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Abstract
Passive solid-state radiation detectors, based on the visible photoluminescence (PL) of
radiation-induced colour centres in optically transparent lithium fluoride (LiF), polycrystalline
thin films are under investigation for proton beam advanced diagnostics. After proton exposure,
the latent images stored in LiF as local formations of stable F2 and F3+ aggregate defects, are
directly read with a fluorescence microscope under illumination in the blue spectral range.
Adopting a suitable irradiation geometry, the energy density that protons deposit in the material
can be recorded as a spatial distribution of these light-emitting defects, from which a luminous
replica of the proton Bragg curve can be thereafter extracted and analysed to reconstruct the
proton beam energy spectrum. Their peculiar properties, such as wide dynamic range and
linearity of the spectrally-integrated PL response vs. dose, make the investigation of
two-dimensional LiF film radiation detectors grown on several types of substrate highly
attractive. Here, the case of a LiF thin film thermally evaporated on a silica substrate, irradiated
at grazing incidence with a 35 MeV proton beam, is investigated and reported for the first time.
A comparison of the measured photoluminescent Bragg curve with Monte Carlo simulations
demonstrates that the Bragg peak in the film is located at the very same position that would be
expected in the underlying silica substrate rather than in LiF. The film packing density is shown
not to have a significant effect on the peak depth, while even small nonzero grazing angle of the
impinging proton beam is able to significantly modify the shape of the Bragg curve. These
findings are ascribed to the effects of multiple Coulomb scattering in both the film and the
substrate and are interesting for proton beam diagnostics and dosimetry.
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1. Introduction

Passive solid state radiation detectors based on photolumin-
escence (PL) of point defects in dielectrics [1–4] (crystals,
glasses and films) are widely utilized for imaging and dosi-
metry and should feature high spatial resolution, long-term
stability against fading, non-destructive reading capability, as
well as optical transparency at the emission and excitation
wavelengths. Due to the excellent optical and thermal prop-
erties of some laser-active radiation-induced colour centres
(CCs) in lithium fluoride (LiF) [5], novel radiation detectors
based on this material were proposed for the imaging of soft
x-rays [6] in the form of optically transparent thin films [7],
exploiting the visible PL of F2 and F3+ aggregate CCs that are
created by the irradiation. These intrinsic defects, consisting
of two electrons bonded to two and three close anion vacan-
cies, respectively, are stable at room temperature (RT) [5].
Their broad PL emission bands, located at∼670 and∼530 nm,
respectively [8], are simultaneously excited in their almost
overlapping absorption bands peaked at ∼450 nm [9], known
as M band [8]. Under blue-light illumination, fluorescence
microscopy is used for reading the spectrally-integrated vis-
ible PL emission of the x-ray induced F2 and F3+ CCs loc-
ally created in the LiF matrix, whose concentration is point-
by-point proportional to the energy deposited in the irradi-
ated layer. The RT stability of F2 and F3+ CCs in LiF, even
in daylight, makes these solid state radiation detectors easy to
handle; moreover, no development process is needed after irra-
diation. Their use in x-ray imaging at nanoscale [10] has been
successfully extended to higher photon energies in different
conditions and configurations, both in the form of crystals [11]
and thin films [12]. A very high intrinsic spatial resolution is
assured by the sub-nanometric dimensions of the fluorescent
defects [13], practically limited only by the optical microscope
and used technique [14].

In the last years, radiation detectors based on the visible
PL of CCs in LiF crystals and thin films have been gaining
an increasing attention for proton beam advanced diagnostics
[15–18] at high accumulated doses. Exploiting the low thick-
ness of LiF thin films, transversal dose mapping of low-energy
proton beams was demonstrated [16]. Although use in dosi-
metry of PL from F2 and F3+ CCs induced in LiF by radi-
ation is not a new idea, as it was initially proposed for doped
LiF pellets and pure LiF crystals at high doses [19, 20], only
recently it was successfully tested at therapeutic doses with
clinical X [21] and gamma rays [22]. LiF tissue equivalence
is essential for meaningful applications in clinical dosimetry
for radiotherapy, including protons at doses below 50 Gy [23,
24]. Recently, nominally pure LiF crystals were used as fluor-
escent nuclear track detectors of energetic charged particles
[25, 26], mainly alpha and heavier ions. In the case of charged
particles, the typical energy-loss curve vs. penetration depth in
matter is known as the Bragg curve and features a maximum,
called the Bragg peak, approximately located at the end of their
path [27]. The formation of this peak is due to the inverse pro-
portionality of the energy transferred in electromagnetic inter-
actions to the proton velocity—indeed, the protons lose more

and more energy per path length as they slow down. The depth
of the Bragg peak depends on the composition of the irradi-
ated material, it is inversely proportional to its density [28],
and increases almost quadratically with the incoming proton
energyE. A similar dependence onE holds for the protonmax-
imum penetration, known as range RB, which is approximately
described by the well-known Bragg–Kleeman rule

RB = αEp

where the two coefficients α and p were estimated for LiF
bulk as ∼9.237 µm MeVp−1 and ∼1.797 [29], respectively,
according to Monte Carlo simulations performed in Stopping
and Range of Ions in Matter software [28].

A precise measurement of the proton energy corresponding
to the Bragg peak is a desirable and useful beam diagnostic
outcome. It was found that, by adopting a suitable grazing-
incidence irradiation geometry, the energy density that protons
deposit in LiF crystals can be recorded as a two-dimensional
(2D) spatial distribution of light-emitting F2 and F3+ defects,
from which a luminous replica of the full proton Bragg curve
can be thereafter extracted and analysed. This approach has
been utilized to characterize the beam of the intensity mod-
ulated proton linear accelerator for radiotherapy linac during
its commissioning. This radiofrequency pulsed linear accel-
erator is being developed at ENEA C.R. Frascati for proton-
therapy purposes [30]. For the characterisations, LiF crystals
were used to estimate the energy spectrum of the beam by ima-
ging and fitting entire Bragg curves in a wide range of doses
and energies from 3 up to 55 MeV, even in the case of multi-
energetic beams [29]. It was experimentally found that the vis-
ible PL intensity of F2 and F3+ CCs is linear with absorbed
doses up to ∼105–106 Gy, with a wide dynamic range which
reaches ∼114 dB in proton-irradiated LiF crystals, where the
Bragg curvewas fully reconstructed for a 35MeVproton beam
and an entrance dose of 50 Gy [23]. At this energy, a value
for RB of 5.49 mm is derived for a proton beam irradiating a
homogeneous bulk LiF of density ρ = 2.635 g cm−3.

Recently, we have been investigating the feasibility of
extending this approach to LiF thin films deposited on sil-
icon substrates by thermal evaporation [31, 32] with the aim
of understanding the role and the effects of the substrate on
how the recorded Bragg curves are shaped. In this work, the
case of a polycrystalline LiF thin film deposited on a fused
silica substrate by thermal evaporation and irradiated at graz-
ing incidence with a proton beam of nominal energy 35 MeV
is presented for the first time.

2. Materials and methods

An optically transparent LiF film, of thickness t∼ 1.8 µm, was
grown by thermal evaporation at the edge of a circular fused
silica (Suprasil®) substrate, 1 mm thick and diameter 20 mm,
constantly kept at a temperature of 300 ◦C during deposition
[33], which was performed in a vacuum chamber at a pressure
below 1 mPa at ENEA C.R. Frascati with a controlled depos-
ition rate of 1 nm s−1.
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Figure 1. (a) Fluorescence image of the top surface of the LiF film grown at the edge of a circular silica substrate, irradiated with a nominal
35 MeV proton beam (scale bar 1 mm). Inset: scheme of the proton irradiation geometry for the LiF film and PL collection geometry. (b)
Direct transmittance and absolute specular reflectance spectra of the same LiF film, ∼1.8 µm thick, thermally evaporated on the silica
substrate kept at a constant temperature of 300 ◦C during the deposition, and their best-fit, see the text for details. For comparison, the
measured optical spectra of the bare silica substrate are also shown.

The direct transmittance and specular reflectance optical
spectra were measured using a Perkin Elmer Lambda 1050
spectrophotometer. These photometric spectra were analysed
and best fitted with a Matlab [34] homemade program using
a thin-film theoretical model that includes several paramet-
ers: complex refractive index spectral dispersion, gradient of
the refractive index along the growth axis, film thickness, and
roughness [35].

A PARK System atomic force microscopy (AFM), model
XE-150, operating in air in non-contact mode, was used to per-
form the morphological analysis of the LiF film surface.

The proton irradiation was performed in air at the nom-
inal energy of 35 MeV. The beam direction was set at grazing
incidence to ensure proton penetration and stopping inside the
sample, as sketched in the inset of figure 1(a). The duration of
the beam pulses was 2.5 µs full width half maximum (FWHM)
at a typical repetition rate of 25 Hz; the average beam current
was 20 µA. The irradiation dose in LiF at the LiF/air interface
of the film (the entrance point of the beam) was 104 Gy.

After irradiation, the latent 2D fluorescence image of the
accumulated CCs distributions generated and stored in the LiF
film detector was acquired from the top face of the film by
a fluorescence microscope Nikon Eclipse 80i, equipped with
proper optically filtered Hg lamp and an Andor Neo s-CMOS
camera, with an 11-bit dynamic range.

Energy deposition by protons in the LiF film was simulated
using Monte Carlo FLUKA software (version 4–2.2) [36–38]
equipped with the graphical user interface Flair (version 3.1–
15) [39].

3. Results and discussion

Figure 1(a) shows the PL image of the LiF film thermally evap-
orated at the edge of the silica substrate after nominal 35 MeV
proton irradiation. In the inset of figure 1(a), the irradiation
geometry is sketched. The circular shape of the substrate is
well distinguished, on the left, due to light scattering at the

film border on the unpolished silica edge. The white areas are
the portions of the LiF film surface irradiated by the proton
beam, whose transversal elliptical shape has dimensions of
(5× 1) mm2 at a distance of 20mm from the titanium exit win-
dow of the linac. At least two PL intensity maxima are clearly
distinguished close to the end of the proton path in LiF.

The structural, morphological and optical properties of a
polycrystalline LiF film grown on an amorphous substrate,
like silica, are strongly influenced by the selected growth
conditions [7, 33], among them the substrate temperature dur-
ing the growth and the total film thickness. Figure 1(b) reports
the direct transmittance and absolute specular reflectance of
the same film,measured between 190 and 1200 nm before irra-
diation. The spectra of the bare silica substrate are also shown
for comparison. By using a best-fit procedure with an ad hoc
model [35], the main physical characteristics of the LiF layer
could be estimated in a quantitative way. The refractive index
and the extinction coefficient spectral dispersion curves at half
thickness of the LiF film are shown in figures 2(a) and (b),
respectively. In figure 2(a), the refractive index of bulk LiF is
also reported as found in the literature [40]. Note that a reduced
density of the layer can be ascribed to the polycrystalline
nature of LiF thin films, which can be considered as aggreg-
ates of grains with air interstices. As a matter of fact, from
the best fit procedure, a refractive index of (1.330 ± 0.005) at
the wavelength of 633 nm was derived, a value lower than the
bulk one, 1.391 [37], despite to the fact that a constant sub-
strate temperature of 300 ◦C maintained during the growth
process increases the mobility of film molecules and favours
the formation of packed microcrystals. It should be considered
that the total thickness of the film is quite high: an average
thickness of (1822 ± 5) nm and an extinction coefficient of
(4.88 ± 0.08) × 10−3 were obtained, together with a sur-
face root-mean-square roughness of (17.2 ± 0.3) nm. With
the characterisation we also estimated a slight deviation of the
film faces from parallelism of (1.5 ± 0.2)% and a slight lin-
ear inhomogeneity of the refractive index along the growth
axis of (9.0 ± 0.9)%. Although a linear behaviour of such
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Figure 2. Refractive index (a) and extinction coefficient (b) spectral dispersion curves (solid lines) at half thickness of the LiF film grown
on the silica substrate as deduced from the best fit of the R and T optical spectra in figure 1(b). For comparison, in figure (a) the literature
refractive index of bulk LiF [40] is also shown (dashed line).

Figure 3. 2D (a) and 3D (b) AFM images over an area of (5 × 5) µm2 of the LiF film ∼1.8 µm thick, thermally-evaporated on the silica
substrate kept at a constant temperature of 300 ◦C during the deposition.

inhomogeneity could be physically not fully correct, note that
the best-fitting curves in figure 1(b) are practically coincident
with the measured ones, therefore it can be considered a reli-
able approximation of the actual inhomogeneity. The packing-
density of the film material, equal to the ratio of the actual LiF
volume to the total film volume, was estimated from a com-
parison of the refractive index dispersion of the LiF film in
figure 2(a) with that of LiF bulk [40]. By applying the effect-
ive medium theory [41] to a mixed medium composed of LiF
hosting varying percentages of air inclusions, and comparing
the resulting refractive index dispersions to that of the film,
we were able to estimate the packing density of the poly-
crystalline material. At half-thickness it was estimated to be
(84.5 ± 1.0)%. Due to the previously evaluated inhomogen-
eity along the growth axis, the packing density is lower at
the LiF film-silica interface (69.5 ± 1.0)% and it raises to
(99.5 ± 1.0)% at the LiF film-air interface.

In figures 3(a) and (b) the 2D and 3D AFM images over an
area of (5 × 5) µm2 of the LiF film thermally-evaporated on
the silica substrate are shown. They demonstrate that the poly-
crystalline film is quite homogeneous. Moreover, the value of
the root mean square roughness, measured along the red and
green solid lines in figure 3(a), is about 16.3 nm, which is in
good agreement with the value of 17.2 nm estimated from the
spectrophotometric characterization.

Figure 4(a) shows the normalised PL intensity profile of the
Bragg curve (solid line), as derived from the LiF film grown on
silica after spatial integration on a selected region of interest
of the PL image in figure 1(a) and background subtraction.
It is compared with those measured in a LiF film grown on
Si(100) (dashed line) and in a LiF crystal (dotted line) irradi-
ated under the same conditions [31]. Their spatial alignment
is performed by exploiting the peak of scattered light at the
entrance border of impinging protons and, in the figure, the
depth of the exposed sample edge is d = 0. It can be noticed
that the peculiar convex shape of the curve recorded in the LiF
film grown on silica is very similar to that of the film grown
on the silicon substrate. This feature is ascribed to a slightly
nonzero grazing incidence angle of the impinging proton beam
during irradiation [31]. In both films, two maxima are evid-
ent towards the end of the Bragg curve and their distance is
higher in the LiF film grown on silica with respect to silicon.
Moreover, for both substrates, the Bragg peaks in the films are
located at a significantly deeper position than that observed in
the LiF crystal.

The low values of dose chosen for the irradiations ensured
that the densities of the F2 and F3+ CCs in LiF were linearly
proportional to the absorbed energy at any point of their spatial
distributions [15, 42]. In this way, we could exclude from our
elaborations any density saturation effects. In these conditions,
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Figure 4. (a) Experimental PL intensity profile of Bragg curve extracted from the fluorescence image in figure 1(a) for the proton-irradiated
LiF film grown on silica substrate (solid line), compared with those measured in the LiF film grown on Si(100) (dashed line) and in the LiF
crystal (dotted line) (b) FLUKA simulation of the spatial distribution of deposited energy per proton within the LiF film with a mean
packing density of 84.5% and within the top 10 µm of the silica substrate.

Figure 5. (a) Normalized simulated energy deposition profile in figure 4(b) within the film (black solid line), experimental PL intensity
profile (blue thick solid line), normalized energy deposition profile in silica bulk (red dashed line) simulated with the same grazing angle
and energy spectrum of the simulation of the actual thin film sample. (b) Proton-beam energy spectrum utilized for the FLUKA simulation
of the LiF film on silica and of the silica bulk, see figure 4(a) and table 1.

the visible PL intensity is proportional point by point to the lin-
ear energy transfer (LET) curve. In the crystal, the PL intensity
curve is a direct representation of the Bragg curve: the initial
LET value is lower and almost constant at the entrance and
raises to a maximum at the Bragg peak. This peak is quite
broad, because the proton beam is not strictly monochromatic
and two energy components are needed to reproduce it by the
FLUKA code [31]. It was found that the electric-field phase in
the last two active modules affects the energy distribution at
the linac output. The presence of a second energy component
is more evident in the LiF film PL profiles, were the two peaks
are more clearly distinguished. In a homogeneous medium,
the mean packing density value of 84.5% found for the film
grown on silica causes the protons to have a longer range than
in a LiF crystal, in agreement with the Bragg–Kleeman rule.
Its value could quantitatively explain the observed differences
in the depth of the main peak, which moves from ∼5.1 mm in
the LiF crystal to∼6.0 mm in the LiF film, as there is an acci-
dental coincidence between the Bragg peak positions expec-
ted in the silica substrate and in a homogeneous LiF with this
reduced density. However, this shift cannot be ascribed to a

reduced density of the polycrystalline LiF layer, but is due
to the presence of the thick silica substrate and to the lim-
ited thickness of the film, as detailed in the following. Only
accurate Monte Carlo simulations, which take into account
how multiple Coulomb scattering influence proton propaga-
tion in the layered structure constituted by the LiF thin film on
the silica substrate, can provide a complete explanation of the
observed behaviour and an accurate reconstruction of the full
Bragg curve.

In this regard, a series of FLUKA simulations was conduc-
ted by incrementally adjusting specific parameters of the pro-
ton beam, including grazing angle and energy spectrum, aim-
ing to replicate the experimental PL profile, as discussed later
and shown in figure 5(a). Figure 4(b) reports the simulated spa-
tial distribution of deposited energy density per proton within
the film and the top 10 µm of the silica substrate. In this figure,
two mutually close peaks are visible at the depths ∼5.4 and
∼6.0 mm.

They can be attributed to two energy components in the
impinging proton beam, whose depths in the LiF film match
those in the silica substrate, as figure 4(b) clearly shows. Such
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Table 1. Parameters of the two energy-spectrum Gaussian components utilized for the FLUKA simulations of the LiF film thermally
evaporated on silica and of the silica bulk in figure 5(a).

Energy component Mean energy (MeV) Standard dev.(keV) Amount (%)

Main (film on silica) 33.7 240 87
Secondary (film on silica) 31.9 140 13

a coincidence is ascribed to the fact that the Bragg peaks in
the LiF film are formed by protons that have travelled mainly
through the underlying silica substrate.

This behaviour is confirmed by the comparison of the
experimental PL depth profiles for the proton irradiated LiF
film grown on silica substrate with the simulated ones, shown
in figure 5(a). The calculated energy profiles demonstrate that
the positions of the two Bragg peaks in the film match those
expected in a silica bulk. This observation provides additional
confirmation that protons contributing to energy deposition in
the film predominantly traverse the substrate. On the other
hand, protons entering the film at the depth d = 0 mostly leak
from it due to multiple Coulomb scattering. Consequently, the
substantial presence of protons from the silica substrate within
the film can be attributed to the substrate significantly greater
thickness compared to the LiF thin film. As a further confirm-
ation of this fact, several FLUKA simulations performed at
this proton energy demonstrated that the effect of the packing
density of the polycrystalline film on the Bragg peak depth is
negligible, contrary to the case of protons with energies below
5 MeV [43].

The best matching FLUKA simulation in figure 5(a) was
run with a nonzero grazing angle θ = −0.84◦, which means
that the proton beam is slightly obliquely impinging onto the
film top surface; as already mentioned, this misalignment is
essential to reproduce the convex shape of the PL profile in
the depth range 0–5 µm [31]. Table 1 reports the parameters of
the twoGaussian energy components, while the corresponding
energy spectrum is shown in figure 5(b).

4. Conclusions

High spatial resolution solid-state passive LiF film radiation
imaging detectors are under development for the advanced dia-
gnostics and dosemapping of proton beams by non-destructive
optical readout of visible PL from radiation-induced CCs in a
fluorescence microscope. The PL signal intensities of aggreg-
ate F2 and F3+ CCs in proton-irradiated LiF films are signific-
antly lower than in LiF crystals, by at least one order of mag-
nitude. The difference in PL signal intensities between proton-
irradiated LiF films and LiF crystals stems from the proton
beam depositing a significantly larger fraction of energy in the
substrates than in the films, owing to their substantial differ-
ence in thickness. This fact notwithstanding, optically trans-
parent thin LiF film detectors are able to locally store inform-
ation about the proton beam intensity in a wide dynamic range
across a large field of view (>1 cm2). Despite their low thick-
ness, the linear behaviour of the integrated visible PL intens-
ity over at least three orders of magnitude of dose, makes

them suitable for being employed as 2D solid-state dosimeters,
especially at high proton doses. However, the complex proton-
matter interaction requires accurate Monte Carlo simulations
to correctly estimate the energy spectrum of the impinging
protons in a layered structure constituted by a LiF film on a
thick substrate.

Recently, we analysed Bragg curves generated by 35 MeV
protons impinging at grazing incidence onto LiF films on
Si(100) substrates, showing that the depth of the Bragg peak
in the films coincide with the one that would be found in
the substrate on which the film is deposited rather than in
the film material. In the case of a silica substrate, reported
here for the first time, a similar peak position coincidence
between film and substrate has been detected and the dis-
tortion of the Bragg-curve observed by PL in a thermally
evaporated LiF films has been ascribed to a small non-zero
grazing-angle irradiation. These findings, being consequences
of multiple Coulomb scattering both in the film and the sub-
strate, could be explained by accurate FLUKA Monte Carlo
simulations. At the investigated proton energy, the effect
of the reduced packing density of the LiF layer, related
to the polycrystalline nature of the film and on the selec-
ted substrate and growth conditions, has been found to be
negligible.

The matching of the Bragg peak depths with those expected
in the silica substrate and the possibility of visualizing these
peaks in the latent fluorescence replicas of the Bragg curves
is interesting in the development of versatile LiF film detect-
ors for proton beam diagnostics and dosimetry, whose applica-
tion can be tailored by suitable choice of substrates and growth
conditions.
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