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In the last years, Fluorescent Nuclear Track Detectors (FNTDs) based on the visible radiophotoluminescence
(RPL) of aggregate F and F§ color centers (CCs) in lithium fluoride (LiF) crystals have been demonstrated. On
the other hand, optically transparent polycrystalline LiF thin films, grown by thermal evaporation on Si(100)
substrates, have been successfully used for proton beam advanced diagnostics, mainly through Bragg curve
permanent recording and analysis. In this paper, they were tested as FNTDs for low-energy, nearly mono-
chromatic, collimated proton beams produced by the vertical low-energy extraction line of the TOP-IMPLART
proton linear accelerator in operation at ENEA Frascati, Italy. Cleaved LiF films were irradiated with the film
plane approximately parallel to the beam propagation direction and the film edge directly exposed to the inci-
dent beam. The irradiation caused the formation of CCs along the proton tracks within the film. The luminescent
track images were visualized with a fluorescence microscope under blue LED excitation. At the lower energy of
~1 MeV, it was possible to record single entire proton tracks at a fluence of approximately 108 protons/cm?.
Their lengths are comparable with those expected in the LiF film. Increasing the proton energy to ~6 MeV, the
luminescent tracks were observed mainly close to the expected Bragg peak position, i.e., at the penetration depth
where it would be found in Si rather than in LiF, due to multiple Coulomb scattering. At both energies, by raising
the fluence by two orders of magnitude, the superposition of a very high number of tracks allowed recording the
luminescent Bragg curves of the proton beams in the LiF films. They were analyzed using two different methods,
considering also the type of substrate and the film characteristics, allowing to estimate the beam energy spec-
trum. At ~1 MeV, the Bragg curve was best fitted using a random-optimization approach, while at ~6 MeV it was
reproduced using depth-dose curves simulated in FLUKA.

between the Al electrodes and the organic layers in plastic solar cells and
serve as a cathode material with Al in organic light-emitting diodes
(OLEDs).

Historically, the sensitivity to high-energy radiation (X-rays, gamma

1. Introduction

Lithium fluoride (LiF) is an alkali halide characterized by a face
centered cubic structure, which has attracted considerable attention due

to its distinctive properties (Montereali and Nalwa, 2002), such as wide
optical transparency, chemical and thermal stability and ionic conduc-
tivity. The LiF applications in the form of films have significantly
broadened over the decades, extending from lithium ion battery
(Sharopov et al., 2025) to optics (Li et al., 2025) and electronics
(Montereali et al., 2004), where very thin LiF films enhance the contact

rays) and charged and neutral particles, leading to the formation of color
centers (CCs) (Schulman and Compton, 1963; Agullo-Lopez et al., 1988),
has made LiF an interesting material for solid-state dosimeters. The
concentration of luminescent CCs created by the interaction with
ionizing radiation is locally related to the energy absorbed by the ma-
terial. After irradiation, under suitable light stimulation, the measured
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visible radiophotoluminescence (RPL) intensity is proportional to the
integrated radiation dose released in the material (Levita and Schle-
singer, 1976). Currently, the sensitivity of this technique allowed the
measurements of dose values typical of radiotherapy (Piccinini et al.,
2022; Villarreal-Barajas et al., 2015), even in thin films (Kurobori and
Matoba, 2014; Vincenti et al., 2023). Heavily irradiated LiF crystals
were also utilized as active media in optically pumped tunable lasers
operating in the visible and near-infrared range at room temperature
(Basiev et al., 1988), as well as in miniaturized light-emitting photonic
devices (Montereali et al., 2025), also in the form of thin films
(Montereali and Nalwa, 2002). Two decades ago, very high-spatial
resolution soft X-ray imaging detectors based on the visible RPL of
CCs in LiF crystals and thermally evaporated thin films were proposed
by our group (Baldacchini et al., 2003) for contact soft X-ray micro-
scopy. Their use was extended to higher X-ray energies (Montereali
et al., 2023a), thanks to their peculiarities and versatility and to the
characterization of intense X-ray sources even in extreme conditions
(Bonfigli Capotondi et al., 2019). In the last decade, the imaging capa-
bilities of these radiation detectors have been successfully used for
proton beam diagnostics (Piccinini et al., 2014, 2017), mainly through
full Bragg curve permanent recording and analysis in LiF crystals
(Nichelatti et al., 2017; Piccinini et al., 2019), which allow an accurate
determination of the beam energy and energy spread, and in LiF films
(Nichelatti et al., 2022; Montereali et al., 2023b).

In the last years, nominally pure LiF single crystals were proposed as
Fluorescent Nuclear Track Detectors (FNTDs) for detecting alpha par-
ticles (Bilski and Marczewska, 2017; Bilski et al., 2017; Sankowska et al.,
2022), fast and thermal neutrons (Bilski et al., 2018), as well as heavier
ions (Bilski et al., 2019a, 2019b). Only recently, the investigation of LiF
crystals for the detection of protons tracks has been reported at high
energies (Bilski et al., 2024) and by our group at lower energies (<3
MeV) (Nichelatti et al., 2025a; Piccinini et al., 2024b) and, for the first
time, also in LiF thin films at 1 MeV (Piccinini et al., 2025). At this
energy, the optically transparent LiF films grown on Si(100), after sub-
strate cleavage, appears suitable for both full Bragg curve and single
proton tracks recording for irradiation parallel to the substrate. It should
be noted that this convenient geometry does not allow recording of
entire fluorescent tracks for proton energies <2 MeV in LiF crystals
because of their limited penetration, which implies that they are mainly
covered by the intense light scattering at the crystal edge. Moreover, the
choice of the reflective silicon substrate was demonstrated to be an
advantage for the RPL enhancement, up to 50 % with respect to glass one
(Vincenti et al., 2021). In the fluorescence images, the reduction of the
background due to the limited thickness of the LiF film improves image
contrast, which is critical for single track recording (Piccinini et al.,
2025). Apart from the easier cleavage, the oriented Si(100) substrate
assures good homogeneity, reproducibility and compactness for the LiF
films thermally evaporated in controlled growth conditions (Vincenti
et al., 2021).

Currently, nominally pure LiF crystals are considered suitable ma-
terials for radiation dosimetry based on RPL for FNTD realization
(Christensen et al., 2024) together with the well-assessed Al;03:C, Mg
crystals (Akselrod et al., 2006; Akselrod and Sykora, 2011; Akselrod and
Kouwenberg, 2018) and Ag-doped phosphate glass (Kurobori et al.,
2017; Kodaira et al., 2020).

These novel FNTDs are based on the aggregate F5 and F§ CCs (two
electrons bound to two and three anion vacancies, respectively), stable
at room temperature, whose overlapping absorption bands are centered
around 450 nm, generally known as the M band (Nahum and Wiegand,
1967). The RPL spectrum, obtained by optical excitation in the M band,
exhibits two Stokes-shifted broad emission bands peaking at about 678
nm and 541 nm, corresponding to the F, and Fj emission bands,
respectively (Baldacchini et al., 2000; Piccinini et al., 2025). In this
paper, optically transparent polycrystalline LiF films, thermally evapo-
rated on reflective Si(100) substrates, were tested as FNTD at the proton
energies of ~1 and ~6 MeV, with the aim of studying their behavior and
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better understanding the role of the used substrate in the observed
fluorescent individual tracks and Bragg curves at energies of interest for
radiobiology experiments.

2. Materials and methods

Optically transparent LiF films, between 1 and 2 pm thick, were
grown at ENEA Frascati (Italy) by thermal evaporation on 0.5 mm thick
Si(100) substrates, constantly kept at a temperature of 300 °C during
deposition (Leoncini et al., 2019), performed in a vacuum chamber at a
pressure below 1 mPa with a controlled deposition rate of 1 nm/s. More
details can be found in (Vincenti et al., 2021). Their optical character-
ization was performed by means of ellipsometric spectral measurements
with a Woollam VASE instrument, and subsequently analyzed with the
open-source software KSEMAW (Montecchi et al., 2023) for the film of
lower thickness. For the thickest LiF film the optical reflectivity spec-
trum was measured by a PerkinElmer Lambda 1050+ spectrophotom-
eter at near-normal incidence. Its refractive index dispersions in the
visible range and other important features (thickness, surface roughness,
material packing density, etc.) were estimated by a best fit with a model
that allows taking into account spectral changes due to film deviations
from the ideally perfect thin-film model (Montecchi et al., 2001),
developed in Matlab (The MathWorks and Inc, 2010).

The films, cleaved into two halves, were irradiated with the film
surface approximately parallel to the beam propagation axis (edge-on
irradiation) and the cleaved film edge directly exposed to the incident,
nearly monochromatic, collimated pulsed proton beam delivered by the
vertical low-energy extraction beamline of the TOP-IMPLART linear
accelerator operating at ENEA Frascati (Picardi et al., 2020). The pro-
tons are produced by a commercial linac, the PL7 injector manufactured
by ACCSYS-HITACH]I, followed by a 90° dipole bending the beam into
the 80 cm long vertical extraction beamline. The injector consists in a
sequence of two accelerators, a RFQ with a maximum energy of 3 MeV
and a DTL with a maximum energy of 7 MeV. Intermediate energies can
be produced by adjusting the amplitude of the accelerating field and the
proton energy at the injector exit is retrieved by the value of the current
in the coils of the bending magnet. After the beam is bent, the pristine
energy from the injector is degraded due to the passage of the protons
through a 2 pm-thick gold foil followed by a 2 mm-diameter collimator
(to obtain a round homogeneous irradiation spot on the target), a 50
pm-thick Kapton window separating the vacuum from air and a path in
air whose thickness depends on the distance of the sample from the exit
window, typically 25 mm. The final beam energy on the target at the end
of the vertical beamline in air varies between 1 and 6.5 MeV, with flu-
ence adjustable over several orders of magnitude.

The proton beam and track images were acquired using a Nikon
Eclipse 80i fluorescence microscope, equipped with 20 x and 100 x
objectives and a 440 nm pE-100 coolLED source for exciting the RPL of
CCs. Emission was selected by a Chroma AT515Ip filter and detected
with an Andor NEO sCMOS camera operating at 16-bit, with acquisition
times between 75 and 150 s. The acquired images were processed using
ImageJ software (ImageJ) to extract the profile of the luminescent Bragg
curves stored in the films irradiated at high fluences. In order to estimate
the energy spectrum of the proton beams, at ~1 MeV, the experimental
Bragg curve was best fitted using a recently developed procedure
(Nichelatti et al., 2025b) consisting in a random-optimization approach,
where Bragg curves in LiF are calculated using a smart interpolation of a
set of Monte Carlo simulated Bragg curves of monochromatic protons
while varying the number of energy bins during the
random-optimization cycles to increase the energy spectral resolution.
At ~6 MeV, contrary to the case of ~1 MeV, due to multiple Coulomb
scattering (MCS), proton leakage from the film and migration from the
substrate into the film cannot be neglected (Montereali et al., 2023b), so
the Bragg curve was reproduced using the Monte Carlo software FLUKA,
version 4-5.0 (Website: https; Battistoni et al., 2015; Ahdida et al.,
2022), in combination with its graphical user interface Flair, version
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3.4-1 (Donadon et al., 2024).
3. Results and discussion

The edge-on irradiation of the LiF films on Si was performed
choosing a suitable fluence value to ensure non-superimposed proton
tracks. At the energy of ~1 MeV, the pulsed beam from the accelerator
was set at a charge of 0.5 pC/pulse and 50 beam pulses were delivered to
the sample. By irradiating a LiF crystal with its surface perpendicular to
the beam propagation axis, we could estimate a fluence of approxi-
mately 10% protons/cm? (Piccinini et al., 2024b). Fig. 1 shows the
fluorescence image of the proton tracks in a LiF film recorded with a
good signal-to-noise ratio, by exploiting the enhancement of the visible
RPL due to the presence of the reflecting Si substrate (Vincenti et al.,
2021), along with the reduction of the background due to the limited
thickness of the LiF film, irradiated under these conditions. The tracks at
the edge of the film are approximately 15 pm in length with a minimum
lateral separation of ~1 pm; however, at distances larger than 15 pm,
some fluorescent tracks could be detected due to protons that did not
directly enter the film through its edge, rather through its surface as a
consequence of a very small angular tilt of the sample, that exposed the
entire film surface directly to grazing-incident protons. To characterize
the energy spectrum of the proton beam, another cleaved LiF film
sample was irradiated by delivering 3750 pulses, corresponding to an
increased fluence by two orders of magnitude. Under these conditions,
the high proton fluence prevented the recording of individual tracks,
because they resulted totally superimposed, as shown in the left picture
of Fig. 2. By integrating the entire image along the direction parallel to
the film edge, the RPL depth profile (experimental Bragg curve) of the
proton beam was obtained (see Fig. 2, right). For the irradiation of LiF
films, thermally evaporated on glass substrates, with protons at nominal
energies of 3 and 7 MeV and within a range of doses from 103 up to 107
Gy, it was experimentally observed that the RPL intensity of Fo and F3
CCs increases linearly with dose until saturation is reached at the highest

Fig. 1. Fluorescent proton tracks recorded in a 1.18 pm-thick LiF film ther-
mally evaporated on Si(100) and irradiated with a ~1 MeV beam impinging
from the left on the cleaved film edge at a fluence of 10® protons/cm?.
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values, and that the RPL intensity does not depend on Linear Energy
Transfer (LET) (Piccinini et al., 2015). An elementary model, based on
radiation-mediated creation and annihilation of CCs, was developed to
describe this behavior (Piccinini et al., 2017).

A recently developed fitting procedure (Nichelatti et al., 2025b) was
applied to the RPL depth profile shown on the right of Fig. 2, to estimate
the energy spectrum of the proton beam responsible for the formation of
F and F CCs in the LiF film. This film, approximately 1 pm thick, was
characterized by means of ellipsometry; by comparing the measured
refractive index in the visible with tabulated values for LiF (Palik, 1991),
we estimated a material packing density of approximately 88.6 %.
Although it has been demonstrated that in thin films MCS causes beam
protons that have penetrated the underlying substrate to migrate into
the film — becoming the main source of energy deposition in it and
shifting the luminescent Bragg peak accordingly — and that some protons
entering the film progressively leak out, these effects are considered
negligible at energies ~1 MeV for film thicknesses of 1 pm or more
(Montereali et al., 2023b). Since a preliminary analysis indicated that
the peak energy of the beam was ~1 MeV, we were able to apply the
aforementioned fitting procedure - originally developed for bulk LiF — to
analyze the RPL depth profile detected in the film. In this procedure, the
increased proton penetration range in the LiF film, due to its lower
material density compared to bulk LiF (Knoll, 2010; Nichelatti et al.,
2019), was considered. The fitting procedure, implemented in Matlab
(The MathWorks and Inc, 2010), relies on the reasonable assumption
that the Bragg curve of a polychromatic proton beam can be modeled as
a weighted superposition of Bragg curves generated by monochromatic
beams. The weights of these monochromatic components can, in prin-
ciple, be determined using any optimization method. In our case,
following a recently published approach (Nichelatti et al., 2025b), we
employed a random-optimization algorithm to determine the areas of a
discrete set of energy bins spanning a defined energy range. These bins
are designed to represent the energy spectrum in the form of a histo-
gram. The bin widths were selected to be sufficiently narrow to
approximate the monochromatic components of the energy spectrum.

At each step of the optimization, the bin heights are randomly
modified within predefined limits. The resulting total Bragg curve —
obtained as a weighted superposition of individual monochromatic
Bragg curves, each previously simulated in FLUKA to construct a Bragg-
curve LUT - is then compared with the experimental luminescent Bragg
curve. Based on this comparison, the corresponding energy spectrum is
either accepted or rejected and another optimization step is performed
(Nichelatti et al., 2025b). At the end of the process, the energy spectrum
is slightly shifted and rescaled to account for the packing density of the
film, as described in (Nichelatti, 2025). In the present paper, the method
was applied by sampling the energy range from 280 keV to 1.77 MeV
using 50 equally spaced bins, each with a width of 29.8 keV. The
resulting spectral distribution exhibits a main peak centered at
approximately 1.10 MeV, with a full width at half maximum (FWHM) of
about 183 keV.

A second set of irradiations was performed by setting the accelerator
at a beam energy of ~6 MeV with a charge of 2 pC/pulse. After edge-on
irradiating a LiF film with 50 pulses, the image of proton tracks was
acquired using the fluorescence microscope. The image is shown in
Fig. 3, together with enlarged views of three regions. Due to four-time
higher charge per pulse (estimated fluence of ~4 x 10® protons/cm?),
with respect to the ~1 MeV case, some track superpositions are
observed. These are also ascribable to scattered much longer proton
trajectories, with a lateral separation <1 pm among the tracks. At the
energy of ~1 MeV, due to the short proton penetration depth and LET in
the range from 50 to 130 keV/pum, entire tracks are observed. Increasing
the proton energy to ~6 MeV, due to the lower LET in the range from 15
to 70 keV/um, the luminescent tracks are observed with a good signal-
to-noise ratio mainly close to the Bragg peak position. Again, by
increasing the fluence by two orders of magnitude, the superposition of a
very high number of tracks allowed recording the experimental RPL
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Fig. 2. Left: Fluorescent proton tracks recorded in a 1.18 pm-thick LiF film thermally evaporated on Si(100) and irradiated with a ~1 MeV beam impinging from the
left on the cleaved film edge at a fluence of ~10'° protons/cm?; Right: Experimental RPL profile of the Bragg curve obtained by integrating along the direction
parallel to the film edge the picture on the left and its best-fitting curve obtained by using the random-optimization approach (see text for details).

Fig. 3. Top: Fluorescent proton tracks recorded in a 2.23 pm-thick LiF film thermally evaporated on Si(100) and irradiated with a ~6 MeV beam impinging from the
left on the cleaved film edge at a fluence of 4 x 10® protons/cm?; Bottom: enlarged views of three regions.

depth profile of the proton beam, after integrating the entire image
shown on the left in Fig. 4 along the direction parallel to the film edge
(see Fig. 5).

In contrast to the sample irradiated with protons of energy ~1 MeV,
the RPL depth profile presented in Fig. 5 could not be analyzed using the
fitting procedure introduced in (Nichelatti et al., 2025b). Indeed, as
suggested by the Bragg peak located at approximately 300 um depth, the
energy of the proton beam was estimated to be sufficiently high — around
6 MeV - to induce non-negligible proton migration from the substrate
into the film due to MCS, resulting in a shift of the luminescent Bragg
peak and an overall deformation of the Bragg curve, as discussed in
(Montereali et al., 2023b). For this reason, the analysis of this sample
was instead carried out by replicating the measured RPL depth profile
with a simulated energy deposition profile, under the assumption that
the RPL intensity is locally proportional to the energy deposited by
protons in the material (Piccinini et al., 2023, 2024a). To this end, en-
ergy deposition simulations were performed using the Monte Carlo code

FLUKA. The simulated sample geometry included a LiF film with
thickness of 2.23 pm and a packing density of 96 %, as estimated from
the analysis of the sample optical reflectivity spectrum measured in the
visible range. Simulations reported in (Montereali et al., 2023b) show
that the packing density does not have significant effects at these en-
ergies, where MCS from the Si substrate dominates. On the other hand,
the film thickness influences the shaping of the Bragg curve and it is
properly considered in the simulations. The simulated proton beam,
with a transverse size of 2 mm, was collimated and vertically centered
250 pm below the interface between the Si substrate and the LiF film.
The vertical y-axis was defined such that y = 0 corresponds to this
interface between the two materials (see the bottom-right picture in
Fig. 4). The origin of the z-axis (penetration depth) was set at the sample
edge. The horizontal x-axis was defined as the direction parallel to the
film edge and coincident with the film edge itself. Other simulation
parameters included the launch of 2.5 x 107 virtual protons, and the
Ekin Frac parameter of the FLUKAFIX card set to 0.01 for both the LiF
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Fig. 4. Left: Fluorescent image of proton tracks recorded in a 2.23 pm-thick LiF film thermally evaporated on Si(100) and irradiated with a ~6 MeV beam impinging
from the left on the cleaved film edge at a fluence of ~10'° protons/cm?; Upper right: Scheme of the irradiation geometry; Lower right: Energy deposited by the proton
beam in the LiF film and in the Si substrate as a function of proton penetration depth (z-axis), as simulated using FLUKA (x-average, transverse view).
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Fig. 5. Experimental RPL profile of the Bragg curve obtained by integrating
along the x-axis the left picture of Fig. 4 and its best-matching curve simulated
in FLUKA.

and Si materials. Energy deposition was scored using the USRBIN card
within a volume defined by —5 mm < x < 5 mm (100 sampled points),
—10 pm < y < 2.5 pm (625 sampled points), and 0 < z < 400 pm (800
sampled points). Among the various simulation configurations tested,
the ones that best reproduced the experimental RPL depth profile cor-
responded to a Gaussian energy spectrum with a mean energy of 6.20
MeV a and FWHM of 188 keV (i.e., a standard deviation of 80 keV). The
best match was obtained assuming a grazing incidence angle of 3.4° for
the proton beam, as if the beam were impinging from the half-space
facing the substrate — see the upper-right picture in Fig. 4 for a sche-
matic representation of this tilted irradiation geometry.

4. Conclusions

Optically transparent, uniform, polycrystalline LiF thin films, grown
on Si(100) substrates by thermal evaporation, have been tested as
FNTDs for collimated proton beams of energies of ~1 and ~6 MeV. The
irradiation causes the local formation of stable CCs in the crystal lattice,
among them the F, and F§ ones, which show efficient visible photo-
luminescence in the red and green spectral ranges, respectively, under
blue light simultaneous excitation. The cleaved LiF films were irradiated
approximately parallel to the proton beam at fluence values between 1
and 4 x 108 protons/cm?. At the energy of ~1 MeV, due to the short
proton penetration depth and high LET, entire tracks were observed
with a good signal-to-noise ratio. Increasing the proton energy to ~6
MeV, due to lower LET, the luminescent tracks were observed mainly
close to the Bragg peak, whose depth is where it would be found in Si
rather than in LiF, due to MCS. By increasing fluence by two orders of
magnitude, the superposition of a very high number of tracks allowed
recording the luminescent Bragg curve of the proton beams. The beam
average energy and energy spread were obtained by fitting such
experimental profiles using a random-optimization approach at ~1 MeV
and using depth-dose curves simulated in FLUKA at ~6 MeV, by prop-
erly considering the film characteristics and the substrate. Although the
intensity and contrast along a single track is not enough to obtain the
proton energy deposition profile, as observed also in LiF crystals FNTD
(Piccinini et al., 2024b) in similar conditions, the advanced proton beam
characterization performed through the Bragg curve RPL profiles at high
fluences confirms an intrinsic LET independence, despite the high
ionization density in the core of the low-energy proton tracks. It should
be noted that the recording of both the entire proton tracks and the
fluorescent Bragg curve for proton energies <2 MeV is prevented in LiF
crystals because of their limited penetration, which implies that they are
mainly covered by the intense light scattering at the crystal edge.
Moreover, the choice of the reflective silicon substrate has the advantage
of visible RPL response enhancement, up to 50 % with respect to the
glass one (Vincenti et al., 2021). In the fluorescence images, the
reduction of the background due to the limited thickness of the LiF film
improves the image contrast, which is critical for single track recording
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(Piccinini et al., 2025). Apart from the easier cleavage, the oriented Si
(100) substrate assures a good homogeneity, reproducibility and
compactness for the LiF films thermally evaporated in controlled growth
conditions (Vincenti et al., 2021). Then the ability in the growth of
optically transparent LiF thin films on a reflective substrate like silicon
allows for fluorescent single proton tracks observation, as well as for
low-energy proton beam characterization from entire Bragg curve
recording and analysis. Further experiments are in progress to better
understand the potential improvement of this technology for future
developments in radiobiology.
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