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ABSTRACT 

In the field of ionising radiation dosimetry, the evaluation of neutron exposures still 

constitutes nowadays one of the most challenging problems. The origin of the enhanced 

difficulty resides in the physical mechanisms through which neutrons deposit energy in 

matter. During the past decades, a number of techniques and devices have been conceived to 

detect and measure neutrons. An extensive characterisation of a neutron field, needed for 

precise dosimetry, can be performed with dedicated equipment, which however cannot be 

worn and used as a personal dosimeter, given the bulky size. Alternatively, a number of 

compact detectors to monitor the neutron doses of exposed personnel have been developed, 

among which the most widely used poly allyl diglycol carbonate detectors (PADC), but are 

usually subject to limitations, such as the sensitivity to a narrow portion of the neutron 

spectrum. Fluorescent Nuclear Track Detectors (FNTD), a relatively recent radiation 

detection technology, has the ability to overcome some of the limitations affecting the other 

dosimeters, potentially improving the dose assessment. The objectives of this PhD project 

comprise the investigation on the performance of the FNTD technology applied to fast 

neutron dosimetry and the comparison of such performance with the one of more established 

PADC detectors. Additionally, the studies presented are devoted to identify and propose 

improvements in the current dosimeters evaluation technique and explore innovative 

assessments that can further enhance the accuracy of fast neutron dose estimations. The 

studies were supported by data obtained with Monte Carlo simulations and experimental 

irradiations, which were used to conceive and verify the newly developed analyses. A new 

image analysis of the FNTDs readouts was proposed, allowing, on the one hand, a more 

precise characterisation of the track-spots and, on the other hand, demonstrating the 

trajectory reconstruction of recoil protons that interacted with the detectors. The image 

processing results were used to develop a more effective technique to reject the spurious 

track-spots generated by concomitant photon-induced delta electrons in neutron exposures, 

and to formulate and corroborate a new analysis method, based on the collective evaluation 

of the reconstructed recoil proton trajectories, to infer the angles of exposures and the mean 

energy of a neutron field, providing the information to correct for the angular and energy 

dependence of the dosimeter, thereby improving the dose estimation. 
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Chapter 1  

Introduction 

1.1 Motivation 

In radiation protection and dosimetry, the dose assessments of neutron exposures remain 

one of the most challenging problems (H. Thomas, 2001; IAEA, 2001; NCRP, 1984, 2003). 

Several causes concur to define the complexity of measuring neutrons: neutron energies in 

workplace fields typically span several orders of magnitude and the fluence to dose 

conversion factors experience a huge variation across the energy range (ICRP 116, 2010). 

Additionally, the response of neutron detectors is heavily dependent on the neutrons energy, 

with detectors usually sensitive only to a limited portion of the field spectrum (ISO 21909-1, 

2015). Furthermore, according to the varying energy, the neutron detection principles also 

change (Knoll, 2010). 

Through the years, several devices have been conceived to fully characterise a neutron 

field or to estimate the dose received by a person: Bonner spheres, REM-counters and long 

counters, to mention a few. However, these devices can hardly be used as personal 

dosimeters, given their dimensions, weight and complexity. 

Among the number of dosimetry systems developed for personal neutron dosimetry, poly 

allyl dyglicol carbonate detectors (PADC) have been for decades, and currently are one of the 

most used technologies worldwide. A PADC-based neutron dosimetry system is also part of 

the routine dosimetry at the Paul Scherrer Institute (PSI) since the 1990s (Fiechtner and 

Wernli, 1999).  

The PADC technology used as radiation detector is nowadays quite evolved and mature, 

and its use in personal neutron dosimetry reasonably consolidated. Nevertheless, PADCs 

suffer from some problems and limitations: they show a fast neutron response limited to the 

energy interval 0.1 MeV – 10 MeV (Mayer et al., 2014), they are not particularly sensitive, they 

experience frequent material problems due to the manufacturing process, and they are one-

time use detectors (Stabilini, 2017). 

Although neutron dosimetry remain challenging, fluorescence nuclear track detectors 

(FNTD) represent a neoteric technology that could provide some advantages over PADCs in 

dosimetry applications (Akselrod et al., 2006). In fact, FNTDs do not need chemical etching 

and, therefore, can be evaluated right after irradiation without any intermediate treatment. 

They are reusable and can be reset via an optical-bleaching process by a laser of appropriate 

wavelength and intensity. Additionally, they offer higher spatial resolution, being able to 
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measure higher particle fluences and hence higher doses. Another major advantage of FNTD 

is that, next to the possibility of performing a traditional single layer scanning to detect 

track-spots, they allow 3D particle tracking by scanning several layers of the crystal volume 

with a confocal imaging system. 

Though demonstrated for neutron dosimetry and particles identification, FNTDs 

performances have not yet been compared with PADCs and further optimisation of the track 

analysis algorithms are required. 

In this context, the objectives of this PhD project are: (i) to characterise the novel FNTD 

technology in fast neutron fields and compare its performances to the consolidated 

technology of PADC detectors, not only by experimental irradiations, but also using Monte 

Carlo simulation tools; (ii) to identify improvement opportunities in the current analysis and 

evaluation methodology; (iii) to investigate new approaches for neutron dosimetry enabled 

by the innovative FNTD technique. 

In the frame of the PhD work presented in this thesis, the following contributions were 

published in scientific journals: 

1. Stabilini, A., et al. (2020). "3D track reconstruction of neutron-induced recoil protons 

in fluorescent nuclear track detectors (FNTDs)." Radiation Measurements 137, 

106438. 

2. Stabilini, A, et al. (2021). “Principal Component Analysis applied to neutron dosimetry 
based on PADC detectors and FNTDs”, Radiation Measurements 141. 

3. Stabilini, A, et al. “Monte-Carlo simulation of the fluorescent nuclear track detectors 

(FNTDs) response to fast neutrons: a study on the information obtainable with single 

layer and 3D track reconstruction”. Submitted for publication to Radiation 
Measurements. 

As part of the PhD research project, the content published in the aforementioned scientific 

contributions is also reproduced, illustrated and discussed in this thesis manuscript.  

1.2 Outline 

To guide the reader through the structure of this thesis manuscript, a brief outline of the 

chapters is presented in this section. 

 

Chapter 2 introduces the basic physical concepts needed for the discussion of this thesis’ 
work. A brief overview on the radiation-matter interaction is accompanied by a summary of 

essential notions on luminescence processes, with particular emphasis on the luminescence 

of Al2O3:C,Mg. The working principle of solid state nuclear track detector is concisely 

discussed, followed by an overview of the fundamental quantities used in radiation protection 

and dosimetry. As a final point, a mathematical formulation of the principal component 

analysis is provided and neutron sources relevant to this thesis are discussed.  

 

Chapter 3 illustrates the materials and the methodologies adopted. The dosimeters 

designs, based on PADC detectors and FNTDs, and their evaluation methods are described. 
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The experimental irradiations performed are also discussed. The tool of Monte Carlo 

simulations is introduced: the FLUKA code used during the investigation of the FNTD 

dosimeter design is described and the model and its corresponding relevant parameters are 

reported.  

 

In Chapter 4 the experimental results of detector exposures to reference fields are 

discussed, with the goal of characterising their response based on their current evaluation 

procedure and understanding the associated limitations. 

 

Chapter 5 presents the results of the Monte Carlo simulations performed on the current 

FNTD design, with the objective of investigating under which conditions the current FNTD 

based neutron dosimeter performs satisfactorily, and identifying possible improvements to 

remove some of the limitations. The knowledge gained with the studies presented in Chapter 

4 and Chapter 5 allowed to recognise the limitations of the current FNTD technique used in 

neutron dosimetry and identify improvement opportunities described in the following 

chapters.  

 

Chapter 6 reports the image analysis of neutron exposed FNTDs, specifically developed to 

segment recoil protons track-spots from single layer images and reconstruct the trajectories 

in volumetric detector scanning by acquisition of stacked images. 

 

Chapter 7 focuses on a study to develop a filtering technique to account for the spurious 

signal in track detectors. The technique was conceived to be applicable not only to FNTDs, but 

also to several track detector technologies, provided that the track-spots are previously 

characterised by a set of distinctive parameters. In detail, the technique was demonstrated 

on PADC, to remove the signal from material defects, and on FNTD to remove the signal 

generated by delta electrons, improving the accuracy of fast neutron dosimetry, which relies 

on counting the track-spots induced by recoil protons.  

 

Chapter 8 describes the investigations in an unexplored branch of the FNTD technology, 

where efforts focused on finding methodologies to extract additional information, from the 

reconstructed recoil proton tracks, that ultimately can be used to improve the accuracy of the 

dose estimations from fast neutrons. 

 

Chapter 9 summarises the work done within this PhD research project, giving an outlook 

on the possible future developments. 
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Chapter 2  

Background 

The chapter summarises the relevant basic physical processes and describes the technologies, 

the experiments design, the techniques applied and the discussion of the results treated in 

this thesis work. First, the interaction of ionising radiation with matter, in particular of 

neutrons, is briefly discussed. Then, the luminescence phenomena are described, with 

emphasis on the luminescence processes related to the Al2O3:C,Mg. Afterwards, the principles 

of passive solid state nuclear track detectors, in particular poly allyl diglycol carbonate 

(PADC) detectors and fluorescence nuclear track detectors are illustrated. In addition, the 

fundamentals of the principal component analysis are elucidated. Finally, the quantities used 

in radiation protection and dosimetry are presented and an overview of the neutron sources 

is given. 

2.1 Interaction of ionising radiation with matter 

Ionising radiation can be detected only through its interaction with matter, which ultimately 

results in energy being deposited in the medium. The modalities of these interactions vary 

according not only to the characteristics of the medium, but also, more fundamentally, to the 

type and energy of the ionising radiation. An initial classification can be made considering (i) 

directly ionising radiation and (ii) indirectly ionising radiation. The first group is constituted 

by charged particles, such as: electrons, protons and charged ions in general. Because they 

are charged, they directly interact with the electric field of atoms in a medium, producing local 

ionisation and excitation. To the second group belong neutral particles, for example photons 

and neutrons. This type of particles interacts with matter generating secondary charged 

particles, which are then responsible for the local energy deposition. This section provides a 

brief overview of the mechanisms describing the interaction of ionising radiation with matter, 

divided by category, restricted to the particles relevant in this work.  

2.1.1 Charged particles 

Hadrons 

The primary mechanism through which heavy charged particles loose energy in matter is 

the Coulomb interaction with the atomic electrons present in a medium. The interaction of a 

charged ion propagating in matter with the electrostatic potential of an atomic nucleus, called 

Rutherford scattering, is much less probable, though possible, considering the limited 
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dimensions of the nucleus in an atom. Through Coulomb scattering, atomic electrons receive 

an amount of energy that could result in ionisation or excitation. In both cases, the energy is 

taken from the ionising particle, which is slowed down. Considering the energy and 

momentum conservation laws in an elastic collision between an electron of mass m at rest 

and a charged hadron of mass M and kinetic energy K, the maximum kinetic energy ΔK 

imparted to the electron is (Krane, 1987): 

∆𝐾 = 𝐾
4𝑚
𝑀

 (2.1.1) 

Even in the case of protons, the ratio 𝑀/𝑚 is 1836, hence a small amount of the total 

kinetic energy of the hadron is transferred per collision and its trajectory is negligibly 

deflected. Bearing in mind the electron density in matter and the range of the electrostatic 

forces, the impinging heavy particle interacts simultaneously with many electrons while 

propagating in a material, losing its energy progressively and constantly along its almost 

straight trajectory (Continuous Slowing Down, CSD). Additionally, since the atom ionisation 

energy threshold is of the order of tens of electronvolt, many of these collisions will produce 

ionised electrons of sufficient energy, also known as δ-rays, to create ionisation events 

themselves. 

The particle energy loss rate per unit path length, or stopping power −d𝐸/d𝑥,  was 

calculated by Bethe (1930) using quantum-mechanical theories including relativistic effects:  

−
d𝐸
d𝑥

= (
𝑧𝑒2

4𝜋𝜀0
)

2 4𝜋𝑍𝜌𝒩
𝐴𝑚𝑣2 [ln (

2𝑚𝑣2

𝐼
) − ln(1 − 𝛽2) − 𝛽2] (2.1.2) 

where 𝑧𝑒 is the charge of the hadron, 𝑣 = 𝛽𝑐 its velocity, m the electron mass, 𝒩 the 

Avogadro’s number and ρ, Z, A and I  the density, atomic number, atomic weight and 

ionisation potential of the medium, respectively. Because the energy of the ions decreases the 

further they propagate, d𝐸/d𝑥 is negative, hence in the formulation of the stopping power 

(positive) the minus sign is introduced. Equation (2.1.2) is valid until the kinetic energies of 

the impinging ions are comparable with the ones of electrons bound to atoms in matter, when 

corrections to account for the electron charge pick-up shall be introduced. 

The range of the charged hadrons can be calculated, neglecting the charge pick-up effects 

at the end of the trajectory, by integrating Equation (2.1.2) over the particles energies during 

the slowing down: 

𝑅 = ∫ (−
d𝐸
d𝑥

)
−10

𝐸
d𝐸 (2.1.3) 

Electrons 

The electron energy loss is a much more complicated physical phenomenon in 

comparison to heavy ions. Since the electron projectiles have the same mass of the target 

electrons, a variable amount of the projectile kinetic energy, up to all of it, can be transferred 

in a single collision. Deflection angles can be very large, bestowing electrons erratic 

trajectories and furthermore inducing radiative losses, external bremsstrahlung, due to the 

appreciable acceleration experienced during collisions. The amount of radiative losses is 
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directly proportional to the electron energy and to the square of the atomic number of the 

absorbing medium. 

The total stopping power is thus the sum of the radiative (r) energy loss contribution and 

the one transferred to the electrons of the medium (c): 

−
d𝐸
d𝑥

= (−
𝑑𝐸
𝑑𝑥

)
𝑟

+ (−
𝑑𝐸
𝑑𝑥

)
𝑐
 (2.1.4) 

2.1.2 Photons 

Electromagnetic radiation carrying energy larger than the ionisation potential of materials is 

also categorised as ionising radiation. According to their origin, photons are classified as 

X-rays when they are generated from the radiative relaxation processes of the atomic 

electrons, whereas they are termed γ-rays whenever they are emitted as a de-excitation 

product of a nucleus. Typical energies of X-rays span from 100 eV to 150 keV, whereas γ-rays 

have energies from about 10 keV to 10 GeV (Krane, 1987). 

According to the energy of the photons and the type of material to which they interact, 

three principal processes describe the photon interaction with matter, specifically: 

photoelectric absorption, Compton scattering and pair electron-positron production. Starting 

at energies of some MeV, when the photon energies become larger than the nucleon binding 

energy, photonuclear reactions can occur resulting generally in the emission of light hadrons, 

like neutrons.  

Photoelectric absorption 

In the photoelectric absorption mechanism, the energy of a photon is used to strip an 

electron from a core shell of an atom in the medium. The process can occur only when the 

photon has an energy larger than the electron binding energy. The remaining fraction of the 

photon energy is converted into kinetic energy of the photoelectron. The vacant place left by 

the ionised electron can be replaced by outer shells electrons emitting characteristic X-ray 

fluorescence or Auger electrons. As illustrated in Figure 2.1 for the case of lead, the probability 

of photoelectric absorption in matter strongly varies with the energy of the photons. Sharp 

rises in the photoelectric cross section with increasing energy correspond to the binding 

energies of inner electronic shells. The cross section, additionally varying with the atomic 

number Z of the material, has been found to be approximatively proportional to 𝑍5 𝐸𝛾
3.5⁄ , in 

which Eγ is the photon energy (Knoll, 2010). 
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Figure 2.1. Photoelectric absorption cross section in lead. The edges correspond to the binding 

energies of atomic core shells. Data obtained from the XCOM photon cross sections database from 

NIST (Berger, 2010).  

Compton scattering 

The Compton absorption describes the physical process of a free (or lightly bounded) 

electron in matter scattered by electromagnetic radiation. In the interaction, a fraction of the 

primary photon energy is transferred to the electron, with the emerging photon energy 𝐸𝛾
′  

depending on the scattering angle θ as: 

𝐸𝛾
′ =

𝐸𝛾

1 +
𝐸𝛾

𝑚𝑐2 (1 − cos 𝜃)
 (2.1.5) 

where 𝑚𝑐2 is the rest mass energy of the electron, equal to 511 keV. The Compton scattering 

probability, depending on the electron density, increases linearly with Z and becomes less 

probable at higher energies (Krane, 1987).  

Pair production 

At photon energies higher than twice the electron rest mass (i.e. 1.022 MeV), the electron-

positron formation is energetically allowed. Despite the energy is provided entirely by the 

photon, the process cannot happen in vacuum as a nucleus or an electron is needed to 

counterbalance the momentum of the reaction. The cross section of this effect is proportional 

to 𝑍4 (Knoll, 2010). 

2.1.3 Neutrons 

Given their uncharged nature, neutrons move across matter essentially unimpeded, 

interacting only with the nuclei of atoms. The type of reaction and the neutron interaction 

cross sections show, in most cases, a strong dependence on the energy. Neutrons are 

generally classified according to their kinetic energy. Although the energy limits defining 

these categories are not clearly established and might slightly vary in literature, for the 
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purpose of this thesis, one can identify three groups: thermal neutrons, when their energy is 

below 0.5 eV, epithermal neutrons, for energies between 0.5 eV and 200 keV and fast 

neutrons, for energies greater than 200 keV. Their detection relies on the generation of 

secondary charged particles, through the most convenient reaction process for a given 

neutron energy range. Below, the mechanisms of interaction of neutrons for thermal and fast 

neutrons are described. Epithermal neutrons interaction comprise mechanisms of both 

categories, but with lower probability of occurrence. 

Thermal neutron interactions 

Thermal neutrons diffuse and scatter in matter, but a scanty amount of energy is 

transferred to the nuclei during such collisions and hence is of little importance for radiation 

detection. Conversely, neutron-induced nuclear reactions yield charged particles that can be 

detected. Given the modest energy contribution brought by the thermal neutrons, only 

nuclear reactions with a positive Q -value are allowed. In many materials the (n, γ) reaction 

occurs, but for detection purposes reactions such as (n, p), (n, α) or neutron induced fission 
are preferred. Among these, we mention the reaction with 𝐿𝑖3

6 , which has an isotopic 

abundance of 7.59%: 

𝐿𝑖3
6 + 𝑛 → 𝐻1

3 + 𝛼 + 4.78 𝑀𝑒𝑉 (2.1.6) 

The 𝐿𝑖3
6  (n, α) cross section is shown in Figure 2.2. The value at the nominal thermal 

energy of 25 meV is 940 barn, decreasing with the typical 1/√𝐸 trend, common to many 

elements. 

 

 

 
Figure 2.2. Neutron-induced nuclear reaction cross section (barn) for 6Li from 10 meV to 10 MeV. 

Data taken from JEFF-3.3 nuclear cross section database (Plompen et al., 2020).  
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Fast neutron interactions 

With the increasing neutron energy, as the nuclear reaction cross section decreases, the 

scattering assumes greater importance. In such events, nuclei at rest are bumped into motion 

from the incoming energetic neutron.  

Let us take a simplistic case of a knock-on collision with a nucleus at rest in the laboratory 

reference frame. From kinematic laws, the energy EA transferred to an atomic nucleus of 

atomic weight A by a neutron of energy En in a knock-on collision is: 

𝐸𝐴 = 𝐸n [1 − (
𝐴 − 1
𝐴 + 1

)
2

] (2.1.7) 

It easy to notice that the share of energy transferred to a nucleus grows as the atomic 

number decreases. In the case of a hydrogen atom, i.e. a proton (A=1), all the energy of the 

impinging neutron is transferred in the knock-on collision. Thus, materials containing light 

elements, with hydrogen above all, constitute the preferred method of fast neutron detection. 

Hydrogenous material is used in detectors and dosimeters to produce secondary recoil 

protons. 

The cross section 𝜎(𝐸n) of neutrons of energy 𝐸n, undertaking elastic scattering with 

hydrogen, or equivalently the recoil proton generation probability, depends on the neutron 

energy as displayed in Figure 2.3. The cross section has a constant value of 20.5 b below 10 

keV, where it starts to decrease as the energy increases, yielding a value of ~1 b for neutron 

energies of 10 MeV and further decreasing under 30 mb at 1GeV neutron energies.  

 

 
Figure 2.3. Cross section of neutron elastic scattering onto hydrogen for the energy range 

10 eV – 1 GeV. Data acquired from JENDL/HE-2007 nuclear cross section database (Shibata et al., 

2011). 

 

If we drop the restriction to the simplistic case of knock-on impact, the proton and the 

neutron can emerge from the collision at different angles with respect to the impinging 

neutron trajectory. For energies lower than 100 MeV, the collision can be thought 

non-relativistic and treated with classical kinematics. With reference to the collision 
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description in the laboratory reference frame of Figure 2.4a, the energy of the recoil proton 

Ep’ depends on its emission angle θ as (see derivation in Appendix A.1): 
𝐸p′ = 𝐸n cos2 𝜃 (2.1.8) 

 
Figure 2.4. Illustration of the neutron – proton collision in the laboratory (a) and centre-of-mass 

(b) reference frames.  

 

The maximum energy transferred to the recoiled proton (whole impinging neutron 

energy) occurs in a knock-on collision. The larger the proton emission angle, the lower the 

fraction of primary energy transferred. For a glancing collision (𝜃 → 𝜋 2)⁄  the energy 

transferred to the proton approaches zero. 

In the laboratory reference frame, the probability of emission depends on the angle. In the 

centre-of-mass reference frame (see Figure 2.4b), the angular differential (n, p) scattering 

cross section 𝜎𝐶𝑀(𝐸n, 𝜙)is well established for a wide range of energies and is found to be 

independent of the angle 𝜙, for energies up to 10 MeV, as shown in Figure 2.5. Above 10 MeV 

the angular differential cross section deviates from uniformity, with a maximum difference 

< 9% for energies lower than 20 MeV.  

The expression of the angular differential n,p scattering cross section 𝜎𝐿𝑎𝑏(𝐸n, 𝜃) in the 

laboratory reference frame can be calculated (see Appendix A.2) as: 

𝜎𝐿𝑎𝑏(𝐸n, 𝜃) =
𝜎(𝐸n)

𝜋
cos 𝜃 (2.1.9) 

The angular distribution of recoiled protons is proportional to the cosine of their emission 

angle θ, hence, most of the protons will be propagating at smaller angles, whereas the 

probability of large angles scattering drops until no protons are emitted for 𝜃 → 𝜋 2⁄ . The 

collision process has azimuthal symmetry, i.e. a symmetry along the axis defined by the 

impinging neutron trajectory, meaning that protons will be emitted with the same probability 

in any direction on the plane orthogonal to the incoming neutron direction. 

 

a) b) 

Laboratory system Centre-of-mass system 
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Figure 2.5. (n, p) angular differential cross section for increasing energies (0.5 MeV – 100 MeV) as 

function of the centre-of-mass scattering angle 𝜙. Data from JEFF-3.3 nuclear cross section library 

(Plompen et al., 2020). 

2.2 Luminescence in crystals 

Luminescence is the term used to refer to the physical process where a material emits as 

electromagnetic radiation the energy previously absorbed. First evidences of the stimulated 

luminescence on crystals were known already in the XVII Century from the studies of R. Boyle 

(Yukihara and McKeever, 2011). Specific names were given to processes according to the type 

of excitation method used to induce luminescence, for instance: thermoluminescence, 

photoluminescence, radioluminescence and electroluminescence. The application to 

dosimetry came when it was observed that materials previously exposed to ionising radiation 

develop a luminescence signal proportional to the dose absorbed. 

Crystals are solids characterised by long-range positional order of their atoms (Kittel, 

2005). The atom positions in a crystal can be defined by a primitive cell periodically repeated. 

This peculiar symmetry confers to the crystal particular physical properties such as, among 

others, the formation of energy bands of periodic potential (Ashcroft, 1976). Two of these 

bands, the valence band and the conduction band, are particularly important: the valence 

band is the band of highest energy still populated, at ground state, by the electrons of the 

atoms forming the crystal; the conduction band is the band of the next higher energy level. 

These bands may be separated by a gap of prohibited energies, whose amplitude defines a 

crystal as a semiconductor or an insulator. In the case of conductors, there is either no energy 

gap between the valence and conduction bands, or the valence band is only partially filled by 

electrons, which are hence free to move across the lattice. For semiconductors and insulators, 

the valence band is completely filled and the motion of electrons is forbidden, unless enough 



Development and Modelling Innovative Techniques for Neutron Dosimetry Stabilini Alberto 
____________________________________________________________________________________________________________________ 

13 

energy is provided to electrons to be promoted to the conduction band. Electrons excited to 

the conduction band eventually return to the valence band, dissipating energy as 

electromagnetic radiation (Ashcroft, 1976). 

Deviations from the periodical structure of a crystal are defined as defects. The types of 

defects related to luminescence are called point defects (Blasse, 1994). Figure 2.6 gives 

examples of simple point defects: vacancy, interstitial, and substitutional. 

 

 
Figure 2.6. Scheme illustrating examples of point defects in a crystal lattice. From left to right: 

vacancy, interstitial, and substitutional defect (Ag+ ion). 

 

The presence of defects modifies the periodic potential in its vicinity, causing possible 

electronic states within the band gap, as illustrated in Figure 2.7a. These distortions of the 

periodic potential are localised states, classified as electron traps, recombination centres and 

hole traps, according to their energy distance from the valence and conduction bands and 

their probability of trapping a specific charge carrier (Yukihara and McKeever, 2011). 

A particular category of point defects are the colour centres, or F centres (Farbzentrum), 

distinguished by a negative ion vacancy in the crystal lattice filled by electrons. Given the 

density of point defects and the production method of the crystal, is possible that point 

defects, such as F centres, aggregate forming for example an F2 centre, where two F centres 

are nearest neighbours. 

 

 
Figure 2.7. a) Scheme of the valence and conduction bands in an insulating crystal and localised 

energy states introduced by defects. b) Representation of electron – hole trapping and 

recombination after exposure to ionising radiation. Reproduced from Yukihara and McKeever 

(2011), with permission from Wiley.  

a) b) 
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In case of an exposure to ionising radiation, depicted in Figure 2.7b, conduction electrons 

and holes pairs are created and, being free to move in the crystal, some of them recombine 

giving rise to radioluminescence (radiative recombination). Alternatively, some electron-

hole pairs may fall in these trapping centres. Trapped electrons (and holes) are in a 

metastable state. The transition to the fundamental state is hindered by the potential barrier 

that needs to be overcome in order for the trapped charge carriers to recombine. 

To promote trapped charge carriers to the conduction band, a certain amount of energy 

must be provided. The stimulation must supply a quantity of energy at least equal to the 

difference in the energy level of a trap and the bottom of the conduction band. In relation to 

the type of stimulation used, processes are named thermoluminescence TL, when thermal 

energy is supplied, or optically stimulated luminescence OSL, when the energy is delivered by 

photons. In any case, the relaxation process is the same: the electron (or hole), which has 

gained enough energy to be promoted back to the conduction band, moves to a recombination 

centre and annihilates with the opposite charge carrier generating radiation. 

An additional phenomenon, termed radiophotoluminescence, refers to the physical 

process by which stimulated luminescence is detected in an initially non-luminescent 

material, following exposure to ionising radiation. 

The mechanism involves the transformation, by ionising radiation, of a definite type of 

crystal defect into another. This process is called radiochromic transformation. In 

radiochromically transformed luminescence centres, the electrons can be optically 

stimulated to excited states, without providing enough energy to let them reach the 

conduction band (intra-centre stimulation). Their radiative relaxation to the ground states 

provides the intra-centre luminescence.  

2.2.1 Luminescence properties of Al2O3:C,Mg crystals 

One of the crystalline polymorphic phases of aluminium oxide Al2O3 is the α-Al2O3, also 

known as corundum. The O2- are arranged in a hexagonal close-packed structure with the Al3+ 

ions set at interstitials sites in two of the three octahedrons formed by the oxygen ions, as 

shown in Figure 2.8. Because the α-Al2O3 crystal possesses an energy band gap of 9.5 eV, the 

trapping sites within the band gap can be set at appreciably lower energies from the 

conduction band, conferring them significant thermal stability. 

Since in aluminium oxide the oxygen atoms have an oxidation number of -2, F centres are 

characterised by a presence of two electrons in the anion vacancy, whereas a vacancy filled 

by a single electron is denoted as an F+ centre. F centres can be produced in aluminium oxide 

by growing crystals in a reducing (electron abundant) environment. By adding divalent 

carbon impurities C2+ in the place of Al3+, the formation of F+ centres, absorbing at 230 nm 

and 255 nm, is strongly favoured (Akselrod et al., 1993). 
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Figure 2.8. Structure of α-Al2O3. Oxygen ions form a hexagonal closed-packed structure with the 

aluminium ions places in two octahedral interstitial sites. 

 

 
Figure 2.9. (a) Model of the aggregate defect F22+(2Mg) centre: the two oxygen vacancies occupied 

by one electron each (F+ centres) and shown in blue are compensated by two Mg2+ ions marked 

in red. From Mescher (2014). (b) Single crystals of Al2O3:C,Mg showing green coloration (left) and 

transparent Al2O3:C (right). Reproduced from Akselrod (2011), with permission from Elsevier. 

 

The addition of magnesium impurities Mg2+ in the crystal growth process promotes even 

more development of F+ centres, resulting in a significant aggregation of F+ defects into 

F22+(2Mg) defects (Figure 2.9a), whose absorption band is centred at 435 nm, conferring 

green coloration to the crystal (Figure 2.9b). The concentration of F22+(2Mg) can be increased 

further by thermal annealing of the grown crystal at 600°C (Akselrod et al., 2003). 

The main advantage of Al2O3:C,Mg when exposed to ionising radiation is the efficient 

capture of an ionised electron by F22+(2Mg), radiochromically transforming it into the double 

vacancy defect F2+(2Mg). The absorption and emission spectra of these induced F2+(2Mg) 

defects vary from the ones of F22+(2Mg), as can be inferred from Figure 2.10, which illustrates 

the comparison of the photoluminescence spectra of Al2O3:C,Mg after annealing (a) and after 

exposure to 143 Gy of beta radiation from 90Sr/90Y (b) (Akselrod and Sykora, 2011). From the 

photoluminescence spectra in Figure 2.10b one can see that the F2+(2Mg) can be stimulated 

by light of wavelengths 225 nm, 335 nm and 750 nm. Regardless the excitation wavelength 

(a) (b) 
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used, the emission of F2+(2Mg) defects is centred at 750 nm, indicating the existence of three 

F2+(2Mg) excited states that, after excitation, experience a non-radiative (phonon-driven) 

transition to a common state before radiative relaxation to the ground state (Akselrod and 

Sykora, 2011). 

Figure 2.11 illustrates the band diagram of aggregate F centres in Al2O3:C,Mg, 

summarising the radiochromic transformation of the F22+(2Mg) and the 

radiophotoluminescence of F2+(2Mg), typically excited using 620 nm light. 

F2+(2Mg) defects can be photo-converted back to F22+(2Mg) by illumination at 330 nm. 

The process relies on two-photon absorption, hence high power density laser light is needed 

and, therefore, the concentration of F2+(2Mg) defects cannot be reduced by exposure to 

ambient light (Sykora and Akselrod, 2010). 

 

 
Figure 2.10. Photoluminescence spectra of Al2O3:C,Mg  after crystal growth and annealing at 600°C 

(a) and after a 143 Gy β-irradiation with a 90Sr source (b). Reproduced from Akselrod and Sykora 

(2011), with permission from Elsevier. 

 

 
Figure 2.11. Band diagram illustration of the ionisation detection and readout events. Reproduced 

from Akselrod and Sykora (2011), with permission of Elsevier. 
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2.3 Principles of track detectors 

The passive Solid State Nuclear Track Detectors (SSNTD) field rose in late 1950s from the 

studies on irradiated lithium fluoride crystals by D. Young, who observed that shallow pits 

were revealed on the material surface when treated with a chemical reagent after exposure 

to radiation (Young, 1958). The field greatly developed in the following years; several 

materials, among which plastic polymers, were investigated (Fleischer, 1998). 

Albeit ionising particle tracks could already be detected by, for example, cloud or spark 

chambers, the main advantage of passive SSNTDs laid on the persistent retention of the 

ionising particle interaction. 

The information of the impinging ionising radiation is stored in a passive SSNTD by the 

chemical or physical material changes in the vicinity of the particle trajectory triggered by 

excitation and ionisation at the moment of radiation interaction with matter. 

In the case of neutron applications, detectors are made sensitive by coupling them with 

converters of appropriate materials, according to the neutron energy explained in Section 

2.1.3, where secondary charged particles are generated and consequently detected in the 

SSNTD. Tracks are recognised and in many cases they are measured and filtered from 

spurious signals, before being counted and associated to a dosimetric quantity. 

Amongst several passive SSNTD technologies developed, we will discuss in the following 

poly allyl diglycol carbonate Detectors (PADC) and Fluorescence Nuclear Track Detectors 

(FNTD). 

2.3.1 Poly allyl diglycol carbonate Detectors 

PADC detectors also known as CR-39 (Columbia Resin #39) are one of the most widespread 

passive SSNTD. The cross-linked polymer, discovered by Cartwright and his group 

(Cartwright et al., 1978a, b), has a density of 1.31 g cm-3, possesses high resistance to 

chemical, thermal and mechanical stresses and is transparent to visible light.  PADC detectors, 

being constituted by monomers of carbon oxygen and hydrogen (C12H18O7), are tissue 

equivalent. Furthermore, they are insensitive to ionising photons, making them one of the 

preferred choices as passive detectors (and dosimeters) to measure highly ionising radiation. 

Their most common application in dosimetry and radiation monitoring is in the fields of 

environmental radioactivity (radon and progenies) (Abu-Jarad et al., 1980; Felice, 2013), 

aircrew personal dosimetry and radiation protection (Bartlett et al., 1997), space dosimetry 

(Benton, 2004; Cassou and Benton, 1978) and neutron dosimetry at reactor and high energy 

accelerator sites (Bartlett et al., 1992; Tanner et al., 2005). 

The intense local ionisation created by the passage of charged particles in the PADC 

material breaks the long polymer chains in correspondence of the particle trajectory, creating 

a latent track (Figure 2.12a). 

When the irradiated detector is submerged in a high pH hydroxide solution, e.g. NaOH or 

KOH, the surface of the plastic material starts to dissolve. The material damaged by radiation 

possesses, however, a different corrosion rate in comparison to the bulk material unaffected 
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by radiation. The two rates are defined as bulk etch rate VB and track etch rate VT and are 

indicated in Figure 2.12b, where are also specified the impinging angle δ of the primary 
particle and the local developing angle ε, defined as the angle between the wall of the 
developing conical track and the direction of the particle trajectory. 

 

 
Figure 2.12. (a) Illustration representing the local rupture of polymer chains in correspondence 

of the particle trajectory due to the ionisation created. (b) Diagram of the track etching, indicating 

the direction of etching velocities: bulk etch rate Vb, and track etch rate Vt. From Fleischer (1998), 

reproduced with permission from Springer. 

 

The creation and the enlargement of tracks is governed by the ratio 𝑉 = 𝑉𝑇 𝑉𝐵⁄ of the two 

etch rates, happening only for V > 1. Several studies investigated the dependence of the etch 

rates upon a number of factors, such as material composition, etching conditions, 

temperature (Dörschel et al., 1999; Nikezic et al., 2006; Somogyi, 1980), but it is well 

established that the difference between VB and VT hinges on the LET of the interacting 

particles, yielding visible tracks (V > 1 and therefore VT > VB) for impinging particles with a 

LET > ~15 keV μm-1 (Caresana et al., 2012; Spurný and Jadrníčková, 2005; Spurný et al., 
2005).  

While the vertical cross section of a track is conical, as represented in Figure 2.12b, the 

top view of the track pit is usually an ellipse (or circle for perpendicular track incidence). 

When an etched detector is imaged parallel to its surface with an optical microscope, the pit 

aperture appears darker, due to the altered refraction conditions given by the cone walls, and 

is commonly referred to as a track-spots. Figure 2.13 gives a typical example of how radiation-

induced track-spots appear on an etched PADC detector. Conventional etching procedures 

yield track-spots whose dimensions are in the range of 3 – 50 μm.  

 Equipment for dosimetry has been developed to allow automated scanning and 

track-spot counting procedures (Fews, 1992; Steele et al., 1999). Although alternative 

techniques exist (Brabcova et al., 2009; Caresana et al., 2012; Stabilini et al., 2018), the dose 

is usually estimated by assessing the track-spots density (spots cm-3) multiplied by a 

calibration coefficient obtained from PADC irradiations in reference fields and conditions. 

 

(b) (a) 
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Despite being one of the most used detector type for neutron dosimetry, PADC detectors 

suffer from few disadvantages: 

(i) The chemical treatment used to develop tracks permanently modifies the surface 

properties of the material, consequently each detector can be used a single time. 

(ii) PADC detectors are prone to aging and fading effects that modify their sensitivity 

over time (Caresana et al., 2010, 2011; Portwood et al., 1986).  

(iii) The production of thin material slabs used as passive detector from the molten 

polymer is critical; often material imperfections, such as bubble inclusions or 

inhomogeneity defects, occur, ultimately affecting the accuracy of the track-spot 

counting. 

(iv) When used for fast neutron detection, their sensitivity threshold to particles with 

an LET > ~15 keV μm-1, despite beneficial for the photon rejection, significantly 

hinders the detection of high energy particles that might carry a substantial 

contribution to the dose. 

 

 
Figure 2.13. Optical microscope image of an etched PADC detector exposed to neutrons (recoil 

protons track-spots). 

2.3.2 Fluorescence Nuclear Track Detectors 

The Fluorescence Nuclear Track Detector (FNTD) technology, born in 2003 (Akselrod et al., 

2003), was initially though for the field of optical data storage, by exploiting photo-

transformation effects of the double vacancy defects in the Al2O3:C,Mg crystals to write, read 

and erase data bit with confocal lasers of appropriate wavelengths. The application to ionising 

radiation detection followed few years later, noticing that the same defects are a source of 

radio-photoluminescence (Akselrod et al., 2006).  

The working principle of FNTDs is based on the radiochromic transformation of 

homogeneously distributed defects in the crystal, as explained in Section 2.2.1. Ionising 

radiation induce a localised radiochromic transofrmation only in the vicinity of the particle 
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interaction with the crystal. After exposure, the detector can be read with a confocal laser 

scanning microscope (CLSM) to stimulate and read fluorescence in a confined volume of the 

detector (radiophotoluminescence); see Section 2.2.1. The intensity of the fluorescence signal 

in the scanned point is recorded with an avalanche photodiode, forming a fluorescence image 

by raster scanning the laser beam and sampling fluorescence at each position across a 

detector plane. Figure 2.14a illustrates a typical fluorescence image of a FNTD irradiated with 

alpha particles (5.4 MeV) impinging normally to the detector surface. 

FNTDs possess an additional appealing feature: because all the volume of the crystal can 

be probed by focusing the CLSM at different depths, it is possible by scanning several layers 

within the volume to reconstruct the trajectories of the propagating ionising particles, as 

exemplified in Figure 2.14b, where the trajectory of an alpha particle, obtained with a super-

resolution microscopy technique, is shown (Kouwenberg et al., 2018). Trajectories detection 

and reconstruction has been demonstrated for charged hadrons used in radiotherapy (Evans, 

2014; Niklas et al., 2013a). 

 

  
Figure 2.14. (a) Example of a fluorescence image obtained exposing FNTD to alpha particles of 

energy 5.4 MeV impinging perpendicularly to the detector surface. (b) Alpha particle propagating 

into the FNTD measured with super-resolution microscopy (Kouwenberg et al., 2018). 

 

Although the physical process of track-spots detection is different, neutron dosimetry is 

performed in a similar way to PADC detectors: the fluorescent track-spots induced by charged 

secondary particles, generated in the dosimeter converters, are counted and correlated to the 

dose by calibration coefficients. In the current neutron dosimeter design, the FNTD is coupled 

with a fast neutron converter, made of high density polyethylene (PE), and a slow neutron 

converter, made of an aluminosilicate glass enriched in 6Li. The FNTD sensitivity to photon-

induced delta electron is particularly critical for neutron dosimetry, as track-spots created by 

delta electrons often resemble the one created by secondary protons produced in neutron 

(a) (b) 
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interactions within the converter. Because the neutron dose assessment is founded on the 

number of track-spots generated by these secondary charged particles, the contribution of 

delta electron track-spots may significantly affect the dose estimation. To account for this 

effect, currently a third converter made of polytetrafluoroethylene (PTFE) is added to the 

neutron dosimeter design (Akselrod and Sykora, 2011). Since below 20 MeV, PTFE does not 

produce secondary charged particles, the corresponding track-spot are exclusively attributed 

to delta electrons produced in the FNTD crystal. When evaluating the number of track-spots 

below the slow and fast neutron converters, the track-spot counts are corrected by 

subtracting the number of track-spots counted below PTFE, before applying the calibration 

coefficients. 

For fast neutron dosimetry, the FNTD calibration coefficients vary considerably with the 

energy of the field. Currently, the assignment of the most appropriate calibration coefficient 

is based on the ratio of the number track-spots detected below the slow and fast neutron 

converter. In fact, for progressively harder neutron spectra, the sensitivity of the Li-glass 

converter diminishes, whereas the number of recoil protons detected increases, as they have 

more energy to escape the converter, resulting in gradually smaller ratios, as demonstrated 

in Sykora et al. (2009) and illustrated in Figure 2.15. 

 

 
Figure 2.15. Ratio of the track densities for mono-energetic (red) and broad spectra (blue) 

neutron fields. Reproduced from Sykora et al. (2009), with permissions from Elsevier. 

 

Despite being a recent technique, FNTDs have been successfully used in many fields of 

radiation detection, for instance in ion fluence and spectroscopy measurements of clinical 

beams (Bartz et al., 2011; Greilich et al., 2017; Greilich et al., 2013), in radiobiological studies 

to spatially correlate DNA damage and particles fluence (Kodaira et al., 2015; McFadden et al., 

2020; Niklas et al., 2013b) and in its main field of application: neutron dosimetry (Akselrod 

et al., 2006; Akselrod et al., 2014b; Fomenko et al., 2018; Hashizume et al., 2017; Sykora et al., 

2008b). 
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In comparison to PADC detectors, FNTDs offer several advantages such as:  

(i) Their possibility to be regenerated by optical bleaching and hence be reused. 

(ii) Their higher spatial resolution improving the upper fluence limit of detection. 

(iii) The convenience of being read without the need of any post-irradiation chemical 

treatment. 

(iv) Their broader LET sensitivities range of 0.5 keV μm-1 – 1.8 MeV μm-1. 

However, they show also weaknesses in comparison to PADC: longer readout times, for 

instance, and, concerning fast neutron dosimetry applications, a larger variation of the 

calibration coefficient with the neutron energy, in addition to the intrinsic sensitivity to 

photons and to induced delta electrons. 

2.4 Principal component analysis 

The Principal Component Analysis (PCA) is a statistical method developed for 

multidimensional analysis whose goal is to find a reduced set of descriptors, obtained by 

linearly combining all the variables describing a system, which can still express most of the 

variability of the data (Pearson, 1901; Wold et al., 1987). 

2.4.1 PCA Application to track detectors 

In many of SSNTD technologies, track-spots are extensively characterised and measured after 

their segmentation, with the objective of filtering the undesired track-spots and retain only 

the ones needed for the specific application, which in the  case of fast neutron dosimetry are 

recoil proton tracks. 

Typically, at the end of the track-spots detection sets of n-dimensional data constituted by 

the measurements of the SSNTD track-spots are produced. The idea at the base of the filtering 

method is to build an n-dimensional map, based on the measurements of each track-spot, 

where the desired track-spots can be distinguished from the spurious signal. However, the 

problem encountered is that a multidimensional map, comprising all the measured variables, 

might be difficult to interpret, affecting the definition of filters. Contrariwise, an 

n-dimensional map with n ≤ 3 of the main measured physical quantities taken alone often 
does not contain enough information to effectively discriminate between the desired and 

undesired signal components. 

In this context, the principal component analysis offers a solution: by linearly combining 

the variables measured, the dimensionality can be reduced to 2D or 3D, retaining most of the 

information available in n-dimensional maps, and hence be used for effective filtering. 

Since the principal components are self-consistently calculated from a specific ensemble 

of track-spots measurements, the absolute position of the undesired and the desired 

track-spots in the reduced dimensionality map can change for data sets that show track-spots 

generated by different ionising radiation. Furthermore, the analysis postulates that, within a 

given data set, desired and unwanted track-spots are concomitantly present. For these two 

reasons, in each data set analysed with PCA, unirradiated and reference calibration detectors 
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ought to be present. This is generally not an issue, as, in routine detectors’ assessments, 
reference calibration and unirradiated detectors are already used for quality assurance 

controls and sensitivity adjustments. 

2.4.2 Theory derivation 

The orthogonal set of Principal Components (PCs) is obtained with the following procedure. 

The first PC is defined as the linear combination of the system variables for which the data 

variance is maximised. The second PC is defined, among all possible linear combinations of 

the system variables orthogonal to the first PC, as the one having the largest data variation. In 

turn, the third is defined by the linear combination of variables maximising the residual 

variance in the system with the additional constraint of being orthogonal to the first two, et 

cetera. 

More formally, let us assume  a multidimensional system of p measurements described by 

n variables x1, x2, …, xn. Each given jth measurement (j= 1, …, p) can be expressed by a linear 

combination yj of all the xn variables: 

𝑦𝑗 = 𝛼1𝑥1𝑗 + 𝛼2𝑥2𝑗 + ⋯ + 𝛼𝑛𝑥𝑛𝑗 = ∑ 𝛼𝑖𝑥𝑖𝑗

𝑛

𝑖=1

 (2.4.1) 

where αi (i=1,…n) are the coefficients, or loadings, having the property: ∑ 𝛼𝑖
2𝑛

𝑖=1 = 1. 

The first PC is defined by a specific set of loadings α1, α2, …, αn for which the variance, 

calculated on all the p measurements, is the largest: 

𝛼1, 𝛼2, … , 𝛼𝑛    𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡     max{𝑣𝑎𝑟(𝑦1, 𝑦2, … , 𝑦𝑝)} (2.4.2) 

The second PC, characterised by the loadings β1, β2, …, βn, is determined in the same way as 

the first with the added constraint that the scalar product with the first must be zero, i.e.: 

𝛼1𝛽1 + 𝛼2𝛽2+. . . +𝛼𝑛𝛽𝑛 = 0 (2.4.3) 

Again, the third PC is defined by the loadings γ1, γ2, …, γn, using the same procedure and 

complying with the added conditions: 

{
𝛼1𝛾1 + 𝛼2𝛾2+. . . +𝛼𝑛𝛾𝑛 = 0
𝛽1𝛾1 + 𝛽2𝛾2+. . . +𝛽𝑛𝛾𝑛 = 0  (2.4.4) 

and so forth for the next PCs. There are as many PCs as variables, but with the advantage that 

they are ordered by variance, having the first PCs accounting for most of the data variability. 

In other words, the first PCs carry most of the information on a certain data set. 

One way of implementing in practice the computation of the first PC loadings in Equation 

(2.4.1), so that they additionally satisfy Equation (2.4.2), consists in calculating the first 

eigenvector of the correlation matrix of the analysed dataset. The found eigenvector 

components constitute also the loadings of the first PC. Similarly, the loadings of the second 

and third PCs can be obtained calculating respectively the second and the third eigenvectors 

of the correlation matrix. The number of significant components is determined analysing the 

eigenvalues of the correlation matrix. Several criteria exist (Jolliffe, 2002): the one used in 

this work suggests to select the corresponding number of PCs, whose normalised eigenvalues 

sum is larger than 90%.  
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2.5 Quantities in radiation protection and dosimetry 

To assess the exposure to ionising radiation, distinctive physical dosimetric quantities have 

been proposed (ICRU 85, 2011). Radiobiological studies have shown that the mere physical 

quantities are not sufficient to exhaustively describe the damage or detriment of ionising 

radiation in living organisms, requiring further information, such as the particles type and 

energy, the type of biological sample and the final effect. For this reason, the International 

Commission on Radiological Protection (ICRP) has adopted a set of protection quantities to 

relate the risk associated with an exposure, additionally comprising biological effects (ICRP 

103, 2007). These protection quantities, estimated using computational models, are typically 

used to quantify radiation protection measurements, to compare different exposure 

situations and to set dose limits. Yet, they cannot be directly measured, hence a 

supplementary set of quantities, called operational quantities, were defined (ICRU 39, 1985; 

ICRU 43, 1988; ICRU 66, 2001). The set of operational quantities, proposed by the 

International Commission on Radiation Units and Measurements (ICRU), can be measured by 

radiation detectors and dosimeters, giving a conservative estimate of the protection 

quantities. The diagram shown in Figure 2.16 offers an overview of the quantities and how 

they are related.  In the section below, the main quantities are described and defined. 

 
Figure 2.16. Relationship of quantities used for radiological protection monitoring purposes. 

Adapted from ICRU 57 (1998). 

2.5.1 Physical quantities 

Fluence 

The particles fluence  is defined as the ratio between the number of particles dN  incident 

on a sphere of cross-sectional surface d𝑎. The SI unit of measurement is particles m-2, although 

the submultiple particles cm-2 is more commonly adopted. 

𝛷 =
d𝑁
d𝑎

 (2.5.1) 
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Absorbed dose 

The absorbed dose D is the quotient of the mean energy d𝜖  ̅imparted to matter having a 

mass dm. It is measured in J kg-1 or gray (Gy). 

𝐷 =
d𝜖̅
d𝑚

 (2.5.2) 

Linear Energy Transfer (LET) 

The Linear Energy Transfer (LET) quantifies the energy loss per unit length of a directly 

ionising particle propagating in a medium. It is calculated as the quotient of the mean energy 

lost dE  by a charged particle within a distance in matter dl. The SI unit of measurement is 

J m-1, usually expressed in keV µm-1. 

𝐿𝐸𝑇 =
d�̅�
d𝑙

 (2.5.3) 

2.5.2 Radiation protection quantities 

Organ absorbed dose 

The organ absorbed dose DT is the absorbed dose dD averaged over the region of an organ 

or tissue T of mass dmT. The unit of measurement is gray (Gy). 

𝐷𝑇 =
1

𝑚𝑇
∫ 𝐷 d𝑚

𝑚𝑇

 (2.5.4) 

Equivalent dose 

The equivalent dose HT is defined as the sum over the absorbed doses DT,R, averaged over 

the volume of a specific organ T exposed to a radiation type R, multiplied by the weight 𝑤𝑅 

for the corresponding radiation field component R:  

𝐻𝑇 = ∑ 𝑤𝑅𝐷𝑇,𝑅
𝑅

 (2.5.5) 

𝑤𝑅 is denoted as radiation weighting factor and is characteristic of the type and energy of 

radiation involved. Values of 𝑤𝑅 for different types of radiation are reposted in Table 2.1, from 

ICRP 103 (2007). In the case of neutrons, 𝑤𝑅 assumes different values according to the 

particles energy, as shown in Figure 2.17. This quantity, whose unit of measurement in the SI 

is J kg-1, has been given the name sievert (Sv).  

 

 

Table 2.1. Radiation weighting factor wR, from ICRP 103 (2007). 

Radiation Type Radiation weighting factor, 𝒘𝑹 
Photons 1 
Electrons and muons 1 
Protons and charged pions 2 
Alpha particles, fission fragments, heavy ions 20 

Neutrons 
Function of neutron energy. 
See Figure 2.17. 
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Figure 2.17. Radiation weighting factor wR for neutrons vs neutron kinetic energy. Reproduced 

with permission of ICPR from ICRP 103 (2007). 

Effective dose 

The definition of the effective dose E follows from the one of the equivalent dose and is 

calculated by a weighted summation of the equivalent doses of each specific organ in the 

human body: 

𝐸 = ∑ 𝑤𝑇𝐻𝑇
𝑇

 (2.5.6) 

where 𝑤𝑇 is the tissue (or organ) weighting factor, representing the individual organs 

contribution to the overall radiation-induced detriment from stochastic effects. As such, the 

tissue weighting factors have the property: ∑ 𝑤𝑇𝑇 = 1. Table 2.2 reports the 𝑤𝑇values for 

each radiosensitive organ. The effective dose is measured in sievert (Sv). 

Equivalent dose and effective dose are quantities not directly measureable in practice. 

Their assessment foresees the use of computational voxel anthropomorphic models, for the 

“reference male” and “reference female” (ICRP 89, 2002). Concerning radiation protection, 

the tissue weighting factors are estimated by averaging the values over age and gender. 

 

Table 2.2. Recommended tissue weighting factors, from ICRP 103 (2007). 

Tissue or organ 𝒘𝑻 ∑ 𝒘𝑻
𝑻

 

Bone- marrow, Colon, Lungs, Stomach, Breast, Remainder tissues* 0.12 0.72 
Gonads 0.08 0.08 
Bladder, Oesophagus, Liver, Thyroid 0.04 0.16 
Bone surface, Brain, Salivary glands, Skin 0.01 0.04 

*Remainder tissues: Adrenals, Extrathoracic (ET) region, Gall bladder, Heart, Kidneys, 
Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate (man), Small intestine, Spleen, 
Thymus, Uterus/cervix (woman). 
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2.5.3 Operational quantities 

Dose equivalent 

The dose equivalent H at a point, measured in sievert (Sv), is defined as: 

𝐻 = 𝐷 𝑄 (2.5.7) 

where Q(LET) is the radiation quality factor identified as: 

𝑄 =  
1
𝐷

∫ 𝑄(𝐿𝐸𝑇)
𝐿𝐸𝑇

d𝐷
d𝐿𝐸𝑇

d𝐿𝐸𝑇 (2.5.8) 

In Equation (2.5.8) d𝐷/d𝐿𝐸𝑇 is the contribution to the dose of particles with a given LET and 

Q(LET) values are defined by ICRP 60 (1991): 

𝑄 = {
1 𝐿𝐸𝑇 < 10 keV μm−1

0.32 𝐿𝐸𝑇 − 2.2 10 < 𝐿𝐸𝑇 < 100 keV μm−1

300 √𝐿𝐸𝑇⁄ 𝐿𝐸𝑇 > 100 keV μm−1
 (2.5.9) 

Ambient dose equivalent H*(10) 

The ambient dose equivalent H*(10) is defined as the dose equivalent, produced by a 

corresponding expanded aligned field, in an ICRU sphere at a depth of 10 mm on the radius 

opposing the field direction (ICRU 66, 2001). This quantity, meant to express a priori the 

radiation level associated to the body, is used for area monitoring. 

Personal dose equivalent Hp(10) 

The personal dose equivalent Hp(10) is defined as the dose equivalent in soft tissue, of a 

point 10 mm beneath the human body surface (ICRU 66, 2001). The personal dose equivalent 

is the quantity used in individual monitoring, either to verify a posteriori the excess of dose 

levels or to control and optimise the exposed workers doses. 

2.5.4 Fluence to dose conversion coefficients 

Among the aforementioned quantities, the physical ones, fluence in particular, are the 

easiest to measure for a given ionising radiation field. ICRP and ICRU have published 

coefficients that relate the fluence of ionising particles to the dose delivered, in terms of both 

protection and operational quantities (ICRP 116, 2010; ICRU 57, 1998). These coefficients, 

given in pSv cm2, can be used for example to assess the dose of a characterised radiation field 

or to calibrate and to validate the accuracy of radiation detectors and dosimeters response in 

such fields. As example Figure 2.18 shows fluence to effective dose coefficients, hE, as function 

of energy for photons (Figure 2.18a) and for neutrons (Figure 2.18b).  
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Figure 2.18. Effective dose per fluence for photon exposures (a) and neutron exposures (b) for 

various geometries. AP, antero-posterior; PA, postero-anterior; LLAT, left lateral; RLAT, right 

lateral; ROT, rotational; ISO, isotropic. Reproduced with permission of ICPR, from ICRP 116 

(2010). 

2.6 Neutron sources 

Reference neutron fields can be produced by sources specified in three categories: (i) 

radionuclide sources, including moderated sources, (ii) nuclear reactions sources with 

charged particles accelerated into a target and (iii) nuclear reactor sources. 

2.6.1 Reference radionuclide neutron sources 

Reference neutrons sources are used for calibrating neutron monitors and dosimeters. The 

energy range covered by this reference sources spans from thermal neutrons (25 meV) to fast 

neutrons (20 MeV). In the (ISO 8529-1, 2008), these reference sources are classified and their 

specifications and methods of production described. The reference radionuclide sources of 

interest in this work, namely 252Cf – D2O moderated, 252Cf and 241AmBe, are reported in Table 

2.3. Radionuclide neutron sources are encapsulated, in compliance with the ISO 2919 

requirements. The neutron spectra of the 252Cf and 241AmBe are displayed in Figure 2.19. 

 

Table 2.3. Reference radionuclide sources for calibrating neutron-measuring devices. From (ISO 

8529-1, 2008). 

Source 
252Cf – D2O 

moderated* 
252Cf 

241AmBe 
(α,n) 

Half-life (a) 2.65 2.65 432 
Fluence average energy (MeV) 0.55 2.13 4.16 
Dose equivalent average energy (MeV) 2.1 2.3 4.4 
Photon/Neutron dose equivalent ratio 0.18 0.05 0.05 
Spectrum averaged fluence to dose equivalent 
conversion coefficient (pSv cm2) 

105 385 391 

* moderated using a cadmium lined heavy-water sphere, 300mm in diameter (ISO 8529-1, 2008). 

dose 
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Figure 2.19. Neutron spectra of reference radionuclide sources. (a) 252Cf spontaneous fission 

source, (b) 241AmBe (α,n) source. Calculated from (ISO 8529-1, 2008). 

2.6.2 Workplace neutron fields  

The term workplace neutron field describes areas, accessible to the allowed personnel, where 

a relevant fluence of neutrons is present. Representative examples of such fields are found at 

nuclear power plant sites, at high energy accelerator facilities and in the atmosphere at 

aviation altitudes (Mitaroff and Silari, 2002; Pozzi and Silari, 2020).  Frequently, workplace 

neutron field spectra substantially differ from the ones described in Section 2.6.1, typically 

used for calibration of detectors and dosimeters. As a consequence, the instruments often 

yield unreliable dose estimations in workplace fields.  

 Laboratories have thus recently started to develop facilities that simulate similar 

workplace fields and can be consequently used for calibration of radiation measuring devices 

in this kind of fields (ISO 12789, 2008). 
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Chapter 3  

Materials and Methods 

The chapter describes the PADC and FNTD technology from the material point of view, the 

standard evaluation procedures and the technical equipment involved. Subsequently, the 

details of the experimental irradiations are presented. Finally, the exposure processes 

modelled in the simulations are illustrated, discussing the parameters used, the geometry and 

the simulated exposure conditions.  

3.1 PADC 

3.1.1 PADC neutron dosimeters 

Paul Scherrer Institute (PSI) hosts the only accredited neutron dosimetry laboratory in 

Switzerland, offering the neutron dosimetry service not only within the institute, but also to 

several other Swiss and European institutions. Since the 1990s, personal neutron dosimetry 

at PSI has been based on PADC detectors (Fiechtner and Wernli, 1999). During the years, the 

dosimeter design adopted has evolved, according to the progressing knowledge gained by 

research and to the different application purposes (Fiechtner et al., 2007; Wernli et al., 2012). 

The current neutron dosimeter design adopted is illustrated in Figure 3.1, composed, in 

addition to the detector itself, by a plastic case that also serves as a converter for fast neutrons. 

The PADC detectors used in this work were manufactured by Track Analysis System Ltd. 

(TASL) and are commercialised with the name TASTRACK™. The detectors are produced and 

shipped in batches, which are constituted by several PADC sheets. Each PADC sheet contains 

~ 100 detectors. The detectors dimensions, shown in Figure 3.1a, are 20.0 mm × 25.0 mm × 

1.5 mm with a sensitive area of ~1.0 cm2. As illustrated in Figure 3.1b, the holder – converter, 

is made of two parts: a blue polyamide PA6 (C6H11NO, density 1.084 g cm-3) case and a 

transparent lid of polyamide PA12 (C12H23NO, density 1.01 g cm-3). Both the parts have a 

thickness of 2.0 mm. 

For the inter-comparisons irradiations carried out at PTB, the PADC were also equipped 

with a thermal neutron converter chip made of 6LiF:Mg,Ti (6Li 95,62%), hosted in the squared 

socket engraved in the lid visible in Figure 3.1b. 

For each experimental irradiation described in this work, set of detectors belonging to the 

same production batch were used. The detector-grade quality of the batches was verified by 

an acceptance test prior to use. In these acceptance tests, for each PADC sheet, six randomly 
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sampled detectors are evaluated unirradiated, to check the low concentration (< 15 tracks 

cm-2) of material defects. An additional group of six arbitrarily selected detectors per sheet 

are exposed to a 241AmBe (Hp(10)= 3 mSv) neutron source to verify the sensitivity constancy 

(± 30%) across the batch. 

 
Figure 3.1. (a) Schematic illustration of a PADC detector. (b) PADC Dosimeter design at PSI 

disassembled into its three parts. From left to right:  PA6 holder, PADC detector and PA12 cover. 

3.1.2 Etching and readout 

The etching procedure strongly influences the morphology of the developed track-spots, not 

only because extended etching times remove more material, but also because parameters like 

the etchant chemical composition or its temperature influence the etch rates. Special care 

must also be put to assure constant values of the etching parameters throughout the entire 

treatment. For these reasons, to obtain a consistent and reproducible track-spots 

morphology, the detectors etching must be carried out with a rigorous defined procedure. 

The PADCs used at PSI, and in this work, are etched according to the following procedure. 

Detectors to be evaluated are positioned into a special frame (Figure 3.2a) and immersed 

for 2 h and 50 min into a 6.25 mol dm-3 solution of NaOH at 85°C, hosted by a dedicated 

metallic tank with embedded heaters, to homogenously heat the etchant (Figure 3.2b). During 

the treatment, a lid is positioned on the tank to prevent evaporation, the temperature is 

constantly adjusted and the solution is magnetically stirred to assure an even distribution of 

the solutes. After etching, the frame is transferred in a canister filled with C2H4O2 0.1 mol dm-3 

and left to neutralise for 30 min. Afterwards, the detectors are rinsed with demineralised 

water for 10 min before being dried. 

After the etching, PADC detectors are mounted on a metallic frame (Figure 3.2c) and 

imaged with the TASLIMAGE™ reader (Figure 3.2d).  

3.1.3 TASLIMAGE™ reader 

The TASLIMAGE™ reader, used for the PADC detectors evaluations, is developed and 

commercialised by Track Analysis System Ltd. (TASL).  The main hardware components 

consist of a CCD camera mounted on an optical microscope, operating at a magnification of 

~20x (TASL, 2010), performing transmittance measurements of the detector surface 

illuminated with a green diode. The surface scanning is allowed by a 2D mechanical stage, 

b

) 

a

) 

(a) (b) 
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whereas focusing is provided by an automated Z stage, on which the objective is mounted. 

The TASLIMAGE™ reader is also equipped with a proprietary software needed (i) to control 

the hardware and complete the scans, (ii) to perform the track-spots recognition from images, 

their analysis, the filtration of undesired signal and the final neutron dose estimation. The 

reader’s software allows to save the raw scanned images and to export the complete list of 

the detected track-spots and their associated measurements, before filtering. The inventory 

of the track-spots parameters is summarised, with a brief description, in Table 3.1.  

 

 
Figure 3.2. (a) Detectors positioned on the etching frame. (b) Etching canisters with lids 

embedding heaters, magnetic stirring and temperature control. (c) Frame for PADC readout. 

(d) TASLIMAGE™ equipment. 
 

Table 3.1. Parameters measured for PADC track-spots characterisation. 

Parameter Description 
X,Y Coordinates of the track-spot centroid 
MIN Minor axis of the track-spot fitted ellipse 
MAJ Major axis of the track-spot fitted ellipse 
GREY Grey-level value averaged over the whole track-spot 
SYMM Track-spot symmetry along its major axis. Larger values, less symmetry 
CONV Track-spot convexity along its major axis. Larger values, less convexity 
SHARP Sharpness of the track-spot edge 
FOCUS Measure of the focus of a track 
AREA Actual area of the track-spot 
A1 Ratio of the actual track-spot area and the predicted area of the fitted ellipse 

(a) (b) 

(c) (d) 
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3.2 FNTD 

3.2.1 FNTD neutron dosimeters 

FNTDs are produced by Landauer (Landauer Crystal Growth Division, Stillwater, OK, USA). 

The current dosimeter design, also used in this thesis work, consists of polished Al2O3:C,Mg 

single-crystal chips of dimensions: 8.0 mm × 4.0 mm × 0.5 mm, shown in Figure 3.3a. 

The FNTDs are locked into RadWatch® holders  to be coupled with three types of neutron 

converters, visible in Figure 3.3b from left to right: Li-glass (density 2.5 g cm-3) of thickness 

0.83 mm, to detect thermal neutrons, 2.0 mm thick high-density polyethylene PE (C2H4, 

density 0.93 g cm-3) for fast neutrons and 1.0 mm thick polytetrafluoroethylene (C2F4, density 

2.2 g cm-3), also known as PTFE, to account for gamma and delta electron signals. The 

RadWatch® holder is also made of PE. 

 

 
Figure 3.3. (a) Picture of some FNTDs, one of which mounted on RadWatch® holder, constituting 

the current FNTD neutron dosimeter. (b) Detail of FNTD converters used for neutron dosimetry: 

Li-glass (left), high-density polyethylene (centre), polytetrafluoroethylene (right).  

3.2.2 FNTD readers: Neutron reader (FXR-700N) and Research reader (FXR-700R) 

FNTDs were read at Landauer Stillwater Crystal Growth Division (Stillwater, OK, USA) using 

two types of readers: the FXR-700N, also named neutron reader and the FXR-700R, known as 

research reader. A picture of the FXR-700N is shown in Figure 3.4a and the schematics of the 

optics are illustrated in Figure 3.4b.  

The readers, based on the CLSM technology, are specifically developed to read large 

batches of FNTDs. The images are formed assigning the fluorescence intensity collected by an 

avalanche photodiode to the specific 2D position of the CLSM focal point.    

The readers have similar characteristics in terms of hardware and software, with the 

exception that the FXR-700N has a single galvanometer mirror used to raster scan the 

detectors, whereas the FXR-700R hosts and uses two galvanometer mirrors. This difference 

bestow the research reader superior scanning abilities: while the neutron reader is conceived 

to scan FNTDs in a single layer, using the single galvanometer mirror to scan in a given 

direction and the translational stage in the perpendicular direction, the two galvanometer 

(a) (b) 
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mirrors in the research reader can scan the detectors in both directions without moving the 

stage. This feature allows the FXR-700R to acquire coaxial precisely-aligned stacks of images, 

focusing at several depths into the FNTD crystal. 

The optical setups of the CLSM systems host a 100 mW diode laser emitting at 635 nm, 

producing 5 mW in the focal spot of the optical system, and exciting the crystal fluorescence 

at 750 nm. The objective lens have a magnification of 100× and a numerical aperture of 0.9. 

The pinhole aperture is fixed at 1 Airy unit (Akselrod et al., 2014b). These characteristics 

define the point spread function of the focal spot, which has an ellipsoidal shape of minor axis 

0.8 µm in the XY plane and major axis in the Z direction of 2 µm. The FNTD readers have the 

capability of assessing the crystal coloration, defined as the density of the F22+(2Mg) centres, 

by measuring the green fluorescence of the colour centres, when stimulated with a blue LED 

(Akselrod et al., 2014a). 

 

 
Figure 3.4. (a) Picture of the FXR-700N reader. The lid opens, allowing access to the tray that can 

be removed from the motorised stage to load FNTDs. (b) Simplified schematics of the FXR-700N 

reader with a single galvanometer. Reproduced from Akselrod et al. (2014b), with permission of 

Oxford University Press. 

3.2.3 Scanning settings and readout 

During standard evaluations for neutron dosimetry, the FNTDs are read using the FXR700N 

neutron reader, acquiring 100 µm × 100 µm images with a resolution of 512 × 512 pixels. 

The system locks the surface of the detector scanning its area at a depth of 2.0(2) µm 

underneath the surface, to make sure that the focal point is within the crystal and to avoid 

surface optical effects.  The standard imaging time, i.e. the time required by the CLSM to scan 

and acquire a single image, is 1 s. The crystal colouration, related to the F22+(2Mg) centres 

concentration, is assessed measuring the green fluorescence (525 nm) emitted by the crystal 

when illuminated with a blue (450 nm) LED. 

The neutron reader (Akselrod et al., 2014a), and its automatic dose evaluation 

described in the following paragraph (Section 3.2.4), was employed exclusively for the 

characterisation measurements discussed in Chapter 4. In all other studies, even in the case 

of single layer scanning, the readouts were executed with the research reader, producing raw 

fluorescence images that were successively analysed as described in the following sections. 

(a) (b) 
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The scans with the research reader were performed using the same aforementioned settings, 

with the exception of the imaging time, which was decided to be extended to 30s, according 

to the optimisation test results described in Section 6.1. 

In the investigations presented in Chapter 7, areas of 0.25 mm2, divided into 5 × 5 

arrays of images, were acquired at a depth of 2 μm beneath the polyethylene and PTFE 

converters, for each FNTD analysed. 

Similarly, in the study presented in Chapter 8, a matrix of 5 x 5 adjacent stacks was 

acquired, below each converter, yielding a total scanned volume of 0.025 mm3 (scanned 

surface: 0.25 mm2). In the stacks, images are spaced in depth by 2 µm, where the first layer 

coincides with the detector surface and the last one acquired at a 100 µm depth in the crystal, 

for a total of 50 layers. The value of 2 µm in the image spacing was chosen taking into account 

two contrasting aspects. On the one hand, reducing the spacing between layers facilitates the 

track-spot linking, because the displacements per frame are smaller. This is particularly 

important in the case of particles traversing at a very oblique angle. On the other hand, a too 

narrow spacing would result in volume oversampling, leading to convolution-related 

distortions in track-spots fluorescence intensity and geometry, as the focal spot of the CLSM 

used is 2 µm in the z direction. 

3.2.4 Conventional FNTD neutron dosimeter evaluation  

The typical dose assessment of track detectors, and FNTD make no exception, depends on the 

evaluation of the track density, which is then converted into a dose value by a calibration 

coefficient. As mentioned in Section 2.3.2, however, FNTDs are sensitive to delta electrons 

that induce a signal similar to the track-spots created by recoil protons and tritium ions. For 

both fast and slow neutron dosimetry this represent a disadvantage, since, if not addressed, 

the additional signal generated by delta electron would lead to a dose overestimation. 

A method to account for the delta electron contribution was devised by Akselrod and 

Sykora (2011) and is currently automatically applied in the routine FNTD analysis with the 

FXR700N reader. The method, referred hereafter as conventional dosimeter evaluation, 

involves the measurement of the track-spot signal also in the detection area below the PTFE 

converter, where, in principle, thanks to the hydrogen-free composition of the converter 

material, no recoil proton (or tritium ions) are present but only the delta electron signal. For 

fast neutrons, the dose assessments with the conventional dosimeter evaluation rely upon 

the establishment of a net track-spot density, obtained subtracting the track-spots density 

measured below PTFE from the one measured below PE, to which the calibration coefficient 

is applied. This subtraction is used to select only the signal of recoil protons and exclude the 

one generated by gamma-induced delta electrons. Similarly, the conventional dosimeter 

evaluation is applied to slow neutron dose estimations, subtracting the signal under PTFE 

from the track density detected below the Li-glass, prior to the application of the 

corresponding slow neutron calibration coefficient.  
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3.2.5 Image processing 

As aforesaid, for the studies presented in Chapter 7 and Chapter 8, raw single-layer images 

and image stacks from the FNTD research reader were used. For this reason, a custom image 

analysis was developed, presented in Chapter 6, to segment the track-spots and reconstruct 

the trajectories of recoil protons. 

The handling of images, i.e. the implementation of image corrections, the execution of the 

track-spot segmentation and of the track-spot linking into trajectories was accomplished 

using ImageJ as a software platform. ImageJ, based on Java, is specifically developed for the 

processing of scientific images (Collins, 2007; Schindelin et al., 2015). Specifically, we used 

the distro Fiji, which embeds several plugins as a standard, to facilitate the image analysis 

(Schindelin et al., 2012). The image analysis can be performed either through the graphical 

user interface, or by command line setting macro scripts. The latter modality is particularly 

useful to automatize operations and process large sets of images.  

The track-spots linking were accomplished using the ImageJ plug-in version of TrackMate 

(Tinevez et al., 2017). 

3.3 Irradiations 

Within the frame of this project, several neutron exposures of detectors were performed, not 

only to characterise and compare the performances of the PADC detectors and FNTDs in these 

fields (Chapter 4), but also to provide experimental data to further advance the conventional 

dosimeter evaluation analysis technique (Chapter 7) and investigate new approaches 

(Chapter 8). Detectors were irradiated with reference neutron sources at the calibration 

laboratories of the Paul Scherrer Institute and of the German National Metrology Institute 

(Physikalisch-Technische Bundesanstalt, Germany), and in workplace field at the High 

Intensity Proton Accelerator at PSI (high energy neutron field).  

3.3.1 PTB 

The German National Metrology Institute PTB (Physikalisch-Technische Bundesanstalt, 

Germany) is a primary standard laboratory for ionising radiation. Irradiations are performed 

in a dedicated irradiation room (7 m × 7 m × 6.5 m) at 3.25 m above ground (Kluge, 1998). 

Here PADCs and FNTDs were irradiated as part of a yearly inter-comparison in which PSI 

participates. The studies and results presented in this work refer to the irradiations 

performed in the inter-comparisons that took place in 2016 and 2017. The detectors were 

irradiated on a 30.0 cm × 30.0 cm × 15.0 cm PMMA phantom. The exposure details, according 

to the exposure layout, the neutron source type and the reference personal dose equivalent 

doses, are given in Table 3.2 for the year 2016 and in Table 3.3 for the year 2017. 
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Table 3.2. Neutron sources and irradiation layouts adopted in the exposures of PADCs and FNTDs 

at PTB during the 2016 inter-comparison. The angle of exposure is defined as the angle between 

the perpendicular to the detector surface and the source-detector connecting line. 

Neutron source 
Personal dose equivalent 

Hp(10) (mSv) 
Angle of exposure Number of dosimeters 

252Cf 

0.30 0° 4 
1.00* 0° 4 
3.50 30° 2 
5.00 0° 4 
7.00 0° 4 

241AmBe 0.90 0° 2 
*Additional photon irradiation with 137Cs (Hp(10) = 1 mSv). 

 

Table 3.3. Neutron sources and irradiation layouts adopted in the exposures of PADCs at PTB 

during the 2017 inter-comparison. The angle of exposure is defined as the angle between the 

perpendicular to the detector surface and the source-detector connecting line. 

Neutron 
source 

Personal dose 
equivalent 

Hp(10) (mSv) 

Angle of 
exposure 

Number of 
dosimeters 

Setup 

252Cf 

0.50* 0° 4 1 
8.00 0° 4 2 
3.00 15° 2 3 
1.00 0° 4 4 

241AmBe 
2.50 0° 4 5 
0.80 30° 2 6 

*Additional photon irradiation with 137Cs (Hp(10) = 1.5 mSv). 

3.3.2 PSI Calibration Laboratory 

The Paul Scherrer Institute has a secondary standard accredited ionising radiation laboratory 

for photons and neutrons (Hoedlmoser et al., 2011). The laboratory, whose standards are 

traceable to the PTB primary laboratory, is certified to execute verifications and calibration 

of radiation protection and dosimetry equipment by the Swiss Federal Office of Metrology 

(METAS). 

The hall dedicated to neutron irradiations has dimensions of 6.5 m × 12.5 m × 6.0 m, 

separated at a height of 2.5 m by a steel floor grating, used to minimise neutron scattering 

from the floor during the irradiations. An aluminium irradiation bench allows the correct 

positioning of detectors or instruments during exposures. 241AmBe and 252Cf neutron sources 

are available in the facility. The 252Cf source can be used bare or with a moderating sphere, 

complying with the specifications in Section 2.6.1.  

Sets of five FNTDs each were exposed in different layouts Table 3.4, at a distance of 50 cm 

from reference neutron sources. The delivered dose equivalent was 10 mSv with an 

associated relative uncertainty < 9% (k = 2). 

In this facility all the irradiations of PADCs used as calibration detectors were also 

performed. The calibration procedure consists in exposing the detectors on an ISO water 

phantom (ISO 8529-1, 2008) to an 241AmBe neutron source with a reference dose of 
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Hp(10) = 3 mSv. Reference calibration detectors and control unirradiated detectors are 

always used, during the evaluations, to verify the accuracy of the obtained dose estimations. 

Figure 3.5 illustrates some detectors irradiations performed in this study: (a) FNTD 

irradiation with 241AmBe, (b) FNTD irradiation with 252Cf – moderated, (c) PADC reference 

calibration with 241AmBe. 

 

Table 3.4. Neutron sources and irradiation layouts adopted in the exposures of FNTDs. The 

ambient/personal dose equivalent was of 10 mSv for each irradiation. The angle of exposure is 

defined as the angle between the perpendicular to the detector surface and the source-detector 

connecting line. 

Neutron source Phantom Dose equivalent Dose Value (mSv) 
Angle of 
exposure 

241AmBe 
On Phantom Hp(10) 

10 0° 
10 30° 
10 60° 

Free in Air H*(10) 10 0° 

252Cf 
On Phantom Hp(10) 10 0° 
Free in Air H*(10) 10 0° 

252Cf moderated On Phantom Hp(10) 10 0° 
Transport - Control ― ― ― ― 

 

 

 
Figure 3.5. Examples of neutron irradiations performed at PSI calibration laboratory. (a) FNTD 

irradiation with 241AmBe, (b) FNTD irradiation with 252Cf – moderated, (c) PADC reference 

calibration with 241AmBe. 

3.3.3 PSI High Intensity Proton Accelerator (HIPA) 

Three additional sets of PADC detectors and FNTDs were exposed at the high energy neutron 

field, generated by the High Intensity Proton Accelerator (HIPA) at PSI.  The first set (Figure 

3.6a,b) was exposed in a metal box on the roof of the building hosting the “Injector 2”, an 
accelerator dedicated to feed the HIPA with pre-accelerated protons, to meet the beam 

dynamics requirements. Because the maximum energy of pre-accelerated protons is limited 

to 70 MeV, the corresponding neutron field spectrum extends up to energies of few tens 

(a) (b) (c) 
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megaelectronvolts. The detectors were exposed to a neutron dose of ~20 mSv. The reference 

value is in this case affected by large uncertainties, as it was obtained by former 

measurements with passive area monitoring dosimeters, and should serve as a rough 

estimate. 

The remaining two sets of detectors were exposed on top of the concrete shielding above 

Target M, illustrated in Figure 3.6c, characterised by a broad neutron spectrum, where most 

of the neutron fluence falls in the energy range 1 MeV – 250 MeV. Irradiations were performed 

in positions M1 and M2 (see Figure 3.6d) free in air, delivering an ambient dose equivalent of 

about 10 mSv. The reference doses were calculated from the field dose per current, previously 

determined by extended range neutron rem counters and standard Bonner spheres 

measurements (Kiselev and Morath, 2015), integrating over the HIPA current during the time 

of exposure.  

 

  
 Figure 3.6. (a) Roof of Injector 2 building. (b) Dosimeter metal box on top of Injector 2 

building. (c) View of the exposure position on top of the concrete shielding above Target M, 

at HIPA (PSI). (d) Vertical cross-section schematics of the Target M shielding, the beam 

propagates from left to right. From (Kiselev and Morath, 2015). 

 

 

(c) (d) 

(a) (b) 
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3.4 Monte Carlo simulations 

Although any physical process can be expressed in a mathematical form, depending on the 

complexity of the problem, analytical solution methods might not be applicable. This is the 

case for radiation transport processes where the 7-dimensions (position, momentum and 

time) Boltzmann equation has to be solved accounting for a multitude of particles. 

With the development of Monte Carlo (MC) methods, the outcome of these complex 

physical systems can be obtained by virtually reproducing or “simulating” the physical 
phenomenon through a set of mathematical relations and statistically solve it using randomly 

sampled values from a defined distribution. Despite results by MC methods intrinsically have 

an uncertainty, this can be reduced by running the simulation multiple times or with a higher 

number of histories. 

Simulations studies offer the huge advantage of being able to break down complicated 

phenomena into simpler components that can be separately analysed. In the context of this 

thesis work, particle interaction processes can be separated and independently studied, 

helping to understand the different components playing a role in the detector response to 

radiation fields. Additionally, input parameters can be individually changed, for example the 

energy of primary particles or the composition of a certain material, allowing to study how 

the response of the investigated system changes with the modified input. These advantages 

enormously facilitate the understanding of the physical processes studied. Whenever 

simulation studies are performed, however, meticulous care must be put to verify and 

validate that the modelled experiments faithfully reproduce real conditions and physical 

processes, or else the risk of obtaining results deviating from reality (see Appendix B). 

In this thesis, the simulation studies were carried out using the FLUKA particle transport 

code. 

3.4.1 FLUKA code 

FLUKA (FLUktuierende KAskade) is one of the most used MC particle interaction and 

transport code, developed at CERN, finding applications in a variety of radiation protection 

and dosimetry fields such as: shielding, target design, activation studies, dosimetry, detector 

design, radiotherapy, etc. The code, written in Fortran 77, can simulate the transport of 

several particles, including photons and electrons, ions and neutrons. The setup of geometry 

and scoring is facilitated by the wide built-in instructions set (cards). The version of FLUKA 

used in this PhD project was the 2011-3.0, released from CERN, https://fluka.cern (Battistoni 

et al., 2015; Bohlen et al., 2014; Vlachoudis, 2009) 

3.4.2 Parameters and cards used 

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, subdivided in 260 energy 

groups. 
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Energy-angles differential distributions of neutrons and protons were scored at region 

boundaries using the USRBDX cards. The double differential LET-angle differential 

distributions of particles were scored by the USRYIELD cards. To record the recoil proton 

trajectories the USERDUMP card was activated. The detailed description of the card settings 

and the procedure to obtain the recoil proton trajectories from simulations is described in 

Section 3.4.7. The materials used in the simulations are described in Table 3.5 and specified 

in the FLUKA input file using the MATERIAL and COMPOUND cards. 

 

Table 3.5. Characteristics of the materials used in the simulations. 

Material name Label 
Molecular 
formula 

Density 
(g cm-3) 

Hydrogen mass 
content (%) 

Aluminium Oxide FNTD Al2O3 3.97 - 
Poly allyl diglycol carbonate PADC C12H18O7 1.31 6.6 
Polytetrafluoroethylene  PTFE C2F4 2.20 - 
Poly-methyl methacrylate PMMA C5O2H8 0.95 8.1 
Polyamide 6 PA6 C6H11NO 1.08 9.8 
Polyamide 12 PA12 C12H23NO 1.01 11.7 
High density polyethylene PE C2H4 0.93 14.4 
Li-glass Li-glass * 2.50 - 

* SiO2 56%, MgO 4%, Al2O3 18%, Ce2O3 3%, Li2O 18%, 6Li concentration 95%. From (Tyrrell, 2005).  

3.4.3 Geometry 

The FNTD neutron dosimeter was simulated according to its current design, described in 

Section 3.2.1, whose structure can be thought as two main coupled components: (i) the 

converters, (ii) the FNTD sensitive crystal. 

(i)The converter assembly on top of the FNTD is divided in three regions. A high density 

PE 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 of surface 

2.7 mm × 4.0 mm and thickness 1.0 mm and a Li-glass chip of equivalent surface and 0.83 mm 

thickness. 

(ii)The FNTD 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. 
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Figure 3.7. (a) Side cross-section view of the FNTD neutron dosimeter geometry used in the 

simulations. (b) 3D view of the detector geometry modelled. The transparent layers allow to see 

the stacked configuration: a first layer of 1 mm PE used as holder, converters of different 

thicknesses, FNTD and scoring regions. 

 

Figure 3.7a shows a cross-section of the geometry along the detector’s width, where each 
region is labelled, and Figure 3.7b displays a 3D model of the dosimeter. The transparent 

filling colours in Figure 3.7b allow to see the relative positions of the converters and the 

stacked regions in the mock-up. The detector was exposed to directional homogeneous 

neutron fields impinging on the front side of the dosimeter. 

For the simulation studies, fast neutrons fluence was scored at the interface of the front 

face of the FNTD dosimeter (PE holder). The neutron-induced recoil proton fluence was 

scored at each detection region interface. 
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3.4.4 Irradiations 

The FLUKA code offers built-in cards (BEAM, BEAMPOS) to define a beam-like ionising 

radiation source allowing an easy tune of its energy, momentum spread and divergence and 

field dimensions. To characterise the detector response, we simulated mono-energetic 

neutron fields with energies 1, 2, 3, 5, 6, 8, 10, 12, 13, 14, 15, 20, 25, 30, 40, 60, 80, 100 and 

140 MeV, impinging perpendicularly on the FNTD dosimeter surface. 

The default cards have limited tuning possibilities when more complicated radiation 

sources are concerned, as they support neither the definition of a source according to a given 

spectrum, nor the definition of an isotropic field. The issue was addressed adding to the input 

file the SOURCE card, which calls a user-defined compiled routine source.f, written in 

Fortran 77, where any type of primary particles sampling can be stated both in energy and 

field direction. 

The source routine, reported in Appendix B.4, was modified and adapted to mimic 

neutrons emitted from 241AmBe and 252Cf standard sources. The possibility of reproducing a 

directional homogeneous neutron field, or an isotropic field distribution, was implemented. 

The neutron source selection and the type of the field distribution can be defined directly in 

the input file by setting dedicated parameters in the SOURCE card that are passed to the 

compiled routine. The sampling of the primary neutrons energy is performed on the 

cumulative discrete distributions, computed from the reference ISO 8529-1 (2008), using two 

pseudo-random numbers: the first to pick up a specific energy interval of a given source 

distribution and the second to select a random energy value within the picked interval. The 

validation of such spectra are discussed in Appendix B.1. 

To reproduce irradiations at angles, the neutron field directions were chosen by 

modifying the direction cosines in the “source.f” file. Data were acquired simulating the 
exposure of detectors to directional 241AmBe neutron fields in a variety of configurations, 

characterised by the polar () and the azimuthal () angles of irradiation described in Table 

3.6. The polar angle of irradiation  is defined as the angle between the direction of the 

impinging neutron field and the detector’s reference direction (perpendicular to the detector 
surface). For  = 0 the incident radiation is perpendicular to the detector’s surface. The 
azimuthal angle of irradiation  is defined as the angle between the projection of the neutron 

field direction in the plane of the detector and a selected reference direction in the same plane. 

For every energy, source and layout condition, to reproduce multiple detector irradiations, 

five independent simulations with different initial random numbers were performed, each 

one having 108 primary neutrons generated. 
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Table 3.6. Simulated exposures angles of FNTDs to a directional homogeneous neutron field 

generated by a 241AmBe source. To mimic the statistics of different detector irradiations, each 

simulation was independently executed five times, generating ~103 recoil protons tracks. 

Simulation layout Polar angle () Azimuthal angle () 
1 0° - 
2 30° 0° 
3 45° 0° 
4 60° 0° 
5 30° 90° 
6 45° 90° 
7 60° 90° 
8 30° 225° 
9 45° 225° 

10 60° 225° 
 

3.4.5 Calibration coefficients calculation 

To validate the simulations accuracy, we calculated the FNTD sensitivity to fast neutrons, i.e. 

the number of recoil proton track-spots detected per unit dose and area, for 241AmBe and 252Cf 

neutron sources and compared them with experimental results and values reported in 

literature. 

In real practice, extremely elongated track-spots, generated by particles glancing the 

FNTD at high impact angles, are not recognised during the readout and image processing. 

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° from the perpendicular to the FNTD surface. 

The sensitivity below the PE CPE [proton_tracks mSv-1 cm-2] region was obtained according 

to the relation in Equation (3.4.1) 

𝐶𝑃𝐸 =  
𝜙𝑝 109

𝜙𝑛 𝑓
 (3.4.1) 

where 𝜙𝑝 [protons primary-1 cm-2] is the proton fluence 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 dose equivalent conversion coefficient given in the ISO 8529-1, for each reference 

neutron source. 

3.4.6 FNTD neutron dosimeter response calculation 

The simulated mono-energetic irradiations, mentioned in Section 3.4.4, allowed to determine 

the FNTD dosimeter response to fast neutrons. The calculated energy-specific response 

values Ri are normalised by the response of 241AmBe, for a clearer comparison with the FNTD 

sensitivity to the reference source, and were obtained computing the quotient of the 
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sensitivities (𝐶𝑃𝐸𝑖) of neutron fields of a given mono-energetic i-th energy with the sensitivity 

(𝐶𝑃𝐸𝐴𝑚𝐵𝑒) to the 241AmBe source.  

𝑅𝑖 =
𝐶𝑃𝐸𝑖

𝐶𝑃𝐸𝐴𝑚𝐵𝑒

 (3.4.2) 

The sensitivities 𝐶𝑃𝐸𝑖and 𝐶𝑃𝐸𝐴𝑚𝐵𝑒  were in turn estimated according to Equation (3.4.1): the 

spectrum averaged fluence to dose equivalent conversion coefficient (𝑓) given in the ISO 

8529 was used in the sensitivity computation for 241AmBe, as discussed in Section 3.4.5, 

whereas the fluence to personal dose equivalent conversion coefficients (ℎ𝑖) (ICRU 57, 1998), 

discussed in Section 2.5.3, were used for the computation of the sensitivities to 

mono-energetic neutron fields. 

Considering that the neutron fluence was constant in all the simulations, Equation (3.4.2) 

can be directly expressed in terms of the recoil proton fluence scored for 241AmBe (𝜙𝑝,𝐴𝑚𝐵𝑒) 

and for the i-th mono-energetic field (𝜙𝑝,𝑖). 

𝑅𝑖 =
𝜙𝑝,𝑖

𝜙𝑝,𝐴𝑚𝐵𝑒

𝑓
ℎ𝑖

 (3.4.3) 

3.4.7 3D Track reconstruction in 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” (see Appendix B.4) that was 

modified to record the initial and final coordinates of the recoil protons, the particle energy 

and the energy released of 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. 

Trajectories were subsequently reconstructed by linking the events, listed in the 

simulation output file, that pertain a given proton trajectory, 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 continuous slowing down approximation, the reconstructed 

trajectories were linearly fitted to calculate 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 chosen 

reference direction in this plane. 
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Chapter 4  

Comparison of PADC with FNTD 

The objective of this chapter is to report, summarise and compare the performance of the fast 

neutron dosimetry based on PADC detectors and FNTDs. The chapter describes the results of 

the PADC system used for routine dosimetry at PSI and those obtained using the FXR-700N 

FNTD neutron reader used at Landauer, as well as the inter-comparison studies carried out 

with the two systems. The results obtained offered a comprehensive insight of the detectors 

features and their responses in various neutron fields, being fundamentally useful in 

highlighting the reciprocal advantages and disadvantages of the two investigated detector 

types and in delineating their current limitations. 

4.1 PTB inter-comparisons 

The PADC and FNTDs exposed during the PTB neutron inter-comparisons of 2016 and 2017 

were analysed with the current techniques available, i.e. using the TASL system analysis and 

its dose assessment algorithm for PADCs and the FXR-700N reader and its conventional 

evaluation analysis for the FNTDs. 

Figure 4.1 shows the response of the detectors irradiated in the inter-comparison 2017, 

in terms of detected recoil proton tracks per unit area and unit dose, for the different 

irradiation setups listed in Table 3.3. White bars indicate the response of FNTDs, whereas full 

bars show the response of PADC detectors, with the error bars indicating the standard 

deviation of the dose assessment among detectors in the same irradiation group.  

The responses of FNTDs to 252Cf irradiations (setups 1 – 4) are in line with the values 

reported in literature of 950 tracks cm-2 mSv-1, whereas the response to 241AmBe (setup 5) 

attests to lower values than the typical sensitivity, reported in earlier works, of 

2150 tracks cm-2 mSv-1. This is explained considering a different adjustment of FNTD reader 

track-spots detection settings in comparison to previous works: to exclude more reliably 

delta electrons the segmentation threshold of the track-spot fluorescence intensity was 

increased. Notwithstanding the better delta electron rejection, some of the recoil proton 

induced track-spots are also discarded, reducing the sensitivity. Most of the recoil protons 

generated by 252Cf neutrons have lower energies, and consequently higher LET, compared to 

the ones of 241AmBe, which confer the induced track-spots a brighter fluorescence. On the one 

hand, in the case of 252Cf, the slight increase in the filter threshold negligibly affects the count 

of the brighter track-spots. On the other hand, in the case of 241AmBe, the increase in the filter 
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threshold appreciably reduces the track-spot count of the generally dimmer track-spots 

induced by the more energetic recoil protons. In setup 6, the sensitivity is further diminished 

as the irradiation took place at an angle of 30°, thus with a reduced geometrical efficiency 

given the planar detector configuration. The reduction of sensitivity due to exposure at an 

angle, in principle affecting both detectors technologies, is observed to be more significant for 

FNTDs. Though already reported in literature, it is interesting to note that FNTDs have 

different responses to the 252Cf and 241AmBe sources: from this follows not only that a 

different calibration coefficient should be applied when detectors experience one of these 

fields, but also that a method is needed to choose the correct one for unknown exposures.  
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Figure 4.1. Dose-normalised track densities behind fast converters (PADC and FNTD) for each 

irradiation setup in Table 3.3. 

 

Conversely, PADC show a lower but relatively constant response of 

~500 tracks cm-2 mSv-1 across all the irradiation conditions. From one point of view, 

especially at lower doses, this is a disadvantage, as larger areas need to be scanned to collect 

enough statistics. From the other point of view, the uniformity of the PADC detectors response 

makes them less dependent on the exposure conditions, such as angles of irradiation and 

source used, additionally removing the necessity of implementing a method to assign the 

proper calibration coefficient in the energy range considered. 

The need of source identification to properly apply the correct calibration coefficient in 

FNTDs is currently addressed by calculating the ratio of the track-spot densities detected 

below the PE region and the Li-glass region, as clarified in Section 2.3.2. This was also tested 

during the 2017 inter-comparison irradiations, not only for FNTD, for which a source 

discrimination method is essential, but also for PADC, to have a direct comparison between 

the two technologies. 
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The results of this assessment is shown in Figure 4.2, where the distribution of the 

aforementioned ratio, obtained from the irradiated detectors grouped by source, is illustrated 

with box plots for both the detector technologies and the sources used. For the FNTDs, the 

ratio fast/slow yields an average value of 5.7 in the case of 241AmBe exposures, and 2.0 for 
252Cf, in line with previous results (Akselrod and Sykora, 2011). For the PADCs, the average 

of the fast/slow ratio sets at a values of 0.14 and 0.09 for 241AmBe and 252Cf respectively. The 

PADC values shown in the graph of Figure 4.2 are multiplied by a factor 30 to facilitate the 

comparison with the results obtained with FNTDs. The distribution of the track density ratio 

is particularly large for FNTDs exposed to 241AmBe, as a very limited amount of tracks were 

detected below the slow converter. Albeit a difference in the mean values of the ratio is 

present for the sources in both technologies, the broad distributions significantly overlap 

(~25%), making the procedure not completely reliable, especially in single detector 

evaluations, causing possible source miss-assignment and hence the use of an incorrect 

calibration coefficient. 
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Figure 4.2. Ratio of the track densities behind fast and slow neutron converters in PADC and FNTD. 

The ratios obtained for PADCs were multiplied by a factor 30 for easier comparison with the FNTD 

values. 

 

The dose assessment results using the PADC and FNTD technologies are shown in Figure 

4.3, where the ratios of the estimated and the reference doses are reported for the different 

dose values at which the dosimeters were irradiated, described in Section 3.3.1. In the graph, 

the dashed line represents the reference value and the dotted lines specify the limits within 

which the dosimeters performances are considered satisfactory, according to the neutron 

dosimetry requirements for passive detectors (ISO 21909-1, 2015). 
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Each point in the graph represents the average of the dose estimated by the FNTD or the 

PADC dosimeter groups exposed in the same condition, as described in Table 3.2 and Table 

3.3, with the error bars indicating the standard deviation of the group. Orange triangles and 

red squares represent the data obtained evaluating the PADC respectively in the years 2016 

and 2017. Green triangles and blue circles indicate the FNTDs dose assessment, for the years 

2016 and 2017, with the open points indicating the reassessment of the detectors using the 

correct calibration coefficient. 

Overall, there is a good agreement between the two technologies and the reference values, 

especially considering that the exposures not only vary in the dose delivered but also in the 

angle of exposure and in the type of sources used. In a few cases, however, the source 

assignment of some FNTDs was erroneously determined, resulting in an overestimation or 

underestimation of the doses. In the case of 0.9 mSv irradiation with 241AmBe, the miss-

interpretation of the source, specifically the erroneous attribution of the source-related 

calibration coefficient based on the fast/slow track densities ratio method, led to a value 

outside the limits, causing the FNTD technology not to meet the requirements for passive 

personal neutron dosimeters. The open points in Figure 4.3 show the reassessment of the 

dose values estimated by FNTDs, using the correct source calibration coefficient. The 

reassessed results are all within the limits and generally closer to the reference dose values, 

emphasising the necessity to have a reliable procedure to assign the correct source, and hence 

the calibration coefficient, to each detector.  

 

0.0 0.5 1.0 2 3 4 5 6 7 8

0.4

0.8

1.2

1.6

2.0

SSK Limits PADC 2016 FNTD 2016 FNTD Corr. 2016
Reference  PADC 2017 FNTD 2017 FNTD Corr. 2017

Es
tim

at
ed

 d
os

e 
/ R

ef
er

en
ce

 d
os

e

Ref. Dose (mSv)  
Figure 4.3. Measured dose normalised to reference for PADC detectors and FNTDs. Open points 

show the FNTD reassessment assuming a correct calibration factor. 



Development and Modelling Innovative Techniques for Neutron Dosimetry Stabilini Alberto 
____________________________________________________________________________________________________________________ 

51 

4.2 PSI Irradiations 

4.2.1 Calibration laboratory 

The response of the FNTDs to the reference 241AmBe and 252Cf neutron fields was also 

investigated for the detectors irradiated at the PSI calibration laboratory, according to the 

exposure conditions described in Table 3.4, with the main goal of characterising the response 

to fast neutrons in several exposure conditions. Figure 4.4 displays the results of the response 

characterisation: the columns and the error bars specify the response of the FNTD neutron 

dosimeters to fast neutrons showing respectively the group-averaged sensitivity and its 

standard deviation. The sensitivities obtained are in accordance with the PTB exposures 

discussed in Figure 4.1, for the sources considered. The control detectors shows a minimal 

number of track-spots, attributed to cosmic rays owing to transatlantic flights, since detectors 

were prepared and read in the United States of America, but irradiated in Switzerland. 

The results in Figure 4.4 clearly illustrate that, concerning fast neutron dosimetry, the 

recoil proton track-spot density remains unaltered whenever the dosimeters were exposed 

on a phantom or free in air for a given neutron source. The fact is justified, considering that 

neutrons, interacting with the dosimeter after having interacted with the phantom, have 

generally experienced multiple scattering events and hence have lost a considerable amount 

of their initial energy. Therefore, any recoil proton that might be generated in the PE 

converter will not possess enough energy to reach the FNTD. 
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Figure 4.4. FNTD Track-spot density recorded below the polyethylene converter, for different 

irradiation layouts and different sources performed at the PSI calibration laboratory.  

 

With an additional consideration, the same reasoning can be used to explain why a 

difference in sensitivities is not appreciated between 252Cf bare and moderated neutron 

sources. In fact, the spectral differences between the two sources lay exclusively in the 
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thermal and epithermal region, which does not affect the recoil proton track-spot density 

below the PE converter. Additionally, in the case of moderated 252Cf, even though the fluence 

has a significant low energy component, most of the dose is still imparted by the hardest 

portion of the emitted neutron spectrum, which coincides with the one of a bare 252Cf source. 

Indeed, as corroborated by the data in Table 2.3, despite a substantial difference in fluence 

average energy between the bare and the moderated 252Cf neutron source, very little change 

is observed in terms of dose equivalent average energy. 

Another relevant information is displayed in Figure 4.4: with reference to the 241AmBe 

exposures on phantom, the FNTD sensitivity to fast neutron shows significant angular 

dependence.  
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Figure 4.5. FNTD Normalised track-spot density recorded below the polyethylene converter and 

the Li-glass converter, for 241AmBe exposures at different angles. 

 

The decrease of the FNTD neutron dosimeter response with the exposure angle is further 

highlighted in Figure 4.5, which illustrates the sensitivities, normalised by the sensitivity 

obtained during perpendicular irradiation, for the 241AmBe exposures performed at three 

different angles. Squares identify the recoil proton track-spots density behind PE, and circles 

specify the track-spots density of tritium and alpha particles detected behind the Li-glass. The 

error bars show the standard deviation of the normalised track-spots destines, with the one 

of alpha and tritium ions being considerably larger as very few tracks are present, given the 

energy distribution of the 241AmBe field. For the fast neutron converter, as discussed in 

Section 2.1.3, because most of the generated recoil protons propagate approximately in the 

same direction of the incoming neutrons, when the dosimeter is tilted, most of the track-spots 

are produced by protons impinging the detector surface at an angle, creating increasingly 

more elongated track-spots in the FNTD. However, the track-spots segmentation from FNTD 

images reliably detects tack-spots only within a certain elongation; consequently, with 

increasing exposure angles, less and less recoil proton track-spots are recognised and 
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counted. An attenuation with the angle is observed also in the number of track-spots detected 

below the Li-glass region, in principle independent on the exposure angle, as the emission of 

the 6Li nuclear reaction products is isotropic, given the very low momentum brought by 

thermal neutrons. The reasons for such attenuation have not been further investigated in this 

study, but are likely to be ascribed to a varied neutron moderation contribution from the 

phantom, since the entire system phantom-detectors was tilted with respect to the neutron 

source. 

4.2.2 HIPA 

Fast neutron dose assessments using FNTD (full circles) and PADC (open squares) detectors 

exposed at the HIPA are reported in Figure 4.6, with the reference doses indicated by dashed 

lines. It shall be mentioned that, whereas the reference doses at HIPA are expressed in terms 

of H*(10), the detectors are calibrated in terms of Hp(10). Nonetheless, comparisons between 

the two quantities are legitimate as their discrepancy, calculated from the conversion 

coefficients listed in the ICRU 57 (1998), is < 7% for the neutron energies considered, 

significantly smaller than the typical detectors uncertainties. In the exposures at Injector 2, 

the dose estimations of the two detector types agree, showing a discrepancy < 20% centred 

at ~25 mSv, being also in line with the expected dose (Section 3.3.3), considering the 

uncertainty in the reference dose at this exposure site. Nevertheless, for the exposures on 

target M, whereas the PADCs are in agreement with the expected dose values, the FNTDs 

overestimate the reference doses of 10 mSv. 
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Figure 4.6. Comparison of estimated neutron doses with PADC detectors and FNTDs at HIPA, PSI. 

Reference doses are indicated by dashed lines. 

 

The discrepancy between FNTDs and PADCs in the exposures at target M have a twofold 

cause: (i) as mentioned in Section 2.3, the LET detection threshold of FNTDs is more than ten 

times lower than PADCs. This imply that, for very high energy neutron fields like at target M, 

the induced recoil protons, having congruently high energies and low LET, may be detected 
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by FNTD but not by PADC. In other words, FNTDs are sensitive to a broader energy range of 

fast neutrons, compared to PADCs. (ii) The calibration coefficients used were obtained by 

reference irradiations with 241AmBe, as of standard for fast neutron dosimetry. Consistently, 

the sets of detectors tested in calibration conditions report accurate and equivalent dose 

estimations. In the case of the exposures at Injector 2, the fast field spectrum does not 

substantially differ from the one of 241AmBe, so the use of such calibration coefficient leads to 

comparable results. On the contrary, at target M, the spectrum is noticeably different from the 

reference condition and the application of the same calibration coefficient may lead to 

significant overestimations, as is for the cases illustrated in Figure 4.6, depending on the 

detectors response functions and the decrease of the radiation weighting factors 𝑤𝑅 with 

neutron energies above 1 MeV. The point (ii) is seen as one of the main motivations justifying 

the efforts of the scientific community in building calibration facilities for high energy 

workplace fields described in Section 2.6.2. 

An additional consideration that can be drawn comparing FNTD and PADC results, not 

only in Figure 4.6 for the measurements at HIPA, but also for the PTB inter-comparison 

measurements reported in Figure 4.1 and Figure 4.2, is that FNTDs consistently display larger 

uncertainties with respect to PADCs. The two main reasons leading to FNTDs bigger 

uncertainties are identified in the scarce statistics due to limited scanned areas, as mentioned 

by (Yukihara et al., 2018), and in the uncertainties introduced subtracting the track-spots 

detected below PTFE from the PE track-spots before the dose calculation, to remove the signal 

of delta electrons. 

 

4.3 Dosimeter efficiency information from simulations 

In addition to the PADC detectors and FNTDs characterisation exposures so far described, a 

few simulations with FLUKA were performed to confirm some of the basic aspects of the two 

fast neutron detection technologies. 

Figure 4.7 illustrates the recoil proton generation efficiencies of several materials 

typically used as fast neutron converters, whose properties are listed in Table 3.5. The values 

obtained refer to a 1 mm-thick converter, exposed to a mono-energetic neutron field of 5 MeV. 

The efficiencies are plotted against the hydrogen mass content of each material. As expected, 

the efficiency grows with the hydrogen mass content, as an increasing share of hydrogen 

atoms is available, reaching the highest value for polyethylene. 

From the results, two main considerations can be drawn. First, PADC detectors are 

themselves converters, i.e., because they contain hydrogen, a portion of the detected neutron 

induced recoil protons is actually generated within the detector itself. On the contrary, FNTDs 

detectors have no hydrogen, hence all of the recoil proton signal detected comes from the 

converter. This aspect bestow PADCs better sensitivities at the lower end of what is 

considered the fast neutron energy range, 100 – 500 keV, where the very short-ranged recoil 

protons created are detected only very close to their point of origin (Mayer et al., 2014). 
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Figure 4.7. Conversion efficiencies of several materials, typically used as converters, as function of 

the hydrogen mass content in the material composition. 

 

Second, although there is a difference in response with the type of material used as 

converter, its spread is relatively small. In fact, as reported in Figure 4.7, the maximum 

sensitivity change observed in the materials examined is of the order of a factor two. 

Comparing the materials used as fast neutron converters for PADCs and FNTDs in this 

thesis, the increased efficiency of PE over PA12 can neither entirely justify the higher 

response of the FNTD dosimeters exposed to reference neutron fields, for example shown in 

Figure 4.1, nor can it clarify why a sensitivity change is seen by FNTDs in 241AmBe and 252Cf 

irradiation and not in PADCs. 

To address the last question, the LET  in water spectra of recoil protons generated by fast 

neutrons interacting with a 2 mm PE converter are displayed in Figure 4.8. The red 

distribution illustrates the LET spectrum of the recoil protons emerging the converter, when 

a neutron irradiation with 241AmBe is taking place. The blue distribution refers to an 

irradiation in the same conditions, but with a 252Cf neutron source. The sharp cut-off at 

100 keV μm-1 comes from the definition in the Monte Carlo code of a transport threshold set 

at the same value. 

At values larger than 25 keV μm-1 indicated by the vertical line in Figure 4.8, the 

distributions are very similar. However, below 25 keV μm-1 large differences in fluence are 

observed. Whereas FNTDs have a LET detection threshold far lower than the lowest LET value 

reported in the graph, the PADCs’ threshold is typically found around 15 keV μm-1 depending 

on the material and the etching conditions (Jadrníčková and Spurný, 2008; Vanhavere et al., 
2008), with some authors reporting that threshold at 30 keV μm-1 (Pereyra et al., 2020). 

Therefore, PADCs, being sensitive only to particles with LET  > 15 – 30 keV μm-1, detect 

merely the “lower energy” fluence, which is approximatively equivalent for the two sources 
considered, hence the similar sensitivity. On the contrary, FNTDs detect the whole LET 
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spectra, thus, not only measure larger fluences that correspond to increased sensitivity 

compared to PADC, but also detect the fluence difference below 25 keV μm-1, resulting in two 

different responses for the two sources examined. 
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Figure 4.8. Simulated recoil protons LET in water spectra generated by neutrons interacting with 

a 2 mm PMMA converter. The curves represent the spectra for two different neutron sources used: 
241AmBe and 252Cf. 

 

An additional simulation was performed to identify the optimum thickness of the fast 

neutron converters present on the PADC and FNTD dosimeters. 

Figure 4.9 displays the results of the simulated dose deposition with depth in a PE 

converter, for three mono-energetic neutron fields (1 MeV, 5MeV and 10 MeV) and the 252Cf 

and 241AmBe sources. The dose delivered to the defined volume was scored setting the DOSE 

estimator in the FLUKA USRBIN card in a mesh of (0.3 × 0.3 × 0.005) cm3. The pattern in the 

dose-depth curves is similar, with the build-up layer widening as the average energy of the 

neutron source rises. The main deduction arising from Figure 4.9 is a constraint on the 

optimum dosimeter converter layer that, when neutrons fields possess energies in the range 

1 – 10 MeV, shall have a thickness between 1 mm and 10 mm.  
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Figure 4.9. Simulated dose-depth curves in polyethylene PE of mono-energetic neutron beams 

with different energies, 241AmBe and 252Cf neutron sources. 

4.4 Current limitations and advantages of the techniques 

The experimental irradiations and the preliminary simulations presented in this chapter 

were not only essential to characterise the performances and the responses of the current 

PADC and FNTD technologies, but also fundamental in highlighting the advantages and the 

limitations of a technique over the other one. 

Comparing the two technologies, though both are sensitive to fast neutron in the energy 

range 1 – 10 MeV, PADC demonstrated to have an extended sensitivity to neutrons in the 

energy range 0.1 – 1 MeV, as part of the induced recoil proton is generated in the PADC 

material itself. Conversely, FNTD show better sensitivities in the range 1 – 10 MeV and an 

extended sensitivity when the energy of the neutrons exceeds 10 MeV, given their property 

of being sensitive to radiation with an LET > 0.5 keV μm-1.  

Compared to the PADCs, however, the FNTDs show a stronger variation of the calibration 

coefficient with the energy of the incoming fast neutrons. Although an energy dependent 

calibration coefficient is not a problem per se, it rises the additional task of establishing a 

method to select and apply the correct one for unknown exposure conditions. In the case of 

FNTD, this is currently addressed calculating the ratio of the track-spots obtained below the 

slow and the fast neutron converter regions. Nevertheless, the method is not fully reliable on 

a single-detector evaluation basis, potentially leading to the misattribution of the calibration 

coefficient and consequent worsening of the dose estimation accuracy.  

FNTDs also show a noticeable angular dependence, hence the need of developing a 

procedure to estimate a posteriori the presumptive angles of exposures and correct for them.  

An additional issue related to FNTDs is that, given their sensitivity to low-LET particles, 

they are sensitive to photons and in particular to their generated delta electrons. For neutron 
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dosimetry this represents a spurious signal that ought to be filtered before assessing the 

doses based on the track-spot counting method. The definition of filters is not 

straightforward, since some of the delta electron track-spots are similar to recoil proton 

track-spots not merely   morphologically, but also in terms of their fluorescence intensity. 

This constitutes an issue when setting thresholds in the track-spots segmentation process 

during the image analysis currently available. As mentioned in Section 2.3.2, the existing 

procedure to remove the delta electrons foresees the subtraction of the number of track-spots 

detected below PTFE from the ones detected below the fast and the slow neutron converter 

before applying the tracks-to-dose coefficients. Yet, the procedure is based on the 

approximation that photon-induced delta electrons are produced with the same efficiency 

and have the same energy distribution below all the converters, and, in addition, on the 

assumption that no protons generated in the polyethylene holder reaches the detection 

region below PTFE. Moreover, given the generally comparable number of proton and delta 

electron track-spots, the subtraction procedure usually yields the larger uncertainties 

typically displayed by FNTDs, when compared to gamma-insensitive PADCs. 
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Chapter 5  

Monte Carlo Simulation of the current FNTD design 

In this chapter the results of the investigations carried out with Monte Carlo methods on the 

FNTD based neutron dosimeter are presented, with the goals of further clarifying the current 

performances of the technology in the single-layer track-spot counting mode using mono-

energetic neutron beams. The simulated irradiations presented, once validated, allowed to 

obtain pointwise response curves in the fast neutron energy range, highlighting the energy 

span within which the current dosimeter satisfactorily performs and which problems affect 

the dose estimation when the energy limits are exceeded. 

5.1 Calibration coefficients obtained by simulations 

To validate the modelled FNTD neutron dosimeter geometry, the obtained calibration 

coefficients for the 241AmBe and 252Cf sources were compared with the experimental results. 

The scored quantities and the simulated calibration coefficients, found as described in Section 

3.4.5, are summarised in Table 5.1.  

 

Table 5.1. Proton and neutron fluences, obtained from simulations, and quantities used to 

compute the FNTD sensitivity to fast neutrons from simulated 241AmBe and 252Cf sources for 0  

incident radiation. Columns 5th and 6th report the simulated and experimental sensitivities to be 

compared. 

 Simulation Experimental 

Source 
𝝓𝒑 

[
𝐩𝐫𝐨𝐭𝐨𝐧𝐬

𝐩𝐫𝐢𝐦𝐚𝐫𝐲  𝐜𝐦𝟐] 

𝝓𝒏 

[
𝐧𝐞𝐮𝐭𝐫𝐨𝐧𝐬

𝐩𝐫𝐢𝐦𝐚𝐫𝐲  𝐜𝐦𝟐] 

𝒇 

[
𝐩𝐒𝐯 𝐜𝐦𝟐

𝐧𝐞𝐮𝐭𝐫𝐨𝐧
] 

CPE Simulations 

[
𝐩𝐫𝐨𝐭𝐨𝐧𝐬

𝐦𝐒𝐯  𝐜𝐦𝟐] 

CPE Experimental 

[
𝐩𝐫𝐨𝐭𝐨𝐧𝐬

𝐦𝐒𝐯  𝐜𝐦𝟐] 

241AmBe 1.55(4) × 10-3 1.6667(1) 391 2378(70) 2150 
252Cf 6.49(7) × 10-4 1.6667(1) 385 1011(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 dose coefficient reported in the ISO 8529-1. 
CPE Simulation: simulated sensitivity calculated according to Equation (3.4.1). Statistical uncertainty 
propagated from fluence values. 
CPE Experimental: Sensitivities to the sources obtained experimentally (Sykora et al., 2008b). 
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The simulated sensitivity values, for both the reference sources listed, show an adequate 

agreement (within 10%) with the sensitivities obtained experimentally and reported in 

literature (Sykora et al., 2008b). The slight overestimation observed in the simulations can 

partly be attributed to the fact that Monte Carlo results are not affected by image processing 

and track-spots segmentation procedures, which, as discussed, in experimental evaluations 

may partially remove some of the recoil proton track-spots. 

The results obtained endorse the fidelity of the modelled FNTD dosimeter to the real one. 

When the exposure condition and the spectrum of a field are known, for example in fixed 

dosimeter installations, this defined geometry can be used to accurately predict the response 

of the FNTD dosimeter design in that specific field by Monte Carlo methods. This is an 

advantage in situations where a dosimeter was exposed to unconventional fields that present 

substantial spectral differences compared to the reference calibration sources.  

5.2 Considerations on simulated and experimental track density in PADC 
detectors and FNTDs 

In terms of track density, FNTDs exhibit a better agreement between simulations and 

experimental results in comparison to what would be when simulating PADC detectors, e.g. 

García et al. (2005). The fact can be explained by the following considerations. 

The properties of the FNTDs crystals are known to be constant and homogeneous, both 

within a single production lot and across different batches, with the exception of a narrow 

distribution in the density of colour centres, which ultimately has an influence on the 

fluorescence intensity of a signal. Nevertheless, when the FNTD neutron dosimeters are 

evaluated in track counting mode, the fluorescence intensity of the track-spots generated by 

charged hadrons does not play a role as, regardless the coloration, its value is always above 

the detection threshold for particles with a LET  larger than 0.5 keV µm-1 and an impinging 

angle within 60˚ from the perpendicular to the detector’s surface. In other words, FNTDs 
possess a very high detection efficiency for charged hadrons with an LET > 0.5  keV µm-1 and 

an impinging angle < 60˚, resulting in a close correspondence between the experimental 

track-spot density and the particles fluence scored in the simulations. For this reason, in 

FNTDs, recoil protons track-spots density and fluence will be interchangeably used in the 

following.  

In the case of PADCs, the detection efficiency is lower and cannot be so easily determined. 

In fact, when irradiated with neutrons, recoil protons are not only generated in the converter, 

but also in the detector material itself, as discussed in Section 4.3. Despite being this an 

advantage in terms of sensitivity, when PADCs are exposed to neutrons in the energy range 

100 keV – 1 MeV, the efficiency is strongly influenced by how much layer is removed from the 

detectors’ surface when they are etched, normally known with a precision not better than 

± 1 µm. Thus, for different removed layers one will have different ratios of recoil protons 

generated in the converter and in the PADC itself, yielding a non-negligible influence on the 

detectors’ efficiency and hence on its response in terms of track-spots per fluence (or dose). 
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On top of that, PADC detectors properties display appreciable variations across different 

production lots and even within the same batch, affecting in turn the detectors’ responses that 
can vary up to a factor 10. This changes in the polymer properties affect the rate of removed 

material during the etching procedure, making it even less precise, and the morphology of the 

track-spots, varying the LET and impinging angles limits within which track-spots are 

unequivocally detected. In applications, the effect of these non-constant properties is 

addressed by processing sets of reference and control detectors for every set of detectors to 

be evaluated, but it can hardly be modelled in the simulations, leading to larger discrepancies 

when comparing simulations results to experimental values. 

5.3 Simulation with mono-energetic neutron beams 

Figure 5.1 shows the recoil proton fluence scored at the detection regions beneath each 

converter, for the variety of mono-energetic neutron energies listed in Section 3.4.4. The 

trend of the recoil protons fluence below the PE converter, identified in the graph with red 

circles, is characterised by a sharp increase in the neutron energy region 1 – 20 MeV. The 

upsurge in recoil proton density is caused by two facts: (i) with increasing neutron energies, 

progressively more recoil protons have enough energy to leave the converter and propagate 

to the detection volume; (ii) the effective thickness of the PE converter, i.e. the maximum 

converter thickness at which the recoil protons produced are also detected in the FNTD and 

contribute to the detected fluence, increases with the neutron energy. 

 

1 10 100

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

pr
ot

on
s 

(p
rim

ar
y-1

 c
m

-2
)

Energy (MeV)

 p_PTFE
 p_PE
 p_LiGlass

 
Figure 5.1. Proton fluence per primary crossing the sensitive regions beneath PTFE (black), PE 

(red) and Li-glass (blue) converters for different mono-energetic neutron fields.  
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For neutron energies beyond 20 MeV, the effective thickness attains the actual physical 

thickness (2 mm) of the converter, providing in principle constant sensitivity. Yet, with 

neutron energies increasing further, the recoil proton fluence reduces, as the particle 

equilibrium in the 2 mm converter is progressively lost, consistently with the the dose depth 

curves shown in Figure 4.9. 

Figure 5.1 shows that, for neutron energies higher than 10 MeV, recoil protons are also 

detected beneath the Li-glass converter (blue triangles) in the current FNTD neutron 

dosimeter geometry. These recoil protons originated in the top PE layer used as detector’s 
holder. For neutron energies > 10.5 MeV, these recoil protons have ranges larger than the Li-

glass converter thickness. The energy threshold of 10 MeV obtained by simulations is 

coherent with the analytical threshold estimation of 10.5 MeV, bearing in mind that the most 

energetic recoil protons (created by knock-on collision) have energies equal to the one of 

incoming mono-energetic neutrons and that 10.5 MeV protons possess a range in Li-glass 

equivalent to the thickness of the converter (830 μm). 
A similar behaviour is noticed in the detection region underneath the PTFE (also known 

as Teflon™) converter (black squares). Recoil protons are detected behind PTFE when the 

neutron energies are larger than 13 MeV. This is consistent with the fact that, for these 

neutron energies, the proton range is of the order of the 1 mm thickness of the PTFE layer. 

The growth in the recoil proton density in the detection regions below PTFE and Li-glass 

is similar up to neutron energies of 25 MeV. A saturation behaviour is observed above 25 MeV, 

since the number of recoil protons stopped in the PTFE and Li-glass chips becomes 

progressively negligible for increasing neutron energies, approaching the same value 

reported for the track density below the PE converter.  

Additionally, for neutron energies > 30 MeV, the proton fluence detected below PTFE 

show consistent larger values than the one detected below the Li-glass. This additional source 

term of proton generation within the PTFE converter may be attributed to protons generated 

by neutron reactions with fluorine. This contribution 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, hence exhibiting slightly larger fluences at very high energies. 

Figure 5.2 shows the recoil proton spectra scored at the detection regions below each 

converter for simulated exposures to mono-energetic neutrons of increasing energies. The 

red curves refer to the proton fluence below PE, the green ones to that below PTFE and the 

blue ones to that below the Li-glass. As discussed for Figure 5.1, protons are not detected in 

the regions corresponding to Li-glass and PTFE when neutron energies are lower than 

10 MeV. Beyond this energy, the recoil protons generated in the PE holder above the 

converters possess momenta large enough to go through the Li-glass and the PTFE chips, 

being thereafter detected in the relative scoring regions. Since these protons have lost part of 

their initial energy during their propagation across the converter chips, their spectra are 

characterised not only by lower fluence, but also by a degradation in energy compared to the 

spectra registered underneath the fast PE converter. The difference in fluence and degraded 

energy between the recoil protons detected below PTFE and Li-glass is ascribed to the 
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different densities and thicknesses of the two converter chips. For increasing neutron 

energies, a progressive reduction of the differences in the fluence and in energy degradation 

among the converters is observed. When energies exceed 80 MeV, no evident differences in 

the spectra are discerned. 

The proton spectra shown in Figure 5.2 depend exclusively on the energy of the primary 

neutrons and on the specific geometry and material type of the converters: the results could 

thus be useful to evaluate the response of other types of solid state nuclear track detectors 

that use the same converter-based technique to measure neutrons. 

 

 

  
  

  
Figure 5.2. Protons spectra scored in the respective sensitive regions of the FNTD dosimeter below 

each converter, for mono-energetic neutron fields of increasing energy.  

 

Ideally, as explained in Section 3.2.4, since PTFE is a hydrogen free material, no recoil 

protons track-spots should be detected in the corresponding detection region, leaving the 

sole signal of delta electrons to be detected. However, as demonstrated in Figure 5.1 and 

Figure 5.2, with the increasing energy of the neutron fields, recoil protons generated in the 

PE holder are detected in the PTFE detection region. Ultimately, for neutron energies larger 

than 10 MeV, this causes an underestimation 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. 
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Figure 5.3 displays the simulated response of the FNTD neutron dosimeter to 

mono-energetic fast neutrons, normalised by the response to a 241AmBe source. The 

dosimeter’s response has been computed making use of Equation (3.4.3), as discussed in 

Section 3.4.6, from the recoil proton fluences scored for each neutron energy. In the graph, 

green triangles define the dosimeter’s dose response curve obtained simulating the 

conventional dosimeter evaluation described in Section 3.2.4, i.e. considering in the 

calculations of Equation (3.4.3) a net recoil proton fluence obtained subtracting the track-

spots counted under PTFE to the ones detected under PE. Black squares identify instead the 

response curve of the dosimeter evaluated though Equation (3.4.3), considering only the 

recoil proton track-spot density below the PE converter. 
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Figure 5.3. FNTD simulated dose response to mono-energetic neutrons, normalised to the one of 
241AmBe. The data in black show the dose response computed from the proton fluence scored in 

the sensitive region below PE only, whereas the green data show the dose computed using the 

conventional FNTD evaluation (subtraction of the proton fluence measured below PTFE from the 

one of PE). Arrows indicate the responses expected considering the mean energies of the 

reference 252Cf and 241AmBe neutron sources, listed in Table 2.3. 
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In the lower end of the fast neutron spectrum region, the two response curves show the 

identical trend, overlapping for neutron energies up to 13 MeV, as, for such energies, no recoil 

protons are detected underneath PTFE. The response increase in this neutron energy region 

is attributed to the rising number of recoil proton detected, since they are generated with 

progressively more energy and therefore an increased probability to propagate to the 

detection region. The response increase is consistent with the factor ~2 observed between 

the calculated sensitivities to 252Cf and 241AmBe reported in Table 5.1, considering for each 

source its dose equivalent average energy from ISO 8529-1, of 2.3 MeV and 4.4 MeV 

respectively (see Table 2.3). 

For neutron energies higher than 13 MeV the two response curves start to diverge. In the 

conventional FNTD analysis, the response steeply decreases due to the erroneous subtraction 

of the increasing recoil proton signal detected below the PTFE converter. The response based 

on the assessment of track-spots below PE only is fairly uniform with neutron energies from 

~13 MeV up to 100 MeV, yielding dose response values ~4.5 times higher than the one of 
241AmBe. This is explained considering that the decreasing proton fluence in this energy range 

(see red curve in Figure 5.1) is compensated by the increasing fluence to dose conversion 

coefficient. 

The uniform response in the energy range 13 MeV - 100 MeV implies that the FNTD 

neutron dosimeter shows little variation of its calibration coefficient in the range considered. 

This advantage makes the FNTD technology particularly suitable to measure doses from fast 

energy neutrons at accelerator sites or at aviation altitudes, where most of the spectral 

fluence lays within this energy range. 

5.4 Discussion 

In light of the results obtained for the FNTD neutron dosimeter design currently in use and 

adopted in this thesis work, the use of the conventional FTND evaluation, based on the 

difference between the track-spot counts under the PE and PTFE converters, is discouraged. 

An alternative procedure must be put in place to filter the delta electrons track-spots present, 

in which case only the signal underneath PE is needed. Such algorithm has been developed 

and is presented in Chapter 7. 

Alternatively, if the conventional dosimeter evaluation analysis featuring the PTFE signal 

subtraction is to be preserved, the dosimeter’s holder must be re-designed to avoid the dose 

underestimation for high energy neutrons: if the top PE layer common to all the sensitive 

regions is removed, leaving three separate converter chips, protons would be produced and 

detected exclusively above the PE detection region. Neglecting the small underestimation 

induced by the protons generated by high energy neutron interactions with the fluorine 

contained in the PTFE, the range of applicability of the conventional dosimeter evaluation 

would then be extended from 13 MeV to ~50 MeV. Above this energy, the range of recoil 

protons starts to exceed the spacing among the detection region, leading to cross-talk effects. 

Between the two options, the first is more appealing (and hence pursued in this PhD 

work) for several reasons: (i) the design modification would not offer a definitive solution 
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applicable to the whole fast neutron spectrum and does not account for the share of protons 

produced by the neutron reaction with fluorine; (ii) by implementing the first option, the 

PTFE converter loses its meaning (at least when FNTDs are evaluated in track-counting 

mode) and could be removed, in favour of larger fast and slow neutron converters areas that 

would improve the statistics and hence reduce the uncertainties,  increasing the minimum 

detectable dose; and (iii) the holder re-design is usually resource-intensive, as it involves not 

only the development of the new layout that holds the converters and the FNTD in place 

without a top layer acting as mechanical constraint, but also its production and the 

adjustment of dosimeters assembling protocols. 
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Chapter 6  

FNTD Image analysis 

The chapter discusses methods that were specifically developed to segment recoil proton 
track-spots in fluorescence images acquired from FNTD irradiated with fast neutrons. 

The analysis of images containing neutron-induced recoil protons tracks is more 
complicated than of those containing tracks of heavier ions, because neutron-induced recoil 
protons generated in the converter have low LET and wide angular distribution, resulting in 
very dim track-spots signals occurring in a variety of patterns. 

The image processing and track recognition developed in this thesis work has a two-fold 
objective: 

1. Provide a track-spots segmentation of improved effectiveness for the standard 
single-layer neutron dose evaluation based on the track-spot counting, offering a 
characterisation of the detected track-spots that could be used to implement filters to 
discriminate between delta electrons and recoil protons (Chapter 7). 

2. Demonstrate the feasibility of 3D track-spots detection and trajectories 
reconstructions of recoil protons in FNTD image stacks, providing, moreover, a basis 
for the studies focused on the additional information for dosimetry that can be 
obtained from the analysis of the recoil protons distribution (Chapter 8). 

6.1 Scanning settings optimisation 2D and 3D stacked images 

The first step to guarantee the quality of the data obtained using the FNTDs is the optimisation 

of the scanning settings. 

Figure 6.1 shows the images obtained for different imaging times (1 s, 3 s, 10 s, 30 s, 

100 s) using the FXR-700R FNTD reader, demonstrating that the image quality can be 

improved considerably by varying the imaging time.  

The enhanced quality with larger sampling times can be explained taking into account 

the two major sources of noise when sampling an FNTD image with CLSM: the laser power 

output stability and the statistics collected in the APD. The noise of these sources decreases 

with increasing acquisition time: considering longer sampling intervals, the laser output 

yields a more constant value and the current from the APD is sampled more times, since the 

acquisition rate is fixed at 2 MHz. Choosing a short imaging time increases the throughput 

capabilities of the reading system, whereas longer imaging times sacrifice the processing 

speed in favour of a better image quality, which is essential for recoil protons detection in fast 

neutron dosimetry. 
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Figure 6.1. Examples of raw images with various imaging times, obtained with the FXR-700R 

reader. 

 

To quantify the image quality, we used the signal-to-noise ratio (SNR), here defined as 

the ratio of fluorescence intensity peak value of a track-spot generated by a particle impinging 

normally to the detector surface and the standard deviation of the fluorescence intensity 

background in the image. The same portion of a sample detector was scanned several times 

with all parameters kept constant, only varying the imaging time.  

Figure 6.2 displays the SNR values as a function of the imaging time. Fitting the obtained 

values, one can easily appreciate the saturation trend of the SNR with imaging time. The SNR 

improves significantly up to 10 s, but only a 15 % improvement is observed between 10 s and 

30 s. For longer imaging times, no significant improvement is seen up to 100 s that would 

justify the considerably longer detector scanning time and reduced throughput. Hence, we 

decided to use 30 s imaging time as a good compromise between image quality and detector 

scanning time. 
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Figure 6.2. Relation of the imaging quality, expressed as SNR, with the imaging time for FNTDs. 

The SNR defined as the fluorescence intensity peak value of a track-spot and the standard 

deviation of the fluorescence intensity background in the image. The SNR trend shows saturation 

at longer imaging times. 

6.2 Image corrections 

6.2.1 Field of view correction and background subtraction 

The raw images acquired with the research reader must be processed to reduce the intensity 

inhomogeneity caused by aberrations of the optical systems and to subtract the background. 

The images are affected by field of view distortions (FoV) of the imaging system; as a 

result, the fluorescence signal is higher at the image centre than at the image corners, as 

shown in Figure 6.5a. Thus, track-spots that in principle have the same fluorescence intensity 

might exhibit different values, according to their positions in the image. 

To perform the correction of the FoV, a correction factor matrix was calculated from an 

image created by averaging the fluorescence contribution of 100 images of unirradiated 

detectors, characterised by a uniform background fluorescence signal, after applying a low-

pass filter to each image. The correction factor matrix is illustrated in Figure 6.3, having the 

same dimensions of the acquired FNTD fluorescence images (512 x 512 pixels). 

The correction of the FoV distortion was then performed rescaling each pixel by the 

corresponding element of the correction factor matrix calculated. The compensation for the 

FoV is obtained dividing the intensity of the fluorescence of each pixel in the raw image by the 

factor in the corresponding position of the correction matrix.  
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Figure 6.3. Field of View correction factor matrix for FNTD pixel intensities of raw images. 

 

The removal of the background fluorescence was accomplished applying an image 

smoothing and a “rolling ball” background subtraction procedures. The smoothing eliminates 

the high frequency noise components by replacing the intensity of each pixel in the image 

with a weighted average of the intensities of the first and second neighbour pixels. The low 

spatial frequencies were accounted using the “rolling ball” background subtraction (Hanson, 

1992), already implemented as a tool in ImageJ. The rolling ball algorithm computes and 

subtracts a fluorescence intensity background value for a given pixel based on the average of 

the pixel intensity values inscribed in a circle of defined radius and centred on the pixel whose 

background value has to be determined. The radius of the rolling ball must be set small 

enough to reject the low frequency background variations, but large enough not to wash out 

the foreground features. Specifically, the radius was set to 30 pixels, an order of magnitude 

larger than a typical recoil proton track-spot and an order of magnitude smaller than the 

equivalent radius of the image. 

To exemplify the performances of these image corrections, Figure 6.4 shows the pixel 

intensities sampled on the principal diagonal of an entire raw image (black line) and the same 

image after applying the described process (red line). The spike centred at pixel ~200 

denotes the signal of a recoil proton track-spot. The black line represents variations of a 

typical background signal having a smoothed broad peaked shape, characteristic of the 

optical system field of view, and high frequency noise. The red line, showing a constant 

pattern at lower intensities, proves the effectiveness of the FoV correction procedure. 

Additionally, the reduced background level and its diminished standard deviation, attest the 

effectiveness of the smoothing and the “rolling ball” background subtraction method, 

improving the SNR of the foreground track-spots. 
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Figure 6.5 presents a comparison of a raw image (a) of a neutron irradiated FNTD and the 

same image after the FoV (b) correction and the background subtraction. The foreground 

features in the enhanced image are better highlighted, facilitating the following step in the 

image processing: the track-spot segmentation. 
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Figure 6.4. Pixel intensities of the principal diagonal of the raw (black) and processed (red) image. 

The peak present at pixel ~200 is the signal of a recoil proton track-spot. The black line is 

characterised by a constant fluorescence background with a curvature typical to the optical 

system field of view distortion. The red line shows the pixel intensities after the FoV correction 

and background subtraction. 

 

 
Figure 6.5. Comparison of a raw image (a) and the same image corrected for the field of view 

fluorescence inhomogeneity and with the background subtracted (b).  

(a) (b) 



Chapter 6  
____________________________________________________________________________________________________________________ 

72 

6.2.2 Fluorescence intensity adjustment with depth 

In the case of the 3D scanning, the coaxially stacked images suffer from a decrease in 

fluorescence intensity with depth, due to optical absorption and spherical aberration of the 

focused laser beam in the crystal. Therefore, before applying the background subtraction 

procedure, a fluorescence intensity normalisation was applied by dividing each layer of the 

stack with the average intensity of the intrinsic background. This method produces 

comparable intensity images throughout the stack, as demonstrated in Figure 6.6, where the 

mean intensity of an image, plotted as function of the layer depth in the stack, shows a uniform 

trend after the correction (red), compared to the raw data (black). The correction implies 

that, for a given energy deposition, the foreground features at any depth would show similar 

intensities facilitating the background removal in the following steps on the image processing. 

0 20 40 60 80 100
2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

 raw image
 corrected image

Av
er

ag
e 

Fl
uo

re
sc

en
ce

 In
te

sn
ity

 (a
.u

.)

Slice Depth (mm)
 

Figure 6.6. FNTD intrinsic background fluorescence intensity with depth. The average 

fluorescence intensity of each image is plotted against the layer depth in the stack. Black squares 

symbols show the intensity decreasing trend in the stack before applying the correction, whereas 

the red dots display the adjusted behavior. 

6.3 Track-spot segmentation and measurement 

After the image correction and enhancements, we implemented the track-spot segmentation 

based on a two-step thresholding procedure. The foreground features are first segmented by 

intensity using a maximum entropy thresholding, which is best suited for segmenting small 

objects against wide background, by maximising the inter-class entropy.  

In image segmentation processes, the histogram of the intensities of the image pixels is 

divided into two distributions, background and foreground, separated by a given threshold. 

The inter-class entropy is defined as the sum of the entropies of the background and 

foreground histograms. These entropies are defined as − ∑ 𝑝𝑖 ln 𝑝𝑖𝑖 , where pi are the counts 

per every i-bin relative to each of the two distributions identified by the threshold (Kapur et 
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al., 1985). The entropies of the two classes are recursively calculated for a variety of 

thresholds levels, to find the one that maximises the sum of the entropy of the two classes.  

Afterwards, a characterisation of each potential track-spot candidate is performed 

measuring the parameters reported in Table 6.1. Next, the foreground signal undergoes a 

morphological discrimination, where track-spots candidates are retained if they have a 

dimension larger than 40 µm2, to remove the residual noise, but smaller than 500 µm2, to 

exclude large fluorescent artefacts. 

Figure 6.7 shows an example of a processed image, where the colours were inverted to 

enhance visibility. The light blue features are foreground signal that passed the intensity 

threshold but were discarded in the morphological discrimination. The red tracks are the 

selected unfiltered track-spots, labelled by a unique number, whose measurements are 

referenced in the results table produced at the end of the analysis. The segmentation process 

was implemented to fully analyse set of images of a detector scanned either in single-layer 

mode or in a 3D stack of images. 

 

 Table 6.1. Parameters measured for FNTD track-spots characterisation. 

Parameter Description 
X,Y Coordinates of the track-spot centroid 

AREA Actual area of the track-spot 
MEAN Average fluorescence intensity of the track-spot 

STDDEV Standard deviation of the track-spot fluorescence intensity 
MIN Minimum fluorescence intensity in the track-spot 
MAX Maximum fluorescence intensity in the track-spot 

MAJOR Major axis of the track-spot fitted ellipse 
MINOR Minor axis of the track-spot fitted ellipse 
ANGLE Rotation of the fitted ellipse. 
ROUND Track-spot roundness (0-1). Rounder track-spots have values close to 1. 
 

 
Figure 6.7. Example of neutron irradiated FNTD image (inverted colours) after image processing 

and track-spot detection. The foreground features masked in light blue refer to the signal selected 

by the intensity thresholding but rejected during the morphology one. In red are the track-spots 

retained, labelled and reported in the output table, after the two steps thresholding 
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6.4 Track-spot linking and trajectories reconstruction 

In the case of 3D stacks of images, once the track-spots in each slice were segmented 

according to the procedure in Section 6.3, they had to be linked to reconstruct the trajectories 

of recoil protons detected in the FNTDs from the coaxially stacked scans. 

The starting point of the track spot-linking task is shown in Figure 6.8, illustrating an 

example of the track-spots segmented in each layer of a stack of images of a FNTD exposed to 

a fast neutron field, according to the procedure of Section 6.3. Track-spots belonging to recoil 

proton interactions are aligned in nearly straight lines, according to the recoil protons 

trajectories, starting from the first scanned layer, whereas the signal generated by delta 

electrons and noise sees prevalently isolated track-spots, clustering into pairs or triplets in a 

few cases.  

The track-spot linking was accomplished using the Fiji plug-in version of TrackMate 

(Tinevez et al., 2017). The plug-in software, implements the linking of object moving across 

the frames of the stack,  based on the Linear Assignment Problem (LAP) algorithm (Jaqaman 

et al., 2008). The links pertaining a single particle are established by minimising the total cost 

of a cost matrix, containing all possible assignments, whose elements are defined by the 

squared distance of track-spots detected in consecutive frames of a stack. 

 

 

 
Figure 6.8. Segmented track-spots in a stack of images sampled from an FNTD irradiated with fast 

neutrons. The X and Y coordinates are in pixels. Values on the Z axis refer to the depth of the 

images in the stack. 
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The track-spots segmented and characterised in each layer are given in input to the 

TrackMate software, together with the linking parameters listed in Table 6.2, needed to 

optimise weights and cut-offs in the computation of the cost matrix, for the specific single-

particle tracking problem. These parameters were chosen based on FNTD images stacks to 

obtain the maximum track detection effectiveness, defined counting the correspondences of 

visual superposition of the track-spots sequence with the reconstructed track, minimising the 

generation of artificial trajectories.  

 

Table 6.2. Parameter selections for the linear-motion LAP algorithm implemented in TrackMate 

plugin in ImageJ.  

Parameter Value 
Initial search radius 15 pixels 
Search radius 30 pixels 
Maximum linking distance 30 pixels 
Maximum gap-closing distance 15 pixels 
Maximum frame gap 3 

 

 

After the linking, the software generates a row in the result table for each detected track-

spot, listing the track classification information, the track-spot dimension, the fluorescence 

intensity and the XYZ coordinates.  

The reconstructed trajectories of FNTDs exposed at the PSI calibration laboratory, whose 

irradiation conditions are reported in Table 3.4, and at HIPA (position M2, according to the 

description in Section 3.3.3) are displayed in Figure 6.9. For each irradiation condition, the 

tracks were reconstructed from five detectors with 25 images stacks each. For illustration 

purposes, the reconstructed trajectories are represented collapsed in a volume of a single 

stack, meaning that the actual track density is 125 times lower than the one displayed, for the 

given irradiation conditions. Different colours are used to better separate each track from the 

others, enhancing the figure’s readability.  
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Figure 6.9. Reconstructed trajectories of neutron-induced recoil protons in FNTD irradiated in 

different conditions and with different sources (see Sections 3.3.2 and 3.3.3).  



Development and Modelling Innovative Techniques for Neutron Dosimetry Stabilini Alberto 
____________________________________________________________________________________________________________________ 

77 

6.5 Trajectories filtering and fitting 

The data derived from the images (3D linked track-spots) were subsequently imported in R 

(www.R-project.org) to be further processed, with the purpose of applying filters and 

calculating trajectories parameters. 

 

 
Figure 6.10. Illustration of track filters. Tracks propagating less than 3 layers, such as ➀, or starting 

in the bulk of the detectors are discarded. Tracks detected from the surface ➁ are accepted, unless 

they leave the scanned volume from one of the sides of the cube. Tracks entering the region from 

the sides of the cubic volume ➂ are accepted and back-projected to the surface. 

 

With reference to the illustration in Figure 6.10, the reconstructed tracks were filtered, 

retaining only the tracks meeting the criteria stated and motivated in the following list: 

a) Tracks visible starting from the first layer of the stack of images, with the exceptions 

stated in point d). Since recoil protons are generated in the converter, their 

interaction and detection must necessarily be happening from the surface of the 

FNTD. This is not always the case for delta electrons, which can also be induced in the 

crystal itself.  

b) Tracks propagating through at least 6 µm (detected in 3 layers). Delta electrons, due 

to their mass, are easily scattered in matter (see Section 2.1.1), following short erratic 

paths not visible in more than two layers (4 µm), as represented by track ➀ in Figure 

6.10. The conditions a) and b) are intended to remove delta electrons. 

c) Tracks not leaving the imaged volume from one of its sides (except the bottom 

surface), viz. track ➁ in Figure 6.10. A range greater than 100 μm (the deepest 

scanned layer) is attributed to trajectories extending beyond the bottom surface. This 

condition is necessary to avoid considering particle tracks whose measured range is 

influenced by the limited extension of the probed volume. In fact, when one wants to 

assess the range distribution of the recoil protons, the trajectories leaving the volume 

➁ 
➂ ➀ 
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from the lateral surface of the probed cube, might have, in reality, considerably longer 

ranges than the one measured, as sketched in Figure 6.11a. These tracks with 

underestimated ranges, if not excluded, can bias the distributions of the recoil proton 

ranges. 

d) Recoil protons trajectories, entering the probed volume from one of its sides, were 

back-projected to the surface and were taken into account, exemplified by track ➂ in 

Figure 6.10. This requirement is needed to compensate for the reduced fluence value 

caused by the application of condition c), which, albeit being introduced to preserve 

the distribution of the recoil proton ranges, inevitably affects the measured fluence, 

because some of the recoil protons trajectories detected in the scoring volume are 

removed. Condition d) restores the physical observed fluence counterbalancing the 

discarded tracks leaving from the sides with the ones entering from the same surfaces, 

which would be visible starting from the surface in the adjacent portions of the probed 

volume, as they are commonly produced in the PE converter. Since these tracks stop 

in the probed volume (or leave it from its bottom) their range distribution is correctly 

assessed, for depths ≤ 100 μm. To account for their range, we back-projected to the 

surface these trajectories entering from the sides as depicted in Figure 6.11b. Such 

procedure for fluence compensation is licit since particles equilibrium conditions are 

met along the boundaries of the probed volumes, i.e. the fluence, the range 

distribution and the angular distribution of the discarded particles leaving the volume 

from the lateral borders are equal to the ones entering from the same borders. 

The filters described above remove the signal generated by delta electrons, preserving the 

fluence and the range and angular distributions of the recoil protons generated in the 

converter. 

 

 
Figure 6.11. a) Sketch of measured vs. actual ranges of a reconstructed track leaving the sampled 

volume from the side. These tracks are discarded during the filtering process. b) Sketch of the 

back-projected trajectory of a recoil proton entering the sampled volume from the side. These 

tracks are accepted during the filtering process and the total range (measured + back projected) 

is considered. 
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Assuming, for recoil protons, the validity of the continuous slowing down approximation 

(see Section 2.1.1), the trajectories were linearly fitted in space to derive the quantities shown 

in Figure 6.12, such as the starting and finishing points of a track in the crystal volume, the 

range of the recoil proton, the polar angle (θ) of the trajectory with respect to the normal to 

the detector surface and the azimuthal (ϕ) angle of the trajectory in the plane of the detector 

with respect to an arbitrary direction in the plane. The latter is identified in Figure 6.12 as the 

horizontal red axis, aligned with the longest side of the detector. 

 

 
Figure 6.12. Illustration of the measured parameters characterising each linearly fitted recoil 

protons trajectory reconstructed. 
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Chapter 7  

Optimisation of the standard PADC and FNTD techniques for 

neutron dosimetry 

The chapter focuses on describing the developed algorithm, based on the principal 

component analysis (PCA), to filter the spurious signal recorded by track detectors, before 

computing the track-spot density on the detectors surface. Although the main objective was 

to develop a more effective technique to filter delta electron track-spots in FNTDs, the 

algorithm was designed to be applicable to several nuclear track detector technologies, in 

which the track-spots can be characterised and classified according to sets of defined 

parameters. The novel evaluation procedure is applied to both PADCs and FNTDs, 

demonstrating the successful separation of the undesired signal from the recoil proton 

track-spots, despite the different nature of their spurious signals. Subsequently, the doses are 

estimated and the results obtained using the PCA evaluation method are compared with the 

reference dose values and the estimation of the current procedures implemented in routine.  

7.1 Why the data from track detectors must be filtered? 

Among Solid State Nuclear Detectors, track detectors (SSNTD) offer the advantage of being 

able to resolve and store the information on each particle interaction, provided that 

dosimeters are not exposed to exceedingly high fluence. While the spatial information is 

essential in some detection application, it is normally not used in dosimetry that rely on mere 

tack-spot counting to estimate doses, neglecting not only the interaction position, but also the 

track properties. Nevertheless, in some detector types the track-spot counting is not 

completely binary, in the sense that the detected tracks undergo some analysis before being 

counted. This intermediate step is needed to ascertain and filter any spurious signal that 

might be co-present with the signal of the track-spots that has to be measured. PADCs and 

FNTDs belong to this category of detectors; their technology allow not only to count, but also 

to fully characterise the track-spots detected. 

Although FNTDs and PADCs record the signal of tracks using completely diverse physical 

processes, both technologies are affected by some spurious signal, though originated from 

different causes: PADCs experience material defects mostly caused by small bubbles, trapped 

within the molten polymer during the fabrication process, or small scratches and dust 

deposits on the detector surface before the readout. These imperfections often produce a 
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signal, whose features have optical properties similar to the radiation induced track-spots. 

FNTDs, as discussed in Section 2.3.2, are sensitive to photon-induced delta electrons, which 

constitutes a spurious signal in neutron dosimetry measurements, when only the track-spot 

density of recoil protons (and 6Li reaction products for slow neutrons) needs to be evaluated. 

To account for these spurious signals, some specific methods were developed. In the case 

of PADCs, several strategies and algorithms were proposed and implemented, including: 

quality assurance tests of detector batches, filtering techniques based on track-spot 

dimensions (in particular their minor axis) or grey-level (d'Errico et al., 1997; Worley et al., 

1986), as well as filtering based on comparison with a database of reference track-spots 

(Nikezic et al., 2015). 

 In the case of FNTDs, the issue of delta electrons is accounted subtracting the measured 

track-spot density in the sensitive area underneath the PTFE converter, as explained in detail 

in Sections 2.3.2 and 5.2. However, this current approach is founded on some assumptions 

that might not hold in all exposure conditions. 

For this reasons, this chapter presents an original track-spot analysis method, based on a 

multivariate statistical technique called Principal Component Analysis, which provides an 

effective rejection of the spurious signals in both the technologies tested. In this work, the 

measurements of the SSNTD track-spots were imported into R (www.R-project.org) where 

the PCA algorithm was applied using functions built in the default package “stats”: the 
directions of the principal components were calculated applying to the analysed datasets the 

Equations (2.4.1)–(2.4.4), producing specific sets of loadings. Afterwards, the loadings were 

used to transform the positions of each track-spot in the n-dimensional space into the 2D or 

3D principal components maps and apply the due filters. 

7.2 PADC 

Because PADC detectors are prone to scratching and material defects, which can induce 

localised clusters of spurious signal, a pre-processing of the segmented track-spots was 

implemented, consisting in a patch-filter routine before the data undergo the PCA. 

Subsequently, the PCA technique was applied to the track-spots retained by the patch filter, 

building a map using the first three principal components, where the spurious signal can be 

distinguished from the recoil proton track-spots induced by fast neutrons. 

The definition of the filters is based on the concomitant analysis of irradiated reference 

detectors and unirradiated (control) detectors, postulating that most of the signal present on 

calibration detectors is induced by radiation, whereas the signal on unirradiated detectors is 

mainly due to material imperfections and artefacts.  

7.2.1 Patch filter 

As neutron fields can be considered spatially uniform in the scale of the dosimeters’ 
dimensions, the patch-filter procedure assumes a random spatial distribution of the track-
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spots across the sensitive area of the detector surface. Conversely, scratches, dirt and some 

kind of material defects are typically localised. 

As a first step, after the readout and automatic track-spots segmentations performed by 

the TASL system (see Section 3.1.3), the list of the detected track-spots and their associated 

measurements pertaining to each detector are processed by the newly developed algorithm. 

For each PADC detector, the algorithm assigns every track in the measurement table to a 

zone, defined as a sub-region of the squared sensitive area of the detector of side length W.  

The zones, also squared, are characterised by a side length ω, yielding (𝑊 𝜔⁄ )2 zones within 

the total sensitive surface. The assignment of a track-spot to a specific zone is accomplished 

using the relation in Equation (7.2.1), in which X, Y represent the coordinates of a track-spot, 

referred to the total sensitive area and the symbol “⌊ ⌋” denotes the floor function. 

𝐴𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑍𝑜𝑛𝑒 = ⌊
𝑋
𝜔

⌋ + (
𝑊
𝜔

 ⌊
𝑌
𝜔

⌋) + 1 (7.2.1) 

Because the position of the radiation-induced track-spots is random, the distribution 

obtained computing the total number of tracks per zone in the PADC sensitive area follows a 

Poisson function of mean 𝜆. The calculated parameters of the Poisson’s distribution, specific 
to each detector, are used to set a threshold value 𝑡ℎ = 𝜆 + 3 𝜎2, where σ2 is the variance of 

the distribution. All the tracks belonging to zones having a number of tracks above the 

threshold value are discarded. The algorithm performs adequately as long as the scratches or 

defects extend to a limited area of the detector, i.e. until λ is negligibly affected by the number 

of defects. When the total rejected area exceeds 20% of the total sensitive area, the algorithm 

labels the detector accordingly. The approach fails when the whole surface of a detector is 

affected by scratches, as the induced defects significantly affect the distribution. Nevertheless, 

besides being the occurrence of such cases very infrequent, a heavily scratched detector can 

be easily recognised by visual inspection during its loading onto the readout frame, or at any 

point of the evaluation. 
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Figure 7.1. Example of a PADC detector scratched on the right bottom side. The scratch-related 

patch filtered tracks are displayed in pink, whereas track-spots accepted by the patch filtering are 

shown in blue. The patch filtering removes most of the spurious signal, leaving only a minor 

contribution that can be subsequently filtered via PCA analysis.  

 

The illustration in Figure 7.1 shows an example of the patch filtering procedure applied 

to a detector that experienced some scratching on the right side. Each track segmented is 

represented by a spot, illustrating the position of the track relative to the total sensitive area 

of the PADC. The spots marked in blue represent the track-spots that passed the patch 

filtering, whereas the pink spots indicate the track-spots of the rejected zones. Most of the 

denser localised signal caused by the scratches is efficaciously removed by the patch filtering, 

leaving only minor contributions (e.g. X = 5000 µm, Y = 3800 µm) that can be addressed by 

the PCA filtering in the following stage of the algorithm. 
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7.2.2 PCA applied to PADC 

Figure 7.2 presents a 3D map of the PADC track-spots using as dimensions the first three PCs, 

whose loadings are reported in Table 7.1. The loadings were calculated from the track-spot 

dataset, after the patch filtering, applying the equations described in Section 2.4.2. From these 

loadings one can observe that the first PC, mainly affected by the parameters MIN, MAJ, AREA, 

is associated primarily with parameters describing the dimension of the track-spots; the 

second PC is mostly related to the roundness and the edge sharpness of the measured track-

spots (CONV, SHARP) and the third PC is predominantly related to the track-spots variations 

in symmetry and focus (SYMM, FOCUS). The grey level (GREY) seems to play a marginal role 

in distinguishing radiation induced track-spots from material artefacts. 
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Figure 7.2. 3D map of the first three Principal Components of unirradiated (control) and neutron 

irradiated (calibration) PADC detectors.  

 

Table 7.1. Parameters loadings defining the Principal Components for PADC detectors analysed. 

Parameter PC1 PC2 PC3 

MIN 0.528 -0.073 0.106 

MAJ 0.495 -0.211 0.159 
GREY 
 

0.152 -0.072 -0.252 

SYMM 0.053 0.087 -0.741 

CONV -0.102 -0.616 -0.079 

SHARP 0.026 -0.558 -0.318 

FOCUS -0.281 -0.153 0.447 

AREA 0.516 -0.153 0.187 

A1 -0.307 -0.446 0.092 
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The diagram in Figure 7.2 was built expressing the first three PCs of each track-spot, 

calculated as a linear combination of the initial measurement parameters weighed by the 

specific set of loadings found. The number of significant PCs considered was chosen using the 

criterion described in Section 2.4.2. In the graph, blue points correspond to track-spots 

detected in calibration detectors exposed to a 241AmBe neutron source, whereas red ones 

indicate the track-spots detected in unirradiated detectors. 

The proportion of the number of red and blue track-spots, specifically the abundance of 

track-spots from calibration detectors and the track-spots scantiness from unirradiated 

detectors, is consistent with the facts that: (i) the calibration detectors were irradiated at a 

relatively high dose of 3 mSv; and (ii) the detectors’ batch used, passed a quality assessment 
test, hence a low number of material defects was expected. 

However, if not properly filtered, the spurious signal adds up to the recoil proton track-

density, causing an overestimation of the dose, whose relative importance grows as the 

measured doses decrease. Whereas an overlap of the two distributions is noticeable, because 

in calibration detectors the spurious signal of material defects is anyway present and in 

control detectors some track-spots are induced by cosmic and environmental radiation, most 

of the control detector signal clusters in two regions. These regions are separated by the main 

region of blue points, where the track-spots from calibration detectors amass. The first group 

of red track-spots, at smaller values of the first three PCs, is attributed to minute material 

defects (e.g. small bubbles) featuring a small pale and round signal. The second cluster of red 

points, placed at larger PCs values, is ascribed to the spurious signal induced by dust or dirt 

present on the detector surface, typically exhibiting large, irregular and slightly out of focus 

tracks.  

The intervals of the distributions of the defects and of the radiation-induced track-spots 

remain unchanged in the 3D map shown in Figure 7.2, as long as PADC detectors from the 

same production batch are used. Filters were set defining a region of acceptance in the PCs 

map to select most of the signal of calibration detectors while minimising the one from control 

ones. The region boundaries were defined maximising the ratio of the signal found in 

calibration and control detectors, later applied to filter track-spots of detectors from the same 

batch exposed to unknown doses. 

7.3 FNTD 

In the case of FNTDs, the PCA technique, based on the analysis of the measurements of each 

single track-spot, constitutes a profoundly different method compared to the conventional 

dosimeter evaluation strategy adopted to account for the delta electron signal (Section 3.2.4). 

Therefore, in the first instance, it was verified that the PCA method could distinguish the 

signal of electrons from the one of charged hadrons. Afterwards, for neutron irradiated 

detectors, the track-spots distributions obtained behind PE and PTFE were compared, to 

confirm that the delta electron signal, present under both the converters, overlaps on a 

specific region of the PC map. The track-spots detected were subsequently clustered in two 

groups, filtering the one pertaining delta electrons and retaining the proton induced one. The 
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PCA filtration process was additionally tested against the crystal colouration, the main source 

known to affect the track-spots properties (Fomenko et al., 2018).  

7.3.1 PCA applied to FNTD 

In FNTDs, the PCA efficacy in differentiating track-spots created by different kinds of ionising 

radiation was assessed evaluating the signals of a set of reference detectors, previously 

irradiated by Landauer (Stillwater OK, US), exposed to photons, protons and alpha particles 

impinging at different angles with the method described by Bartz et al. (2013).  Specifically, 

samples detectors were irradiated with 1.2 MeV protons perpendicularly impinging on the 

detector surface, 241Am generated alpha particles at different angles (0°, 45° and 60°) , X-rays 

(120 kV) and gamma rays from a 137Cs source (662 keV). The raw images obtained from the 

readout were analysed, according to the procedure described in Chapter 6, to segment and 

measure each track-spot. Parameters associated to the fluorescence intensity (MIN, MAX 

MEAN) were normalised to the background fluorescence intensity of each detector. 

Figure 7.3 illustrates the results of the samples analysed with the PCA, displaying the 

distribution of the segmented track-spots in terms of the first two PCs, whose corresponding 

calculated loadings are shown in Table 7.2. In the case of FNTDs, since the eigenvalues 

associated with the first two PCs represent more than 90% of the dataset variability, the 

number of significant principal components was reduced to two. 
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Figure 7.3. PCA of track-spots generated by different particles. 1.2 MeV protons impinging 

orthogonally to the detector surface (blue), 241Am generated alpha particles at different angles: 0° 

(purple), 45°(green) and 60°(red), and photons (light green and orange). The dashed black line 

identifies the region of hadron-generated track-spots. 
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Inspecting the PCs loadings reported in Table 7.2, or in other words the influence of the 

measurement parameters on the PCs, one can realise that the first PC is primarily related to 

the fluorescence intensity of the track-spots, whilst the second PC is closely related to the 

morphology of the track-spots, in particular with the quantities associated to their 

dimensions, such as the area, the major axis and the roundness.  

 

Table 7.2. Parameters loadings defining the Principal Components for the analysed set of FNTDs 

irradiated with different particles. 

Parameter PC1 PC2 

MINOR 0.385 0.186 

MAJOR 0.245 -0.574 

AREA 0.354 -0.426 

MEAN 0.465 0.169 

STDDEV 0.466 0.151 

MIN 0.108 0.121 

MAX 0.470 0.133 

ROUND -0.007 0.609 

 

The photon-generated delta electrons track-spots (orange and green symbols) gather at 

low values of the principal components, adjacent the origin. Contrariwise, the signal 

generated by protons and alpha particles is distributed over a wider region, distinguished by 

higher PCs values. The signal of protons (blue) and alpha particles (pink) impinging normally 

on the FNTDs can be distinguished according to their different LET (~70 keV µm-1 and ~250 

keVµm-1). The effect can be clarified considering that the energy deposited is well correlated 

with the average value of the fluorescence intensity, as demonstrated by Sykora et al. (2008a). 

The hadron track-spots are distributed in a hyperbolic trend, depending on the angle of 

irradiation, demonstrating that the product of the first two principal components is relatively 

constant. Indeed, for perpendicular hadron incidence, brighter but smaller track-spots are 

produced, whereas the larger the impact angle of a particle with the detector surface, the 

dimmer but wider the correspondent track-spot generated. One should remark that, despite 

the fact that the PCs pool variables with similar physical relationships, only the combination 

of the measured variables into PCs has the power of separating the delta electron signal from 

the hadrons one. By merely considering isolated physical parameters, for example the 

fluorescence intensity and the dimension of the track-spots, the required separation between 

delta electron and hadron track-spots cannot be effectively achieved. 

The results illustrated in Figure 7.3 demonstrate the capability of the PCA analysis to 

separate the signal of hadrons from delta electrons. Therefore, the PCA method was then 

applied to the set of neutron-irradiated FNTDs, whose exposure conditions are listed in Table 

3.4. The track-spot segmentation was, once again, accomplished using the custom procedure 

for single-layer analysis described in Chapter 6. Similarly to what discussed for Figure 7.3, the 

spurious delta electrons signal could be separated from the recoil protons one by removing 
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the track-spots grouping closer to the origin in the map defined by the PCs. The grouping was 

attained using the k-means clustering function in the “stat” package of R (www.R-project.org), 

which dichotomises a set of data in k clusters (in this case k = 2), based on the smallest 

distance between the cluster centroid and each piece of data (Hartigan and Wong, 1979). 

The effectiveness of the PCA technique in isolating the signal of fast neutron induced recoil 

protons was corroborated jointly processing the FNTD images acquired under two different 

converters: PE, where induced track-spots can be generated either by recoil protons or delta 

electrons, and PTFE, in which only delta electron track-spots can be present, given the energy 

of the neutron sources used (excluding a negligible amount of track-spots induced by cosmic 

rays during detectors air shipments). Figure 7.4 displays a prototypical example of the 

validation method just aforesaid, applied to one detector.  

In Figure 7.4a, blue points represent the signal detected beneath PE, whereas pink 

triangles identify the track-spots segmented under the PTFE converter. One can readily 

recognise the bi-modal pattern of the track-spots distribution below PE (blue), where one 

group is closer to the origin of the axis and the other one is dispersed at higher values of the 

PCs. Instead, the track-spots detected below PTFE, uniquely generated by delta electrons, 

concentrate exclusively in the region close to the origin, overlapping with the first group of 

track-spots detected under PE. From this comparison, one can infer that the group of track-

spots located at smaller values of the PCs is ascribed to delta electrons. The result presented 

in Figure 7.4a additionally suggests that the track-spots generated by delta electrons have 

similar characteristics, despite possible discrepancies in the electrons energy distribution, 

due to different converters. This observation is also supported by the overlap of the track-

spots distribution of FNTDs irradiated with X-rays and γ-rays shown in Figure 7.3. 
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Figure 7.4. a) PCs distribution map example of track-spots detected behind PE (blue) and PTFE 

(pink) converters of an FNTD exposed to neutrons. b) Example of clustering of track-spots, 

detected behind the PE converter. The data shown are split in two sets: in black the track-spots 

generated by delta electrons and in red the ones generated by protons. 
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Figure 7.4b demonstrates the clustering performances on the track-spots detected behind 

the polyethylene converter, with the dataset correctly partitioned in delta electron signal 

(black) and recoil protons (red). The spread of the recoil protons distribution below PE is 

larger than the one registered for distinct hadrons irradiations illustrated in Figure 7.3. The 

effect is explained considering that irradiations in a homogeneous field of charged particles 

give rise to track-spots with the same characteristics, yielding a narrower distribution in the 

PCs map. Conversely, recoil protons are emitted (and recorded) in a wide range of energies 

and angles, therefore producing track-spots with a varied morphology and fluorescence 

intensity, hence the broader distribution following the hyperbolic trend, visualised in the PCs 

map.  

Figure 7.5 illustrates the PC map of the track-spots detected below PE for each FNTD 

irradiated for this study (see Table 3.4), where the signal contribution of delta electron 

(green) was appropriately separated from the recoil proton track-spots (blue) using the PCA 

algorithm described. The counted numbers of delta electrons and recoil protons track-spots 

are consistent among detectors within an irradiation group, with a deviation < 10%. One 

should notice that, in the case of control detectors, very few delta electrons track-spots are 

present, likely due to X-ray scanning at the airport during shipment, which are effectively 

recognised and filtered by the PCA algorithm. Sporadic proton track-spots in control 

detectors are induced by neutron fields and cosmic radiation experienced during 

transatlantic flights shipments. In the PC maps, whereas for any detector the position of the 

group of track-spots pertaining delta electrons is fixed. Conversely, the distributions of recoil 

protons not only vary in terms of number of track-spots, due to the response to different 

sources and irradiation conditions, but also shifts as the angle of exposures increase, giving 

on average dimmer and more elongated track-spots at larger exposure angles, consistently 

with the expected angular distribution of the recoil protons generated. 
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Figure 7.5. Principal components map of FNTDs exposed to different neutron sources and in 

different layouts. After the application of the PCA algorithm, the signal of recoil protons (blue) is 

separated from the one generated by delta electrons (green).  

7.3.2 PCA robustness against crystal colouration 

Previous studies acknowledged that the FNTDs crystal colouration may affect not only the 

background fluorescence, but also the fluorescence intensities of the detected track-spots 

(Akselrod et al., 2014a; Fomenko et al., 2018). The variety of FNTDs colourations available 

nowadays has been narrowed down to a relative small range, thanks to refinements and 

improvements of the crystal growing techniques, guaranteeing not only enhanced uniformity 

and constancy of the colour centres distribution within a single crystal lattice, but also their 

reproducibility across the several crystals manufactured (Akselrod and Kouwenberg, 2018). 
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Nevertheless, among different FNTDs, minor colouration variations are still observed and 

therefore their influence on the PCA analysis performances must be investigated. 

The crystals used in this study were randomly sampled to form a representative set of the 

range of FNTDs colourations currently in use for dosimetry. The information on the crystal 

colouration was obtained as described in Section 3.2.2, measuring the green fluorescence 

stimulated by a blue LED.  

Figure 7.6a displays the appreciable linear correlation between the colouration of the 

FNTDs used in the PCA study and the intensity of their corresponding background 

fluorescence, in a region of the crystal unaffected by radiochromic transformation. The 

relationship found is in line with the results reported by Akselrod et al. (2014a).  

The influence of colouration on the first principal component is summarised Figure 7.6b, 

where are plotted, for each detector, the centroids of the two clustered distributions (delta 

electrons and recoil protons) pertaining the first PC. Specifically, for each analysed detector, 

the triangles at lower values of the ordinate axis indicate the centroids of the delta electrons 

distributions, i.e. the centroids of the green distributions shown in Figure 7.5, whereas 

squares show the centroids corresponding to recoil protons track-spots, with the error bars 

illustrating the extension of such distributions. 

The positive slope of the dashed red lines fitting the centroids indicates that the first PC, 

being mainly formed by fluorescence intensity-related quantities, is affected by the crystal 

colouration. Yet, even for the supposedly more critical values at lower colourations, the delta 

electrons and the recoil protons distributions remain clearly separated, resulting in an 

appropriate classification of the spurious and desired signals, regardless of the crystal 

colouration. For larger crystal colouration values the classification and rejection of delta 

electrons from recoil protons is facilitated, given the larger gaps between their centroids. 
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Figure 7.6. Analysis of colouration influence on the PCA for FNTDs irradiated with neutrons (Table 

3.4): (a) correlation between FNTD colouration and background fluorescence signal; (b) 

correlation between FNTD colouration and the first principal component. The two data series 

refer to delta electrons (triangles) and recoil protons (squares) track-spots distributions. The 

error bars indicate the intervals of the distributions.  
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The second principal component has been observed to be independent on the crystal 

colouration, consistently with the fact that it is a linear combination of parameters 

predominantly related to the track-spots dimensions and very little to their fluorescence 

intensities. 

7.4 Dose assessment comparison  

After the rejection of the spurious signal in PADC detectors and FNTDs using the PCA 

illustrated in the previous sections, the density of the filtered track-spots was measured and 

the doses calculated applying the experimental calibration coefficients. Specifically, the 

calibration coefficients used for FNTDs are listed in Table 5.1, whereas the calibration 

coefficient used for PADC detectors was 95 tracks mSv-1 cm-2, obtained analysing with the PCA 

the set of calibration detectors from the same batch irradiated as described in Section 3.3.2. 

The following paragraphs discuss the dose results obtained with PCA on the sets of detectors 

analysed.  

7.4.1 PADC detectors 

Figure 7.7 illustrates the dose response in terms of track density of PADC detectors evaluated 

in this research work, which were exposed to reference neutron fields during the inter-

comparison 2017 organised by PTB (see Section 3.3.1). After the use of the PCA, the radiation-

induced signal scales linearly with the dose delivered in the considered range 0 mSv – 8 mSv. 
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Figure 7.7. Dose response curve for PADC detectors. The data points show the linear relation 

between the track density on PADCs of actual radiation-induced track-spots, retained after the 

PCA filtering, with the reference dose imparted to the detectors. 
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One shall consider that the PADCs received not only different doses, but were exposed to 

different neutron sources and irradiated with at different angles (see Table 3.3). In this 

respect, the good agreement among the detectors responses using the PCA and the linear 

fitting accentuates the effectiveness of the proposed track-spot filtering method in a variety 

of exposure situations. This is an attractive characteristic in personal dosimetry systems, 

since dosimeters worn by workers exposed to radiation may experience workplace field 

conditions that deviates from calibration conditions, both in particles energy distribution and 

in angles of exposure. 
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Figure 7.8. Results of PADC detectors evaluation using the PCA (red) on sampled track-spots and 

the standard proprietary TASL algorithm (blue). The dotted lines represent the limits of the ISO 

21909-1 (2015) and the dashed line indicates the reference. The detectors exposure conditions 

are listed in Table 3.3. 

 

In Figure 7.8, the dose estimations using the developed patch- and PCA-filtering algorithm 

on PADC detectors are compared, for reference, with the performances of the TASL system 

evaluation technique routinely adopted at PSI for neutron dose assessments. The graph in 

Figure 7.8 expresses the doses estimated normalised by the reference doses (Hp(10)). This 

data representation, besides offering a direct comparison of the estimated doses with the 

reference represented as a dashed black line, additionally allows to relate the results obtained 

with the dose acceptance limits, represented by dotted lines, defined by the neutron 

dosimetry requirements stated in the ISO 21909-1 (2015). Red circles indicate the results 

obtained with the PCA algorithm and blue triangles represent the estimations attained by the 

TASL system. The data series are characterised by analogous dose estimations across all the 

neutron exposure situations, with the single exception at 2.5 mSv, in which the PCA dose 

assessment more closely matches the reference value. The discrepancy with the dose value 
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obtained by the TALS system is supposedly associated to a difference in filtered track-spots, 

though a direct track to track comparison of the accepted tracks is hindered by the 

proprietary TASL algorithm. The dose assessments attained using PCA are well within the 

acceptance limits set by the ISO 21909-1 (2015) standard, endorsing the effectiveness of the 

new method proposed. 

With reference to PADC detectors, the main advantage brought by the PCA analysis over 

the standard evaluation techniques is that the material properties are automatically taken 

into account by the jointly evaluated set of irradiated and control detectors. Thereby, different 

batches, although separately analysed with a corresponding set of calibration and 

unirradiated detectors, can go through the same automated analysis without, for instance, the 

need for the user to correct for the different etch rates or sensitivities. 

7.4.2 FNTDs 

After the PCA analysis and the clustering of the track-spots (displayed in Figure 7.5), the dose 

estimations of the FNTDs used in this study have been calculated dividing the measured 

density of recoil protons below PE by the source-specific experimental calibration coefficients 

illustrated in Table 5.1 and reported in literature (Sykora et al., 2008b). 

The results of the dose assessments are given in Figure 7.9, normalised to the reference 

dose imparted of 10 mSv and grouped by irradiation condition. Similarly to Figure 7.8, in 

Figure 7.9 the dashed line marks the reference value and the dotted lines the acceptance limits 

complying with the ISO 21909-1 (2015) regulations. 
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Figure 7.9. Estimated dose of FNTDs irradiated at the PSI calibration laboratory (see Table 3.4). 
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In all the exposure conditions tested the dose estimations differ less than 25% from the 

reference dose, attesting the accuracy of the PCA analysis technique for FNTDs, except for the 

one at an angle of 60°. One shall bear in mind that the accuracy < 25% and the relatively 

narrow uncertainty demonstrated in Figure 7.9 were accomplished considering only a 

restricted portion of each detector surface (0.25 mm2), compared to the total surface 

available behind the PE converter (~6.6 mm2). Therefore, both accuracy and uncertainty may 

be improved scanning larger detector surfaces, since the uncertainty is proportional to the 

square root of the number of track-spots detected, as demonstrated in Akselrod et al. (2014b). 

The dose misjudgement at an irradiation angle of 60°, leading to an estimated dose outside 

the limits set by requirements, is attributed to a contribution of two aspects: (i) the limited 

portion of the detectors surface analysed and (ii) the reduced recoil proton detection caused 

by the angle of exposure. While the first aspect can be solved simply scanning larger areas, 

the second one poses a tougher challenge. In fact, to account for the reduced detection 

efficiencies, a procedure to estimate the exposure angles must be developed based on the 

recorded signal left by radiation. 

The PCA technique presented in this chapter offers an alternative technique to 

account for the delta electron signal detected in FNTDs, currently based on the subtraction of 

the track-density registered under the PTFE converter from the value obtained below PE. The 

PCA technique has been demonstrated for recoil protons, correctly partitioning the spurious 

and the desired signals, since it has been conceived for the dose assessment of fast neutron 

fields. Nevertheless, the technique could certainly be applied to the signal of slow neutrons 

(helium and tritium ions) behind the Li-glass converter. In the latter case, the delta electron 

discrimination would actually be less demanding as the 6Li fission reaction products would 

mostly induce larger and brighter track-spots, given their larger LET compared to fast recoil 

protons. Thereby, for FNTD-based neutron dosimeters, the adoption of the PCA filtering 

procedure allows to eliminate the need of the PTFE converter and, with it, the assumptions 

made when subtracting the signal of delta electrons in the conventional dosimeter evaluation  

procedure and the energy constraints described in Section 5.2, bestowing FNTDs not only an 

enhanced accuracy, but also appropriate performances in a broader range of energy neutron 

fields.  
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Chapter 8  

Dosimetry information from recoil protons tracks analysis in 

FNTD 

The research work presented in Chapter 4 and Chapter 5 highlighted the weak points of the 

current FNTD-based neutron dosimetry, viz. the delta electron sensitivity and the strong 

angular and energy dependences. The sensitivity to delta electrons can be accounted in the 

typical single-layer analysis, as demonstrated in Chapter 7, but the information contained in 

the single track-spots is too scant to infer the irradiation conditions. Yet, the fully 

reconstructed tracks (obtained in Chapter 6) may provide the information needed to improve 

the current dose evaluation.  

The objective of the study presented in this chapter is to establish methods to estimate 

and correct for the angles of exposure and the mean energy of a fast neutron field. This was 

achieved by statistically analysing the recoil proton trajectories recorded in the FNTDs, 

providing hence a solution for the aforementioned limitations that remained unaddressed in 

the single-layer analysis.  

First, the equivalency of the distributions of recoil protons tracks obtained with 

simulations and experiments is verified. The methods developed to estimate the exposure 

angles and mean energy are thoroughly illustrated, comparing their application on 

experimental data and simulation techniques. The uncertainties involved in the approaches 

have also been characterised, investigating their dependence on the number of detected 

tracks available per detector. At last, the benefits of the more time-consuming 3D readout and 

analysis are discussed, offering a recommendation on when the 3D readout and analysis shall 

be preferred over the standard single-layer analysis. 

8.1 Track distribution comparison of experiments and simulations 

Chapter 6 proposes a method to reconstruct the recoil proton trajectories registered in the 

FNTDs exposed to fast neutrons. The positive results therein demonstrated open the way to 

unconventional methods of dosimeters evaluation and constitute a necessary condition for 

the study described in this chapter, devoted to investigate the additional exposure 

information that could be gained by the analysis of the 3D tracks. 

To explore this approach for fast neutron dosimetry with FNTDs, both experimental and 

simulation tools have been used: the advantage offered by the simulations has been exploited 

to parse diversified irradiation conditions and acquire different levels of statistics, whereas 
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the experimental data provided a set of measurements upon which the analyses formulated 

could be tested to validate the results obtained by numerical models.   

In the case of the simulations, whose set up details are discussed in Section3.4, the 

trajectories of recoil proton particles have been reconstructed recording and processing the 

histories of the particles interaction, as described in Sections 3.4.4 and 3.4.6, whereas the 

experimental results, discussed in the following, have been obtained applying the 

reconstruction method proposed in Chapter 6 to the FNTDs irradiated at PSI (see Table 3.4). 

To begin with, the data sets of reconstructed recoil proton tracks obtained by simulations 

had to be filtered according to the conditions stated in Section 6.5, to be consistent with the 

experimental data sets. Figure 8.1 shows the distributions of the azimuthal (ϕ) and polar (θ) 

angles (see definitions in Section 3.4.6 and 6.5) and the range of simulated recoil protons 

tracks, generated in a 2 mm thick PE converter, propagating in an Al2O3 medium when 

exposed perpendicularly to 252Cf (left column) and 241AmBe (right column) neutron sources. 

The red bars represent the track distributions relative to all protons emerging from the 

converter and propagating in the FNTD. The blue bars refer to recoil protons tracks having a 

projected range in Al2O3 longer than 6 µm. In addition, proton trajectories with a range 

greater than 100 µm were cumulated in the last bin.  
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Figure 8.1. Distributions calculated from the recoil protons trajectories obtained by simulations.  
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For the simulated perpendicular exposures, the ϕ distributions (Figure 8.1a,d) show a 

uniform trend, which is preserved when considering the retained proton tracks only. In fact, 

the ϕ distribution uniformity of the tracks depends exclusively on the angles of irradiation 

and not on the tracks range. Therefore, when tracks with ranges < 6 µm are removed, the 

profile of the distribution is conserved, as a result of the subtraction of two constant 

distributions.   

The θ histograms (Figure 8.1b,e) of the unfiltered tracks are characterised by a broad 

positive-skewed distributions peaked at 25°. The filtered distributions profiles show a slight 

change: the removal of particles having a projected range smaller than 6 µm progressively 

affects the larger angles of the distributions. This is explained not only considering that 

trajectories with larger polar angles imply a reduced projected range, but also that recoil 

protons generated at larger angles possess smaller energies, as stated in Equation (2.1.8), 

thus more limited ranges. 

The recoil proton range distributions are illustrated in Figure 8.1c,f, limited to the interval 

0 – 100 µm. Expected differences with the unfiltered tracks are noticeable at lower values of 

the range, due to the cut in projected range, and in the last bin present at the end of the 

distributions, due to the accumulation into a single bin (last blue bin) of all unfiltered recoil 

protons with ranges ≥ 100 µm, longer than the scanned depth. 

The comparison between 252Cf and 241AmBe distributions shows no appreciable variations 

in recoil protons angles. Conversely, as can be noted in Figure 8.2, the relative recoil protons 

range distribution of 252Cf exposures (red) is characterised by a larger recoil protons portion 

with shorter ranges, as compared to the recoil protons distribution generated by a 241AmBe 

irradiation (black). This is consistent with the difference in fluence average neutron energies 

of 252Cf and 241AmBe, being 2.13 MeV and 4.16 MeV respectively. For the same reason, the 

fraction of generated recoil protons having ranges greater than 100 µm is considerably larger 

for 241AmBe irradiations. 
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Figure 8.2. Comparison of the range of simulated recoil proton trajectories when irradiated with 
252Cf (red) and 241AmBe (black), blue distributions in Figure 8.1. 
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Given that the same filtering conditions were applied, the simulated recoil proton 

distributions, shown in blue in Figure 8.1, could be compared with the experimentally 

reconstructed particles trajectories in FNTDs. Figure 8.3 displays the comparison of the polar 

angle and the range distributions obtained by simulations, identified by red columns, with the 

experimental results of irradiated FNTDs shown in black, for the two neutron fields (252Cf and 
241AmBe). The experimental and simulated distributions look overall in good agreement, 

especially considering the limited statistics in the experimental FNTD data, where bins, 

containing very few observations only, showed a larger variability.  
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Figure 8.3. Comparison of simulated vs. experimental polar angle and range of the reconstructed 

recoil protons trajectories. 

8.2 Assessment of irradiation angles 

Figure 8.4a shows the projections on the XY plane, parallel to the detector surface, of the 

experimentally reconstructed recoil protons tracks in FNTDs. Specifically, they refer to 

detectors irradiated with a 241AmBe source on phantom at increasing exposure angles  as 

described in Table 3.4, whose 3D trajectories distribution can be seen in Figure 6.9. 

Already from a qualitative perspective, besides the variation in track density, a clear 

orderliness of the reconstructed tracks can be distinguished: whereas for perpendicular 

irradiations the direction of the tracks is isotropic, the larger the irradiation polar angle, the 

more aligned the pattern of the tracks projection is.  

The regularity of the tracks arrangement, driven by exposure angles, can also be evidently 

noted considering the azimuthal angle ϕ distributions of the fitted tracks, pertaining to the 

same detectors, illustrated in Figure 8.4b. Here, a dosimeter neutron exposure under normal 
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incidence conditions results in a uniform ϕ histogram, whereas, for irradiations at an angle, 

the distribution develops a peak, whose position is centred on the corresponding azimuthal 

angle of irradiation , that proportionally increases with the polar angle of exposure . 

The assessment of the experimental recoil protons trajectories demonstrates that the 

regularity of the tracks orientation can be used to infer the angles of exposure. 

 
 

Figure 8.4. Analysis of recoil proton reconstructed trajectories of FNTDs exposed at various 

angles: (a) projection on the XY plane, (b) histogram of the tracks azimuthal angle (ϕ). 

Perpendicular irradiations are characterised by an isotropic distribution of the tracks projections 

and a uniform ϕ distribution. The projections of the tracks, become more parallel and peaks form 

in the ϕ distributions, as the  angle of exposure increases. 

 

In light of the results obtained experimentally, simulated irradiations have been 

performed with the objective to integrate and complement the experimental data, which 

suffered from limited statistics, due to the extensive scanning times of the images stacks 

needed for the reconstruction of the recoil protons trajectories. The simulations reproduced 

neutron exposures with a 241AmBe source in a variety of layouts, listed in Table 3.6. 

Figure 8.5 displays the histograms of the simulated recoil protons azimuthal angles, to be 

compared with the experimental results shown in Figure 8.4b. Figure 8.5a illustrates how the 

ϕ  distributions adjust by progressively tilting the detector with respect to the source, i.e. 

increasing the  angle, keeping fixed the azimuthal angle of irradiation  = 0°. In analogy 

with the experimental results, for a normal irradiation ( = 0°) the distribution yielded is 

uniform, indicated in the figure by the black line. For progressively higher  angles of 

a) 

b) 

ϕ 
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exposure, the distributions correspondingly feature more pronounced peaks. Figure 8.5b 

displays instead how the peaked ϕ distributions, of irradiations performed at a constant angle 

  of 45°, shift with the varying azimuthal irradiation angle . 

The computation of the ϕ distributions, presented in Figure 8.4b and Figure 8.5, constitute 

an effective semi-quantitative method to promptly infer the angles of exposure, hence 

allowing one to swiftly appraise whether a detector experienced a directional irradiation or 

a perpendicular exposure. However, even for large tracks data sets, some significant 

variability in the histogram is observed, wherefore this approach does not offer an accurate 

estimate of the irradiation angles. 
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Figure 8.5. Distributions of the tracks azimuthal angle (ϕ) obtained from simulations of FNTDs 

irradiated using a 241AmBe source from different directions:  = 0°, 90° and 225°,  = 0°, 30°, 45°, 

60°. The peak intensity (a) is proportional to the polar angle , whereas its position (b) is centred 

on the azimuthal angle ϕ = . 

 



Development and Modelling Innovative Techniques for Neutron Dosimetry Stabilini Alberto 
____________________________________________________________________________________________________________________ 

103 

To overcome the limitations discussed on the precise assessment of the angles, a different 

methodology has been envisaged. This alternative approach to evaluate a preferential 

exposure angle from the recoil proton tracks involves the calculation of the displacements per 

unit range, in X and Y directions, of each reconstructed recoil proton trajectory, defined in 

symbols as 𝑑𝑋 𝑑𝑅⁄  and 𝑑𝑌 𝑑𝑅⁄ .  

Figure 8.6 gives an example of this approach on two sets of reconstructed recoil proton 

tracks obtained from perpendicular (Figure 8.6a) and 45° (Figure 8.6c) irradiations. The 

corresponding track displacements are displayed in Figure 8.6b,d, in which each black point 

represents the displacement of a single reconstructed track. The 2D displacement 

distributions shown, contained within a circle of unitary radius by definition, are 

characterised by a peculiar symmetry depending on the angles of irradiation. The 

computation of the centroids of the distributions (red symbols), specifically of their 

coordinates Xc, Yc, can be used to estimate the irradiation angles, as described in the following 

paragraphs. 
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Figure 8.6. Distributions of simulated 3D tracks for normal (a) and 45° (c) incidence neutron field. 

(b, d) normalised trajectories displacements in X and Y directions calculated from the 3D tracks 

shown on the left. The centroid of the displacements distributions is shown in red. 
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Figure 8.7 illustrates the centroids of the displacements distributions obtained 

experimentally. The values show the average Xc, Yc coordinates of five FNTDs, grouped 

according to the exposure conditions. The irradiations performed at 0 (perpendicular 

irradiations) yield centroids close to the origin and an average displacement close to zero, 

whereas detectors irradiated at an angle show shifted centroids, whose distance from the 

origin increases with . In theory, the distance from the origin should be proportional to 

sin , but, because the distribution of the displacement is not symmetrical along the direction 

of the angle of tilt, as seen in Figure 8.6d, the centroids do not correspond to the geometrical 

values. 

The offset of the experimental values can be easily accounted by setting up a calibration 

curve, relating the centroid distance from the origin with the angle for known. 
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Figure 8.7.  Distribution centroids of the XY displacements normalized by layer, for detectors 

irradiated as described in Table 3.4. Perpendicular irradiations lay close to the origin whereas a 

tilting of the detector’s plane with respect to the source results in more distant points in the tilt 
direction. 

 

The procedure described for experimental data in Figure 8.7 was replicated on the recoil 

proton tracks data set obtained by simulations, producing the plot in Figure 8.8. ere, the 

symbols represent the centroids of the displacement distributions of each of the five detectors 

within a given irradiation group, reported in Table 3.6, distinguished by colour. 

Given the superior statistics offered by simulations, the centroids positions are closer, for 

the same irradiation layouts, than the experimental uncertainty observed. Similarly to 

experimental results, the centroids position depends on both the irradiation polar and 

azimuthal angles: their position relative to the X and Y axis is associated to the azimuthal angle 

, whereas the distance from the origin is correlated to the polar angle  of exposure. 
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Comparing the results for non-perpendicular irradiations in Figure 8.7 and Figure 8.8, the 

average values of the centroids obtained experimentally and by simulations produce different 

underestimations of the sin  proportionality expected from theory. 

As mentioned, the discrepancy can be simply accounted by establishing a calibration 

curve; nonetheless, the causes for the irradiation polar angle underestimation have been 

investigated and are discussed in the subsequent Section 8.2.2. 
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Figure 8.8. Map of the centroids of the displacement distribution in X and Y directions normalised 

by the range. Each point represents the centroid of the displacement distribution for a single 

detector simulation. For each exposure layout, five simulations with the same number of 

primaries were performed.  

8.2.1 Azimuthal angle 

The azimuthal angle of irradiation does not influence the FNTD sensitivity and therefore is 

usually of secondary interest with respect to the determination of the polar angle of 

irradiation. Nevertheless, its assessment could still be useful in certain applications, where 

the relative source-detector position shall be estimated. 

In Figure 8.9 one can observe that, when  ≠ 0°, the distributions of the recoil protons 

tracks displacements possess a 180° symmetry with reference to the azimuthal angle of 

irradiation. From the centroid coordinates (Xc, Yc) calculated for a given detector, the 

azimuthal angle ϕ can be appraised through Equation (8.2.1), which can be extended to the 

domain ϕ [0°,360°) using the function atan2. 

 = atan (𝑌𝑐
𝑋𝑐

⁄ ) (8.2.1) 
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Figure 8.9.  X, Y normalised displacements of recoil protons reconstructed tracks for three 

different azimuthal irradiation angles: 0°, 90°, 225°. In all the cases the polar angle of irradiation 

was 45°. The line in red defines the axis of symmetry of the distributions. 

8.2.2 Polar angle 

In opposition to the azimuthal angle of irradiation, the polar angle  significantly influences 

the calibration coefficient. Therefore, its precise assessment is not only useful in specific 

situations requiring source-detector location, but also in applying angular correction factors 

during routine detector evaluation. 

Ideally, given the definition of the displacement distribution and its centroid,  could be 

estimated introducing in Equation (8.2.2) the centroid coordinates pertaining to a detector, 

illustrated for example in Figure 8.8, or, alternatively, the centroid distance D from the origin 

of the axis. 

 = arcsin √𝑋𝐶
2 + 𝑌𝐶

2 = arcsin 𝐷 (8.2.2) 

When fast neutron irradiations are considered, however, the formula underestimates the 

polar angle of irradiation. The causes for such underestimation are the distortions of the 

displacements distributions when detectors are irradiated at  > 0°. 

In particular, two phenomena influence the distributions: the first is related to the recoil 

proton generation directions, affecting both the experimental and simulation results; the 

second is related to the detection efficiency in FNTDs of proton tracks propagating at large 

glancing angles, affecting exclusively the experimental results and being thus responsible for 

the different polar angle underestimation observed comparing Figure 8.7 with Figure 8.8. 

With reference to the first phenomenon, the explanation is provided by the following 

reasoning. With reference to the interaction of fast neutrons discussed in Section 2.1.3, due 

to momentum conservation, recoil protons are generated in the PE converter in the forward 

direction, within the angle interval 0° – 90° with respect to the directional primary neutron 

field. The recoil proton angular distribution, described by Equation (2.1.9), has a cylindrical 

symmetry along the direction of the primary neutron field (blue arrows), as represented in 

the diagrams of Figure 8.10. According to Equation (2.1.9), the majority of recoil protons have 
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a knock-on like collision, indicated by the red coloured surfaces of the distribution densities 

of Figure 8.10, and the probability of emitted protons, hence their fluence, decreases (blue 

surfaces) for increasing recoil angles. Additionally, one has to bear in mind that the FNTD 

neutron dosimeter, constituted by Al2O3:Mg,C chips coupled with converters, has in essence 

a 2π geometry, indicated by the white rectangles in the diagrams of Figure 8.10.  

With reference to Figure 8.10a, when the neutron field is impinging normally on the 

surface of the dosimeter ( = 0°), the entire recoil proton distribution generated, i.e. over 

every azimuthal and polar angle, propagates toward the FNTD surface, being therefore 

detected. 

Contrarily, when the neutron field is impinging at an angle  ≠ 0° as in Figure 8.10b, a 

portion of the recoil proton distribution generated in the converter propagates in the 

opposite direction of the FNTD surface. Thus, this portion of the recoil proton distribution, 

increasing for larger polar angles of exposure, cannot be detected and causes the distortion 

of the displacements distribution. 

 
Figure 8.10. Recoil proton distribution for (a) perpendicular neutron irradiation and (b) 

irradiation at an angle, 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 perpendicular 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.  

 

As aforesaid, the second phenomenon affecting the displacement distributions is related to 

the detection efficiency of very oblique proton tracks in FNTDs and therefore exclusively 

influences the displacement distributions obtained experimentally. In fact, while in the 

simulations all the protons crossing the FNTD scoring region are recorded and contribute to 

the displacement distributions independently from their impinging angles, in the 

experiments the track reconstruction algorithm developed cannot detect and reconstruct the 

recoil proton trajectories impinging at very large polar angles θ. 

The limit in the detection angle for experimental proton trajectories is exemplified in 

Figure 8.11, which represents the simulated and experimental tracks displacements 

distributions, respectively identified by black and red symbols, for three exposures with 

different polar angles : (a)  = 0°, i.e. irradiation perpendicular to the detector, (b)  = 30°, 

(c)  = 60°. In addition to the substantial difference in statistics, consistent with the disparity 

b a) b) 
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in the data set dimensions of the experimental and simulated recoil proton tracks, one can 

notice the different extension of the distributions in terms of maximum values of normalised 

displacement. While the simulated data reach displacement values close to 1 in absolute value 

(i.e. θ = 90°), experimental distributions are limited to values smaller than ~ 0.85, 

corresponding to a threshold for the polar angle of recoil proton trajectories θ ~ 60°. 

Hence, to match the detection limits of the experimental data and be able to directly 

compare the results, a correction based on the threshold angle of θ = 60° was applied to the 

displacements distribution of the simulated tracks, discarding all the simulated tracks having 

a polar angle larger than 60° before calculating the displacement distributions and the 

associated centroids. 

 

 
Figure 8.11.  X, Y normalised displacements of recoil protons reconstructed tracks. In black are 

shown the displacements relative to each simulated track and in red the ones obtained from tracks 

reconstruction after real detectors irradiations. The graphs display three different irradiation 

layouts: (a)  = 0, (b)  = 30° and (c)  = 60°. 

 

The application of the two distortion corrections previously discussed is demonstrated in 

Figure 8.12, which illustrates the relation between the distance D of the displacement 

distribution centroid from the origin and the polar angle of irradiation . The black squares 

report the results of a preliminary simulation performed, irradiating the FNTDs detector with 

aligned proton fields impinging at polar angles  of 0°, 30°, 45° and 60°. Such simulation 

allowed to verify the expected theoretical relationship between D and  when no distortion 

of the displacement distribution is present, since the angular distribution of an aligned 

primary proton field is extremely narrow and consequently unaffected by any of the aforesaid 

distortions. Indeed, the black curve, fitting the primary proton results, matches the theoretical 

trend predicted by Equation (8.2.2), described by the function 𝐷 = 𝐴 sin  with no scaling 

coefficient (A = 1). 

Subsequently, FNTD exposures to fast neutron fields were simulated, gradually increasing 

the polar angle  by 15°. The results are identified in Figure 8.12 by red circles. As discussed, 

because of the wider angular distribution of neutron induced recoil protons, a portion of them 

does not interact with the FNTD, causing a distortion that introduces a scaling coefficient A = 

0.700 ± 0.002 in the fitted sine function. 
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The neutron simulation results have then been processed restricting the detection to 

recoil protons with trajectories having  < 60°, in accordance with the limit of the polar angle 

for the track reconstruction. The correction yields the data represented by green triangles, 

fitting a scaled sine function with a coefficient A = 0.541 ± 0.001, though with slightly 

increased residuals. 

To compare the distortion-corrected simulation results with the experiments, Figure 8.12 

shows the centroids of the displacement distributions obtained for the actual irradiations 

performed with FNTDs exposed to 241AmBe on a phantom at  = 0°, 30° and 60° (blue 

triangles). Once again, the larger experimental uncertainty is ascribed to the limited statistics 

available per detector, compared to the one achieved by simulations. The uncertainty is seen 

to grow with the polar angle of irradiation, as the corresponding number of reconstructed 

tracks per detector decreases for larger values of . The centroid of the displacements at 

 = 0° and 30° satisfactorily matches the relation attained by simulations, after applying the 

due corrections. In view of the very scarce statistics in the tracks per detector reconstructed, 

the value at 60° is still judged to agree with the simulation curve. 

The green relation shown in Figure 8.12 represents by all means a calibration curve that 

can be adopted to determine the polar angle of irradiation of an FNTD dosimeter exposed to 

a directional fast neutron field, knowing the centroid of the displacement distribution 

calculated from the reconstructed recoil proton tracks. As discussed at the beginning of the 

chapter, the information, not provided by any other FNTD evaluation technique so far 

developed, is crucial to correct for the angle-dependent sensitivity, thereby improving the 

dose assessment. 
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Figure 8.12. Trend of the normalised displacement of the X, Y distributions centroids as function 

of the irradiation polar angle . 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. 
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As observable in the experimental results, the uncertainty on the angle assessment 

depend on the number of tracks available per detector. In light of this, an uncertainty 

characterisation would allow to establish a relation between the detected number of tracks 

and the attainable accuracy of the exposure angles.  

The results of the characterisation are displayed in Figure 8.13, presenting the evolution 

of the standard deviation of the irradiation polar angle estimation with the number of recoil 

tracks reconstructed in the FNTD volume. The three coloured data series illustrate the trend 

of the uncertainty for the specific polar angles  = 30°,  = 45° and  = 60°. Each curve was 

built calculating the standard deviation of the estimated polar angles considering 15 

simulated individual detector exposures, taking into account an increasing number of 

reconstructed recoil proton trajectories. The top axis additionally provides the corresponding 

dose values, assuming a scanned area of 1 mm2 and a 241AmBe neutron source irradiation. 

The uncertainties, consistently higher for larger exposure polar angles at a given number 

of tracks considered, reduce as the statistics of the tracks rises. Even for the least favourable 

case where  = 60°, standard deviation values smaller than 4° are reached at 100 tracks per 

detector, equivalent, in terms of dose for the example assumed, to a Hp(10) of 4.5 mSv. Beyond 

100 tracks per detector, the rate of the uncertainty improvement slows down, achieving 

standard deviation values of 2° – 3° for an order of magnitude gained in the track statistics. 
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Figure 8.13. Uncertainties in the determination of the polar angle with the number of recoil 

protons tracks per detector. The uncertainty was calculated as the standard deviation of 15 

independent simulations, varying the number of the tracks considered in each simulation. The 

data series refer to three different exposure conditions: red circles  = 30°, blue triangles  = 45° 

and green squares  = 60°. The top axis shows the uncertainty trend with dose, considering an 

irradiation with 241AmBe and a scanned FNTD area of 1 mm2. 
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8.3 Mean energy of the neutron fields 

As described in Section 2.1.3, neutron induced recoil protons are generated at a variety of 

energies depending both on the momentum of the interacting incoming neutron and their 

angle of emission (refer to Equation (2.1.8)). Because of the resulting distribution, little 

information on the incoming neutron can be gained inspecting individually each recoil proton 

track without the knowledge of the specific (n, p) interaction point, but an approach based on 

the collective analysis of the whole ensemble of the recoil proton generated, specifically on 

their ranges, would still allow to infer the average energy of the primary neutron field.  

In this sense, the procedure described in the following is not intended to perform a precise 

neutron spectrometry, but to deduce the mean energy of a fast neutron field, on the base of 

which a specific calibration coefficient is applied to estimate the dose. 

The collective analysis approach was applied to the recoil protons trajectories 

experimentally reconstructed in FNTDs, where differences reflecting the diverse neutron 

spectra could be observed by measuring recoil-protons ranges. The experimental range 

distributions obtained analysing the reconstructed proton tracks shown in Figure 6.9, from 

moderated 252Cf, 252Cf, 241AmBe and high-energy neutrons generated at HIPA, are displayed in 

Figure 8.14. As discussed for the range distributions in Figure 8.2 and Figure 8.3, the last bin 

of the histograms collects the frequency of all recoil protons with range ≥ 100 µm, longer than 

the analysed depth in FNTDs. Although qualitative, few considerations related to the energy 

of the incoming neutrons can be stated. 

 

 
Figure 8.14. Distribution of recoil proton ranges recorded on FNTDs exposed to different neutron 

fields. Each distribution was built pooling the data of five detectors irradiated by the same source. 

The high density of the last bins in each of four distributions is the result of summing the track 

ranges that are outside the measured 100 um depth. 
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The range distribution originated by irradiations with bare 252Cf features a peak centred 

at ranges of ~ 15 µm, slightly shorter than the ones for 241AmBe, of ~ 20 µm, congruently with 

the difference of the mean energies of the two sources, listed in Table 2.3. 

In the case of moderated 252Cf the range distribution closely overlaps with that for bare 
252Cf, since the recoil protons detected are generated exclusively by the fast part of the 

neutron source spectrum, which has an identical profile to the bare 252Cf. 

Concerning the recoil proton range distribution of FNTDs exposed at HIPA, a smooth and 

smeared peak is recorded, extending over the whole range of depths, as well as an increased 

intensity of the last bin, meaning that several protons, whose ranges are larger than 100 µm, 

are detected. 

In the distributions illustrated in Figure 8.14, the relative intensity, the profile and the 

position of the featured peaks modify in conformity with the changing neutron spectrum. 

Three physical effects underlies the broadening of the peak with increasing neutron energies: 

(i) higher energy longer-range recoil protons are produced in the layers of the converter 

closer to the FNTD surface; concurrently, (ii) shorter-range recoil protons are still detected, 

being created at shallower converter depths and hence experiencing slowing down before 

reaching the FNTD and being registered; additionally (iii) the detection of recoil protons 

generated at larger angles increases with the neutron energy. 

One option, offering a more quantitative approach that could produce figures directly 

related with the mean energy of a primary neutron field, consists in rearranging the data by 

counting the number of tracks crossing subsequently deeper layers. The counts at each depth 

are then normalised by the number of tracks crossing the first layer considered (6 µm below 

the surface). 

A similar procedure was tested in former studies (Harrison et al., 2017; Sykora et al., 

2009), but was based on the detection of single track-spots at different depths and 

consequently affected by the delta electron signal. On the contrary, the method proposed in 

this work, based on the reconstruction of the recoil proton tracks, is not affected by any 

spurious delta electron signal. 
The results of such data processing is presented in Figure 8.15 for the detectors sets 

irradiated in the four neutron fields investigated. The distributions, showing a typical 

attenuation trend, are fitted with a decreasing exponential function indicated by continuous 

lines. As one would infer, exposures to moderated and bare 252Cf irradiations (Figure 8.15b,c) 

show sharper slants of the attenuation profile compared to 241AmBe exposures (Figure 8.15a) 

and to high energy neutrons at HIPA (Figure 8.15d). The steepness of the attenuation curve 

is strongly correlated with the mean neutron energy of the recoil protons detected and in turn 

with the energy of the neutron filed: the milder the steepness of the attenuation profile, the 

higher the primary neutron field energy. This behaviour constitutes therefore a viable 

indicator for the average energy of a fast neutron field and can be quantitatively assessed by 

computing the attenuation length from the exponential fittings, i.e. the depth at which the 

distribution shows a value scaled by a factor 𝑒−1with respect to the value measured at the 

shallowest depth. 
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Figure 8.15. Normalised number of tracks as a function of depth. The data were collected from 5 

detectors for each irradiation type and fitted with an exponential function. The calculated 

attenuation length value (1/e) shifts to deeper depths as the mean energy of the neutrons 

increases. 

 

In accordance with what was discussed for Figure 8.14, the tracks relative to moderated 
252Cf and bare 252Cf irradiations produce an equivalent attenuation lengths of 34 µm since the 

recoil protons tracks detected are induced by the same fast component of the neutron 

spectrum. In the case of 241AmBe, the experimental calculated attenuation length is reached 

at a depth of 49 µm, consistently deeper than that of the 252Cf one, given their difference in 

mean neutron energy. For even higher mean energies, such as the one present at HIPA, the 

attenuation length calculated sets at depths of 75 µm. Predictably, as displayed in the graphs, 

the spread of the track counts recorded for each detector increases towards the deepest 

scanned layers, as the statistics available, already limited at the surface, drastically reduce 

even further with depth.  

Similarly to what was done for the investigation on the irradiation angles, following the 

preliminary experimental results that demonstrated the methodology applicability, 

simulation tools has been used to complement the limited statistics of the experimental data 

set. 
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Figure 8.16 presents the comparison of the recoil proton tracks attenuation obtained by 

simulations and experimentally. Figure 8.16a illustrates the comparison yielded by FNTDs 

exposed to a 252Cf neutron field, whereas Figure 8.16b refers to FNTD dosimeters exposed to 

a 241AmBe source. As in Figure 8.15, the number of tracks is normalised by the value recorded 

in the first considered layer. The grey bands illustrate the attenuations obtained by Monte 

Carlo simulations; specifically the bands width represents the range within which 95% of the 

data are expected to fall considering a statistic of 60 tracks per detector in the first considered 

layer. Black scattered points depict the experimental data for the two sources in exam, already 

illustrated in Figure 8.15 and reported here for convenience of comparison. 
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Figure 8.16. Comparison of experimental and simulation recoil proton track attenuation with 

depth in FNTDs.  Grey areas refer to the attenuations calculated from simulations data, with a 

confidence interval of 95%, 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. a)  252Cf source, b) 241AmBe source. 

 

Bearing in mind the limited number of tracks experimentally detected, in certain cases as 

little as 15 tracks per detector in the first layer considered, good agreement is proven 

between the empirical and the modelled attenuations across all the range of depths 

considered. At shallower depths, the match between experimental and simulated results is 

found to be even better, given the larger number of tracks present. 

Despite the limited statistics available in the experiments, the attenuation length has been 

found to represent a practical estimator of the mean energy of the fast neutron field, then 

confirmed by the enhanced statistics offered by the simulation results. The assessment of the 

value at 𝑒−1of a detector irradiated in an unknown neutron field would allow to choose a 

specific calibration coefficient, based on the average neutron field hardness, and thence 

providing a more accurate dose estimation, rather than applying a fixed standard calibration 

coefficient, usually obtained from 241AmBe irradiations, neglecting its substantial energy 

dependence. 
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The expanded data set obtained by Monte Carlo simulations, was additionally used to 

examine and characterise how the accuracy and the uncertainty of the attenuation length 

assessment varies with the number of tracks detected and reconstructed for a given detector.  

Figure 8.17 illustrates the attenuation distributions obtained simulating detectors 

exposures to bare 252Cf (black) and 241AmBe (red) and how the 95% confidence intervals 

(grey) varies as the number of reconstructed recoil proton tracks per detector available 

reduces: (a) 1000 tracks/detector, (b) 100 tracks/detector, and (c) 60 tracks/detector. Given 

the higher statistics than the one achieved experimentally, the fittings of the simulated data 

yield much more accurate attenuation length estimations of 32.1 µm and 59.1 µm for 252Cf and 
241AmBe respectively. As expected, the uncertainties, represented by the broadness of the 

confidence intervals, progressively expand with the reduction in statistics of recoil protons. 

Whereas the confidence intervals belonging to the two attenuation profiles are clearly 

separated at 1000 tracks/detector, they begin to significantly overlap at 100 tracks/detector 

and even further at 60 tracks/detector. This eventually affects the accuracy of the energy 

assessment procedure, when a small number of recoil proton tracks are detected, ultimately 

leading to the impossibility of distinguishing between two sources, whose mean energy 

difference differs by few megaelectonvolts only. 

With reference to the last comment, depending on the fast neutron energy range 

considered, a difference in average energy of few MeV can potentially correspond to a 

substantial difference in the corresponding calibration coefficient, as can be observed in the 

simulation results for mono-energetic neutron exposures reported in Figure 5.3. The largest 

calibration coefficient variation with energy is seen in the neutron energy interval 1 – 10 MeV, 

within which the average neutron energies of both the most used fast neutron calibration 

sources, 252Cf and 241AmBe, fall. In this respect, it would be important to characterise in detail 

the minimum number of tracks needed to be able to reliably distinguish between the two 

aforementioned reference sources, on a single detector evaluation basis. 
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Figure 8.17. Fitted trends and 95% confidence intervals of 252Cf and 241AmBe recoil protons tracks 

attenuations with depth in FNTDs: (a) 1000 tracks/ detector, (b) 100 tracks/detector, and (c) 60 

tracks/detector.  
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In the following, the approach and the results of such investigation are illustrated. The 

computation involves two steps: 

(i) by using the statistical inference theory (ISO 2854, 1976; Montgomery and 

Runger, 2010), calculate the maximum variances of the 241AmBe and 252Cf 

distributions for which the sources distinction can be successfully accomplished; 

(ii) associate the maximum variances found in point (i) with the corresponding 

number of tracks from the simulations that give such variances. 

First, a premise on the detected recoil proton distribution shall be elucidated. In view of 

the Landau-Valilov theory of thin absorbers (Leo, 1994; Vavilov, 1957), for the depths 

considered, the attenuation length distribution of protons with energy <100 MeV in 

Al2O3:C,Mg follows a Gaussian distribution N(µ ,𝜎2 ). The assumption on the distribution 

normality holds for both 252Cf and 241AmBe reference sources, since their maximum neutron 

energies, and consequently the maximum energies of the recoil protons generated, are well 

below the 100 MeV limit. For each reference source, the attenuation length sampled for a set 

of detectors can be therefore described by the distributions: N(µAmBe , 𝜎𝐴𝑚𝐵𝑒
2 ) and N(µCf , 𝜎𝐶𝑓

2 ), 

where the mean values are the attenuation lengths estimated by simulations and the 

variances increase as the number of reconstructed tracks per detector reduces.  

 Regarding point (i), with reference to the theory of one-sided hypothesis  testing for a 

difference in means of two distributions with known variances (Montgomery and Runger, 

2010), the minimum number of samples n required to detect a difference in means is defined 

by Equation (8.3.1), where zα , zβ are the abscissas corresponding to the standard normal 

distribution probability levels α , 1-β, associated with the statistical significance and power of 

a test respectively 

𝑛 ≅
(𝑧𝛼 + 𝑧𝛽)2(𝜎𝐶𝑓

2 + 𝜎𝐴𝑚𝐵𝑒
2 )

(𝜇𝐶𝑓 − 𝜇𝐴𝑚𝐵𝑒)2  (8.3.1) 

By manipulating Equation (8.3.1), one can state the equality in terms of the sum of the 

variances of the two sources, which is the desired quantity in point (i). The specialisation of 

the Equation (8.3.1) to the case in exam follows from the considerations that for any given 

detector analysed (n = 1) one wishes to assign the correct source with an error < 5%, whence 

zα = zβ = 1.65 and consequently:   

𝜎𝐶𝑓
2 + 𝜎𝐴𝑚𝐵𝑒

2 =
(𝜇𝐶𝑓 − 𝜇𝐴𝑚𝐵𝑒)2

(𝑧𝛼 + 𝑧𝛽)2 = 66.9 (8.3.2) 

In fulfilment of point (i), the result obtained in Equation (8.3.2) asserts the maximum 

value of the sum of the variances allowed to properly determine, in more than 95% of cases, 

the correct source, for any given detector evaluated. 

With reference to the step (ii) of the computation, the sum of the experimental variances 

to be compared with the limit set by Equation (8.3.2) is calculated from the standard 

deviations 𝜎𝐶𝑓 and 𝜎𝐴𝑚𝐵𝑒 of the simulated data set considering a different number of recoil 

proton tracks.  
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The standard deviations of the 252Cf and 241AmBe distributions can be in turn 

independently calculated knowing the confidence intervals (CI) obtained by simulations by 

Equation (8.3.3).  

𝜎 =
𝐶𝐼95%

1.96
 (8.3.3) 

The results for three amounts of tracks per detector are summarised in Table 8.1, 

illustrating, for every number of reconstructed tracks, the individual standard deviations of 

each source distributions and the corresponding values of the sum of the variances. The 

assessment of the minimum number of proton tracks required is then achieved by comparing 

the estimated sum of the variances in the last column of Table 8.1 with the condition stated 

by Equation (8.3.2). By doing so, one finds that a statistic of at least 150 tracks for each 

detector ought to be met to effectively determine, in 95% of detectors evaluations, the correct 

source (or mean neutron energy) and thus apply the suitable calibration coefficient. 

The mean energy difference between 241AmBe and 252Cf sources of 2.1 MeV can be also 

considered as the “energy resolution” of the method applied, using ~150 tracks. Intuitively, 

for larger differences of the average energies than the one measured between 241AmBe and 
252Cf sources, the required minimum number of tracks reduces proportionally. 

 

Table 8.1. Summary of the standard deviations and sum of the variances of the recoil protons 

attenuation coefficients in FNTDs, when irradiated with 252Cf and 241AmBe neutron sources, 

obtained from the simulations for different numbers of reconstructed tracks.  

Number of 
reconstructed tracks 

𝝈𝑪𝒇 𝝈𝑨𝒎𝑩𝒆 𝝈𝑪𝒇
𝟐 + 𝝈𝑨𝒎𝑩𝒆

𝟐  

100 6.4 9.7 135 
150 4.3 6.9 66 
200 3.8 5.5 45 

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

The dose assessment using the newly and unconventional technique presented, based on the 

trajectory reconstruction of recoil protons induced by fast neutrons in FNTD dosimeters, 

offers, as aforementioned, clear advantages. Compared to the conventional dosimeter 

evaluation procedure, the developed method delivers (i) a robust delta electron signal 

rejection, clarified in Section 6.5, (ii) the possibility of identifying the angles of exposures in 

directional fields and (iii) the capability of estimating the average energy of fast neutron 

fields, discussed in this chapter. In particular, the latter advantages (ii – iii) allow not only to 

correct for the strong angular and energy dependences of the dosimeter characterised in 

Chapter 4 and Chapter 5, but also, where necessary, to identify the relative source-detector 

location, which can be used to improve even further the dose estimation in some particular 

circumstances, such as accidental intense exposures. Furthermore, since the reader must be 

capable of multi-layer scanning, only the research reader FXR-700R may be used. 
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Alas, the additional information provided by the method comes at the cost of an extended 

detector readout time, which has to be scanned in several layers, and might be impractical to 

implement for each dosimeter analysed in routine. 

Concretely, from the uncertainty analysis on the assessments of the exposure angles and 

the mean energy of the field, discussed in Sections 8.2 and 8.3, at least 150 tracks per detector 

are needed for a consistent evaluation of the quantities. This requirement ultimately sets the 

minimum surface that ought to be scanned, for a given source and dose. For instance, a 

detector exposed to 241AmBe at a dose of 10 mSv would exhibit ~230 tracks mm-2, thus 

requiring a corresponding minimum surface to be acquired of ~0.7 mm2. As illustrated in 

Chapter 6, 50 layers of the crystal should be scanned, to successfully reconstruct the recoil 

proton tracks propagating through the first 100 µm beneath the FNTD surface. Using the 

current FNTD reader, the FXR-700R, the sampling is performed by a series of coaxial images 

of dimensions 100 µm × 100 µm, each one requiring not less than 10 s imaging time. This 

results in an extended detector scanning time of 9.3 hours, to be compared with an evaluation 

time of 20 min per detector (10 min for the PE and 10 min for the PTFE) provided by the 

single-layer scanning, for the equivalent image quality and area scanned.  

Despite the extended evaluation time, given the advantages, the method can still be 

productively implemented in the context of routine fast neutron dosimetry by combining it 

with the single-layer technique described and enhanced in Chapter 7. Since the FNTD readout 

is non-destructive, the routine approach could foresee a two-step evaluation: because in 

routine dosimetry the largest majority of detectors analysed show no doses (or doses well 

below the reporting limits), a first faster assessment of the detectors can be performed with 

the single-layer analysis. In the second stage, if required, the few detectors showing a 

substantial dose that needs to be estimated with more accuracy, can then be re-analysed using 

the more time-intensive track analysis method. 

Moreover, the technical advancements offered by a second generation of FNTD readers 

(Akselrod et al., 2020), which is currently in the final stages of the development phase, will 

grant a thirty fold speed up of the readout process. This will allow to perform the FNTD 

volume scanning, needed for the recoil proton track analysis, within ~20 minutes, 

comparable to the scanning time needed nowadays for the single-layer analysis, thus 

accommodating this more precise evaluation method for even faster throughputs. 
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Chapter 9  

Summary and outlook 

9.1 Conclusions 

The PhD project described in this dissertation contributes to advancing the development of 

the Fluorescence Nuclear Track Detector technology used for fast neutron dosimetry by 

proposing novel evaluation analyses to improve the current assessment procedures. The 

studies focused on the characterisation of the current technology performances, highlighting 

the existing limitations, on the improvement of the current methodology adopted in the 

detector evaluation process to estimate the neutron doses and on the conception and 

demonstration of unexplored evaluation approaches, to enhance the dose assessment 

accuracy, based on the unique characteristics of the FNTD material. 

In detail, Chapter 4 illustrated the results of the FNTD dosimeters exposures carried out 

in different reference fast neutron fields and evaluated using the conventional dosimeter 

evaluation. The results were compared to the PADC detector technology used at Paul Scherrer 

Institute for routine personal neutron dosimetry, highlighting strengths and drawbacks of 

one technique over the other. From their comparison emerged that, while both technologies 

are suitable for fast neutron dosimetry in the energy range 1 – 10 MeV, PADC detectors are 

more sensitive to neutrons in the energy region 0.1 – 1 MeV, whereas FNTDs possess 

extended sensitivities to neutrons even beyond 100 MeV. The Monet Carlo simulations 

results, devoted to the characterisation of the FNTD neutron dosimeter, were discussed in 

Chapter 5. Simulated and experimental sensitivities to reference 241AmBe and 252Cf neutron 

sources are in agreement with the results previously reported in literature, validating the 

modelled geometry to be used for the estimation of the dosimeter calibration coefficients of 

generic neutron fields, whenever their spectra are known. The simulation results provided 

evidence, together with the experimental results in Chapter 4, on the main limitations of the 

current FNTD neutron dosimeter design and evaluation procedure. In particular, it is 

discussed the FNTD sensitivity to photon-induced delta electrons, which produce track-spots 

similar to the ones induced by recoil protons, on which the fast neutron dose assessment 

relies. 

The identification of the limitations constituted the basis for the studies devoted at 

improving the technology. It was realised that a higher image quality acquisition during 

detector readouts and a different dedicated image processing presented in Chapter 6, 

involving the track-spots segmentation, measurement and linking, would have enabled to 
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better characterise the signal recorded, creating thereby the foundation for alternative 

(Chapter 7) and more advanced (Chapter 8) analyses.  

The accurately measured track-spots parameters, achieved through the new image 

processing proposed, allowed to devise a procedure to categorise, separate and consequently 

filter the signals induced by delta electrons from the one of recoil protons. The methodology, 

described in Chapter 7, make use of the multivariate statistical tool named Principal 

Component Analysis. The algorithm was conceived not only to work with FNTD, but, more 

broadly, to be applied to any type of Solid State Nuclear Track Detector, separating the 

spurious signal from the desired one, provided that track-spots are characterised by an 

extensive set of parameters and that sets of calibration and unirradiated detectors are given 

for reference. The method’s potential was successfully demonstrated not only on FNTDs, to 

filter the delta electron component, but also on PADCs to remove the signal caused by material 

imperfections during the detectors production or dust and dirt accumulated on the surface 

during readout, yielding dose estimations as accurate as classical technique-specific 

evaluation procedures in the case of PADC and an improved rejection of the delta electron 

signal in FNTDs, removing the need for a PTFE converter in track counting mode. Another 

advantage of the PCA algorithm is that it can be applied to different track detector 

technologies without the need for the user to tune filters based on individual parameters. 

One of the peculiar characteristics of FNTDs, the possibility to image the 

radiation-sensitive crystal volume at different depths, allowed to formulate and investigate, 

in Chapter 8, a novel methodology to assess the doses from fast neutrons by reconstructing 

and analysing the recoil protons trajectories. The method, which estimates the angles of 

exposure and the average energy of the neutrons, offers a solution to two of the emphasised 

critical limitations of the present FNTD-based neutron dosimeters: the strong angular 

dependence and the calibration coefficient variation with the energy of the fast neutron field. 

The development of the new methodology relied on both experimental and simulation data. 

The empirical data provided were used as a feasibility check on the technique application to 

real cases and to validate the simulated data, whereas simulations were used to complement 

the basic case record experimentally investigated, providing different levels of statistics. Such 

variable statistics was additionally used for an accurate uncertainty characterisation of the 

methodology with the number of reconstructed recoil proton tracks per detector available, 

ultimately establishing, for a specific dose, the minimum surface of FNTD that shall be 

analysed to meet the required uncertainties. 

The proposed method involves an extended acquisition time to scan volumetrically the 

FNTD crystals, compared to the single-layer assessment, making its adoption impractical 

when large numbers of detectors must be evaluated. Nevertheless, in the light of the improved 

dosimetric assessment offered and of the non-destructive readout of the FNTD, the technique 

could be reserved for a second, more accurate, assessment of the dosimeters that showed a 

significant dose during a first stage evaluation using the faster single-layer scanning and the 

corresponding improved track-spots analysis presented in Chapter 7. 
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9.2 Outlook 

The studies performed during the PhD project portray Fluorescence Nuclear Track Detectors 

and poly allyl diglycol carbonate detectors not only as alternative, but also as complementary 

technologies that can be used in fast neutron dosimetry. Each technology offers advantages 

and disadvantages commensurate to the characteristics of the radiation fields in which they 

are exposed. This shall not be seen as a limitation, but rather as an opportunity. Since 

workplace fields are extensively characterised, the most appropriate type of passive 

dosimeter technology can accordingly be selected. 

For FNTDs, the developed methodology illustrated in Chapter 7, involving a new image 

processing algorithm and a filtering technique based on the PCA to remove the delta electron 

track-spots, demonstrated an improved rejection of the spurious signal. The natural 

continuation to the conception, demonstration and validation of this methodology, shown in 

this thesis work, would be its implementation in the automated routine detector evaluation. 

Specifically, the task would involve to merge into a continuous flow the three distinctive 

phases described: the detector scanning, the image processing and the data analysis that leads 

to the track-spots filtration and to the dose assessment. 

The recoil proton tracks analysis, following their trajectories reconstruction, has proven 

to be an effective novel method to acquire additional information, such as the angles of 

exposure and the mean energy of the neutron fields. As shown, these pieces of information 

can be used to improve the accuracy of the dose estimation, since the calibration coefficient 

of FNTD dosimeters exhibits an angular and energy dependence. One way to put into practice 

the benefits of this adjoined information foresees to set up a database of calibration 

coefficients values, according to specific exposure angles and average neutron energies. The 

database could be generated either by data obtained by controlled experimental irradiations 

or by simulations. In this way, the most appropriate calibration coefficient can be applied 

based on the evaluation described in Chapter 8, providing an enhanced dose assessment.  
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Appendix A  
Derivation of neutron – proton elastic collision equations 

A.1 Derivation of proton energy distribution in the laboratory reference 
frame. 
Let us consider a neutron impinging on a proton at rest, as illustrated in Figure 2.4a. 

We can write the conservation laws on energy and momentum as: 

{
𝐸n = 𝐸n′ + 𝐸p′
𝒑n = 𝒑n′ + 𝒑p′

 (A.1) 

where En and pn are the energy and momentum of the incoming neutron, Ep’ and pp’ the ones 

of the scattered proton and En’ and pn’ the quantities referring to the scattered neutron. 

The impact conditions may vary from a knock-on to a glancing collision, resulting in 

different angles of the particles trajectories after the collision event. 

Defining θ as the angle between the direction of the incoming neutron and the scattered 

recoil proton and applying the cosines laws of triangles, we can express the modulus of the 

scattered neutron momentum as: 
𝑝n′

2 = 𝑝n
2 + 𝑝p′

2 − 2𝑝n𝑝p′ cos 𝜃 (A.2) 

Recalling the relation between kinetic energy and momentum 𝐸 = 𝑝2 2𝑚⁄  and carrying out 

the due simplifications considering the proton and neutron masses equal, we obtain: 

𝐸n′ = 𝐸n + 𝐸p′ − 2√𝐸n𝐸p′ cos 𝜃 (A.3) 

Using the energy conservation stated in Equation (A.1), we can substitute En’ as 𝐸n − 𝐸p′, thus 

obtaining, by squaring all the terms, the second order equation for 𝐸p′: 

𝐸p′
2 = 𝐸n𝐸p′ cos2 𝜃 (A.4) 

whose non-trivial solution yields the energy-angle relation of the recoiled proton: 
𝐸p′ = 𝐸n cos2 𝜃 (A.5) 

A.2 Derivation of the angular differential scattering cross section in the 
laboratory reference frame. 
With reference to Figure 2.4, the angular differential scattering cross section can be described 

in both the laboratory (𝜎𝐿𝑎𝑏(𝐸n, 𝜃)) and centre-of-mass (𝜎𝑐𝑚(𝐸n, 𝜙)) systems coordinates. 

Regardless the reference frame, their integral over the solid angle Ω must be the same and 

equal to the integral cross section 𝜎(𝐸n). 

∫ 𝜎𝐿𝑎𝑏(𝐸n, 𝜃) dΩ(𝜃)
4𝜋

0
= ∫ 𝜎𝑐𝑚(𝐸n, 𝜙) dΩ(𝜙) = 𝜎(𝐸n)

4𝜋

0
 (A.6) 

which necessarily means:  
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𝜎𝐿𝑎𝑏(𝐸n, 𝜃) dΩ(𝜃) = 𝜎𝑐𝑚(𝐸n, 𝜙) dΩ(𝜙) (A.7) 

In spherical coordinates, the solid angle Ω is defined by the colatitude 𝜗 (angle from a 

pole) and the longitude φ as: 

Ω = ∬ sin 𝜗 𝑑𝜗 𝑑𝜑
2𝜋

0
 (A.8) 

Since the differential cross sections do not depend on φ, one can express the differential 

solid angles in the two reference frames as: 
 dΩ(𝜃) = 2𝜋 sin 𝑑𝜃
dΩ(𝜙) = 2𝜋 sin 𝑑𝜙 (A.9) 

Combining Equations (A.7) with (A.9), we obtain: 

𝜎𝐿𝑎𝑏(𝐸n, 𝜃) = 𝜎𝑐𝑚(𝐸n, 𝜙) 
2𝜋 sin 𝜙 𝑑𝜙
2𝜋 sin 𝜃 𝑑𝜃

 (A.10) 

To be able to express the angular differential cross section in the laboratory system, one has 
to set a relation between the angles θ and 𝜙 of the two reference frames. To obtain this, one 
can use Equation (A.11), depicted in Figure A.1, relating the velocity vectors of a recoiled 
proton in the laboratory (𝒗𝐿𝑎𝑏) and in the centre-of-mass (𝒗𝑐𝑚) reference frames and the 
speed of the centre-of-mass in the laboratory system 𝒗𝐶𝑀. 

𝒗𝑐𝑚 = 𝒗𝐿𝑎𝑏 − 𝒗𝐶𝑀  (A.11) 

 
Figure A.1. Vector diagram of relating the recoil protons scattering angles in the laboratory and 

the centre-of-mass reference frames. 

 

Splitting the vectorial components into two orthogonal components, one of which parallel 

to the direction of the neutron incidence, we can write: 

{ 𝑣𝐿𝑎𝑏 sin 𝜃 = 𝑣𝑐𝑚 sin 𝜙
𝑣𝐿𝑎𝑏 cos 𝜃 = 𝑣𝐶𝑀 + 𝑣𝑐𝑚 cos 𝜙 (A.12) 

Dividing the two equations and recalling that 𝑣𝐶𝑀 = 𝑣𝑐𝑚 since neutron and proton have the 

same mass, the relation between the two angles is: 

tan 𝜃 =  
sin 𝜙

1 + cos 𝜙
= tan

𝜙
2

 (A.13) 

From Equation (A.13) we obtain that 𝜙 = 2𝜃. Substituting 𝜙 in Equation (A.10) yields: 

𝜎𝐿𝑎𝑏(𝐸n, 𝜃) = 𝜎𝑐𝑚(𝐸n, 𝜙) 
2𝜋 sin 2𝜃 𝑑2𝜃

2𝜋 sin 𝜃 𝑑𝜃
 (A.14) 

Using the trigonometric formula for twice the angle, and simplifying we obtain:  

𝜎𝐿𝑎𝑏(𝐸n, 𝜃) = 𝜎𝑐𝑚(𝐸n, 𝜙) 4 cos 𝜃 (A.15) 

From equation (A.6), we know that the integral over the full solid angle of the angular 

differential scattering cross section 𝜎𝑐𝑚(𝐸n, 𝜙) must equal the integral cross section 𝜎(𝐸n). If 

we add the constraint of its uniformity, as discussed in Section 2.1.3, we obtain that: 

θ 

Direction of incidence 

vcm 

vCM 

vlab 
𝜙 
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𝜎𝑐𝑚(𝐸n, 𝜙) =
𝜎(𝐸n)

4𝜋
 (A.16) 

Hence, the angular differential scattering cross section in the laboratory frame is: 

𝜎𝐿𝑎𝑏(𝐸n, 𝜃) =
𝜎(𝐸n)

𝜋
cos 𝜃 (A.17) 
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Appendix B  
Validation of Monte Carlo simulations 

This appendix is devoted to present the analytical models and simulations developed to 

investigate the behaviour of the FNTD and PADC detectors in neutron fields. The models are 

presented and compared to the experimental results obtained in the previous chapters. 

B.1 Comparison of reference and simulated 241AmBe and 252Cf neutron 
spectra. 

Figure B.2 shows the reference (black line) and simulated (red line) spectra for 241AmBe 

(left) and 252Cf (right) neutron sources. The simulated spectra were obtained scoring the 

energies of 105 emitted neutrons in vacuum, sampled from the discrete cumulative 

distribution built from the reference distributions as elucidated in Section 3.4.4. The overlap 

between the simulated and the reference spectra attests the correct weighted fluence-energy 

sampling, additionally validated by the quantitative comparison of the parameters described 

in Table B.1. Here, the two parameters: the “fluence average energy” and the “spectrum 
averaged fluence to dose equivalent conversion coefficient”, used as main descriptors of 
reference fields, were calculated and compared to the reference ones, reported in the (ISO 

8529-1, 2008). Discrepancies between the reference and the fluence average energy obtained 

by simulations are < 2%. The spectrum averaged fluence to dose equivalent conversion 

coefficients, calculated using the H*(10) and Hp(10) fluence to dose conversion coefficients 

listed in the ICRU 57 publication (ICRU 57, 1998), are also within 2% from the reference 

values.  

 

 
Figure B.2. Reference (black) and simulated (bred) energy distributions of neutrons emitted by 
241AmBe (left) and 252Cf (right) neutron sources. The number of primaries was 105.  
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Table B.1. Reference and simulated quantities for the two main radionuclide neutron sources used 

for calibration. 
 ISO-8529 Simulation 

 
Fluence 
average 
energy 
(MeV) 

Spectrum averaged 
fluence to dose-equivalent 

conversion coefficient 
 (pSv cm2) 

Fluence 
average 
energy 
(MeV) 

Spectrum averaged 
fluence to dose-equivalent 

conversion coefficient  
(pSv cm2) 

H*(10) Hp(10) 
241AmBe 4.16 391 4.09 389 407 

252Cf 2.13 385 2.09 377 391 

B.2 Comparison of Monte Carlo simulations with analytical model of 
recoil protons 
The theory of neutron scattering presented in Section 2.1.3 demonstrates that the recoil 

proton energy 𝐸𝑝 is proportional to the cosine squared of the ϑ angle, defined as the angle 
between the direction of the incoming neutron of energy 𝐸𝑛 and the direction of the recoiled 

proton in the laboratory frame. 

Figure B.3 shows the simulated double differential energy-angle recoil proton fluence, for 

five intervals of the polar angle ϑ up to 60°, as intervals at larger angles up to 90° scored 
negligible fluence in the simulation. As expected, we observe a correspondent degradation of 

the most probable energy for increased polar angles. 

The latter described behaviour was quantitatively assessed and compared to theory with 

the following procedure. We fitted each of the five distributions shown in Figure B.3 and 

calculated the most probable energy values, as represented in Figure B.4a-e. These were 

plotted against the cosine squared of the average angle in the interval Figure B.4f to verify the 

linear relation between the two quantities stated in equation (2.1.8).  
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Figure B.3 Double-differential distribution of generated recoil protons (energy and angles) 

emerging from a 5 mm thick PMMA slab irradiated with an 241AmBe source. 



Development and Modelling Innovative Techniques for Neutron Dosimetry Stabilini Alberto 
____________________________________________________________________________________________________________________ 

139 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

0.1 1 10
0.0

5.0x10-5

1.0x10-4
0°

-2
6°

Energy (MeV)

 0°-26°
 Gauss Fit of Sheet1 C"Ed/(dEdsr)"

0.1 1 10
0.0

2.0x10-5

4.0x10-5

6.0x10-5

26
°-

37
°

Energy (MeV)

 26°-37°
 Gauss Fit of Sheet1 D"Ed/(dEdsr)"

0.1 1 10
0

1x10-5

2x10-5

3x10-5

37
°-

46
°

Energy (MeV)

 37°-46°
 Gauss Fit of Sheet1 E"Ed/(dEdsr)"

0.1 1 10
0.0

5.0x10-6

1.0x10-5

46
°-

53
°

Energy (MeV)

 46°-53°
 Gauss Fit of Sheet1 F"Ed/(dEdsr)"

0.1 1 10
0.0

2.0x10-6

4.0x10-6

53
°-

60
°

Energy (MeV)

 53°-60°
 Gauss Fit of Sheet1 G"Ed/(dEdsr)"

13°

31°

41°

49°
E_

re
co

il_
p 

(M
eV

)

cos2<J>

56°

 
Figure B.4. (a-e) Simulated and fitted spectra of recoil protons scored ad different solid angles. 

Values on the ordinate axis are given in lethargy units per solid angle per primary. (f) Trend of the 

most probable recoil proton energy per solid angle vs the cosine squared of the polar angle. 

B.3 Comparison of analytically predicted and simulated FNTD 
sensitivities  

Before proceeding to build more explanatory models, we compared the simulation-

predicted number of generated recoil protons (#Rp) in a PMMA converter with the expected 

theoretical value, when irradiated with a 10 MeV mono-energetic zero-divergence neutron 

pencil beam. The theoretical expectation value was calculated, with due approximations, 

according to Equation (B.18), where Φ is the fluence of primary neutrons, 𝜎(Ω, 𝐸) is the 

double differential neutron elastic scattering cross-section as function of the solid angle (Ω) 

and the energy (𝐸), 𝑁𝐻 is the number of hydrogen atoms in the converter and V, A, x are 

respectively the volume, the exposed surface, and the thickness of the converter. 

#𝑅𝑝 =  Φ ∫ 𝜎(Ω, 𝐸)𝑑Ω 
𝑁𝐻

𝑉
𝐴 𝑥 (B.18) 

The density of the hydrogen atoms in the converter was estimated according to 

Equation(B.19), in which 𝜌𝑃𝑀𝑀𝐴 is the specific mass of the PMMA material used as converter, 

𝒩 the Avogadro’s number, 𝑀𝑀𝑃𝑀𝑀𝐴 the molecule molar mass of PMMA and 𝐻𝑀 the number of 

hydrogen atoms per molecule. 
𝑁𝐻

𝑉
=  

𝜌𝑃𝑀𝑀𝐴 𝒩
𝑀𝑀𝑃𝑀𝑀𝐴

 𝐻𝑀  (B.19) 

The neutron elastic cross-section with hydrogen is known to be fairly uniform in the 

centre of mass system for the energy range of interests (see Section 2.1.3). Specifically, for 10 
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MeV, it assumes a constant value (the variation is smaller than 3%) of 0.079 b/sr, yielding a 

value of 0.993 b (10-24 cm2) when integrated over the solid angle. 

An approximation of no absorption conditions was made in the calculations. This would 

allow not to account for the recoil protons that are partially or totally slowed-down in the 

converter. The approximation holds whenever a “thin converter”, with respect to the recoil 

proton range, is considered. Because protons with energies of 10 MeV, 5 MeV and 1 MeV have 

a corresponding range in PMMA of 1.32mm, 387 µm and 28.2 µm, to assure a no-absorption 

approximation regime, we opted for a PMMA converter of thickness 1 µm to be used in the 

calculations and simulations. 

The PMMA mass density used was 0.95 g/cm3 and the molar mass was 100.12 g/mol. The 

isotopic composition was neglected, i.e. hydrogen was treated as monoisotopic element (1H) 

either in the atom density calculation, either in the reaction cross-section process. 

To be comparable with the output of the Monte Carlo simulations, we calculated the 

number of recoil protons generated per unit of primary neutron fluence. The theoretical 

estimation gave 1.8 10-5 recoil protons per primary neutron, in line with the value obtained 

by simulations of 1.5 10-5 ± 1% recoil protons per primary neutron. 
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B.4 Source.f and mgdraw.f user routine scripts 
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Appendix C  
FLUKA input file 
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