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Abstract

Nominally-pure lithium fluoride (LiF) crystals were irradiated with monochromatic hard x-rays
of energy 5, 7, 9 and 12 keV at the METROLOGIE beamline of the SOLEIL synchrotron
facility, in order to understand the role of the selected x-ray energy on their visible
photoluminescence (PL) response, which is used for high spatial resolution 2D x-ray imaging
detectors characterized by a wide dynamic range. At the energies of 7 and 12 keV the
irradiations were performed at five different doses corresponding to five uniformly irradiated
areas, while at 5 and 9 keV only two irradiations at two different doses were carried out. The
doses were planned in a range between 4 and 1.4 x 10> Gy (10.5 mJ cm > t0 3.7 J cm™?),
depending on the x-ray energy. After irradiation at the energies of 7 and 12 keV, the
spectrally-integrated visible PL intensity of the F, and F5~ colour centres (CCs) generated in the
LiF crystals, carefully measured by fluorescence microscopy under blue excitation, exhibits a
linear dependence on the irradiation dose in the investigated dose range. This linear behaviour
was confirmed by the optical absorption spectra of the irradiated spots, which shows a similar
linear behaviour for both the F, and F5~ CCs, as derived from their overlapping absorption band
at around 450 nm. At the highest x-ray energy, the average concentrations of the
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radiation-induced F, F, and F5- CCs were also estimated. The volume distributions of F, defects
in the crystals irradiated with 5 and 9 keV x-rays were reconstructed in 3D by measuring their
PL signal using a confocal laser scanning microscope operating in fluorescence mode. On-going
investigations are focusing on the results obtained through this z-scanning technique to explore
the potential impact of absorption effects at the excitation laser wavelength.
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1. Introduction

X-ray diagnostic techniques characterised by high spatial res-
olution such as x-ray microscopy, micro-radiography, diffrac-
tion and phase-contrast imaging are extensively used in vari-
ous experimental fields ranging from medicine to material
science [1, 2]. Development of these techniques requires the
use of x-ray detectors with excellent performances in terms
of spatial resolution, dynamic range, field of view and non-
destructive readout capabilities [3]. In recent years, passive
solid-state detectors based on colour centres (CCs) photolu-
minescence (PL) in lithium fluoride (LiF) crystals and thin
films have been proposed and successfully tested for 2D x-ray
imaging [4-7] and hard x-rays free electron laser diagnostics
[3, 8, 9], including 3D visualization of the focused beam and
its energy distribution, which is still challenge. These radiation
imaging detectors are characterised by high intrinsic spatial
resolution over a large field of view, wide dynamic range and
simplicity of use as they are insensitive to ambient light and do
not require any processing after irradiation [10, 11]. Moreover,
they are reusable after proper thermal annealing. Their prin-
ciple of operation is the optical reading of visible PL emitted
by the F, and F3~ CCs, locally-induced by radiation, which are
stable at room temperature (RT) [12, 13]. The primary elec-
tronic defect induced by irradiation is the F centre, which con-
sists of an anionic vacancy binding an electron. The primary
absorption band due to F centres, named F absorption band,
is located at a wavelength of about 248 nm [14]. Although PL
from F centres was investigated since long time [12, 15] and a
weak emission is theoretically expected around 900 nm, it was
not detected unambiguously up to now [16-18], as it should
be superimposed on the emission band of the F5~ centres [19,
20]. The aggregate laser-active F, and F5~ CCs (two and three
anion vacancies binding two electrons, respectively) possess
almost overlapped absorption bands peaked at about 444 and
448 nm, respectively. These absorption bands together form
the so called broad M band in LiF [19]. Under optical pump-
ing in this spectral region, the F, and F3~ CCs simultaneously
emit visible PL in broad bands, peaked at 678 nm and 541 nm,
respectively [19, 21]. Their spectrally-integrated PL can be
read in non-destructive way by using conventional and con-
focal fluorescence microscopy.

In this study, we report and discuss experimental results
concerning the optical behaviour of LiF crystals irradiated
with monochromatic x-rays of energy 5, 7, 9 and 12 keV at
several doses in the range between 4 and 1.4 x 10° Gy to
investigate the possibility to extend their use to 3D imaging.

2. Materials and methods

Three commercially-available nominally-pure polished LiF
crystals, each circular with a diameter of 20 mm and a thick-
ness of 2 mm, were irradiated with monochromatic x-rays
at the METROLOGIE beamline of the SOLEIL synchrotron
facility (Paris, France). The LiF crystals were mounted on a
specially-designed sample holder, motorised in the xyz direc-
tions. The incident photon flux was measured, both before and
after each irradiation, using a diode placed in the same plane
as the LiF samples. By using the measured values of photon
flux, depending on the x-ray energy and attenuation length, L
[22], the energy depth distribution was simulated and integ-
rated along the entire crystal thickness, whose values were
used to obtain the average doses reported in table 1. At the
energies of 7 and 12 keV the irradiations were conducted at
five different doses, corresponding to five distinct uniformly
irradiated areas (spots), while at 5 and 9 keV only two irra-
diations at two different doses were performed (two spots for
each energy).

X-ray irradiation of LiF crystals enables the storage of a
‘volumetric information’ through the local generation of spa-
tially distributed CCs along a depth in the crystal that depends
on the photon energy. In table 1, the theoretical x-ray attenu-
ation length in LiF [22], L, defined as the depth into the mater-
ial where the intensity of x-rays falls to 1/e of its value at the
surface, is reported for each energy value.

The visible PL signal emitted from the irradiated spots of
the LiF crystals under blue light excitation was examined using
an optical microscope (Nikon Eclipse 80i) operating in fluor-
escence mode. This microscope is equipped with an excitation
source consisting of a properly-filtered 100 W mercury lamp
and an Andor Neo s-CMOS camera (16 bit, cooled at —30 °C)
as imaging detector.

Using the same microscope, operating as a confocal laser
scanning microscope (CLSM) with a 445 nm continuous-
wave laser for excitation and a detection system comprising
two optically filtered photomultipliers, the 3D PL intensity
depth distributions due to the generated F, CCs were acquired.
Indeed, by scanning along the depth (z optical axis), the CLSM
operates an optical sectioning of the observed sample, detect-
ing the PL signal only from the in-focus planes. Starting from
these acquisitions, 3D reconstructions of the PL signal emitted
by F, defects were obtained with the microscope software.

Optical absorption spectra of the irradiated spots, measured
at RT in a Perkin Elmer Lambda 1050+ spectrophotometer,
allowed to investigate the formation of primary and aggregate
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Table 1. X-ray irradiation dose delivered to the three LiF crystals at
the beam energy of 5, 7, 9 and 12 keV, and corresponding x-ray
attenuation lengths L in LiF [22].

Sample  Beam energy (keV) L (um) Average dose (Gy)

24.928 £ 0.006
246.2 £ 0.5
22.24 £ 0.04
2215+ 0.6

5 78.8
LiF1
9 475.0

20.1637 =+ 0.0005
38.8 4+ 0.1
186 + 3
38242

(1.38 £+ 0.48) x 10°

LiF2 7 222.1

3.58 £0.01
7.19 £ 0.03
328+0.5
259 £ 62
279 £ 111

LiF3 12 1082.0

defects and an estimate of the average concentrations of F, F;,
and F3~ CCs as functions of the irradiation dose.

3. Results and discussion

Figure 1 shows fluorescence images of coloured spots on the
LiF crystals irradiated with monochromatic x-rays at 7 (a), 12
(b) and 5 and 9 (c) keV.

For each energy value, a spectrally-integrated PL intens-
ity profile for all the irradiated spots was obtained elaborat-
ing the acquired fluorescence images using the microscope
software. The net PL signal was obtained by subtracting the
minimum detected PL intensity (background noise) from the
measurements.

Figure 2 shows the PL intensity versus dose obtained from
all the irradiated spots for each beam energy, together with
linear best fits at the energies of 7 and 12 keV. For both these
energies, the fits demonstrate that the PL intensity depends lin-
early on the irradiation dose in the investigated dose range. In
figure 2, the extensive error bar linked to the data at the highest
dose of 7 keV results from a significant fluctuation in beam
flux that occurred during the long irradiation period.

This result is confirmed by the careful analysis of the optical
absorption measurements. Figure 3 reports, as an example, the
absorption spectra in optical density, OD, of the LiF crystal
irradiated at five different doses with 7 keV x-rays (sample
LiF2 in table 1). To highlight the effects of the colouration, the
measured OD of a non-irradiated area of the same LiF crystal
was subtracted from the spectra.

In each spectrum, the F absorption band due to the primary
CCs and the M absorption band formed by the overlap of the
F, and F5" contributions are detected. Using the absorption
coefficient at the band peak and the band full width at half
maximum (FWHM), one can evaluate the average concentra-
tion of a given kind of CCs by applying Smakula’s formula
[12]. For the F band, a best-fit procedure with a Gaussian fit
function and free parameters was used. The evaluation of the

Figure 1. Fluorescence images of the LiF crystals irradiated with
monochromatic x-rays at the energies of 7 (a), 12 (b) and 5 and 9 (c)
keV, acquired using the optical microscope (objective magnification
2x, numerical aperture = 0.10, image field size 1.67 x 1.41 cm?).

same parameters for the F, and F5~ single contributions to the
M absorption bands required a similar best fit procedure with
two Gaussian functions and fixed FWHM values, following an
approach reported in the literature [21].

Figure 4(a) displays the OD peak intensity of the F absorp-
tion band as functions of the average dose at the different
x-ray energies. By the allometric best fits with the function
OD = A x Dose’ a value of the b parameter of 0.71 + 0.01
and 0.65 £ 0.11 for 7 and 12 keV respectively, was obtained.
They are very similar and in good agreement with the literature
[23, 24]. Figure 4(b) reports the OD peak intensity of the M
absorption band as functions of the average dose, together with
the linear best fits at 7 and 12 ke V. Their behaviour is similar to
those obtained for PL in figure 2: the spectrally-integrated vis-
ible PL is proportional to the concentration of emitting CCs,
which, in turn, is proportional to the M band absorption, at
least for CCs concentration values below saturation, for which
PL quenching effects do not take place. Figure 5 reports the
average concentrations of F, F, and F5~ CCs as functions of
the average dose at the energy of 12 keV, together with the
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Figure 2. LiF crystals PL intensity response at each x-ray beam
energy, together with linear best fits at the energies of 7 and 12 keV.
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Figure 3. Optical absorption spectra, in OD, of the LiF crystal LiF2
irradiated at five different doses with 7 keV x-rays.

allometric best fit for the F centres and the linear best fits
for the F, and F3" defects. The F-colouring curve shows a
rapid growing at the initial stage followed by an essentially
flat region. To explain this behaviour simple kinetic models,
based on the trapping of free interstitials as a channel for the
stabilization of the F centres, are generally used [24]. They
lead to a quasi-exponential dependence of F centre concentra-
tion on dose in agreement with the experimental data shown
in figure 5, according to which the maximum concentration of
primary F centre is well below 10'® cm—3. It is confirmed that
the concentration of F, emitting defects is well below the sat-
uration. Moreover, the volume densities of Fi~ CCs is lower
than the F, ones, as expected for irradiation at RT [16].
Figure 6 shows the 3D reconstructions of the F, CC PL
volume distributions in LiF crystals irradiated on uniform
areas at 5 keV with a dose of 246.2 Gy (a) and at 9 keV with

2.0 T T T T T T
F band

5 keV (a)
m 7 keV
15t 7 keV - allometric best fit i
® 9keV
A 12keV
—— 12 keV - allometric best fit

— i

2000

1600

1200

800

Average dose (Gy)
007 T T T T T T
e ()
0.05 -
. 0.04 | .
(1]
g
0 0.03Ff -
O M band
0.02 7 keV i
7 keV - linear best fit
® 9keV
0.01 A 12 keV I
— 12 keV - linear best fit
0.00 -

800 1200 1600 2000

Average dose (Gy)

0 400

Figure 4. (a) OD peak intensity of the F absorption band as a
function of the average dose for the LiF crystals irradiated with
x-rays at the different energies. For the energies of 7 and 12 keV,
their allometric best fits are plotted; (b) OD peak intensity of the M
absorption band a as function of the average dose, together with
linear best fits at 7 and 12 keV.

a dose of 221.5 Gy (b). The corresponding xz slices extracted
from these 3D reconstructions are reported in figures 6(c) and
(d) together with the PL intensity profiles obtained along the
z direction (LiF crystal thickness) (e). According to the x-ray
transmission properties in solids [22], the energy deposition of
x-rays decreases exponentially along the penetration depth in
LiF. Assuming the CC concentrations to be proportional to the
deposited energy, the confocal fluorescence microscopy is an
appropriate technique to investigate their depth distributions.
In both the 3D fluorescence images, the acquired PL sig-
nal decreases with depth inside the LiF crystal. At these x-
ray energies, the maximum coloration depth is well below the
crystal thickness and the PL signal is negligible at the highest
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Figure 5. Average concentrations of F, F, and F3~ CCs as functions
of the average dose at the energy of 12 keV, together with the
allometric best fit for the F centres and the linear best fits for the F,
and F{ defects.
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Figure 6. 3D reconstructions at the CLSM of x-ray-induced F, CC
PL volume distributions (636 x 636 x 1500 um3) in LiF crystals
irradiated on uniform areas at 5 keV with a dose of 246.2 Gy (a) and
at 9 keV with a dose of 221.5 Gy (b); xz slices extracted from the 3D
reconstructions (c), (d); PL intensity profiles along the penetration
depth z as obtained from the two xz slices (e).

depths. However, the x-ray colouration depth is only about
three times higher at the energy of 9 keV than at 5 keV, which
is not consistent with the values of attenuation lengths reported

in table 1. Moreover, an energy dependent rising of the PL sig-
nal is observed at the LiF-air interface. This behaviour cannot
be described with a simple decreasing exponential law [25]
and further investigations are under way to clarify the role of
the irradiated surface and re-absorption phenomena at the laser
excitation wavelength.

4. Conclusions

The optical behaviour of passive LiF crystals radiation ima-
ging detectors irradiated with monochromatic x-rays of energy
5,7,9 and 12 keV at different doses in the range from 4 to
1.4 x 10° Gy was investigated. At 7 and 12 keV, the spectrally-
integrated visible PL response of F, and F3" defects, care-
fully investigated by fluorescence microscopy, shows a linear
dependence on the irradiation dose. This behaviour is ascribed
to a linear dependence of the volume concentrations of both
these light-emitting aggregate CCs vs dose in the investigated
conditions, as derived independently from the analysis of the
optical absorption spectra, which allow an evaluation of the
average volume concentration of F, F, and F5~ defects. Using
a CLSM, the 3D reconstructions of x-ray-induced F, CCs PL
distributions in the LiF crystals were obtained. Depending on
dose and energy, further investigations are in progress to calcu-
late the effects due to the possible absorption of the excitation
laser at 445 nm, on the maximum of the M absorption band,
as well as the reabsorption of the PL emitted by the CCs dur-
ing z-scanning measurements in order to extend the use of LiF
crystal to 3D x-ray imaging.
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