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Lithium fluoride crystals are used to assess proton-beam energy spectra. Proton irradiation induces laser-active
color centers in the crystal, whose density correlates with the absorbed dose. The spatial distribution of pho-
toluminescence emitted by these color centers is exploited to estimate the proton-beam energy spectrum using an
analytical Bragg-curve model. This study integrates the effects of multiple Coulomb scattering (MCS) into the
model. At high enough energies, MCS leads to proton leakage through the crystal faces with a reduction in
absorbed dose along the crystal length. The model incorporates MCS using an empirical approach based on

1. Introduction

Radiation detectors based on photoluminescence (PL) from color
centers (CCs) [1] in doped and undoped lithium fluoride (LiF) thin films
and crystals have become a reliable choice in a wide range of applica-
tions, such as dosimetry [2-5], contact and phase-contrast X-ray imag-
ing [6,7], ion track detection [8-11], and energy diagnostics of proton
beams [12-22]. LiF plays a special role in the alkali halides family, due
to its largest band gap (~14 eV) within all the solids [23], its hardness,
its significant resistance to moisture, and light transparency from about
120 nm to 7 pm. Once exposed to ionizing radiation — gamma and X-
rays, electrons, protons, a-particles, heavier ions — LiF hosts various
electronic point defects, some of which are laser active and efficiently
photoluminesce in the visible [24]. Among these, the most well-known
are the F, and F§ CCs, formed by two electrons bound to two and three
anion vacancies, respectively, which are stable at room temperature
(RT). They feature almost overlapping absorption bands at ~ 450 nm,
which together form the so-called M band [25-28]. Under light excita-
tion in this band, they show Stokes-shifted broad photoemission bands
centered at 678 and 541 nm, respectively [26]. These spectral properties
have been so far found to be independent of the incident ion beam
species, energies, and fluencies.

Because of the high emission efficiencies and lasing characteristics
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[24], even at RT, of the F, and F§ centers, many studies can be found in
the literature regarding the optical properties of these point defects,
produced in LiF crystals by means of several kinds of irradiation sources,
and the complex behaviors related to transformations and interactions
among different types of them. However, quantitative information for
all the parameters that influence the relative concentrations of such
active defects is not available in detail for LiF, although several practical
recipes are available for a selective generation of the desired kind of
defects and an improvement of the light emission performances.

One of the crucial problems concerning irradiated LiF is the coexis-
tence of several kinds of aggregate defects with often overlapping ab-
sorption bands, which makes it difficult to clearly individuate and
measure the actual contributions due to the individual centers in the
optical absorption spectra. On the other hand, the intensities of PL
spectra are relative to the measurement conditions, therefore there is
still plenty of work to do for dosimetry based on PL from radiation-
induced CCs in LiF. So far, on the basis of a number of systematic in-
vestigations conducted by our group, the visible PL response of LiF
crystals and films irradiated with protons has been found to possess a
linear behavior vs. dose below about 10°-10° Gy [13,15,17,20,29,30].

As far as PL-imaging is concerned, it should be noted that the Fs and
F3 CCs in LiF can serve as minimum luminescent units, enabling high
intrinsic spatial resolution due to their atomic-scale dimensions,
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typically comparable to the lattice spacing. Remarkably, a spatial reso-
lution of 80 nm was achieved in soft X-ray micro-radiographs stored in
LiF thin films and examined using scanning near-field optical micro-
scopy [31].

Regarding the use of PL-based LiF radiation detectors for energy
diagnostics of proton beams, in the past years our group has been
routinely characterizing the energy spectrum of the output beam of the
TOP-IMPLART proton linear accelerator (linac) — under assembly and
testing in the C.R. Frascati research labs of ENEA in the framework of the
TOP-IMPLART project (Oncological Therapy with Protons-Intensity
Modulation Proton Linear Accelerator for Radiotherapy) [32,33] —
during the stages of its modular development [15,17-19,21,22,33]. A
unique feature of such accelerators is the ability to adjust beam intensity
and energy on a pulse-by-pulse basis. Beam dynamics calculations
demonstrate that the methods employed for this purpose - setting the
energy by deactivating specific accelerating modules while adjusting the
power in the last active module, and controlling intensity by varying
either the source injected charge or the duration of the radiofrequency
(RF) pulse — not only influence the final energy of the beam, but also
shape its energy spectrum. Characterizing the energy spectrum of the
beam is therefore crucial for verifying the correct operation of the linac.
Our group achieves this goal by acquiring in a fluorescence microscope
the two-dimensional PL-intensity map generated in typically 1-mm thick
LiF crystals by CCs induced by proton beam irradiation at grazing
incidence. From this map, a luminescent replica of the Bragg curve is
suitably extracted, provided the irradiation dose is not too high to cause
saturation of the CCs density [15,20,29]. This PL-intensity profile along
the depth is then fitted using an analytical model for proton Bragg curves
in LiF [18] or directly inverted by applying an iterative algorithm [19].

Multiple Coulomb scattering (MCS) [34] is a phenomenon that oc-
curs when charged particles, such as protons, traverse a material. Spe-
cifically, when a proton traverses the LiF crystal lattice, its trajectory can
be deflected due to multiple collisions with the nuclei and electrons. This
scattering is caused by the electrical interaction between the proton and
the particles in LiF. Since LiF is composed of lithium and fluorine atoms,
which have positive and negative electrical charges, respectively, pro-
tons will be influenced by the Coulombic forces generated by these
charges. MCS is a random process and results in an angular distribution
of particles that pass through the material.

The effect of MCS on the deposition of dose by protons and conse-
quent distribution of CCs in LiF thin films was already analyzed at 35
MeV [22] and in the range 1-8 MeV [35] by using Monte Carlo (MC)
simulations conducted in FLUKA [36-39]. In this paper, we implement
the effect of MCS in the analytical model for Bragg curve formation in
LiF crystals under grazing incidence of the beam. MCS causes proton
leakage from the crystal faces, leading to a gradual decrease in the
depth-fluence curve and a modification of the linear energy transfer
(LET) depth curve, especially at higher proton energies. To characterize
proton beam energies beyond our previous scope, we introduce this
depth-LET curve modification into the analytical Bragg curve model
using an empirical approach based on FLUKA simulations. Practical
applications of this method are demonstrated.

2. Materials and methods

The TOP-IMPLART linac comprises a series of linear accelerating
modules added sequentially, generating a proton beam pulse with a
duration of about 3 ps at a repetition rate of 25 Hz. These modules are
grouped into sections, each powered by a 10 MW peak power klystron.
Currently, the linac is in development phase and consists of eight
modules, delivering a nominal proton beam output of 71 MeV.

In the second example of Section 6, a commercially available
(Mateck GmbH, Germany) 15 x 10 mm? and 1 mm-thick LiF crystal with
both sides polished was used.

The fluorescence microscope used to acquire the PL-intensity map of
the LiF crystal reported in the second example of Section 6 is a Nikon
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Eclipse 80i equipped with a Hg lamp, a 4 x objective and an Andor NEO
camera.

The LINAC software [40] was used for beam dynamics simulations
giving the energy spectrum of Fig. 4(a).

The Bragg-curve analytical model used to fit the simulated dose and
experimental PL-intensity depth profiles is coded in MATLAB 7.10 [41],
including the implementation of the MCS effects described in Sections 4
and 5. All the MC simulations reported in this work were performed with
the particle-transport software FLUKA 4-3.3 [36-38] and its graphical
interface Flair 3.2-4.5 [39] on a 12th Gen Intel(R) Core(TM) i9-12900 K,
3.20 GHz workstation equipped with 64 GB Ram. The elaborations of
the MC simulations used to determine the parameters of the MCS
correction of the Bragg-curve model were done in Wolfram Mathematica
13.3 [42].

3. Proton beam energy diagnostics with photoluminescent color
centers in LiF crystals

The experimental setup employed for assessing the energy spectrum
of the linac proton beam involves placing a LiF crystal along the beam
propagation path. The beam, assumed to be collimated, transversally
wide, and homogeneous over an area larger than the typical crystal
thickness, impacts the crystal in air at ideally perfect grazing incidence
(grazing angle = 0°). Specifically, the thinnest face of the LiF crystal,
typically 1-mm thick in our experiments, is oriented perpendicular to
the incoming protons, causing them to propagate within the crystal
along its longer dimension and generate CCs in it. Certain CCs in LiF,
such as the F, and F§ aggregates, are laser active and emit Stokes-shifted
broad-band visible PL in the red and green spectral ranges, respectively,
upon blue light excitation [25-28]. In a second step, the irradiated
crystal is observed from its top face using a fluorescence microscope to
acquire a two-dimensional map of PL. The intensity of this map,
attributed to contributions from CCs homogeneously created throughout
the entire crystal thickness, is assumed to be directly proportional to the
absorbed dose within the crystal, provided that the dose does not reach
levels high enough to cause density saturation [29]. This enables the
extraction of a PL-intensity profile versus penetration depth, which can
be fitted using an appropriate model. As this profile shape and depth, in
addition to the material density and molar mass, are related to the
proton beam energy spectrum, an assessment of the latter can be derived
from the fitting outcome. The actual occurrence of a 0° grazing angle
incidence of the beam can be confirmed by observing the gradual
decrease to zero of the PL-intensity profile at penetration depths greater
than the Bragg-peak depth. If this condition is not met, it is likely that a
slight misalignment of the crystal occurred during the mounting pro-
cedure, resulting in protons from inclined trajectories in air irradiating
the crystal either from its top or bottom face.

It is worth noting that the crystal thickness of 1 mm is selected as a
compromise. Indeed, using thinner crystals would result in a lower
detectable PL intensity due to the emission from a smaller volume of
CCs, leading to a poorer signal-to-noise ratio. This is particularly
important for potential characterizations at clinical doses for radio-
therapy. Conversely, acquiring the PL from CCs formed by irradiation in
a thicker crystal with a fluorescence microscope would yield a blurred
PL-intensity map. This is because the microscope objective would cap-
ture contributions from both in-focus and out-of-focus planes along the
crystal thickness. After conducting various tests, we concluded that a 1
mm thickness represents an optimal compromise for our intended
purposes.

As far as the choice of LiF is concerned, it was chosen due to our
team’s extensive experience with this material and with the formation in
it of visible-luminescent CCs upon exposure to protons and various
forms of ionizing radiation. The linearity between PL intensity and
absorbed dose [29], as well as dose-rate independence of its response
[30], assist in (a) analyzing the luminescent Bragg curves detected and
measured in LiF crystals for proton-beam energy diagnostics, and (b)
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correlating the simulated absorbed dose with the concentration of
formed color centers. In principle, other materials exhibiting similar
luminescent properties could serve the purpose of proton Bragg-curve
detection and storing. For instance, F3 centers in CaFo also emit
visible light, peaking around 660 nm under optical excitation at 360 and
570 nm [43]. However, proper tests and measurements should be con-
ducted with this material to assess its sensitivity and suitability for
recording proton Bragg curves with good response linearity.

In the past years, the model we have been routinely using to fit the
experimentally obtained PL-intensity depth profiles is based on an
analytical approximation of the proton Bragg curve in LiF [18], which
extends Bortfeld’s theory for proton Bragg curves in water [44]. In our
previous analyses, the finite thickness of the LiF crystal used as radiation
detector was not considered. This is because, for the involved proton
energies (up to ~ 30 MeV), we assumed that the crystal thickness would
not sensibly affect the distribution of absorbed dose within the crystal
and, consequently, the detected PL map used for extracting the PL-
intensity depth profile. However, for proton energies high enough to
cause a non-negligible fraction of beam protons to leak from the crystal
faces, these dimensions can no longer be ignored. It is worth noting that
the assumption of the proton beam being collimated, transversally wide,
and homogeneous over an area larger than the crystal thickness is a
common configuration in our experimental setup. This configuration
enables the approach presented in this paper. Addressing different sce-
narios would likely necessitate a comprehensive treatment with Monte
Carlo simulations.

The primary reason for proton leakage from the crystal faces is MCS.
When a proton enters the LiF detector, it experiences multiple collisions
with the ions of the crystal lattice. Each collision introduces a slight
deviation in the proton trajectory, with the scattering angle being
related to the atomic number, density, and electron density of the ma-
terial. In cases where the initial proton energy is sufficiently high, and
numerous scattering events accumulate as the particle travels through
the crystal, the proton can be laterally displaced by an amount large
enough to cross one of the crystal faces and exit in air. A schematic
representation of this fact is depicted in Fig. 1. As a result, the proton
continues its path in the air, no longer contributing to energy deposition
in the LiF crystal, unless scattering events in air, much less probable due
to the low density of this medium, occur and redirect the particle to-
wards the crystal.

An example illustrating the significant impact of MCS is presented in
Fig. 2. This example, simulated with FLUKA, considers 100 MeV protons
entering a 1-mm thick LiF crystal at 0° grazing incidence and compares it
with an ideally bulk LiF detector. In the case of the bulk detector, the
decrease in fluence along the penetration depth (z axis) is primarily
attributed to the effect of inelastic nuclear interactions. However, for the
1-mm thick crystal, this effect combines with proton leakage caused by
MCS, resulting in a dramatic reduction of both fluence and linear energy
transfer (LET) towards the proton range.

Fig. 3 provides another example of the significant effects of MCS.
This figure presents plots showing the percentage of protons that
initially entered the LiF crystal and subsequently leaked into the air
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proton
beam

T L\
L y LiF crystal

Fig. 1. Schematic representation of proton leakage through the LiF crystal faces
due to multiple scattering events along the proton trajectories inside the crystal.
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through its faces. The data represent a range of thicknesses from 0.5 to
2.5 mm and proton energies from 12 to 100 MeV. These results were also
calculated using FLUKA simulations.

In the following Section, we demonstrate how we incorporate the
effect of proton leakage, along with the resulting depth-LET curve
modification, into the analytical model for the proton Bragg curve in LiF.

4. Theory

With the purpose of developing a fully analytical model for MCS-
modified Bragg curves in LiF, in our first attempt we considered using
a formula for pencil-beam fluence, which expands as the pencil beam
propagates in a material [45]. Our plan was to describe any collimated
proton beam as a continuous superposition of laterally shifted pencil
beams, obtaining in this way an expression for the fluence inside a finite-
thickness LiF crystal of a transversally wide proton beam. While math-
ematically feasible, this approach did not reproduce the results of test
MC simulations we performed in FLUKA to verify its correctness. We
ascribe this to the fact that the pencil-beam fluence formula is not usable
when the border between LiF and air lies within the pencil-beam width.

Because we needed a practical way to analyze measured PL-intensity
depth profiles and characterize the energy of the TOP-IMPLART beam,
we decided to abandon the fully analytical approach and implement the
effects of proton leakage using an empirical method. To achieve this, we
simulated a series of depth-LET curves L (E, h; z) — with E, h and z being
the proton energy, the crystal thickness and the propagation depth,
respectively — in a LiF crystal using FLUKA, considering crystal thick-
nesses ranging from 0.5 to 2.5 mm and proton energies from 18 to 100
MeV, for a total of 50 simulations. In the simulations, the proton beam
was impinging on the crystal at 0° grazing incidence, perpendicularly to
the thinnest face of the crystal. Note that using FLUKA for this task
ensures that a lot of physical processes — such as ionization, elastic and
anelastic scattering, nuclear and electromagnetic interactions, radioac-
tive decays, etc. — are properly taken into account [36-38]. The simu-
lated depth-LET curves were compared to corresponding ones, Lg(E;2),
calculated using our analytical Bragg curve model for protons in bulk LiF
[18]. For each couple of such curves, we calculated the ratio curve
r(E,h;z) = L+(E, h;2)/Lg(E;2) and fitted it in Mathematica with the
function exp( —at”) — where t represents the depth z normalized to the
proton range R — which proved satisfactory for all the proton energies
and crystal thicknesses. In this way, we obtained values of the a and b fit
parameters for each (E, h) couple. The obtained values of a and b were in
turn fitted, again in Mathematica, using the functions

En

a(E h) = 40par

b(h) = by(1 —e™™"), @
a.(@ = 0,1,2) and by (B = 0, 1) being new fit parameters. For b,
dependence on E was found to be not significant. These fitting functions
are plotted, together with the a and b data, in Fig. 4. The obtained values
of the fit parameters are listed in Table 1. together with their un-
certainties evaluated at 95 %-confidence level. Note that the chosen
expressions for a(E, h) and b(h) ensure that

r(E, h;z) = exp [ —a(E, h)(z/R)*™ ] —1 as h—oo. This is, indeed, a desired

behavior, because a bulk can be seen as a crystal of infinite thickness.

Using the above results, we implement the effect of proton leakage
due to MCS by multiplying the analytical expression of the Bragg curve
for protons in LiF bulk by the ratio function r(E, h; z). The result of this
multiplication is assumed to be a practical formula for calculating the
depth-LET curve within a LiF crystal of thickness h for protons of energy
E impinging at 0° grazing incidence. Multiple test comparisons with
FLUKA simulations were conducted to validate this assumption, with
successful results.
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Fig. 2. FLUKA-simulated effects of MCS on (a) fluence and (b) depth-LET curves inside a 1-mm thick LiF crystal irradiated at 0° grazing incidence with a 100 MeV
proton beam (solid lines), compared to their counterparts in LiF bulk (dashed lines).
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Fig. 3. Percentages of protons that initially entered the LiF crystal and subse-
quently leaked into the air through its faces. Data calculated from FLUKA
simulations for representative values of crystal thickness and proton energy.

5. Discussion

As previously mentioned, once the depth-LET curve in LiF bulk has
been calculated analytically, we can approximate the corresponding
curve in a crystal of thickness h, irradiated at 0° grazing incidence by a
wide and homogeneous proton beam of energy E, with

Lcr(E7 h7 Z) = r(Ezhvz)LB(Ev Z)' (2)

Using the previously discussed analytical representation of r(E,h;z),
whose parameters have been obtained through best fits as demonstrated
in Section 4, to derive an analytical representation of L, (E, h; z) with Eq.
(2) is significantly more efficient in terms of computational speed
compared to adopting a look-up-table approach. In the latter method,
L (E, h;2) would be calculated for each value of E and h by suitably
interpolating the depth-LET curves resulting from the available FLUKA
simulations.

If the proton beam is not monochromatic, assuming linearity of the
cumulative energy deposition of protons with distinct energies and
indicating the energy spectrum with S(E), the depth-LET curve in the
crystal can be written as

L(hy2) = /+°° S(E)r(E, h;z)Lg(E; z)dE. 3)

In the following examples, we employ Eq. (3) to estimate the energy
spectrum of proton beams irradiating LiF crystals at 0° grazing incidence

(b)

Fig. 4. Distributions of the data (black points) obtained for parameters (a) a and (b) b vs. proton energy E and crystal thickness h, along with the corresponding best-
fitting surfaces (in gray), a(E,h) and b(h) - see Eq. (1) — whose parameters are reported in Table I.
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Table 1

Best-fitting values of the parameters in a(E, h) and b(h).
ao(10~*mm® /MeV®) a ax bo bi;(mm1)
1.90+0.15 1.891 +0.019 0.9761 + 0.0087 2114 +£0.013 4.76 +0.19

by fitting a suitably normalized #'(h; 2) to dose and PL-intensity depth
profiles. While for the bulk case such a task was accomplished by rep-
resenting the energy spectrum as a linear combination of Gaussian
distributed energy components [18], in the present study we adopt an
alternative approach. This approach is based on representing S(E) with a
histogram, where each bin has a height that corresponds to the spectral
density of the energy interval covered by the bin width. In the fitting
process, the number of bins can be set and changed according to the
desired energy sampling, while their heights are optimized using a
random optimization (also known as localized random search [46]) al-
gorithm. The spectrum uncertainties are subsequently estimated with a
95 %-confidence level using the bootstrap method [47].

6. Examples

To validate our MCS-modified model within the optimization process
for assessing the energy spectrum of a transversally wide, homogeneous
proton beam irradiating a finite-thickness LiF crystal at 0° grazing
incidence, we examine two example cases: a simulated percentage
depth-dose (PDD) curve and an experimental PL-intensity depth profile.

6.1. Simulated 71 MeV proton irradiation of a LiF crystal

In the current development stage of the TOP-IMPLART proton linear
accelerator, a 360° phase shifter is employed to adjust the phase of the
accelerating field within the final two modules. While an essentially
monochromatic output energy of 71 MeV is anticipated when the phase
is set to 0°, non-zero values of the phase are expected to result in broader
and more complex energy spectra. We simulated one of such spectra
with a phase value of 45° using the LINAC software. The spectrum is
reported in Fig. 5(a) as a light-gray histogram with bin widths chosen
according to Scott’s rule [48]. The same figure reports the median
spectrum (black solid line) with 95 %-confidence uncertainties (repre-
sented by dark-gray bands) estimated by fitting the PDD curve shown in
Fig. 5(b). This latter curve (gray thick solid line), shown together with its
best fit (black solid line), was generated by using the energy spectrum
obtained by the LINAC software as input in FLUKA to simulate proton
irradiation at 0° grazing incidence on a 1-mm thick LiF crystal.

T T T T
LINAC
03 —fitmedian |
~ B it 95% band
>
[}
=3
>02- .
k7]
c
[0}
©
s
5
% 0.1 .
7]
(a)
0.0
50 55

energy (MeV)

6.2. Experimental 45 MeV proton irradiation of a LiF crystal

During an early commissioning of the TOP-IMPLART linac with only
six modules installed, a 1-mm thick LiF crystal was irradiated at
0° grazing incidence with a proton beam of nominal energy 55.5 MeV in
a beam delivery setup used for in vitro radiobiology experiments. The
dose at the LiF entry face was 30 Gy and the dose rate was 2 Gy/min.
Before reaching the crystal, the beam propagated through a 50-pm thick
Ti window, 0.5 mm of Al, a 600-um thick Pb diffuser, 2 m of air, and the
1.5-mm thick polystyrene wall of the cell culture flask. According to
estimations based on SRIM software [49], the passage through those
media reduced the beam energy to approximately 45 MeV. The diameter
of the central part of the beam that could be considered homogeneous at
the LiF crystal position was about 2 cm.

While our analysis, whose results are shown in Fig. 6, confirmed the
45 MeV energy value, it also revealed a lower-energy component of
about 18 MeV, corresponding to the passage of a 35 MeV component
through the above-mentioned sequence of media. We ascribe the pres-
ence of this secondary component to faults of a klystron for a fraction of
the total pulses.

Fig. 6(a) shows the experimental PL-intensity depth profile (gray
thick solid line) extracted from the PL image map due to the CCs formed
in the LiF crystal, together with its best-fitting profile (black solid line)
obtained by applying our analysis. The corresponding energy spectrum
estimated in this way is reported in Fig. 6(b). It features two peaks at the
above-mentioned energies of 45 and 18 MeV.

To validate the obtained result, the energy spectrum of Fig. 6(b) was
used as the input energy distribution in a FLUKA simulation. In order to
replicate the experimental setup, the simulation consisted of irradiating
a 1-mm thick LiF at 0° grazing incidence with a transversally wide and
homogeneous proton beam. As shown in Fig. 7, the obtained depth-LET
curve was suitably normalized to compare it with the experimental PL-
intensity depth profile. The good replication of this latter confirms that
our analysis has been accurate. Out of curiosity, Fig. 7 shows also how
the simulated PL-intensity depth profile would be in LiF bulk, that is, if
the finite thickness of the LiF crystal was not considered.

100

80+

60

PDD (%)

404

20

0 T T T T
0 5 10 15 20

Z axis (mm)

Fig. 5. (a) Proton-beam energy spectra generated by the LINAC software (light gray) and obtained by the best fit process (black solid line). The 95%-confidence
bands of this latter are plotted in dark gray. (b) PDD curve in a 1-mm thick LiF crystal as simulated at 0° grazing incidence by FLUKA (gray thick solid line) using the

LINAC energy spectrum shown in (a), and its best fit (black solid line).
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Fig. 6. (a) Experimental PL-intensity depth profile (gray thick solid line) measured in a 1-mm thick LiF crystal irradiated at 0° grazing incidence by a nominally 55.5
MeV proton beam, and its best fit (black solid line). (b) Proton-beam energy spectrum (black solid line) resulting from the fitting process, shown with its 95

%-confidence uncertainties (dark-gray bands).
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Fig. 7. Experimental PL-intensity depth profile (gray thick solid line) measured
in a 1-mm thick LiF crystal irradiated at 0° grazing incidence by a nominally
55.5 MeV proton beam transmitted through different media, alongside the
corresponding normalized depth-LET curve (black solid line) simulated by
FLUKA under the same irradiation conditions using the energy spectrum from
Fig. 5(b). The depth-LET curve that would be obtained with FLUKA under the
same conditions for a LiF bulk, instead of a 1-mm thick LiF crystal, is also
depicted (dashed line).

7. Conclusions and outlook

The analyses we have conducted so far of simulated dose and
experimental PL-intensity depth profiles of radiation-induced CCs in LiF
crystals have proved successful under double-check validations with
FLUKA simulations using the obtained energy spectra. Two represen-
tative examples of such outcomes are those reported in Section 6.
Regarding the energy spectra, in this paper for the first time we have
represented them as histograms and employed a random optimization
algorithm for their estimation, while in past studies we represented the
spectra with linear combinations of Gaussian components. We believe
that, thanks to the possibility of setting the desired energy sampling by
using a proper number of bins, the method shown here can be more
useful to deal with irregular spectra where Gaussian components cannot

be clearly identified.

An alternative to the method presented in this paper could involve
3D-modelling the PL intensity due to proton irradiation of a thick
enough LiF crystal. Despite the significantly increased complexity
involved in handling a 3D model, detecting a 3D PL-intensity distribu-
tion would necessitate the use of confocal microscopy, contrasting with
the simpler approach using fluorescence microscopy in 2D. Further-
more, FLUKA simulations suggest that at a standard clinical energy of
100 MeV, proton leakage could be considered negligible (i.e., leaked
fluence below 1 %, for illustration purposes) for a crystal entry face
thicker than ~ 7.5 mm (assuming a uniformly transverse proton beam).
Such a thickness would result in a significantly increased cost of good
optical-quality and polished LiF crystals, although the technologies are
available. Additionally, employing a confocal fluorescence microscope
would require prolonged acquisition times. Therefore, while a 3D
approach might theoretically offer an interesting alternative worth
investigating, the associated complexity and costs may not necessarily
streamline procedures compared to considering proton leakage within
our simpler model.

The proposed method will be further applied in future energy char-
acterizations of the TOP-IMPLART beam as additional modules are in-
tegrated into the linac to increase the output energy. Additionally, our
ongoing efforts will focus on addressing experimental PL-intensity depth
profiles stored by CCs in LiF crystals that were not perfectly aligned with
the proton beam.
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