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A B S T R A C T   

The exploitation of visible radiophotoluminescence in lithium fluoride (LiF) crystals, due to local aggregate point 
defects produced by ionizing radiation in the crystal lattice, is demonstrated for fluorescent imaging of single 
tracks of protons at low energies. LiF crystals were irradiated perpendicularly with respect to nearly mono
chromatic, collimated proton beams at the energies of about 1 MeV in a fluence range from ~5.8 × 105 p/cm2 up 
to ~3.4 × 107 p/cm2 and of about 2.6 MeV in a fluence range from ~9.6 × 105 p/cm2 up to ~4.7 × 106 p/cm2. 
The fluence values were estimated by detecting and automatically counting the tracks on the images acquired 
with a fluorescence microscope at high magnification; they were found to be in agreement with those obtained 
using CR39 plastic detectors irradiated under the same experimental conditions. Despite the very short range in 
matter of these charged particles, by focusing the excitation blue light at discrete depths in the irradiated LiF 
crystals, an estimate of the proton energies was also obtained. These first results are encouraging for the utili
zation of LiF crystals as fluorescent nuclear track detectors under typical conditions employed in ion 
radiobiology.   

1. Introduction 

Solid-state fluorescent nuclear track detectors (FNTDs) are novel 
passive radiation detectors based on insulating materials (crystals, 
glasses, polymers), whose technologies have been rapidly growing in the 
last decades. Among them, doped Al2O3:C, Mg single crystals (Akselrod 
and Kouwenberg, 2018) were applied for passive solid state dosimetry of 
single charged particles and neutrons (Akselrod et al., 2006; Akselrod 
and Sykora, 2011). Following these pioneering works, more recently 
other materials, such as Ag-activated phosphate glasses (Kurobori et al., 
2017; Kodaira et al., 2020; Yanagida et al., 2022) and lithium fluoride 
(LiF) crystals (Bilski and Marczewska, 2017; Bilski et al., 2018, 2019a) 
were tested for such dosimetric applications. 

The working principle of these dosimeter materials is based on the 
stable formation of some radiation-induced optically active point de
fects, known as color centers (CCs) (Schulman and Compton, 1963). 

Under optical excitation, the photoluminescence intensity emitted by 
these materials, measured after irradiation, is proportional to the total 
number of the emitting centers that are created, which in turn is 
assumed to be proportional to the energy deposited and accumulated in 
the material by the ionizing radiation. This light emission phenomenon 
is called radiophotoluminescence (RPL) (Eller et al., 2013; Schulman 
et al., 1951; Levita and Schlesinger, 1976; Akselrod and Akselrod, 2006; 
Yamamoto et al., 2011; De Saint-Hubert et al., 2021; Montereali et al., 
2021); in principle, RPL can be repeatedly measured without alteration 
of the signal intensity and used to detect single tracks of ionizing par
ticles, which lose their energy along a certain distance when they travel 
in the material. The locally formed RPL centers can be observed by 
fluorescence microscopy with diffraction limited spatial resolution 
(Akselrod and Kouwenberg, 2018). 

Despite the limited choice of suitable materials, the RPL reading 
techniques offer several advantages (Yanagida et al., 2022) with respect 
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to the standard optical microscopy of the most widely used plastic nu
clear track detectors, like Columbia Resins 39 (CR39), which are rela
tively inexpensive and insensitive to photons and electrons. Although 
etched CR39 detectors, under ideal conditions, have about 100% 
detection efficiency for ~0.5–8 MeV protons, their capability to record 
particles without saturation is limited up to about 106 ions/cm2 due to 
overlapping of tracks at high fluences (Malinowski et al., 2005). More
over, they need controlled chemical etching in concentrated NaOH or 
KOH and long etching time (Leonardi et al., 2009) and they suffer from 
variation in plastic material quality. 

Recently, nominally pure LiF single crystals were proposed as FNTDs 
for detecting alpha particles (Bilski and Marczewska, 2017) and neu
trons (Bilski et al., 2018), as well as heavier ions (Bilski et al., 2019a); 
the systematic investigation of LiF crystals for track detection of 
low-energy protons has not been reported yet. Such FNTDs are based on 
the peculiar optical properties of the radiation-induced aggregate F2 and 
F3
+ CCs, consisting of two electrons bound to two and three close anion 

vacancies, respectively (Nahum and Wiegand, 1967). These intrinsic 
defects, under blue light simultaneous excitation in their practically 
overlapping absorption bands peaked at around 450 nm, emit 
Stokes-shifted, broad visible photoluminescence in the red and green 
spectral ranges, respectively. They are stable at room temperature (RT) 
and are well known for applications in optically-pumped tunable lasers 
(Basiev et al., 1988; Kawamura et al., 2004; Martyshkin et al., 2004), 
broad-band miniaturized light-emitting photonic devices (Montereali 
et al., 2001; Montereali and Nalwa, 2002; Mussi et al., 2003; Martyno
vich et al., 2020) operating at RT, and passive X-ray imaging detectors 
(Baldacchini et al., 2003; Almaviva et al., 2006; Bonfigli et al., 2008; 
Pikuz et al., 2015; Estrela et al., 2021) with high spatial resolution. In 
the last decade, exploitation of their RPL has been successfully proposed 
for proton beam advanced diagnostics and dosimetry (Piccinini et al., 
2014, 2017; Nichelatti et al., 2017), even at dose values typical of 
radiotherapy (Piccinini et al., 2020). 

In this paper, fluorescent detection and automatic counting of single 
tracks of about 1 and about 2.6 MeV protons at several fluences and 
depths was achieved in LiF crystals using RPL images acquired by a 

fluorescence microscope operating in the visible spectral range at high 
magnification and a comparison with CR39 detectors, irradiated under 
the same experimental conditions, was carried out. 

2. Materials and methods 

Commercially available (Mateck GmbH), 10 × 10 mm2 and 1 mm 
thick LiF crystals, polished on the larger opposite faces, were annealed 
for 2 h at 700 ◦C before irradiation. The annealing process allowed to 
remove from the crystal surfaces residuals of polishing materials and 
minimize the background signal under blue light excitation. 

The LiF crystals were irradiated perpendicularly to almost mono
chromatic, collimated proton beams produced by the vertical extraction 
line of the TOP-IMPLART linear accelerator under operation and 
development at ENEA Frascati (Picardi et al., 2020; Nenzi et al., 2022). 
The vertical extraction line of the TOP-IMPLART accelerator allows 
irradiation with low energy protons produced by the PL7 injector, a 
commercial linac manufactured by ACCSYS-HITACHI, which comprises 
a duoplasmatron proton source, a unipolar electrostatic lens (“einzel 
lens”), a radiofrequency quadrupole (RFQ), and a drift tube linac (DTL) 
operating at 425 MHz. Protons are extracted from the source at 30 keV, 
then the RFQ accelerates the beam up to an energy Eacc = 3 MeV and the 
DTL up to Eacc = 7 MeV. The injector is followed by a beam transport line 
including two steerers, two quadrupoles and a 90◦ dipole which, when 
powered, bends the beam into the vertical extraction line. The vertical 
line (see left side of Fig. 1) was designed specifically for “in vitro” 
radiobiology studies to allow in air irradiation of cell monolayers 
attached to the Mylar bottom of a specifically designed Petri dish (up to 
13 mm diameter) placed perpendicularly to the beam direction with 
±5% beam uniformity. The vertical line is 80 cm long and includes a 2 
μm gold foil followed by a 2 mm diameter collimator (placed in a 
scattering chamber) and a Passivated Implanted Planar Silicon detector 
(PIPS) with an area of 150 mm2 and 500 μm thickness (Canberra 
PD150-12-500 AB). The PIPS detects protons that are elastically diffused 
from the gold foil (at a selected angle) and allows real-time monitoring 
of the extracted current. The gold foil is used to obtain a sufficiently 

Fig. 1. Left: TOP-IMPLART proton vertical extraction line. Right: Beam exit window and sample holder detail highlighted by the red circle in the image on the 
left side. 
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homogeneous irradiation spot on the target. The beam line is operated in 
vacuum and the protons are extracted in air through a 50 μm Kapton 
window. Targets are positioned in air 25 mm after the extraction win
dow and are secured in place by a mechanized system (step motor slider) 
that can hold multiple samples simultaneously (see right side of Fig. 1). 

The mechanized system enables irradiation of the samples with 
single beam pulses. The gold foil holder includes an electrical connec
tion to allow measurement of the beam current intercepted by the foil 
and the aluminum holder. Beam intensity monitoring with this “pick- 
up” system relies on a calibration, routinely conducted before each 
irradiation session, with a removable Faraday Cup positioned after the 
extraction window. 

The beam parameters at the vertical line exit are summarized in 
Table 1. The final beam energy on target (from ~1 to ~ 6 MeV) is lower 
than the nominal one from the injector (Eacc = 3–7 MeV, which can be 
adjusted down to about 40%), due to the interaction of the beam with 
the materials crossed by protons during the propagation to the end of the 
vertical line and with the 25 mm-thick layer of air between the Kapton 
exit window and the sample. In the present study, the injector exit en
ergy was tuned to values which preserved a stable operation in terms of 
pulse-to-pulse intensity better than 5% as measured by the Si detector 
monitor. 

After proton irradiations, observation of the luminescent proton 
tracks in LiF crystals was carried out using a Nikon 80i fluorescence 
microscope equipped with a Hg lamp and a Chroma ET440/40x exci
tation filter, which selected a ~40 nm wide wavelength range within the 
broad M absorption band of the CCs (Basiev et al., 1988), while an 
AT515lp emission filter was used to spectrally integrate the light emitted 
from both the F2 and F3

+ CCs (Baldacchini et al., 2000). A Nikon TU Plan 
Fluor 100x (N.A. = 0.9) objective and an Andor NEO scientific Com
plementary Metal-Oxide-Semiconductor (sCMOS) camera, set at binning 
2×2 and 16 bit, were used to acquire the fluorescence images with 20 s 
of exposure time. In order to enhance the visibility of the fluorescent 
tracks in LiF, all the images shown in the Figures were processed after 
acquisition in ImageJ software (ImageJ) with the “Adjust Bright
ness/Contrast” command. Only the images of the sequences acquired by 
varying depth in the crystals were then processed with the “Subtract 
background” command (with rolling bar radius of 20 pixel), before 
applying the “measure integrated density” command. The images with 
subtracted background are not shown. 

CR39 detectors were irradiated for comparison. After irradiation, 
these detectors were etched in 6.25 M NaOH solution at a constant 
temperature of 70 ◦C for 3.5 or 4.5 h. After etching, the CR39 detectors 
were rinsed in running water for a few minutes to remove etchant and 
etch products from their surface and the etch pits, then they were 
steeped in distilled water for about 10 min and dried in the shade before 
scanning. The magnified images of the pits were recorded by a Charge- 
Coupled Device (CCD) camera connected to an optical microscope (40×
magnification). 

Proton tracks on both LiF and CR39 images produce round spots 
which are counted by a specifically-developed image processing algo
rithm. A spatially adaptive threshold is applied on the grayscale image 
which is preliminarily blurred by a configurable box filter; contours are 
searched on the obtained binary image and then each contour is 
analyzed in terms of shape and size, and classified as single round spot, 

overlapped tracks or “others” (image defects or noisy spots). The algo
rithm offers tunable parameters to take into account different LiF and 
CR39 image radiometry and signal-to-noise distributions. The number of 
false positive and negative spots is negligible (lower than 1%) in the 
automated counting; the largest systematic counting error depends on 
the presence of overlapping tracks which are identified as not-round 
spots for which the single tracks forming them cannot be resolved; 
this causes an underestimation of the number of tracks that has been 
conservatively evaluated to 6% at the highest irradiation beam fluence 
where the algorithm has been used. The processor is implemented on 
Python (Python Programming Language) using the OpenCV computer 
vision library (Open Source Computer Vision). 

3. Results and discussion 

An image of fluorescent proton tracks recorded in a LiF crystal is 
reported in the left side of Fig. 2. The crystal was irradiated with a single 
pulse of protons of energy 0.94 MeV (corresponding to a nominal energy 
from the injector Eacc = 3 MeV; read details later in the text) and total 
average charge of 0.16 pC. Images were acquired in ten different zones 
of the sample and the total number of tracks was obtained from each 
image, which covers an area of 117 × 117 μm2 (900 × 900 pixel). Track 
counting applied to the ten images allowed estimating an average flu
ence of (5.8 ± 0.6) × 105 p/cm2. The right side of Fig. 2 shows an optical 
image of etched tracks within one of the ten zones of the CR39 detector 
covering an area of 176 × 132 μm2. The average fluence obtained from 
the LiF crystal is in fair agreement with the fluence of (6.3 ± 0.2) × 105 

p/cm2, obtained by averaging tracks counting in pictures from ten 
different zones recorded in a CR39 detector irradiated under identical 
conditions. The slightly different average values of the fluence can be 
ascribed to the small difference between the total charges of the two 
sequential pulses used to irradiate the samples, while the higher un
certainty for LiF can be ascribed to the smaller areas of the sampled 
images as compared with those of CR39. While the spots of the single 
proton tracks exhibit a higher contrast in CR39 than in LiF, their 
diameter, of the order of a few microns, is much higher, so that at this 
fluence some tracks are partially overlapped, but this partial overlap 
does not prevent an accurate count of the tracks number. On the con
trary, in LiF they are not overlapped and their mutual distance ranges 
from a few to more than ten microns, suggesting that higher beam flu
ences can be measured than in CR39. 

With the aim of testing fluorescent proton detection at higher flu
ences, we also performed irradiations of LiF crystals with a single pulse 
of protons at total average charges of 0.41, 0.8, 3.28 pC. The images of 
Fig. 3 show the proton tracks recorded with a LiF crystal (left) and a 
CR39 (right) irradiated with a total average charge of 0.41 pC. The 
fluence, estimated by averaging track automatically counts on eight 
images, provided a very good agreement between the two detectors, 
resulting to be (1.4 ± 0.1) × 106 p/cm2 for LiF and (1.3 ± 0.1) × 106 p/ 
cm2 for CR39. The better agreement in this case can be ascribed to a 
more homogeneous distribution of the tracks, due to the higher fluence. 
On the other hand, some tracks are partially overlapped in the image 
recorded with the CR39, so that the automatic counting systematic error 
may exceed the 6% quoted above, and human correction is required to 
reduce it; for this reason, the images, processed by the image processing 
algorithm, were visually checked to correct counting errors. This result 
highlights the near upper limit of fluence that is measurable with the 
CR39 detectors, in the used etching conditions, using standard optical 
microscope techniques (about 3 × 106 cm− 2) (Rosenberg et al., 2014). 
Conversely, LiF crystals allowed the automatic track counting after 
single-pulse proton irradiations at charges of 0.8 and 3.28 pC (see Figs. 4 
and 5, respectively), corresponding to estimated fluence values, sampled 
on three images, of (3.3 ± 0.1) × 106 p/cm2 and (9.6 ± 0.1) × 106 

p/cm2, respectively. The right frame of Fig. 4 shows the inverted image 
of the one in the left frame processed by the track counting algorithm. 
Almost no tracks of Figs. 4 and 5 appear to be overlapped; on the 

Table 1 
Beam properties on the vertical extraction line.  

Pulse length (15 ± 1) to (60 ± 1) μs 

Pulse repetition frequency 25 Hz 
Fluence per pulse 5⋅105 to 5⋅107 p/cm2 (±5%) 
Nominal beam energies from the injector (Eacc) 3–7 MeV (±1%) 
Final beam energies on target ~1–~6 MeV (±1%) 
Energy spread on target at all energies (85 ± 5) keV 
Beam diameter on target (max.) (16.00 ± 0.05) mm 
Transverse beam homogeneity on target ±5%  
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contrary, as at such higher fluences many tracks were expected to be 
overlapped thus leading to unreliable results, a comparison with CR39 
was not carried out. Nonetheless, although in CR39 the larger track 
diameter limits the evaluation of fluence to values lower than in LiF, 
these detectors can be used, after accurate calibration, to evaluate the 
beam energy (Baccou et al., 2015). Also, it was demonstrated that, in the 
case of heavy ions and neutrons, higher beam fluences can be measured 
with CR39 by properly choosing development parameters and using an 
atomic force microscope for image reading, but these methods are much 
more expensive and time consuming (Yasuda et al., 2006; Kodaira et al., 
2013). 

As reported in (Piccinini et al., 2020), the local concentration of 
aggregate CCs created by protons is proportional to the deposited en
ergy, i.e., the linear energy transfer (LET) in the case of a single proton. 

Therefore, the intensity vs. depth of a track in a LiF crystal should be 
shaped as a Bragg curve, with the Bragg peak being located at the depth 
where the RPL intensity is maximum. Using this fact and the short (less 
than 1 μm) depth of focus of the 100× microscope objective, we 
reconstructed the Bragg curve profile by focusing distinct planes at 
several depths within the crystal, and therein measuring the spatially 
and spectrally integrated RPL intensity. A LiF crystal irradiated with a 
single pulse of protons at a total average charge of 10.8 pC was selected 
for this task, in order to record a large number of tracks for maximizing 
the signal-to-background noise ratio. The fluence for this sample, eval
uated from the image in Fig. 6, was (3.4 ± 0.2) × 107 p/cm2; noticeably, 
the fluorescence image shows that, even at such a high beam fluence, 
most of the tracks are not overlapped. For this sample, a sequence of 
fluorescence images was acquired by increasing the depth of the focused 

Fig. 2. Left: Fluorescent tracks in a LiF crystal irradiated with a single pulse of collimated protons of energy 0.94 MeV with a fluence of (5.8 ± 0.6) × 105 p/cm2, as 
estimated from ten images. Right: etched tracks from the same proton beam settings recorded with a CR39 detector using 6.25 M NaOH solution at 70 ◦C for 3.5 h. 

Fig. 3. Left: Fluorescent tracks in a LiF crystal irradiated with a single pulse of collimated protons of energy 0.94 MeV with a fluence of (1.4 ± 0.1) × 106 p/cm2, as 
estimated from eight images. Right: etched tracks from the same proton beam settings recorded with a CR39 detector using 6.25 M NaOH solution at 70 ◦C for 3.5 h. 
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plane by steps of 1.4 μm from the crystal surface. 
All the acquired images of the sequence are shown in Fig. 7; then 

they were subjected to background noise subtraction (images not 
shown) and the spatially integrated image intensity was calculated and 
plotted as a function of depth in the crystal, as reported in Fig. 8. The 
maximum intensity position was found at a depth of 8.4 μm (the depth at 
which all the images of Figs. 2–6 were acquired in LiF crystals) with a 
maximum proton penetration depth of about 18 μm, corresponding to 
the depth where the track images were no more visible. Assuming a 
Gaussian energy distribution of the proton beam, the data points were 

systematically compared with depth-dose simulations, performed in 
FLUKA (version 4–3.1) (CERN FLUKA; Battistoni et al., 2015; Ahdida 
et al., 2022) and its graphic interface Flair (version 3.2–2) (Vlachoudis, 
2009) by manually changing the Gaussian parameters, until a satisfac
tory fit was obtained, as shown in Fig. 8; the average beam energy 
incident on the LiF samples resulted 〈Е〉 ≈ 0.94 MeV, while the standard 
deviation of the Gaussian was estimated to be σЕ ≈ 99 keV. This energy 
distribution corresponds to a LET value in LiF at the Bragg peak of ~100 
keV/μm. The rather low value of the average energy, respect to the 
nominal one from the injector (Eacc = 3 MeV), is ascribable to the 

Fig. 4. Left: Fluorescent tracks in a LiF crystal irradiated with a single pulse of collimated protons of energy 0.94 MeV with a fluence of (3.3 ± 0.1) × 106 p/cm2, as 
estimated from three images. Right: Inverted image of the one on the left processed by the track counting algorithm, with detected single tracks highlighted by green 
circles and close couples by a purple circle. 

Fig. 5. Fluorescent tracks in a LiF crystal irradiated with a single pulse of 
collimated protons of energy 0.94 MeV with a fluence of (9.6 ± 0.1) × 106 p/ 
cm2, as estimated from three images. 

Fig. 6. Fluorescent tracks in a LiF crystal irradiated with a single pulse of 
collimated protons of energy 0.94 MeV with a fluence of (3.4 ± 0.2) × 107 p/ 
cm2, as estimated from three images. 
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operating conditions of the accelerator assuring pulse-to-pulse stability 
and to the energy degradation due to the beam crossing the gold foil, the 
Kapton window and the 25 mm air gap. 

Irradiations were also performed with a proton beam of energy 2.6 
MeV (corresponding to a nominal energy from the injector Eacc~ 4 MeV) 
by switching the linac DTL on. A LiF crystal was irradiated with a single 
beam pulse at total average charge of 0.55 pC. Later, a sequence of 
fluorescence images of the sample was acquired by increasing the depth 
of the focused plane by steps of 5 μm from the crystal surface; the 
maximum RPL intensity of the tracks was detected at a depth of 56 μm; 
the image is shown in the left side of Fig. 9. The automatic track 

counting was applied to five images within an area of 117 × 117 μm2 

(900 × 900 pixel), from which an average fluence of (9.6 ± 1.2) × 105 

p/cm2 was estimated. 
A CR39 detector was irradiated under identical conditions, obtaining 

the image shown on the right side of Fig. 9. The automatic track 
counting was applied to five images within an area of 176 × 132 μm2 

and an average fluence of (1.2 ± 0.2) × 106 p/cm2 was obtained. Tracks 
with different diameters were observed; about 90% of these tracks had a 
diameter of about 1.5 μm, while the remaining 10% had a diameter 
larger than 3 μm (up to about 8 μm). Since in a CR39 detector track 
diameter is inversely proportional to the proton energy, this suggests the 

Fig. 7. Sequence of fluorescence images from the proton-irradiated LiF crystal in Fig. 6, taken at increasing depths, d, with a step of 1.4 μm from the LiF crys
tal surface. 
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presence of protons of different energies, particularly of even much 
lower energies than expected. These lower-energy protons were not 
detected by the LiF crystal at the depth of 56 μm due to their lower 
penetration depth, so that the estimated fluence in LiF resulted to be 
lower than in CR39. 

A LiF crystal was also irradiated with a single beam pulse at a higher 
total average charge of 1.75 pC; the image of the fluorescent tracks, 
acquired at the depth of 56 μm, is shown in Fig. 10. The automatic track 
counting, applied to five images, allowed estimating a fluence of (4.7 ±
0.2) × 106 p/cm2. Also for this sample a sequence of images was ac
quired by increasing the depth of the focused plane by steps of 5 μm from 
the crystal surface (images not shown); to estimate the proton beam 

energy parameters, the same image processing that was applied to the 
series in Fig. 7 was applied to the obtained images, but we were not able 
to satisfactorily fit the data points with LET curve simulations performed 
in FLUKA. The integrated RPL intensity of the tracks, after background 
subtraction (also varying the rolling bar radius in ImageJ), resulted 
lower than our best LET curve simulation at the positions preceding the 
Bragg peak, as shown in Fig. 11. This could be tentatively ascribed to an 
observed segmentation of the tracks intensity, already reported for both 
ion and proton tracks (Bilski et al., 2019b, 2024), causing them not to be 
always detectable when optically sectioning the crystal at sampled 
discrete depths. On the contrary, for proton energies lower than 1 MeV 
to which Bragg peak depths lower than 10 μm correspond, the average 

Fig. 8. Integrated RPL intensity vs. depth of the track images in a proton-irradiated LiF crystal obtained from the sequence in Fig. 6 and its fit using FLUKA sim
ulations (see text for details). 

Fig. 9. Left: Fluorescent tracks in a LiF crystal irradiated with a single pulse of protons of energy 2.6 MeV with a fluence of (9.6 ± 1.2) × 105 p/cm2, as estimated 
from five images. Right: etched tracks from the same proton beam settings recorded with a CR39 detector using 6.25 M NaOH solution at 70 ◦C for 4.5 h. 
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length of the track discontinuities is possibly shorter than the field depth 
of the images (<1 μm), making this effect negligible and the luminescent 
Bragg curve profile successfully reconstructed and fitted. From the data 
plotted in Fig. 11, FLUKA simulations allowed only to roughly estimate a 
proton beam energy at the sample of ≈2.6 MeV with σЕ ≈ 150 keV. 

Images of fluorescent nuclear tracks reported in the literature have 
been obtained using a confocal microscope as reading device of both 
Al2O3:C, Mg (Akselrod and Kouwenberg, 2018; Akselrod et al., 2006; 
Akselrod and Sykora, 2011) and Ag-activated glass FNTDs (for photons 
and heavy charged particles only) (Kurobori et al., 2017; Kodaira et al., 
2020). On the contrary, the detection of fluorescent tracks in LiF FNTDs 
has been successful only using conventional fluorescence microscopes 

(Bilski and Marczewska, 2017; Bilski et al., 2018, 2019a), as shown also 
in this work. Using the confocal microscope for LiF FNTDs is actually a 
challenge due to the low RPL signal not only for protons, but also for 
higher-LET ions. The Al2O3:C, Mg FNTD is currently the best performer, 
but the successful use of the confocal microscope for LiF FNTDs would 
speed up the 3D image acquisition and increase spatial resolution, so 
improving the sensitivity of the microscope detectors and optimizing the 
laser scanning parameters could allow reaching the goal. 

4. Conclusions 

Polished LiF crystals have been successfully tested as FNTDs for 
collimated proton beams of energies of ~1 and ~2.6 MeV in the fluence 
range from ~105 to ~107 p/cm2. The irradiation of LiF causes the local 
formation of color centers in the crystal lattice, among them the F2 and 
F3
+ aggregates, stable at room temperature, which show efficient visible 

photoluminescence in the red and green spectral ranges, respectively, 
under blue light simultaneous excitation. The LiF crystals were irradi
ated perpendicularly with respect to the proton beam and the fluence 
values were obtained by automatically counting the observed point-like 
fluorescent tracks from the images acquired by a fluorescence micro
scope at high magnification and were found in agreement, at the lower 
fluences, with those obtained from etched CR39 plastic detectors irra
diated in the same experimental conditions. Moreover, an estimate of 
the proton energies was obtained by focusing the pumping blue light at 
different depths in the irradiated LiF crystals. Despite the proton short 
penetration, at both energies, the signal-to-noise ratio allowed to extract 
from the fluorescent track images an RPL intensity vs. depth profile, 
corresponding to the Bragg curve; the beam average energy and energy 
spread were obtained by fitting such profiles with depth-dose curves 
simulated in FLUKA. These first results are encouraging for the utiliza
tion of LiF crystals as FNTDs in typical ion radiobiology conditions; 
further experiments are in progress to consolidate and improve this very 
promising application, especially at higher fluences. 
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Fig. 10. Fluorescent tracks in a LiF crystal irradiated with a single pulse of 
collimated protons of energy 2.6 MeV with a fluence of (4.7 ± 0.2) × 106 p/ 
cm2, as estimated from five images. 

Fig. 11. Integrated RPL intensity vs. depth of the track images obtained from 
the LiF crystal irradiated with protons of energy 2.6 MeV with a fluence of (4.7 
± 0.2) × 106 p/cm2, tentatively fitted using FLUKA simulations. 
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