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Lithium fluoride doped with Mg and Ti (LiF:Mg,Ti) has been used for several decades as thermoluminescent
dosimeter material, but recently also its radiophotoluminescence has been investigated for applications in
dosimetry. In this work, LiF:Mg,Ti pellets (TLD-100) were irradiated in a water phantom at CNAO (Pavia, Italy)
with therapeutic proton beams at five energies from 70 to 200 MeV in the dose range from 2 to 20 Gy. After
irradiation, their visible radiophotoluminescence spectra were measured in controlled conditions and the
spectrally-integrated red emission response of radiation-induced color centers has been investigated. The radi-
ophotoluminescence signal, excited by a 445 nm continuous wave laser, was integrated within a 50 nm-wide
band around the emission peak of the Fy color centers, located around 670 nm in LiF. The spectrally-integrated
signal of the samples irradiated at the energy of 147.7 MeV exhibited a linear dependence with dose. Moreover,
this radiophotoluminescence response appears independent from Linear Energy Transfer in the range from 0.8 to
1.6 keV/pm in all the samples irradiated at the dose of 5 Gy. Such independence was found up to 10.3 keV/pm in
samples irradiated within two spread out Bragg peaks made of 36 energy components in the entire investigated
proton energy range. The radiophotoluminescence response of the TLD-100 pellets was compared to that of
nominally-pure LiF crystals irradiated in the same conditions, which show a similar behavior. The results are
encouraging for the exploitation of TLD-100 pellets as passive solid-state radiophotoluminescent dosimeters for
proton therapy.
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1. Introduction

Few wide-gap materials are suitable as passive solid-state radiation
detectors based on radiophotoluminescence (RPL) of point defects and
impurities contained in their crystalline matrix (Yanagida et al., 2022)
with a wide range of applications in imaging and dosimetry (McKeever,
2022). Among them, crystalline oxides based on C and Mg doped sap-
phire (De Saint-Hubert et al., 2021) and silver activated phosphate
glasses (Chang et al., 2017; Majer et al., 2024) are currently under
investigation for dosimetry in hadrontherapy, to evaluate their RPL
response with Linear Energy Transfer (LET) and dose, as it is known that
solid state detectors change RPL efficiency as a function of LET in
charged particle beams.

Doped lithium fluoride (LiF) has been successfully used for over 60
years as thermoluminescent dosimeter (Farrington et al., 1953; Hor-
owitz, 2019), being highly sensitive at very low doses and water
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equivalent, but in the last two decades, it has been investigated for
dosimetry applications of different radiation sources by exploiting RPL
and optically stimulated luminescence (Oster et al., 2008, 2011, 2013;
Marczewska et al., 2012; Piaskowska et al., 2013; Matsushima et al.,
2013; Bilski et al., 2014). Irradiation of both doped and undoped LiF
induces the formation of electronic defects, known as color centers
(CCs), in the crystal lattice. Among them, the F and F3 CCs, consisting
of two electrons bound to two and three close anion vacancies (Nahum
and Wiegand, 1967), exhibit Stokes-shifted visible photoluminescence
when excited with blue light (Baldacchini et al., 2000). Although the
idea of using RPL for dosimetry is not new (Shulman et al., 1951), only
recently the potential simplicity of a completely optical technique and
the availability of sensitive enough, cheap and low-power consumption
components for the RPL reading systems (Pollastrone et al., 2023) has
made this research more intense. Our group has demonstrated the po-
tential application in dosimetry of the RPL of stable F; CCs in
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nominally-pure LiF crystals both at doses higher than 10° Gy with
low-energy (3-7 MeV) proton beams (Piccinini et al., 2014) and, still
more recently, at doses typical of radiotherapy with 35 MeV proton
beams (Piccinini et al., 2020, 2023), as well as gamma rays from a
reference ®°Co source (Piccinini et al., 2022) and 6 MV clinical X-rays
(Villarreal-Barajas et al., 2015).

In this work, TLD-100 pellets and nominally-pure LiF crystals have
been irradiated in a water phantom with clinical proton beams at several
energies from 70 to 200 MeV in the dose range from 2 to 20 Gy. For both
the pellets and the crystals, the visible RPL response of Fy CCs, induced
in the LiF crystalline matrix by the irradiation, has been investigated at
room temperature as a function of dose and LET, with the aim of
studying the possibility of using these materials as RPL-based passive
dosimeters in proton therapy.

2. Materials and methods

Commercially-available (Harshaw, UK) TLD-100 pellets of diameter
4.5 mm and thickness 0.89 mm were irradiated with the scanning proton
beams produced by the synchrotron installed at Centro Nazionale di
Adroterapia Oncologica (CNAO) in Pavia (Italy), producing proton and
carbon ion beams for treating patients since 2011 (Mirandola et al.,
2015). The samples were placed inside a custom-made PMMA holder
(see Fig. 1) that was mounted on the support bracket of the Markus
chamber in a PTW 41023 water phantom (see Fig. 2); the samples po-
sition in the phantom was set in order to have an equivalent depth in
water of 20 mm from the entrance beam position in the phantom (see
inset of Fig. 2), corresponding to the plateau of the dose deposition
Bragg curve. For each irradiation, three samples were irradiated
simultaneously within a homogeneous field size of 6 x 6 cm? with a dose
uniformity better than +1% at a dose rate of 3 Gy/min.

A first set of irradiations was performed delivering a dose to water of
5 Gy at the proton beam energies of 70.21, 89.17, 119.47, 147.7, 196.7
MeV, covering the entire energy range commonly used for treatments. A
second set of irradiations was performed at the intermediate beam en-
ergy of 147.7 MeV delivering doses of 2, 5, 10, 20 Gy. Finally, a third set
of irradiations was performed placing the samples in the phantom
within two different spread-out Bragg peaks (SOBPs). The first SOBP
(SOBP#1, 6 cm thick, depth from 9 to 15 cm in water) was made of 36
isoenergetic slices in the range from 111 to 152 MeV and a total dose of
4 Gy was delivered. The second SOBP (SOBP#2, 6 cm thick, depth from
1 to 7 cm in water) was made of 36 isoenergetic slices in the range from
74 to 123 MeV with a 31 mm water-equivalent thick range shifter and a
total dose of 6 Gy was delivered. The Treatment Planning System (TPS)
RayStation v.11b (Raysearch Laboratories) was used to determine the
dose-averaged LET (LETp) values both at the depth of 20 mm, when the
samples were irradiated at the five above-mentioned beam energies, and
along the phantom depth, when the samples were irradiated in the two
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SOBPs.

Commercially-available (MacroOptica Ltd, Russia) 5 x 5 mm? and
0.5 mm-thick nominally-pure LiF crystals, with both square sides pol-
ished, were also irradiated in the same conditions and with the same
irradiation parameters of the TLD-100 pellets.

After irradiation, all the samples were kept in darkness and a few
days later, their RPL spectra were measured, consisting in the visible
photoluminescence of the radiation-induced F» and F§ CCs simulta-
neously excited in their overlapping absorption bands (Baldacchini
et al., 2000) with a 10 mW and 1.53 mm beam-diameter con-
tinuous-wave (CW) laser at 445 nm, corresponding to the peak of the F;
CCs absorption band (Baldacchini et al., 2000; Piccinini et al., 2020).

The RPL spectra were acquired by an Andor iDus 401 CCD cooled to
—55 °C and attached to an Acton Research Spectra Pro 300i mono-
chromator equipped with a 150 lines/mm grating and slits set at 1 mm; a
Semrock BLP01-458R long-pass filter was placed in front of the entrance
slits to prevent the laser light from entering the monochromator. The
spectra acquisition time was 0.25 s for the TLD-100 pellets and 1 s for the
LiF crystals. They were recorded 60 s after switching on the laser to
allow stabilization of the F§ CCs emission band, whose intensity initially
decreases to a constant level due to the presence of a triplet state that
traps a fraction of the excited electrons (Piccinini et al., 2022; Baldac-
chini et al., 1996). On the contrary, the Fo CCs emission band is stable
and in these conditions no RPL quenching is caused by the laser, thus
allowing one repeating the measurements without any signal fading.
Spectral analysis was carried on by OriginLab Origin 9.8 software.

3. Results and discussion

Fig. 3 shows the LETp, profile of the SOBPs as a function of depth in
the water phantom, with highlighted positions of the LiF samples
(square dots). In SOBP#1 the sample position (depth 11.4 cm) was
chosen in an almost flat part of the LETp, profile with the corresponding
value (2.5 keV/pm) just above the LETy, interval (from 0.8 to 1.6 keV/
pm) of the five single beam energies. In SOBP#2 the sample position
(depth 7 cm) was chosen in the distal part of the SOBP, where the LETp
profile is very steep and reaches a value one order of magnitude higher
(10.3 keV/pm) than all the others. The LETp values in the two SOBPs
positions and at the depth of 2 cm for the five single beam energy values
are reported in Table 1.

In Fig. 4, for each different combination of proton beam dose and
energy values, the average of the RPL spectra of the three simulta-
neously irradiated samples are reported; they exhibit the typical su-
perposition of the broad emission bands in the red and green spectral
ranges, attributed to the F; and F3 CCs, respectively. In the investigated
measurement conditions, for all the spectra the intensity of the F; CCs
band is much higher than that of the F§ ones, as expected on the basis of
the selected excitation wavelength (Baldacchini et al., 2000); moreover,

LiF sample

Fig. 1. Scheme of the PMMA LiF sample holder specifically designed for the water phantom.
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Fig. 2. Water phantom containing the LiF samples placed at the exit of the proton beamline and scheme (inset) showing the sample holder position inside the water

phantom for all the irradiations, except those with SOBPs.
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Fig. 3. Dose-averaged Linear Energy Transfer (LETp) as a function of equiva-
lent depth in water in the phantom of the SOBPs, with square dots marking the
irradiated samples position.

Table 1
Dose averaged Linear Energy Transfer (LETp) values and depths in the phantom
for the samples irradiated with the single energy beams and in the SOBPs.

Energy (MeV) LETp (keV/pm) Depth (cm)
70.21 1.6 2

89.17 1.2 2

119.47 1.0 2

147.7 0.9 2

196.7 0.8 2

111-152 (SOBP#1) 2.5 11.4
74-123 (SOBP#2) 10.3 7
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Mexe= 445 M 5 Gy - 89.17 MeV
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Fig. 4. Continuous wave laser excited (445 nm) RPL spectra (average of three
simultaneously irradiated samples) of the TLD-100 pellets irradiated at several
proton energies and doses.

around the peak of the F CCs band (670 nm) the value of the average
intrinsic luminescence of three not-irradiated samples (dashed line in
Fig. 4) is very close to the minimum one, so around the peak of the red
emission band the signal-to-noise ratio reaches its maximum value.

To exploit this maximum sensitivity and to avoid any contribution
from the F§ CCs band, the RPL signal has been integrated in a bandwidth
of 50 nm around the emission peak at 670 nm. The spectrally-integrated
RPL intensity of the samples irradiated with the beam of energy 147.7
MeV (LETp = 0.9 keV/pm) as a function of the dose, in the entire
considered dose range (2-20 Gy), is plotted in Fig. 5; such integrated
RPL signal intensity is linear with dose, as shown by its linear best-fit.
The error bars correspond to uncertainties of +26 (95% confidence).

The integrated RPL intensity of the TLD-100 samples irradiated at
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Fig. 5. Radiophotoluminescence intensity vs dose of TLD-100 pellets irradiated
with 147.7 MeV protons and two SOBPs, obtained from the spectra shown in
Fig. 4 integrated in the wavelength range 645-695 nm (average of three sam-
ples +20) together with the linear best-fit (solid line).

the dose of 5 Gy at five values of the proton beam energy in the entire
considered energy range (from 70.21 to 196.7 MeV, with a LETp range
from 0.8 to 1.6 keV/um), is plotted in Fig. 6; it shows a RPL intensity
independence from the LETp, within the measurement uncertainties with
mean value for all the samples of 4.65 x 10° arb. units and ¢ = 9.82 x
10% arb. units, corresponding to a relative error of 2.1%. Such inde-
pendence from the LETp is confirmed by the values obtained for the
integrated RPL intensity of the samples irradiated within the two SOBPs
at the dose values of 4 and 6 Gy (with LETp of 2.5 and 10.3 keV/pm,
respectively), which are also reported in the plot of Fig. 5. They were
added after performing the linear best-fit of the RPL response of TLD-
100 irradiated with almost mono-energetic proton beams. Within the
measurement uncertainties, at these therapeutic dose values, their
measured RPL response is the one that would be expected if they were
irradiated with a beam of a single energy component within the entire
range considered in this experiment; it means that the linear best-fit of
Fig. 5 can be used as calibration for any proton beam energy in the
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Fig. 6. Radiophotoluminescence intensity vs LETp of TLD-100 pellets irradi-
ated at a dose of 5 Gy, obtained from the spectra shown in Fig. 4 integrated in
the wavelength range 645-695 nm (average of three samples +20).
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investigated interval in the entire dose range from 2 to 20 Gy. This result
can be considered a remarkable feature of the RPL response of TLD-100.
As a matter of fact, both crystalline oxides based on C and Mg doped
sapphire and silver activated phosphate glasses irradiated with thera-
peutic proton beams have shown RPL dependence with LET and need
specific corrections for their non-linear RPL response with dose, espe-
cially for high LET values around the Bragg peak (De Saint-Hubert et al.,
2021; Chang et al., 2017; Majer et al., 2024).

Nominally-pure LiF crystals were irradiated exactly in the same
conditions of the TLD-100 pellets and also their RPL spectra were
measured with the same spectrometric system under identical laser
pumping excitation. As expected, their RPL spectra (data not shown)
exhibited similar spectral characteristics of those of the TLD-100 pellets
and the spectrally-integrated Fo CCs RPL intensity was derived (see
Figs. 7 and 8). Also for the proton-irradiated LiF crystals the RPL
response is linear with dose; it is independent from the LETp, within the
measurement uncertainties with mean value for all the samples of 1.88
x 10° arb. units and 6 = 1.41 x 10* arb. units, corresponding to a
relative error of 7.5%, which is about four times higher than that of the
pellets. In fact, the error bars of the RPL signal in the crystals are often
bigger than those in the pellets (see Figs. 7 and 5, respectively). It should
be considered that scattering effects of the pumping laser light through
the pressed powder of the pellets, characterized by a microcrystalline
structure and a thickness about twice that of the crystals, allows the
excitation of a larger sample volume thus giving rise to a RPL signal
about ten times higher in pellets, resulting in a more stable signal ac-
quired by the CCD with the same acquisition time.

Comparing the data of Figs. 5-8 we can derive that the RPL linear
response of LiF is not significantly affected by the presence of dopants at
the concentrations typical of the TLD-100 pellets, although it may in-
fluence their sensitivity. It should be noticed that the linear dependence
of the RPL with dose, observed both in the TLD-100 pellets and in the
nominally-pure LiF crystals irradiated with clinical protons from 70 to
200 MeV, had been already observed in LiF crystals irradiated with a 6
MV X-ray clinical beam up to 100 Gy (Villarreal-Barajas et al., 2015),
with 35 MeV protons up to 50 Gy (Piccinini et al., 2020), with 3 MeV
protons up to 2 x 10° Gy (Piccinini et al., 2023) and with a reference
60Co gamma beam in the dose range from 1 to 20 Gy (Piccinini et al.,
2022). Moreover, the full Bragg curve of a 26 MeV proton beam could be
directly imaged by fluorescence microscopy of CCs in nominally-pure
LiF crystals. Best-fitting the curve with an analytical model of LET in
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Fig. 7. Radiophotoluminescence intensity vs dose of nominally-pure LiF crys-
tals irradiated with 147.7 MeV protons and two SOBPs, obtained from the
spectra (not shown) integrated in the wavelength range 645-695 nm (average
of three samples +20¢) together with the linear best-fit (solid line).
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Fig. 8. Radiophotoluminescence intensity vs LETp of nominally-pure LiF
crystals irradiated at a dose of 5 Gy, obtained from the spectra (not shown)
integrated in the wavelength range 645-695 nm (average of three sam-
ples +20).

LiF allowed estimating the beam energy parameters and demonstrated
the RPL independence from the LET along the entire Bragg curve (Pic-
cinini et al., 2020).

4. Conclusions

Passive solid state dosimeters, consisting of TLD-100 pellets, are
well-known for applications in thermoluminescence dosimetry, char-
acterized by very high sensitivity (<10™* Gy) and tissue equivalence,
which is essential for meaningful medical applications. Only very
recently, their RPL response was investigated for dosimetry applications
with therapeutic doses. In this study, TLD-100 pellets were irradiated in
controlled conditions with clinical proton beams at fixed energies in the
70-200 MeV energy range and in a dose interval from 2 to 20 Gy at the
CNAO synchrotron for proton therapy. Their laser-excited visible RPL
spectra, integrated in a 50 nm-wide interval centered on the Fy CCs red
emission peak, exhibited a linear behavior as a function of the absorbed
dose (to water). Moreover, the integrated RPL signal is independent
from LET in the range from 0.8 to 10.3 keV/pm, as resulted from samples
irradiated with both mono-energetic beams and within two SOBPs made
of 36 isoenergetic slices in the entire investigated proton energy range at
typical clinical doses. Similar behaviors were found for the RPL response
of LiF crystals irradiated in the same clinical conditions. Both these
characteristics are very promising for their use as passive solid-state
photoluminescent dosimeters for proton therapy. Further in-
vestigations on the time stability of CCs in both TLD-100 and LiF crystals
are necessary, but their RPL sensitivity at typical therapeutic doses and
the obtained results are very encouraging, also in the perspective to
combine RPL measurements with the absorbed dose evaluation per-
formed by exploiting thermoluminescence in the TLD-100 pellets and
for their re-usability.
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