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Abstract: Background: In this research, the response of a 10 x 10 x 10 mm?

commercially available
PbF, crystal was experimentally assessed under X-ray and gamma ray radiation to verify the possible
application of this material in X-ray medical imaging. Methods: The measurements were performed
under X-ray from 50 to 130 kVp and gamma ray excitation (Tc-99m 140 keV and I-131 365 keV).
The PbF, response was experimentally assessed by the determination of the absolute luminescence
efficiency (AE), X-ray luminescence efficiency (XLE), and the stopping power of this scintillating
crystal in terms of the energy absorption efficiency (EAE). The results were compared with bismuth
germanate (BGO) crystal, which is commonly used in medical imaging modalities. Results: The AE
of PbF, gradually decreased from 50 kVp up to 130 kVp. The maximum value was 0.61 efficiency
units (EU) at 140 keV, and the minimum value was 0.03 EU at 71 keV (130 kVp). Similarly, low values
appeared for the XLE, where the maximum value was 16.9 x 10~° at 140 keV. Conclusions: These
findings show that the PbF, scintillator has unacceptably low luminescence efficiency. Although
PbF, can effectively absorb radiation, the scintillation light, at room temperatures, is negligible, and,
thus, it could not be used in medical imaging applications in the examined energy range.
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1. Introduction

Scintillators have been extensively examined in recent years with respect to a number
of applications in high-energy physics, security systems, geophysical exploration, astro-
physics laboratories, and, mainly, in medical diagnostics [1-4]. These radiation detection
materials convert energy absorbed by X and y radiation in sparks, i.e., photons of the optical
region [5,6]. The most common inorganic scintillators are LSO, BGO, LYSO, YAP, Nal(T1),
CsI(Tl), CsI(Na), CdAWOy4, and GAGG, and they have been well investigated. However, the
list of inorganic scintillators is growing every year, and researchers all over the world are
trying to develop new, heavy, non-hygroscopic scintillator materials which will have low
production costs [7-11]. Inorganic scintillators are applied in various modalities of medi-
cal diagnostics: positron emission tomography (PET), single-photon emission computed
tomography (SPECT), mammography, thermography, elastography, electrocardiography
(ECG), etc. [12-16].

Medical imaging prioritizes limiting exposure to ionizing radiation to the lowest
possible levels, as is recommended by the As Low As Reasonably Achievable (ALARA)
principle [17]. However, the rapid development of medical imaging modalities sets new
demands on scintillator properties. More specifically, scintillator properties such as rapid
decay time are very significant for time-of-flight (TOF) applications in PET [18-20].
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The accurate registration of the coincidence gamma photons is defined by the coinci-
dence time resolution (CTR) of the detector. Nowadays, the shortest CTR reported value
for a commercial device is 214 picoseconds (ps), when most of the devices on the market
have CTR values from 310 ps to 400 ps [21-23]. The achievement of a 10 ps CTR limit
will permit major improvement in TOF-PET performance. This will result in an increase
in the accuracy and in the radiopharmaceutical factor to the millimeter and enhance the
signal-to-noise ratio [24]. Therefore, during the past decades, investigation and progress of
fast scintillators is on the rise [25]. Moreover, timing resolution will improve if gamma ray
detection can be improved using Cherenkov light, produced by charged particles moving
in a transparent material with velocities greater than 3 x 10% m/s in the medium [26-28].

Fluoride single crystals have a broad transparency spectrum starting from the vac-
uum ultraviolet (VUV) to the infrared (IR) area. Furthermore, these crystals have several
possibilities as VUV and IR scintillators [29].

Among the fluoride single crystals, a PbF, single crystal was selected as a possible
scintillator for medical imaging [30]. The PbF, crystal is visually transparent, starting
from 0.25 pm up to 15 pm, and its thermal conductivity (28 W/m/K) is very high [7].
The candidate crystal (PbF;) has a huge advantage over formal scintillator materials, i.e.,
the large atomic number of lead (Pb) (Z = 82) increases the probability of a photoelectric
effect [28]. For that reason, the absorption of all gamma ray energy in a unique interaction
within the scintillator material also shows an increased probability [29]. Additionally,
it is very dense (7.77 g/cm?®) and has a very high photoelectric fraction, 46%, which, in
turn, provides great stopping power for the 511 KeV photons [30]. PbF; is an extremely
successful gamma ray absorber due to its high Z and density [31,32]. The recovery time
of PbF, under the exposure of gamma rays (105 Gy for 14 days) has been estimated in the
work of Kozma et al. from measurements of transmission spectra in the order of a few
days [33].

It is a very fast material (decay time-6 and 30 ns) with a very low (0.93 cm) radiation
length and a 2.2 cm Moliere radius [31]. The X-ray luminescence of orthorhombic PbF;
has been previously reported at room temperatures, even with low energy excitation
(30-50 kV) [32,33]. Furthermore, it is a low-cost material with a melting point of 822 °C [10].
These properties make PbF; a potential candidate for radiation detection, since a fine crystal
(about 10 mm thick) will reduce the dispersion and the trajectory length of photons [34].

In this research, the luminescence efficiency (AE) of a cubic 10 mm commercially
available PbF, single crystal was examined to investigate the efficiency of this medium in
detecting ionizing radiation for X-ray and gamma ray medical radiographic applications.
Excitation was experimentally measured for X-ray voltages from 50 to 130 kVp (X-ray
radiography) and gamma rays (Tc-99m at 140 keV and I-131 at 365 keV). The PbF; response
was experimentally assessed by the determination of the AE (describing the light output
power per incident X-ray exposure). Additionally, X-ray luminescence efficiency (XLE) was
examined, and, finally, the stopping power of this scintillating crystal was calculated via
the energy absorption efficiency (EAE).

2. Materials and Methods

For the current research, a cubic PbF, polished crystal was purchased (Advatech,
London, UK) [34]. Dimensions of the crystal were 10 x 10 x 10 mm?.

2.1. Calculations
Energy Absorption Efficiency (EAE)
Energy absorption efficiency is expressed by the percentage of incident X-ray energy

absorbed in the examined crystal. In our investigation, this energy fraction was defined as
a function of X-ray tube voltage (in kVp). EAE is determined by [35,36]:
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where @(E) is the incident X-ray photon fluence on the scintillator; E is the photon energy;
uen(E)/p is the corresponding total mass energy absorption coefficient; uu+(E)/p is the
radiation photon total mass attenuation coefficient; T is the thickness of the crystal; and the
density is p (in g/cm?) [37-39]. Coefficients data for lead fluoride elements were obtained
from the National Institute of Standards and Technology (NIST) data using the XmuDat
photon attenuation database software [40-42].

2.2. Experiments

Experiments were performed using X-ray excitation by a CPI Inc. CMP 200 DR X-ray
generator and an IAE model RTM90HS X-ray unit, from 50 to 130 kVp. An additional
20 mm Al filter was used to simulate attenuation by the human body. All experiments were
performed at room temperature, with short exposure time intervals (1 s) to keep exposure as
low as possible and no visible degradation of transparency (aging effects) [43]. Furthermore,
Tc-99m (140 keV) and I-131 (365 keV) were also used to irradiate the crystal sample.

2.2.1. Absolute Efficiency (AE) and Output Signal

The luminescence efficiency and the output signal were defined for a range of X-ray
energies. An integrating sphere (Oriel 70451) was used to collect the incident light energy of
the crystal [37]. A photomultiplier tube (PMT) (EMI 9798) was used as a biased photodiode
to collect the light at the output port, and an electrometer (Model 6430 Keithley) was
connected to detect its current [38]. A digital multimeter (RTI Piranha P100B) provided the
radiation dose rates.

Absolute efficiency describing the light output power per incident X-ray exposure was
defined as [44,45]:

AE=nq= 2 = (le’“ )X ' )
X Stpascy
where S is the scintillator’s irradiated area (in mm?); i, is the current of the PMT (in
pA); 17, is the photocathode’s peak photosensitivity (pA W™1); cg is the geometric light
collection efficiency of the experimental configuration; and «s is the spectral matching
factor connecting the emitted light spectrum of the scintillator and the spectral response of
the photocathode. The units are: 1 EU =1 utW m~2/(mR s~ ).

By multiplying the AE by exposure, the output signal can be obtained [37]. The output

signal is expressed (in ptW m~2).

2.2.2. X-ray Luminescence Efficiency (XLE)

XLE is a unitless quantity that characterizes energy-integrating detectors by quanti-
fying the efficiency of the latter in converting X-rays to visible photons. XLE (ny) can be
described as the ratio of the light energy flux produced by the crystal divided by the X-ray
energy flux [35]:

ny = ¥a/%o (3)

3. Results

Figure 1 shows the energy absorption coefficients (y¢,(E)/p) and the attenuation coeffi-
cients (patt(E)/p) of PbF, and BGO for an energy range up to 400 keV. The corresponding
X-ray experimental range of this study is up to 365 keV. The characteristic photoelectric
absorption edges are also shown at the energy levels of ~13 keV, ~15 keV, and ~88 keV. From
the calculated results shown in Figure 1, it can be depicted that PbF, seems to adequately
absorb radiation with attenuation coefficient values higher than BGO across the examined
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energy range. These results show a crystal that fulfills the stopping power criteria required
in applications such as medical imaging.
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Figure 1. PbF, attenuation coefficients. For comparison, data for BGO are also shown.

Figure 2 shows the ratio of the attenuation coefficients (yen/part) that is used in
Equation (1). In this figure, one can see the steep reduction in the coefficients ratio pen / par
occuring at the energy levels at which characteristic energy is produced. For example, this
effect is evident at ~88 keV, due to the characteristic k-edges of the material.
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X-ray energy (keV)

Figure 2. Attenuation coefficients ratio e / part of PbFp and BGO.

This effect contributes to the reduction in the energy absorption values of both ma-
terials. The reduction can be clearly shown after 90 kVp (Figure 3). In this figure, the
EAE of PbF, is slightly higher than BGO up to 90 kVp. Thereafter, BGO shows slightly
higher values. This change is also shown in Figure 2, in which the coefficients ratio of BGO
overcomes PbF, in the k-edge energy level.

From the calculated results and the announced properties of PbF,, further experimen-
tal investigation of the internal material properties was deemed appropriate in order to
determine its suitability for application in radiographic imaging. Thus, Figure 4 shows the
luminescence efficiency values of PbF, compared with a commercially available crystal
used in PET scanners (BGO). Results are shown for the X-ray radiography and gamma ray
energy ranges. However, whereas BGO values increased as the X-ray energy increased, the
corresponding values of PbF, decreased in the whole X-ray energy range, with a minimum
value of 0.03 EU at 71 keV. At this energy, BGO showed its maximum, with a value of
3.35 EU. In the gamma ray energy range, BGO [46] showed lower AE values, whereas,
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at the energy of 140 keV (Ic-99m), PbF, showed the maximum AE value (0.59 EU). The
corresponding value for BGO was 1.96 EU. For higher gamma ray energies (365 keV 1-131),
the absolute efficiency values for the two materials were 0.1 EU for PbF, and 1.35 EU for
BGO. This negligible output of PbF, has been previously depicted [40,41].
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Figure 3. Energy absorption efficiency of PbF, and BGO.
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Figure 4. X-ray absolute luminescence efficiency of PbF, and BGO crystals in the X-ray (42-71 keV)
and nuclear medicine (140 keV Tc-99m, 365 keV 1I-131) energy ranges.

Regarding the output signal (Figure 5), a linear relationship was observed for both
crystals in the X-ray energy range, with BGO having an R? value of 0.9986 and PbF,, a value
of 0.9875. The differences between the slope (i.e., detector optical gain) values (3.37 for
BGO and 0.03 for PbF,) reveal the unsuitability of PbF, for medical imaging applications in
the radiographic energy range, despite the lower density of BGO (7.13 g/cm®) compared to
PbF; (7.77 g/cm?).
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Figure 5. Output signal of PbF, and BGO crystals in the X-ray exposure rate range 0-299 mR/s.

XLE values of PbF, are shown in Figure 6, against the corresponding values for BGO.
PbF, XLE values started from 11.6 x 10> at 42.39 keV and decreased constantly thereafter
in the whole radiographic range. The corresponding maximum value of BGO in the
radiographic range was 11 x 10~* at 53 keV. Under Tc-99m gamma ray excitation, the XLE
of PbF, showed a local maximum (12.6 x 1072 at 140 keV). In this energy, BGO had an XLE
value of 55.1 x 107°. Under I-131 gamma ray energy (365 keV), the X-ray luminescence
efficiency of PbF, dropped to 3.4 x 107>, whereas the corresponding BGO value was
45.4 x 1075, Generally, XLE values follow a similar trend to the absolute efficiency, except
for the fact that the differences in shape of AE and XLE curves are attributed to the fact that
the LE is not affected by the X-ray fluence to exposure conversion factor.
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Figure 6. X-ray luminescence efficiency of PbF, and BGO crystals in the X-ray (42-71 keV) and
nuclear medicine (140 keV Tc-99m, 365 keV I-131) energy ranges.
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4. Discussion

In recent years, a number of articles have depicted the potentiality of PbF, for use in
various applications, among them medical imaging [20,47-49]. The single crystal PbF, has
been extensively studied as a Cherenkov radiator for electromagnetic calorimetry. Thus,
it would be very useful for many medical applications if it could be scintillated with a
reasonable light output and a short decay time. Furthermore, the X-ray luminescence
of orthorhombic PbF; has been previously reported at room temperatures, even with
the low energy excitation that can be found in mammography and general radiography
(30-50 kV) [32,33]. The provided high density value (p = 7.77), high atomic number
(Z = 82), its transparency in near-UV radiation, and the low cost of this material, along with
references for possible applications in medical imaging, intrigues the scientific curiosity
for further investigation to verify or not the above-mentioned allegations [43,50]. Despite
these advantages, during this study on the PbF, crystal, the produced light output (X-ray
energy range) was extremely low [51].

However, all results converge on the conclusion that PbF, scintillation is quenched
in the X-ray and gamma ray energy ranges in room temperature conditions. This is in
accordance with previously published works, in which it was stated that PbF; emission
was limited to a restricted number of photons/MeV of deposited energy [32,44]. Lead
fluoride can be found in orthorhombic (space group 62, D%g, cotunnite-type) and cubic
(space group 225, O3, fluorite-type) crystalline phases [52,53]. The properties of binary
lead halides such as PbF, strongly depend on the presence of self-trapped carriers. These
defects (self-trapped electrons, STEL, or self-trapped holes, STH) show low stability, and
only 0.1 eV is enough for their delocalization, even at very low temperatures. The strong
hole-trapping on Pb results in the extremely low light output of PbF The Pb%* ion belongs
to the family of the ¢S, ions. These ions are characterized by excitations from 'Sy ground
state to the °P;, 3P,, and 'P; excited states. In this configuration, a relatively small lattice
parameter is observed (5.94 A), and the Pb-Pb distance of 4 A results in a large wave
function overlap and energy propagation through the crystal lattice [51,54].

Luminescence can be observed at liquid helium temperatures, depending upon the
structure of the material (cubic or orthorhombic), since the very small energy of the self-
trapped electrons (0.1 eV) eliminates the possibility for experimental light detection at
higher temperatures [53,55]. The luminescence spectra of PbF, have been reported at
temperatures of —271 °C, with a maximum at 2.2 eV [45]; however, luminescence is
negligible for temperatures above —123 °C [53].

In order to avoid the hole-trapping, which results in extremely low absolute efficiency
(AE), it would be useful to further examine the luminescence spectra of PbF, at temperatures
near absolute zero (i.e., —271 °C) [55].

5. Conclusions

This research aimed to examine the possible application of the PbF, crystal to ra-
diographic and nuclear medicine imaging. To this end, luminescence and scintillation
properties of this material were examined in these energy ranges. The theoretical results
regarding the attenuation coefficients and the energy absorption efficiency, in combination
with the high stopping power of the material, showed promise, comparable to the estab-
lished BGO crystal and even slightly higher. However, the experimental findings regarding
the luminescence output of PbF, showed a completely different reality, with values signifi-
cantly lower than BGO and, in every case, unacceptable for medical imaging applications.
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