ < 90◦): the larger the angle Θ, the narrower and 
higher the peak. 

The distributions shown in Fig. 7 qualitatively inform on the irra-
diation condition and are in agreement with the experimental results 
reported by Stabilini et al. (2020). They can be used to indicate a 
directional irradiation, as opposed to a normal incidence. (This problem 
would still have to be investigated for isotropic and rotational 
irradiations.) 

3.2.2. Normalised trajectories displacements in X and Y directions 
A more accurate approach to determine a preferential irradiation 

angle considers first the calculation of the recoil protons tracks dis-
placements dX/dR and dY/dR normalised by their range in the detector. 
These displacements are calculated from the starting and ending co-
ordinates of each proton track and normalised by its range. As a second 
step, the distribution’s centroid considering all the tracks detected can 
be calculated and used to estimate the irradiation angles, as described in 
Sections 3.2.3 and 3.2.4. 

Fig. 8 presents the 2D distributions (black) and centroids (red) of the 
normalised trajectories displacements corresponding to the recoil pro-
ton tracks shown in Fig. 6. Fig. 9 shows the displacement centroids 
obtained by simulating irradiations of five detectors for each irradiation 
layout listed in Table 1. The centroids positions are close to one another 
for the same layouts and depend on both the irradiation polar and 
azimuthal angles: their position relative to the X- and Y-axis is associated 
to the azimuthal irradiation angle Φ, whereas the distance from the 
origin is correlated to the polar irradiation angle Θ. Based on the data in 
Fig. 9 one can estimate the polar and azimuthal irradiation angles as 
follows. 

3.2.3. Azimuthal irradiation angle (Φ) assessment 
From the normalised displacement centroid coordinates (Xc, Yc) 

calculated for a given detector, the azimuthal irradiation angle Φ can be 
determined through Equation (3), which can be extended to the domain 
Φ [-180◦,180◦) using the inverse trigonometric function arctan. 

Φ= arctan
(

Yc/Xc

)

(3) 

Nevertheless, the azimuthal angle is of little interest other than to 
estimate the relative source-detector position. 

3.2.4. Polar irradiation angle (Θ) assessment 
The polar irradiation angle Θ significantly influences the calibration 

coefficient. Theoretically, Θ could be found introducing in Equation (4) 

Fig. 5. FNTD simulated sensitivity to mono-energetic neutron fields normal to 
the detector’s surface, normalised to that of 241AmBe. The black data points 
show the sensitivity computed from the proton fluence scored in the detection 
region below PE only, whereas the green data points show the sensitivity 
computed after the subtraction of the proton fluence measured below PTFE 
from the one of PE. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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the normalised displacement centroid coordinates (Xc, Yc) of the recoil 
protons tracks for each detector, or equivalently its distance D from the 
origin. 

Θ= asin
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Xc
2 + Yc

2
√ )

= asinD (4) 

In the case of fast neutron irradiations, however, this procedure 
underestimates the polar irradiation angle. The reason for this is the 
distortion of the displacement’s distributions of the recoil protons when 
detectors are irradiated at Θ > 0◦ and can be explained as follows. 

3.2.4.1. Cause for the distortion in the displacement’s distributions. Recoil 
protons, generated in the converter, possess an angular distribution in 
the laboratory frame with respect to the directional primary neutron 
field described by Equation (5): 

σLAB(α,E)=
σS(E)

π cos α (5)  

where σS(E) is the total elastic scattering cross section for hydrogen and 
a neutron energy E, and α the angle between the incoming neutron and 
the scattered proton directions. Due to momentum conservation laws, α 
can span the interval 0◦–90◦, i.e. recoil protons are emitted in the for-
ward direction. The distribution possesses cylindrical symmetry along 
the direction of the primary neutron field, as shown in Fig. 10. Given 

Equation (5), most of the recoil protons (represented in red in the col-
oured distribution density) will have a ‘knock-on” like collision and the 
number of emitted protons decreases with the increase in the recoil 
angle up to 90◦, where no protons are emitted. 

The FNTD dosimeter, constituted by a chip coupled with a converter 
and represented in Fig. 10 as the white rectangular surface, will only see 
the recoil protons that propagate from the converter towards the Al2O3: 
C,Mg crystal. The coloured hemispherical surface represents the fluence 
distribution emerging from the PE converter with respect to the recoil 
proton angle, red indicating higher fluences and blue indicating lower 
fluences. 

The diagram is a simplification of the real case used to illustrate the 
distortion effect: in reality, recoil protons are generated at any depth of 
the converter and the FNTDs have a limit in the detection of tracks 
impinging at large angles (this will be addressed in the next Section). 
When the neutron field is impinging perpendicularly on the surface of 
the detector (Fig. 10(a)), the entire recoil protons distribution emerging 
from the converter, i.e. over every azimuthal and polar angle, is detec-
ted. When the neutron field impinges on the detector at an angle (Fig. 10 
(b)), part of the recoil proton distribution is emitted in a direction away 
from the detector’s surface. As a result, this portion of the emitted recoil 
protons, increasing with the polar angle, will not propagate into the 
FNTD, remaining therefore undetected and causing the distortion in the 
displacements distribution. Although some protons will be scattered at 

Fig. 6. Simulated 3D tracks for normal (a) Θ = 0◦ and (b) Θ = 45◦ (Φ = 0◦) incidence 241AmBe neutron field.  

Fig. 7. Distributions of the azimuthal angle (φ) obtained from simulations of FNTDs irradiated using a241AmBe source from different directions: = 0◦, 90◦ and − 135◦, 
Θ = 0◦, 30◦, 45◦, 60◦. The peak is centred (a) on the azimuthal angle φ, whereas (b) its intensity is proportional to the polar angle θ. 
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more favourable angles, the final result depends on the overall angle 
distribution of the recoil protons. Since the forward direction is the most 
favourable, still the final result is a decrease in the detection efficiency, 
as demonstrated by the comparison with the experimental data below. 
When simulating tracks generated by primary charged particles (e.g. 
protons), the effect is not relevant as long as the polar angles are very 
close to 90◦, because in this case the distribution is very narrow. 

A correction curve can be established to account for the distribution 
distortion by calculating the centroids of the recoil proton displacements 
distributions for detectors irradiated at different angles. 

3.2.4.2. Correction for the experimental track detection efficiency. To 

compare the simulation results with experimental data, an additional 
correction must be implemented. In the simulations, all protons propa-
gating in the scoring region (the FNTD crystal), regardless the propa-
gating angles, are recorded and contribute to the computation of the 
aforementioned distributions. In the experimental data, however, the 
track reconstruction software is not able to successfully detect and 
reconstruct the recoil proton trajectories for large polar angles θ (Sta-
bilini et al., 2020). This effect is illustrated in Fig. 11, where the simu-
lated (black) and experimental (red) tracks displacements are plotted for 
the three different irradiation layouts with 0◦, 30◦, 60◦ polar irradiation 
angles. Beside the appreciable difference in statistics, the distributions 
calculated from simulated data extend up to normalised displacements 
of 1 in absolute value (i.e. θ = 90◦). For experimental data, this value 
reduces to ~0.85, corresponding to θ ~60◦. 

Therefore, in this work we corrected for the experimental track 
detection efficiency assuming a threshold at θ = 60◦, i.e. excluding all 
the simulated tracks having a polar angle larger than 60◦ before calcu-
lating the displacement distributions. 

3.2.4.3. Calibration curve calculation. To show the effects of this cor-
rections, Fig. 12 presents the distance D from the origin of the centroid of 
the displacement distributions as a function of the polar irradiation 
angle Θ. First of all, we simulated the simple situation of an aligned 
proton field incident at 0◦, 30◦, 45◦ and 60◦ single irradiation angles Θ. 
The black curve represents the correlation between D and Θ for these 
incident protons, that, according to Equation (4), can be described by 
the function D = A  sinΘ with no scaling coefficient (A = 1). 

We then simulated neutron irradiations with different incident an-
gles Θ. In this case, the recoil-protons have an angular distribution, 
resulting in the correlation between D and Θ illustrated by the red circles 
in Fig. 12. The distortion introduces a scaling coefficient A in the fitted 
sine function (red line), which for the actual dosimeter design is of A =
0.700 ± 0.002. 

For the same irradiation condition, but restricting the proton 
detection to θ < 60◦, we obtain the data represented as green triangles. 
The data are fitted, although with larger residuals, to a scaled sine 
function with A = 0.541 ± 0.001. 

Finally, blue asterisks in Fig. 12 represent the displacements cen-
troids obtained analysing the experimental reconstructed trajectories 
(Stabilini et al., 2020) from 15 detectors equally subdivided into three 

Fig. 8. Normalised trajectories displacements in X and Y directions for (a) normal (Θ = 0◦) and (b) oblique (Θ = 45◦, Φ = 0◦) irradiation, calculated from the 3D 
tracks shown in Fig. 6. The centroid of the displacements distributions is shown in red. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

Fig. 9. Map of the centroids of the displacement distribution in X and Y di-
rections normalised by the range. Each point represents the centroid of the 
displacement distribution for a single detector simulation. For each irradiation 
layout, five simulations with the same number of primaries were performed. 

A. Stabilini et al.                                                                                                                                                                                                                                



Radiation Measurements 145 (2021) 106609

10

groups, exposed to a241AmBe neutron source at polar angles Θ of 0◦, 30◦

and 60◦ respectively. The error bars, representing the measurement 
uncertainty (k = 1), increase with the angle. This is due to the fact that, 
for a given primary particle fluence, the number of reconstructed tra-
jectories decreases as the polar angle increases; the average number of 
reconstructed tracks per detector obtained were 30, 23 and 9 for the 
correspondingly aforementioned angles. The experimental values at Θ 
= 0◦ and 30◦ agree well with the curve obtained with the simulations, 
after implementing the due corrections. The value at 60◦ is still 
acceptable, considering that only very few tracks per detector were 
reconstructed. The green curve can hence be used to determine the polar 
angle knowing the normalised displacement centroid of the distribution. 

In Appendix A (Supplemental Materials) we estimate the expected 
uncertainties as function of the number of tracks detected and recon-
structed in the FNTD volume, showing that the polar Θ can be estimated 
in laboratory and for irradiation angles < 60◦ with a 4◦ uncertainty 
already for doses > 4.5 mSv in the case of a214AmBe neutron irradiation. 

3.2.5. Mean energy estimation 
As mentioned in the introduction and highlighted in Section 3.1.1, 

the calibration coefficient varies considerably with the neutron energy. 
The 3D trajectory reconstruction offers a method to estimate the mean 
energy of a fast neutron field by analyzing the neutron-induced recoil 
protons tracks attenuation with depth. The information is helpful in 
choosing the most appropriate calibration coefficient for a given 

exposure. A similar analysis was introduced by Harrison et al. (2017), 
which, however, being based on the attenuation in the number of 
track-spots with depth, is influenced by the secondary electron signal. 
Conversely, in this work, the analysis is based on the count of the 
reconstructed proton tracks crossing subsequent layers, thus effectively 
removing any secondary electron contribution. The method, illustrated 
in this study for normal irradiations, remains to be generalised for 
rotational or isotropic exposures. 

Fig. 13 compares the experimental and simulated recoil proton 
tracks attenuation with depth in FNTDs for two reference fast neutron 
fields: (a) 252Cf, whose fluence-averaged energy is 2.1 MeV and (b) 
241AmBe, of fluence-averaged energy 4.2 MeV. The data are normalised 
by the number of tracks present in the top scanned layer (2 μm beneath 
the surface). Black points represent the experimental data, already 
published in Stabilini et al. (2020). The grey bands indicate the simu-
lation results with a 95% confidence interval and a statistic of 60 tracks 
in the top scanned layer. The agreement of simulated and experimental 
data is acceptable, especially considering the very limited number of 
tracks available experimentally, down to, in certain cases, 15 
tracks/detector. 

Using the model described here, we could investigate and charac-
terise both accuracy and uncertainty of this assessment with the number 
of track-spots. Fig. 14 shows the fitted trends of detectors irradiated with 
252Cf (black) and 241AmBe (red) and how the 95% confidence intervals 
(grey) vary, according to the statistics available, i.e. the number of 

Fig. 10. Recoil proton distribution emerging from the converter for (a) normal neutron irradiation and (b) oblique irradiation, the colour indicating high (red) or low 
(blue) fluences. The white rectangular surface indicates the detector surface. No displacements distribution distortion is present for the normal case (a), as all the 
recoil tracks emitted in the 2π solid angle are detected in the FNTD. For irradiations at an angle (b), part of the recoil protons generated in the converter propagate 
away from the FNTD surface and, therefore, are not detected by the FNTD. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 11. X, Y normalised displacements of recoil protons reconstructed tracks. In black are shown the displacements relative to each simulated recoil proton track 
without any threshold of the polar angle applied and in red the ones obtained from recoil proton tracks reconstruction after real detectors irradiations. The graphs 
display three different irradiation layouts: (a) Θ = 0◦, i.e., irradiation normal to the detector’s surface, (b) Θ = 30◦ and (c) Θ = 60◦. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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reconstructed recoil proton tracks: (a) 60 tracks/detector, (b) 100 
tracks/detector, and (c) 1000 tracks/detector. The fittings yield an 
attenuation length (distance corresponding to the number of tracks 
reduced to a value of 1/e) of 32.1 μm and 59.1 μm for 252Cf and 241AmBe 
respectively. Predictably, the uncertainty grows as the statistics reduce: 
the overlap of the confidence intervals does not exist at 1000 tracks/ 
detector, but significantly grows at 100 tracks/detector and even further 
at 60 tracks/detector, ultimately hindering the reliability in dis-
tinguishing the average energy of the two sources. 

Based on the simulation results we computed how many tracks one 
would need to acquire and reconstruct in order to discriminate between 
the two aforementioned reference sources (see Supplemental Materials, 
Appendix B). Based on this estimation, >150 tracks per detector are 
required to effectively determine, in 95% of cases, the correct source and 
hence be able to apply the appropriate calibration coefficient. Intui-
tively, if the difference in mean energy of the sources is larger than the 
difference between the mean energy of the 241AmBe and 252Cf sources 
(2.1 MeV), the minimum number of tracks required will decrease 
accordingly. This number of tracks can be achieved at a 2.5 mSv dose for 
the 241AmBe neutron spectrum, if an area of 2.0 mm2 behind the PE 
converter is scanned (the area available in the current dosimeter design 
is 2.4 mm2). 

3.3. When does it make sense to use the 3D analysis? 

Based on what was discussed in Sections 3.2.4 and 3.2.5 about the 
uncertainties of the polar angle and mean energy estimations, more than 
150 tracks per detector are needed for a consistent assessment of the 
irradiation angles and mean field energy. To give a practical example, 

Fig. 12. Trend of the normalised displacement of the X, Y distributions cen-
troids as function of the irradiation polar angle Θ. Black squares represent the 
situation of an aligned proton field. Red circles indicate the correlation between 
D and θ when recoil protons generated in the converter are considered. Green 
triangles show how the correlation trend is modified when only recoil protons 
with θ < 60◦ are considered. Blue triangles display the experimental data. Lines 
represent the fittings. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. Comparison between experimental and simulation recoil proton track attenuation with depth in FNTDs for irradiation with (a) a252Cf source and (b) an 
241AmBe source. Grey areas refer to the attenuations calculated from simulations data, with a 95% confidence interval, based on 60 tracks per detector crossing its 
surface. Black points refer to experimental results obtained analysing a surface of 0.25 mm2 of five detectors per energy source. 

Fig. 14. Fitted trends and 95% confidence intervals of 252Cf and 241AmBe recoil protons tracks attenuations with depth in FNTDs: (a) 60 tracks/detector, (b) 100 
tracks/detector, and (c) 1000 tracks/detector. 
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this can be translated into a requirement of a minimum surface to be 
scanned for a given dose. For example, a detector irradiated with an 
241AmBe neutron source at 10 mSv will display ~220 tracks mm− 2, 
hence at least ~0.7 mm2 shall be analysed. According to the method 
proposed by Stabilini et al. (2020), the recoil proton tracks propagating 
in the FNTD can be reconstructed from sampled image stacks of 50 co-
axial images (100 μm × 100 μm), each one requiring at least a 10-s 
acquisition time with the first generation FNTD reader (Akselrod 
et al., 2014b), yielding an impractical 9.3 h detector scanning time to 
meet the aforementioned area requirement. 

A practical solution, in this case, is to combine the two analysis 
methods (single layer and 3D analysis). Because the FNTD readout is 
non-destructive, a first quicker evaluation scanning a single layer can be 
performed on all detectors; the longer but more informative 3D analysis 
can be therefore reserved to detectors showing a significant dose in the 
first screening, which are also the ones needing a more accurate dose 
quantification. 

4. Conclusions 

The article presents the results obtained by simulated irradiations of 
the current FNTD based neutron dosimeter design. The calibration co-
efficients computed simulating the reference 241AmBe and 252Cf neutron 
sources agree with the experimental ones reported in literature within 
8%, demonstrating that the model can be used to predict the sensitivity 
of this dosimeter design to neutron fields, given the neutron spectrum 
and irradiation layout. 

The investigation of the recoil proton densities behind the different 
converters showed, nevertheless, that the single layer analysis and dose 
calculation algorithm based on the comparison and subtraction of the 
track densities behind the converters works properly only up to neutron 
energies ~13 MeV. Above this neutron energies, recoil protons gener-
ated in the detector housing (PE) have a range larger than the thickness 
of the PTFE and 6Li-enriched glass, reaching the FTND and, therefore, 
adding to the signal in these detection regions. This will influence both 
the secondary electron discrimination algorithm (subtraction of the 
track density behind the PTFE from the track density behind PE con-
verter) and the energy determination algorithm (ratio between track 
density ratio behind the 6Li-enriched glass and the one behind the PE 
converter). Alternatives include the use of another secondary electron 
discrimination algorithm not based on the signals between different 
regions (Stabilini et al., 2021) and/or the redesign of the dosimeter 
badge to exclude PE above the PTFE and 6Li-enriched glass converters. 
This discussion, however, does not address the issue of the angle and 
energy dependence of the FNTD response. 

The second part of the simulations study shows that 3D reconstructed 
recoil proton tracks can provide an estimate of the FNTD irradiation 
angles and average neutron energy, offering a solution to compensate 
for the dosimeter’s angle and energy response, in compliance with the 
guidelines stated by the ISO, 2015. This is in addition to the advantage of 
better secondary electrons discrimination in comparison with the 
single-layer analysis. The techniques are based on the analysis of the 3D 
recoil proton trajectories, whose reconstruction from FNTDs stacked 
images has been previously demonstrated, offering additional dosi-
metric information with respect to the standard single-layer evaluation 
procedure. Simulations have been extensively used to generate data sets 
of sufficient statistics, allowing to identify and categorise a distortion in 
the recorded recoil protons distributions in FNTDs during 
non-perpendicular irradiation that caused an underestimation of the 
polar angle. Corrections, comprising the mentioned distortion and the 
experimental track-detection efficiency were suggested. For good 
agreement between the MC model and the experimental data, the tracks 
at angles >60◦ from the detector surface’s normal must be excluded 
from the simulations, since these tracks are not efficiently detected 
experimentally because of their weak intensity and elongated shapes in 
the plane parallel to the detector’s surface. 

The results show that the angles or displacement (dX/dZ or dY/dZ) 
distributions of the recoil proton tracks can be used to obtain informa-
tion on the polar (Θ) and azimuthal (Φ) irradiation angles. The polar 
angle, the most important because it influences the FNTD sensitivity, can 
be determined in laboratory and for irradiation angles <60◦ with a 4◦

uncertainty already for doses >4.5 mSv in the case of a214AmBe neutron 
irradiation. 

The neutron field mean energy can also be determined for normal 
irradiation by analysing the depth distribution of the recoil proton tracks 
already for a minimum of 150 tracks. If the scanned area is ~2.0 mm2, 
that would translate into a minimum dose requirement of ~3.5 mSv for 
the 241AmBe source neutron spectrum. Although the 3D scanning of such 
area and detector volume is still very time-consuming, this analysis 
could be reserved to improve the dose estimate only for the detectors 
that show a potential significant exposure using the single-layer 
analysis. 

The methodology proposed here was tested in reference irradiation 
situations. Further investigations should focus on extending these sim-
ulations to the more realistic cases of isotropic or rotational fields. 

The FNTDs represent a promising technology for personal neutron 
dosimetry. Although improvements in the detector design and evalua-
tion analysis are still desirable, there is the potential for obtaining more 
information on the irradiation conditions (angle and energy) based on 
the 3D reconstruction of the recoil proton tracks. With this in mind, the 
present study contributes to understanding the performance of the 
current FNTD design and analysis for neutron dosimetry and in-
vestigates a new detector evaluation approach to gain additional in-
formation on the irradiation conditions. 
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