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A B S T R A C T

Recently, Fluorescent Nuclear Track Detectors (FNTDs) have been demonstrated in lithium fluoride (LiF) crystals 
exploiting the visible radiophotoluminescence (RPL) of F2 and F3

+ color centers (CCs). In this paper, solid-state 
radiation detectors based on LiF thin films, grown by thermal evaporation on Si(100) substrates, were tested 
as FNTDs with ~1 MeV proton beams produced by the vertical low-energy extraction line of the TOP-IMPLART 
linear accelerator in operation at ENEA Frascati. They were irradiated with the film surface approximately 
parallel to the beam propagation direction (i.e. the cleaved film edge was directly exposed to the incident beam). 
For the first time, at fluences between 107 and 108 protons/cm2, luminescent images of single proton tracks were 
visualized in LiF films using a fluorescence microscope at high magnification. RPL spectra under continuous- 
wave blue laser excitation were also measured to study the behavior of the F2 and F3

+ emission bands, whose 
intensities show a different dependence on the excitation power. Increasing the proton beam fluence by two 
orders of magnitude, the superposition of a higher number of tracks allowed to fully detect the luminescent Bragg 
curve of the beam, even at this low proton energy. The energy spectrum of the proton beam was estimated by 
best fitting this luminescent Bragg curve, using FLUKA simulations of energy deposition in a LiF layer on Si. The 
layer was accurately modeled, and its density was derived from ellipsometric measurements of the refractive 
index.

1. Introduction

The use of passive radiation detectors enabling accurate measure
ments of integrated doses is necessary to ensure efficient and controlled 
utilization of ionizing radiation in numerous fields, including medical 
dosimetry, radiobiological research and industrial manufacturing [1]. 
Among them, Fluorescent Nuclear Track Detectors (FNTDs) are novel 
solid-state passive devices for single-particle detection based on the 
radiophotoluminescence (RPL) of stable electronic defects in insulating 
materials [2,3]. Due to the interaction with ionizing radiation, lumi
nescent point defects are generated, whose local concentration depends 
on the energy deposited by the proton beam. Despite the lack of suitable 
materials [4,5], the RPL dosimetry technique has several advantages 

and can be used even to observe the track of a single ionizing particle, 
which loses energy along a certain distance as it travels through the 
material, provided that advanced fluorescence microscopy technologies 
with high spatial resolution are used. Proposed for the first time in doped 
crystalline Al2O3:C, Mg [6–8], initially applied to passive solid-state 
dosimetry of single charged particles and neutrons, other materials 
already used in dosimetry have shown promising performance when 
employed as FNTDs, such as Ag-activated alkali phosphate glasses 
[9–11] and nominally pure LiF crystals [12–14]. The systematic inves
tigation of LiF crystals for the detection of luminescent proton tracks has 
been recently reported by our group at energies below 3 MeV [15,16] 
and also at much higher energies [17]. The visible RPL in LiF originates 
from the broad red and green emission bands of aggregate F2 and F3

+
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color centers (CCs) [18], consisting of two and three electrons bound to 
two close anion vacancies, respectively, hosted in the face-centered 
cubic lattice of this alkali halide crystal. These laser-active defects 
[19], stable at room temperature, are simultaneously excited in their 
almost overlapping absorption bands, located at around 450 nm, known 
as a whole as the M band [20]. The wide tunability, combined with high 
gain coefficients, makes them attractive for the realization of minia
turized light-emitting photonic devices in LiF crystals [21] and thin films 
[22]. High-spatial resolution and well-contrasted X-ray images were also 
obtained in novel radiation imaging detectors based on RPL in LiF thin 
films [23,24] even at photon energies with attenuation lengths greater 
than the typical film thickness [25,26] and in extreme irradiation con
ditions [27], thanks to their compactness and easiness of use. With the 
growth of good optical quality LiF films on reflective substrates, such as 
silicon, the possibility to obtain radiation imaging detectors of enhanced 
sensitivity [28] was demonstrated [23,29]. Exploiting atomic-scale de
fects as minimum luminescent units, the thermal evaporation of LiF 
films on Ag-activated phosphate glass makes it possible to realize ac
curate X-ray two-dimensional (2D) dose-imaging detectors [30] with a 
wide dynamic range.

The use of radiation detectors based on RPL in LiF films has been 
successfully extended to proton beam advanced diagnostics [31], 
enabling 2D dose-mapping [32] and full Bragg curve acquisition [33]. 
The intensity of the visible RPL from the F2 and F3

+ defects in LiF films 
grows linearly with dose in a wide range of values for different types of 
radiation, including low-energy proton beams [34], and it is indepen
dent of the proton energy. An enhancement of the integrated RPL signal 
up to 50 % was obtained in optically transparent LiF films grown on a 
silicon substrate compared to those on glass [35]. In this paper, we 
report for the first time the imaging of luminescent low-energy proton 
tracks in optically transparent LiF thin films thermally evaporated on Si 
(100) substrates, along with a detailed investigation of the behavior of 
their visible RPL spectra as a function of the excitation laser power.

2. Materials and methods

At ENEA Frascati, optically transparent LiF films, about 1 μm thick, 
were grown by thermal evaporation on 0.5 mm thick Si(100) substrates, 
constantly kept at a temperature of 300 ◦C during deposition [36], 
which was performed in a vacuum chamber at a pressure below 1 mPa 
with a controlled deposition rate of 1 nm/s. The films were character
ized by means of ellipsometric spectral measurements with a Woollam 
VASE instrument, and subsequently analyzed with the open-source 
software KSEMAW [37].

The films were cleaved into two halves and were then irradiated with 
the film surface approximately parallel to the beam propagation axis 
(edge-on irradiation). The cleaved film edge was directly exposed to the 
incident, nearly monochromatic, collimated pulsed proton beam deliv
ered by the vertical extraction line of the TOP-IMPLART linear accel
erator operating at ENEA Frascati [38]. The protons are produced by the 
PL7 injector, a commercial linac manufactured by ACCSYS-HITACHI, 
followed by a 90◦ dipole bending the beam into the vertical extraction 
line, which is 80 cm long and includes a 2 μm gold foil followed by a 2 
mm diameter collimator. The gold foil is used to obtain a sufficiently 
homogeneous irradiation spot on the target. The protons are extracted in 
air through a 50 μm Kapton window with targets positioned 25 mm 
above it. The beam energy at the target can be tuned between 1 and 6 
MeV, with fluence adjustable over several orders of magnitude. In this 
study, the proton beam energy was approximately 1 MeV, corresponding 
to a penetration range of ~13 μm in bulk LiF.

The proton track images were acquired using a Nikon Eclipse 80i 
fluorescence microscope, equipped with a Nikon TU Plan Fluor 100×
objective (N.A. = 0.9) and a 440 nm pE-100 coolLED source for exciting 
the RPL of the CCs. The blue LED source intensity was set to illuminate 
the samples with a power density of ~0.7 W/cm2 that we found to be a 
safe value in order to prevent photobleaching of the CCs. The RPL 

emission was filtered by a Chroma AT515lp filter and detected with an 
Andor NEO sCMOS camera operating at 16-bit, with 75 s acquisition 
time. The acquired images were processed using ImageJ software [39] 
and analyzed with the Monte Carlo software FLUKA, version 4–5.0 
[40–42], in combination with its graphical user interface Flair, version 
3.4–1 [43].

The RPL spectra of the irradiated LiF films were measured using an 
Andor iDus 401 CCD camera coupled to an Acton Research Spectra Pro 
300i monochromator, under continuous-wave laser excitation at 445 
nm.

3. Results and discussion

For the edge-on irradiation of the two halves of the LiF film on Si, two 
suitable fluence values were selected to ensure non-superimposed pro
ton tracks. The pulsed beam from the accelerator was set at a charge of 
0.5 pC/pulse, and 25 beam pulses were delivered to the first sample. The 
irradiation of a LiF crystal with its surface perpendicular to the beam 
propagation axis [15], allowed us to estimate a fluence of 5 × 107 

protons/cm2. Fig. 1 shows the fluorescence image of the proton tracks 
recorded at the edge of the half film irradiated under these conditions, 
along with an enlarged view of a region of interest (ROI) where indi
vidual tracks can be distinguished with a minimum lateral separation of 
~1 μm.

The second sample was irradiated under the same conditions, but 
with 125 pulses delivered, resulting in an estimated fluence of 2.5 × 108 

protons/cm2. Fig. 2 shows the fluorescent proton tracks and the 
enlarged view of two ROIs. The first ROI, located close to the exposed 
edge of the film, shows a higher number of tracks than in Fig. 1, as ex
pected due to the greater fluence; some track superpositions are 
observed, due also to slightly scattered proton trajectories, with a lateral 
separation ≪ 1 μm among the tracks. The second ROI shows some 
fluorescent tracks of protons that did not directly enter the film through 
its edge, but rather through its surface due to a very small angular tilt of 
the sample. The tilt exposed the entire film surface directly to grazing- 
incidence protons, as sketched in the top-right picture of Fig. 3. By 
exploiting the enhancement of the visible RPL due to the presence of the 
reflecting Si substrate [35], along with the reduction of the background 
due to the limited physical thickness of the LiF film, it was possible to 
record entire proton tracks, approximately 15 μm in length, with a good 
signal-to-noise ratio.

To characterize the energy spectrum of the proton beam, another 
cleaved LiF film sample was irradiated by delivering 3750 pulses, cor
responding to an estimated fluence of 1.9 × 1010 protons/cm2. 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. 3. By selecting a ROI in this image and inte
grating along the direction parallel to the film edge (x-axis), the lumi
nescent Bragg curve of the beam protons was obtained. Indeed, the RPL 
intensity is proportional to the concentration of CCs [34], which in turn 
is proportional to the energy deposited by the proton beam along the 
penetration depth. The experimental Bragg curve was theoretically 
reproduced using the energy deposition profile of a proton beam in the 
LiF film as a function of penetration depth (z-axis), simulated with the 
Monte Carlo software FLUKA. The simulation also accounted for the 
presence of the Si substrate [33]. The beam energy parameters were 
manually adjusted to achieve optimal agreement with the experimental 
Bragg curve. Additionally, the film thickness and the LiF packing density 
were set to the values obtained from ellipsometric characterization, 
namely 1.18 μm and 88.6 %, respectively. The simulated proton beam, 
made of 108 virtual protons with a transverse size of 2.5 × 2.5 mm2, was 
assumed to be collimated and vertically centered 250 μm below the 
interface between the Si substrate and the LiF film. The y-axis was 
defined as perpendicular to the film plane, with zero corresponding to 
the interface between the two materials (see the bottom-right picture in 
Fig. 3). To reproduce the experimental RPL curve also at depths beyond 
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the Bragg peak, where the non-zero signal is attributed to sample tilting, 
the simulated beam was inclined downward by an angle of 0.85◦, as if 
impinging from the half-space facing the film (see the top-right picture 
in Fig. 3). The comparison between the experimental RPL Bragg curve 
and the simulated one is reported in Fig. 4. The peak on the left side of 
the experimental Bragg curve is an artifact due to RPL scattering at the 
edge of the film, so it is used to set z = 0 in the graph, but it is not 
considered in the FLUKA simulation. Other parameters of the simulation 
were as follows: Gaussian proton energy spectrum with mean energy of 
1.08 MeV and standard deviation of 82 keV; Ekin Frac parameter of the 
FLUKAFIX card set to 0.01 for both the LiF and Si materials; USRBIN 
scoring of deposited energy within the volume defined by − 5 mm ≤ x ≤
5 mm (100 sampled points), − 5 μm ≤ y ≤ 3 μm (400 sampled points), 

and − 5 μm ≤ z ≤ 30 μm (350 sampled points).
The RPL intensity of the single proton tracks visualized by the fluo

rescence microscope is very low, so the blue LED excitation intensity was 
set at the maximum allowed power that prevented photobleaching of the 
CCs during image acquisition with the microscope. With the aim of 
studying the behavior of the F2 and F3

+ CCs emission bands with the 
excitation power, their RPL spectra under continuous-wave blue laser 
excitation were measured up to the highest available excitation powers 
comparable with those used in the microscope. To obtain RPL spectra of 
the CCs with a good signal-to-noise ratio, a 1.8 μm-thick LiF film, 
thermally evaporated on Si(100), was completely irradiated with the 
surface perpendicular to the proton beam direction under the same 
conditions at a dose of 8 × 103 Gy. The RPL spectra, measured by 

Fig. 1. Left: Fluorescence image of proton tracks recorded in a 1 μm-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 5 × 107 protons/cm2; Right: Enlarged view of the ROI.

Fig. 2. Left: Fluorescence image of proton tracks recorded in a 1 μm-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 2.5 × 108 protons/cm2; Right: Enlarged view of two ROIs.
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Fig. 3. Left: Fluorescence image of proton tracks recorded in a 1 μm-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 1.9 × 1010 protons/cm2; 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. The y-axis is perpendicular to the film 
plane and such that its zero corresponds to the interface between the LiF film and the Si substrate.

Fig. 4. Experimental RPL profile of the Bragg curve obtained by integrating along the x-axis the ROI of the left picture of Fig. 3 and its best-fitting curve obtained by 
FLUKA simulation.
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varying the excitation power density from 0.03 to 0.99 W/cm2, are 
shown in Fig. 5. They consist of the superposition of the broad visible 
emission bands due to the F2 and F3

+ CCs, but are deformed due to the 
presence of the two material interfaces of the film: LiF-air and LiF-Si. 
Since one can assume that CCs emit radiation isotropically, part of the 
emitted RPL undergoes multiple reflections at these interfaces before 
reaching the detector. Each reflected component interferes, either 
destructively or constructively, with the others. The net effect depends 
on the wavelength, resulting in a distortion of the RPL spectra exiting the 
film and collected by the detector. To correct this deformation and 
obtain multireflection-free spectral distributions – as if the RPL were 
emitted by CCs embedded in a bulk LiF crystal – the energy spectrum 
exiting the film, resulting from a hypothetical flat spectral distribution 
within the film, was considered. This exiting spectrum was calculated 
using the theoretical model of light emission from a homogeneous vol
ume source in an optical multilayer system [28]. The p-polarization 
state of the 445 nm excitation laser, its 23◦ angle of incidence with 
respect to the film normal, as well as the numerical aperture of the 
detection system (N.A. = 0.16) were properly taken into account in the 
calculation. The exiting spectrum calculated in this way can be consid
ered the system response function to a flat spectral input. Therefore, the 
measured distorted spectra in Fig. 5 were corrected by dividing them, 
wavelength by wavelength, by this response function.

The corrected RPL spectra, shown in Fig. 6, were then analyzed by 
fitting the red and green F2 and F3

+ CCs emissions bands, respectively, 
with Gaussian functions of the photon energy for each power density 
value. Table 1 presents the parameters obtained from the multiband best 
fits of the RPL spectra. The reported parameters are: R2, coefficient of 
determination; xc, Gaussian center; σ, Gaussian standard deviation; A, 
Gaussian area. The uncertainties shown are evaluated at a 95 % confi
dence level. The areas under these Gaussian bands are plotted as func
tions of the excitation power density in Figs. 7 and 8, respectively. These 
figures also show the best fits obtained using the solutions of the four- 
level rate equations for the F2 and F3

+ CCs in LiF, assuming the pres
ence of a triplet state for the F3

+ centers [44,45]. For sufficiently low 
excitation levels, such that their ratios to the saturation intensity can be 
neglected, the solution for the F2 centers is approximately linear with the 
excitation power density. On the other hand, due to the presence of a 
triplet state with a slow emptying rate, the solution for the F3

+ centers 

exhibits a hyperbolic dependence on the excitation power density and 
cannot be linearized. Therefore, the function AP/(1+BP) was utilized 
for fitting the F3

+ data, where A and B are fitting parameters and P is the 
excitation power density. A comparison of the RPL band areas of F2 and 
F3
+ CCs, reported in Figs. 7 and 8, respectively, shows that at the highest 

excitation powers the F3
+ emission band area is <5 % than that of the F2 

band. The blue LED excitation power density used in the fluorescence 
microscope for track image acquisition was ~0.7 W/cm2, one of the 
highest ones used for the RPL spectra measurements. Consequently, the 
RPL signal observed in the fluorescent proton tracks images is primarily 
attributed to the F2 CCs.

4. Conclusions

Optically transparent LiF thin films, thermally evaporated on Si(100) 

Fig. 5. RPL spectra of a 1.8 μm-thick LiF film thermally evaporated on Si(100), irradiated with a ~1 MeV proton beam at a dose of 8 × 103 Gy, measured at 
increasing power density of the CW laser excitation at 445 nm.

Fig. 6. Corrected RPL spectra (see text) of a 1.8 μm-thick thermally LiF film on 
Si(100), irradiated with a proton beam at a dose of 8 × 103 Gy, acquired at 
increasing power density of the CW laser excitation at 445 nm (see text 
for details).
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substrates, were successfully used, for the first time, as FNTDs for 
recording entire proton tracks of energy ~1 MeV at two fluence values 
between ~107 and ~108 protons/cm2. Proton tracks are recorded in LiF 
films after irradiation due to the local formation of stable photo
luminescent aggregate F2 and F3

+ CCs in the material lattice. Track im
ages were successfully acquired using a fluorescence microscope at high 

magnification under blue LED excitation. This was possible thanks to the 
enhancement of the visible RPL, due to the reflecting Si substrate [35], 
and to the reduction of the background, due to the limited physical 
thickness of the LiF film, resulting in an improved signal-to-noise ratio. 
By increasing the beam fluence by two orders of magnitude, the super
position of a very high number of tracks in the RPL image enabled the 
extraction of the experimental Bragg curve. Its intensity profile was then 
successfully reproduced through FLUKA energy deposition simulations. 
These simulations, based on a layered LiF film model on a Si substrate 
with LiF density determined via ellipsometry, allowed the estimation of 
the beam average energy and energy spread. Since the RPL intensity of 
the track images is very low, a strong excitation power is needed to 
visualize the tracks at the fluorescence microscope with an acceptable 
signal-to-noise ratio. Therefore, the RPL intensities of the F2 and F3

+ CCs 
emission bands under laser excitation were studied as functions of the 
excitation power density up to levels comparable with those used at the 
microscope. After correcting the shape of the RPL spectra by considering 
the interference of the multiple RPL reflections at the LiF-air and LiF-Si 
interfaces of the film, the intensities of the F2 and F3

+ CCs bands showed 
different dependences on the excitation power. Due to the presence of a 
triplet excited state with a slow de-excitation rate in the four-level 
scheme of the F3

+ CCs, approximately 95 % of the RPL signal of the 
tracks acquired at the fluorescence microscope was attributed solely to 
the red emission of F2 CCs. These unique results highlight the potential 
of LiF thin films as FNTDs for the characterization of low-energy ion 
beams across various application fields.
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Table 1 
Gaussian multiband best fit parameters of the RPL spectra shown in Fig. 6.

Power density (W/cm2) R2 F2 band F3
+ band

xc (eV) σ (eV) A (arb. un.) xc (eV) σ (eV) A (arb. un.)

0.03 0.951440 1.853 ± 0.002 0.206 ± 0.002 57.6 ± 0.8 2.295 ± 0.003 0.102 ± 0.003 5.4 ± 0.2
0.06 0.986873 1.841 ± 0.001 0.162 ± 0.001 120.5 ± 0.4 2.274 ± 0.002 0.114 ± 0.002 12.0 ± 0.2
0.16 0.997155 1.837 ± 0.001 0.149 ± 0.001 295.1 ± 0.8 2.264 ± 0.001 0.123 ± 0.001 22.3 ± 0.2
0.33 0.998882 1.836 ± 0.001 0.145 ± 0.001 700 ± 1 2.258 ± 0.001 0.131 ± 0.002 40.3 ± 0.4
0.49 0.998958 1.836 ± 0.001 0.144 ± 0.001 1068 ± 2 2.258 ± 0.001 0.129 ± 0.002 52.3 ± 0.8
0.66 0.999034 1.837 ± 0.001 0.144 ± 0.001 1447 ± 2 2.255 ± 0.002 0.131 ± 0.002 63.5 ± 0.7
0.82 0.998971 1.837 ± 0.001 0.144 ± 0.001 1775 ± 3 2.252 ± 0.002 0.132 ± 0.002 71 ± 1
0.99 0.998569 1.836 ± 0.001 0.144 ± 0.001 2135 ± 4 2.250 ± 0.002 0.132 ± 0.003 81 ± 1

Fig. 7. F2 CCs RPL Gaussian band area as a function of the laser power density, 
resulting from the spectra of Fig. 6, with its linear fit obtained using the solu
tions of the four-level rate equations.

Fig. 8. F3
+ CCs RPL Gaussian band area as a function of the laser power density, 

resulting from the spectra of Fig. 6, with its hyperbolic fit obtained using the 
solutions of the four-level rate equations and assuming the presence of a 
triplet state.
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