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Abstract: Today, BaFBr crystals activated by europium ions are used as detectors that store absorbed
energy in metastable centers. In these materials, the image created by X-ray irradiation remains stable
in the dark for long periods at room temperature. As a result, memory image plates are created,
and they are extended to other types of ionizing radiation as well. Despite significant progress
towards X-ray storage and readout of information, the mechanisms of these processes have not been
fully identified to date, which has hindered the efficiency of this class of phosphors. In this study,
using photoluminescence (PL), optical absorption (OA), Raman spectroscopy (RS), and atomic force
microscopy (AFM), the luminescence of oxygen vacancy defects to BaFBr crystals irradiated with
147 MeV 84Kr and 24.5 MeV N ions at 300 K to fluences (10'°-10'%) ion/cm? was investigated.
BaFBr crystals were grown by the Shteber method on a special device. Energy-dispersive X-ray
spectroscopy (EDX) analysis revealed the presence of Ba, Br, F, and O. The effect of oxygen impurities
present in the studied crystals was considered. The analysis of the complex PL band, depending
on the fluence and type of ions, showed the formation of three types of oxygen vacancy defects.
Macrodefects (tracks) and aggregates significantly influence the luminescence of oxygen vacancy
defects. The creation of hillocks and tracks in BaFBr crystals irradiated with 147 MeV 84Kr ions is
shown for the first time. Raman spectra analysis confirmed that BaFBr crystals were amorphized by
147 MeV 34Kr ions due to track overlap, in contrast to samples irradiated with 24.5 MeV 14N ions.
Raman and absorption spectra demonstrated the formation of hole and electron aggregate centers
upon swift heavy ions irradiation.

Keywords: BaFBr; swift heavy ions; oxygen impurity; oxygen-vacancy defects; photoluminescence; track

1. Introduction

Barium fluorobromide with europium impurities, known as BaFBr:Eu?", has been
widely used as an X-ray-preserving phosphor since it was first proposed for commercial
use in 1983 [1]. The image created by X-rays in this material remained stable in the dark
for a long time at room temperature. This property of phosphors is widely used for
manufacturing X-ray memory imaging plates (IP) in medicine, biology, and physics [2-8].
In the field of medicine, the use of IP significantly reduces radiation exposure in patients
during X-ray diagnostics. The dynamic range for image formation of IP based on BaFBr:Eu?*
exceeds five orders of magnitude, which is significantly higher than that of conventional
X-ray films.
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Initially developed for X-rays, imaging plates are now used for other types of ionizing
radiation, such as neutrons, gamma rays, electron beams, protons, and ions. These materials
have several important applications in various areas of radiation imaging. By including
certain components (Gd,Oj or °LiF) in BaFBr:Eu?*, thermal neutron detectors (NIP) and
neutron image plates have been developed [9-12]. The possibility of registering heavy-ion
microbeams using BaFBr:Eu?* was considered [13], and the behavior of the imaging plate
under heavy-ion irradiation was examined in a previous study [14].

Alkaline earth metal fluorohalides MeFX (Me-Ca, Sr, Ba and X-Cl, Br, I) crystallize
in the tetragonal structure of the PbFCl type with the space group P4/nmm [15]. In [16],
the crystal structures of BaFBr crystals were determined. These compounds are mixed
single crystals of layered alkaline earth halogens. As a result of these studies, it was found
that there are two types of anionic nodes in the structure of these crystals: two types of
anionic vacancies, x(F~)- and a(Br™)- centers, and two types of F centers, F(F~)- and F(Br~)-
centers. These centers have C4, and D,y symmetry, and their optical characteristics are well
established; however, other types of hole defects are practically unexplored, except for those
formed at low temperatures, such as self-trapped holes or Vy-centers [17-28]. It should
be noted that the presence of a TSL peak at 363 K complicates the study of defects caused
by rapid bleaching [27]. Radiation defects play an important role in the luminescence and
memory mechanisms of the BaFBr:Eu?* phosphors. However, the exact mechanism of
these processes is still not clear, which inhibits the increase in luminophore efficiency and
leaves the fundamental problem of defect interactions in this phosphor unresolved.

For commercial use, BaFBr:Eu?* is applied in the form of powder on a transparent
base to create X-ray screens. These image plates are used in both commercial and research
settings. However, the characteristics measured are not enough to provide a complete
understanding of the luminescence centers and their role in the creation, conversion, and
photostimulated emission luminescence mechanisms. To study these aspects in more detail,
single-crystal samples are needed so that absorption and luminescence spectroscopy tech-
niques can be applied to crystals in their entirety. It is therefore important to investigate the
behavior of oxygen impurities in a single crystal, especially for comparative experiments.

The aim of our study was to investigate stable radiation defects in BaFBr single crystals
with uncontrolled oxygen impurities. Oxygen impurities are the most typical impurities in
these crystals, but their influence is not so obvious. BaFBr crystals were irradiated with
swift heavy ions (SHI) 147 MeV 34Kr ions, and 24.5 N ions at different fluences at 300 K,
and investigated using photoluminescence (PL), absorption spectroscopy, atomic force
microscopy (AFM), and Raman spectroscopy (RS).

2. Materials and Methods

BaFBr:Eu?* material is widely used as a memory phosphor. This means that it can
preserve the image created by X-rays in the dark for a long time at room temperature. For
commercial use, BaFBr:Eu?* is applied in the form of powder on a transparent base to
create X-ray screens. These screens are used for both commercial and research purposes.
However, the characteristics measured for such screens are insufficient to obtain complete
information on the structure of the luminescence centers and their role in the mechanisms
of radiation creation, transformation, and photostimulated luminescence. To study these
aspects, single-crystalline samples are required to apply the methods of absorption and
luminescent spectroscopy of crystals in their entirety.

BaFBr is a crystal that belongs to tetragonal symmetry and crystallizes in the structural
type PbFCL. The crystals have good cleavage with layers perpendicular to the z-axis. After
analyzing the literature [29-31], it was established that the Bridgman-Stockbarger method
is commonly used for the growth of BaFBr single crystals. The melting temperature of
BaFBr ranges from 989 to 1070 °C. Methods of obtaining single crystals of BaFBr are similar
to those of other crystals with a structure like PbFCI (BaFCl, BaFBr, BaFI, SrFC], etc.) and
differ only in minor details. The literature data [32-34] suggest that BaFBr single crystals
grow at sufficiently high rates from their own melt (congruent melting). However, they
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crack when exposed to sudden temperature jumps or when they enter a zone with a high
temperature gradient. Considering these features during growth, and the fact that BaFBr
has a relatively low melting temperature, it was decided that the Steber method would be
used for the growth of BaFBr single crystals. The Steber method assumes the presence of
“soft” thermal conditions and simplifies the growth process compared to the Bridgman-—
Stockbarger method. This eliminates the need to move the crucible and the need for special
zones with different temperatures.

BaFBr crystals were grown by the Shteber method on a special device (Vinogradov
Institute of Geochemistry SB RAS, Irkutsk, Russia). Graphite is the most commonly used
material for manufacturing heating units and crucibles due to its thermal properties and
interaction with melt BaFBr. The reducing ability of graphite is one of its most important
properties in this regard. Another crucial property is the absence of wettability of graphite
with barium fluorobromide melt.

This facilitates easy removal of the crystal from the crucible after its growth. The
crucible, attached to a cooled rod with a special nozzle, rotates during the growth process
while the heating unit maintains a temperature gradient of 4-6 degrees per centimeter.

The crystals were grown in a helium-fluoride atmosphere using stoichiometric mix-
tures of BaBry and BaF,. The starting material, BaBg, 2H,0, was subjected to vacuum
drying at 500 °C.

Elemental analysis was performed by energy-dispersive X-ray spectroscopy (EDX)
or (EDS) using an SEM Hitachi TM3030 (Hitachi High-Technologies Corporation, Tokyo,
Japan) with a Bruker attachment and software quantax 70 (Bruker Nano GmbH, Berlin,
Germany). EDX analysis. EDX is a method used to identify the composition of solid
materials. This technique relies on exciting electrons close to the nucleus, which then
causes distant electrons to lower their energy levels to fill the resulting holes. Each element
releases a different set of X-ray frequencies when filling these holes, which can provide both
qualitative and quantitative information about the near-surface composition of a sample.
The data in Table 1 demonstrate that BaFBr crystals are stoichiometric, but they also contain
some oxygen impurities. Carbon particles with a peak of 0.3 keV were not considered
because of the presence of carbon in the chamber.

Table 1. The elemental composition of the samples.

Element F Br Ba (0]
Atomic percent 38.3 32.9 252 3.6

BaFBr crystal samples were irradiated with 147 MeV 84Kr and 24.5 MeV N ions
at 300 K to fluences (101°-10'%) jon/cm? at accelerator DC-60 (Astana, Kazakhstan). The
radiation parameters of 147 MeV 3Kr and 24.5 Mev N ions in the BaFBr crystal were
obtained using the SRIM code [35] and are summarized in Table 2.

Table 2. Radiation parameters of 147 MeV 84Kr and 24.5 Mev ¥N ions in the BaFBr crystal.

Ion Energy, Mev Se, keV/nm Sn, keV/nm R, um
84Ky 147 12.04 1.36 17.87
UN 245 2.99 0.00258 15.58

Se denotes the ionization losses, S, represents the elastic collision losses, and R is the
range of ions.

The ratio (Se/Sy) = 8.8 for the 147 MeV 34Kr ion and 1159 for the 24.5 MeV “N ion.
Electron losses dominate for nitrogen ions; in the case of krypton, it is necessary to consider
both ionization losses and elastic collision losses.

The PL spectra of the crystals were measured according to the standard procedure
using an SM2203 spectral fluorimeter (SOLAR, Minsk, Belarus). In this device, the excitation
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source was a xenon FX-4401 flash lamp (PerkinElmer Optoelectronics GmbH, Wiesbaden,
Germany) with a pulse duration of a few microseconds, and the light detector was PMT
R928 (Hamamatsu, Japan). The control of the device and processing of the results of
measurements are carried out from the external computer by means of the “Universal”
(SOLAR, Minsk, Belarus) software.

Optical absorption spectra were measured using a Specord UV-VIS spectrophotometer
(SPECORD 250 PLUS, Jena, Germany) in the spectral interval (2.0-6.0) eV. This is a double-
beam spectrophotometer with variable spectral bandwidth and a double monochromator,
in which the wavelength setting accuracy is 0.1 nm. An external personal computer using
WIinASPECT software was used to control the device and process data during measurements.

Raman spectra were measured at room temperature with a Solver Spectrum spectrometer
(NT-MDT America Inc., Tempe, AZ 85283, USA) using a solid-state diode laser beam with a
wavelength of 473 nm (2.62 eV) and a spectral resolution of 1 cm~!. The laser was focused
using a 100x objective to form a spot on the sample surface with a diameter of 2 pm.

The surface morphology of unirradiated and ion beam irradiated BaFBr samples
was investigated by atomic force microscopy using an AIST-NT SmartSPM microscope
(AIST-NT, Moscow, Russia) at scan sizes of 30 pm x 30 pum.

3. Results and Discussion

In stoichiometric BaFBr single crystals and X-ray image plates, oxygen plays an
important role in the creation of electron and hole centers [36]. There are two known types
of oxygen centers in BaFBr: O, centers (where an O™ ion takes the place of bromine Type
II) and O centers (where an O™ ion takes the place of fluorine, Type I) [37,38]. Two more
oxygen centers were later found in [39,40]. One of these centers has the same structure and
symmetry as the known Oy, center but has different hyperfine interaction constants, which
can be labeled as (Type IIA). The second oxygen center consists of an oxygen molecular ion
O, with one atom at the bromine site and one atom at the neighboring fluorine site.

Sensitive to impurity defects is the photoluminescence method, which we applied to
study oxygen vacancy defects. PL spectra of BaFBr crystals irradiated with 147 MeV #Kr
and 24.5 MeV N ions excited with 280 nm wavelength light are shown in Figure 1. The
spectra were measured after a sufficiently long exposure of the irradiated crystals at room
temperature in the dark.
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51 ®=1x 10" jon/cm? ®=1x 10" ion/cm®
—— @=1x 10" ion/cm? 11 o
®=1x 10" ion/cm? 5 ——®=1x10"" ion/cm
— ©=1x 10" ionjom? —— ®=1 x 10" jon/cm?
4 —— @=1x 10" ion/cm? ——®=1x 10" ion/cm?
5 s 4
© N2
~ >
> 3] E=
= 7]
z 5 °
L <
£ -
2 —
— 24
T o
14 14
0 T T T 0 T T T
3.5 3.0 25 2.0 3.0 25 2.0
Photon energy (eV) Photon energy (eV)
(a) (b)

Figure 1. (a) PL spectra of BaFBr crystals irradiated by 147 MeV 84Kr ions via fluence; (b) PL irradiated
by 24.5 MeV N ions via fluence. The fluencies (1 x 101%-1 x 10'#) ion/cm?. Exiting light with
A =280nm (4.43 eV), T =300 K.



Crystals 2024, 14, 480

50f13

The PL spectra of the unirradiated and irradiated samples were mainly characterized
by a complex luminescence band ranging between 1.75 and 3.5 eV. This band can be
decomposed into two bands with peaks at 2.5 eV and 2.05 eV, which correspond to oxygen
vacancy defects (Type I) with a maximum of 2.5 eV and (Type 1I) with a maximum of
2.05 eV [41]. The absorption bands of the centers are shown in Figure 2.

3.0
—— =1 x 10'° ion/cm?
—— ®=1x 10" ion/cm?
—— ®=1x 10" ion/cm?
—— =1 x 10'% ion/cm?
2.5 1
3
S
> 2.04
=
7))
c
[0)
©
© i
3 1.5
=
o
(@)
1.0 4
0.5 T T T T T T T T
6 5 4 3 2

Photon energy (eV)

Figure 2. Absorption spectra of BaFBr irradiated with ions 24.5 MeV N at RT via fluence. Fluence
range (1 x 100 jon/cm?2-1 x 10'3) ion/cm?.

Absorption bands with maxima 7.0 eV, 6.3 eV, and 4.95 eV for centers (Type I) [41]. In
our experiment, the band 4.95 eV was established; the other two were not measured due to
the limited spectral range of the spectrophotometer. The center (Type II) corresponds to
the absorption bands at 4.15 eV and 5.3 eV, which is consistent with the absorption band
maxima of 6.35 eV, 5.28 eV, and 4.2 eV by [41].

The center (Type I) in stoichiometric BaFBr crystals consists of an oxygen ion replacing
the fluorine ion and a neighboring v} vacancy compensating for the charge. Then the
model of this center is represented as Oy —v}; ; see Figure 3a. In the second type center, the
oxygen ion replaces the bromine ion and is located next to the bromine vacancy. The design
of this center resembles the following: Op,—v} ; see Figure 3b.

@c s 1o8

(a) (b)

Figure 3. (a) Model of the defect O%f—vgr. (b) Model of the defect O%;—Ugr.
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Both types of centers were present in the unirradiated crystal, Figures 1 and 2, indi-
cating the incorporation of oxygen ions into the lattice during growth. Upon irradiation
with 147 MeV #Kr ions, a linear increase in the luminescence intensity of both centers
was observed up to a fluence of 10! ions/cm?, as shown in Figures 1 and 4. A further
increase in dose led to saturation and a decrease in luminescence intensity. Upon irradiation
with 24.5 MeV ¥N ions, a linear increase in the luminescence intensity of both types of
defects was observed. At a fluence of 10'? ions/cm?, after saturation, the intensity began
to decrease, as shown in Figures 1 and 4. Thus, along with the existing oxygen, vacancy
defects, the mechanism for creating these defects during irradiation by SHI was investi-
gated. It should be noted that the luminescence intensity of the crystals exposed to nitrogen
ions was higher than that of the crystals irradiated with krypton ions (Figures 1 and 4).
Similar behavior of the 390 nm (3.18 eV) luminescence band was observed for BaFBr: Eu?*
irradiated BTI (**Ne, 52Cr, ®4Zn, 139Xe, and 2*8U) [14]. In this study, samples prepared by
homogenizing BaFBr powders with 0.1 mol% Eu?* together with polyester and cellulose
ether FX-225 binders were used. The granules that were acquired were placed onto the
PET substrate. The 390 luminescence band is due to (F(F~), Fo(Eu?*, F7), and F(Br™))
centers, according to the authors. At low doses, the PL intensity shows a linear dependence.
Then saturation occurs, and a further increase in fluence leads to a decrease in PL. The
dependence on ion type, dose, and energy loss was established. The authors attribute the
decrease in intensity to the creation of macrodefects and draw an analogy with BaFy, in
which the threshold value of Se = 7 keV /nm under SHI irradiation. This condition is true
for Cr and U ions.

PL intensity (a.u.)

4
—e—25 ——25
' —=—205
34
3
&
=
2 2
2
£
-
o
1
T T T T T 0 T T T T
0 1%x10'° 1x10" 1x10? 1x10™ 1x10" 0 1%10°  1x10" 1x10”  1x10"
Fluence (ions/cm?) Fluence (ions/cm?)
(a) (b)

Figure 4. Dependence of luminescence intensity of oxygen vacancy defects of two types (2.5 eV and
2.05 eV) on fluence: (a) for crystals irradiated by 147 MeV 84Kr ions, and (b) for crystals irradiated by
24.5 MeV "N ions.

Thus, the decrease in oxygen vacancy defects luminescence intensity can be explained
by reabsorption in the irradiated layer and scattering on macrodefects (hillocks, tracks),
aggregates produced by irradiation with 147 MeV #Kr ions S, = 12.04 keV/nm, and
aggregate defects in crystals irradiated by 24.5 MeV “N ions because S, = 2.99 keV /nm.

Initially, the crystals have a fairly close correlation between the centers, but irradiation
leads to a more efficient creation of bromine vacancies because the number of bromine
vacancies in these two centers is 3:1. According to [41], the luminescence of Type II center
should be between the luminescence of the centers of Type I and Type II. This process most
likely led to a shift in the luminescence band peak. This effect was more pronounced when
irradiated with nitrogen ions. Irradiation with 24.5 Mev 4N leads to defect formation due
to the creation of electronic excitations (e, h, e~-h, e°). Similar to AHC (Alcaly Halide
Crystals), the decay of autolocalized excitons, similar to AHC, results in the generation of
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Frenkel pairs (F-H, «-I) of defects and aggregates. The work [14,42] explains how radiation
defects are created in BaFBriEu?", using AHC as an analogy.

This is due to the dominance of electron energy losses in BaFBr crystals when irradiated
with nitrogen ions compared to krypton ions. The Gaussian decomposition of the PL curves
corresponding to the largest shear is shown in Figure 5.

4.0 5.0 -
®= 1 x 10" ion/cm? ——®=1x 10" ion/cm?
Gaussian curve 1.99 4.5 Gauss!an curve 2.7
3.5 Gaussian curve 2.7 . Gaussian curve 2.29
Gaussian curve 2.31 Gaussian curve 1.95
- Sum 'Fit Sum' 4.0 - - - Sum Fit Sum'
-~ S 351
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1.0 H
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0.0 . T 0.0 T T T
35 25 20 3.5 3.0 25 2.0
Photon energy (eV) Photon energy (eV)
(a) (b)

Figure 5. Gauss components of PL spectra of BaFBr crystals irradiated by ions: (a) 84Kr 147 MeV
® =1 x 10!2 ions/cm?; (b) N 24.5 MeV & =1 x 102 jon/cm?.

It is assumed that the Oz -} center (Type III) [41] corresponds to luminescence with
a maximum of 2.31-2.29 eV. Accordingly, the PL band of the first center shifts to 2.7 eV,
and the PL band of the second center shifts to the 1.95-1.99 eV position. Furthermore, it
should be noted that various other types of oxygen vacancy defects, which were previously
mentioned, will also have an impact.

As mentioned earlier, the decrease in luminescence can be explained by reabsorption
in the irradiated layer and by scattering on macrodefects (hillocks and tracks), as shown in
Figure 6, and aggregates. Tracks were created in BaFBr crystals irradiated with 147 MeV
84Kr ions. A larger decrease in PL intensity was observed for these crystals, as shown in
Figure 1a.

(b)

Figure 6. AFM 3D images of BaFBr: (a) unirradiated, and (b) irradiated by 147 MeV 8Kz ions to
fluence 10! ions/cm?.

Tracks in the form of extended disordered regions were first recorded after the chemical
treatment of dielectric solid-state detectors irradiated with fission fragments [43]. Later,
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after irradiation with high-energy ions, it was found that tracks appeared starting from
a certain threshold level of electronic energy loss S.. Electronic energy losses of S, with
radial energy distribution are the first stage of any consideration of tracks [44].

Let us continue the analogy with AHC. According to [45], the track consists of a central
part, the “core”, or nucleus, with a radius of a few nm, an intermediate region (radius
up to 10 nm), and a wide cylindrical halo whose size depends on the parameters of the
attacking ion. The track halo contains predominantly F centers. The intermediate region
is distinguished as a separate part of the track, detected starting from the Se ~5 keV/nm
electron loss threshold by the increased radiation-induced volume. After being irradiated
by ions with Se above the critical Se (approximately 6 keV/nm), hillocks are formed on the
surfaces of many dielectrics. These hillocks have been studied using AFM and SEM [46,47].
We can indeed see the formation of hillocks on the surface of BaFBr; see Figure 6b. To date,
it has been established by HP TEM (high-resolution transmission electron microscopy)
that exposure to single high-energy ions leads to the formation of crystalline hillocks on
the surface of TiO, [48], CeO,, AHC, CaF,, SrF;, BaF;, and amorphous hillocks on the
surface of iron yttrium garnet YIG [49]. Hillocks may contribute to decreased luminescence
intensity, particularly with increasing fluence, due to light scattering.

Significant amorphization of BaFBr crystals irradiated with high-energy krypton ions
was established by studying the Raman spectra.

The Raman spectra of crystals irradiated with 147 MeV 8Kr ions as a function of
fluence are shown in Figure 7a. The FWHM and main Raman modes [50-52] are analyzed
in Table 3 and the insets of Figure 7a.

-mode FWHM (cm™)

Raman intensity (a.u.)

—— Unirradiated —— Unirradiated

B1g ®=1x 10" jon/cm? N ————— B1g ®=1 x 10" jon/cm?
ﬂ om0 fonvem ——®=1x 10" ion/om?
——®=1x 10" ion/em? ——®=1x 10" jon/cm?
——®=1x 10" jon/cm? ®=1 x 10" ion/cm?

3,4, 210 om " c-motion, F-mode FWHM (cm™)

263
295

Raman intensity (a.u.)

Wavenumber (cm™)

T T
T T
200 250 300 100 200 300

Wavenumber (cm™)
(@) (b)

Figure 7. Raman spectra of BaFBr crystals irradiated with SHI via fluence: (a) 84Kr 147 MeV;
(b) 24.5 MeV ¥N. The insets show the FWHM of the main mode 210 cm ! dependence as a function
of fluence.

The main RS band at 210 cm ™! broadens with increasing fluence, which shows amor-
phization associated with the formation of tracks, and at a fluence of 10'* cm~?2 at a high
level of track overlapping, the spectrum degrades; see Figure 7a. There was no broadening
of the band at 210 cm~! for the nitrogen ion irradiation, as shown in Figure 7b.

Upon irradiation with nitrogen ions, aggregation of electron and hole color centers
was observed, starting at a fluence of 1012 ions/cm?. In [53], we compared the RSs of
X-irradiated KBr [54] and BaFBr crystals to determine the part caused by V centers (hole
aggregates). It consists of bands at 175 cm ™!, 265 cm~!, and 349 cm ™!, where 265 cm™!
and 349 cm ™! are the first overtones of the 175 cm~! mode. Figure 8 shows these bands for
crystals irradiated with 147 MeV 84Ky, Figure 8a, and 24.5 MeV 14N jons, Figure 8b.
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Table 3. The FWHM of Raman spectra bands dependence as a function of fluence for BaFBr crystals
irradiated by 8Kr 147 MeV and 24.5 MeV N.

84Kr 147 MeV FWHM, cm—1 14N 24.5 MeV FWHM, cm 1
Fl.uence 2<1> ’ Eg, a'b -Motion, Big, c-Motion,  Eg, ab-Motion, Eg, a.b -Motion, Byg, c-Motion,  Eg, Ab-Motion,
ion/cm: Anti-Parallel, F-Mode F-Mode Anti-Parallel, F-Mode F-Mode
Br Mode Br Mode
Unirradiated 7.86 6.77 16.06 7.86 6.77 16.06
1 x 1010 59.75 12.68 32.06 9.22 7.05 16.17
1 x 101 51.28 14.30 33.02 10.24 7.11 9.64
1 x 1012 73.76 14.78 47.82 8.03 6.75 10.08
1 x 1013 79.10 15.18 49.63 7.24 6.77 10.78
1 x 1014 87.66 47.96 115.91 - - -
—— Unirradiated —— Unirradiated
=1 x 10 ion/em? ®=1x 10" jon/cm?
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Figure 8. Raman spectra of BaFBr as a function of fluence: (a) with 147 MeV 84Kr ions; (b) with
24.5 MeV N ions.

These modes correspond to the V center (hole aggregates) in KBr crystals irradiated
with X-rays [55]. As shown in Figure 8, the SHI-irradiated BaFBr crystals exhibit similar cen-
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ters. Aggregation began at a fluence of 10! ions/cm? for 147 MeV, 8Kz, and 10'? ions/cm?
for 24.5 MeV N ions. The aggregation of complementary electron centers exhibited a
similar pattern. Figure 9 displays the absorption spectrum of the M centers, which are
aggregates of two F centers.
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Figure 9. The absorption spectrum of BaFBr crystal irradiated with: (a) 147 MeV Kr ions; (b) 24.5 MeV
N ions, to a fluence of 1012 ion/cm?.

It should be noted, neither at room temperature nor at helium temperature were H cen-
ters detected. It is possible that H centers are not stable at room temperature. We indirectly
demonstrate the creation of H centers through the formation of hole aggregates—V centers.
When an ionizing particle or quantum enters the crystal, it generates low-energy electronic
excitations such as electron-hole pairs and excitons. Impurity defects can capture electrons
and holes. Self-trapped excitons can decay radiationless with the creation of Frenkel pair
(F-H) centers. That is, the energy released during exciton decay moves the bromine atom
from its regular position in the interstitium, leaving an electron, which together with the
anion vacancy formed in this case, constitutes the F(Br~)-center. A bromine atom displaced
to the internode combines with a nearby bromine ion to form the H-center (Br, center).
Such an H center diffusing through the lattice, relaxes with a nearby Eu?* ion, forming
the so-called Eu?* /H luminescent complex. Such a luminescent complex plays the role
of a recombination center in the process of photostimulated luminescence. On the other
hand, it is assumed that at room temperature, impurity oxygen ions serve as extra hole
traps, which further aid in the creation of F centers. According to the authors, this method
of forming electron-hole—electron centers is even more likely than the typical formation
of F-H pairs, which is suggested in reference [56]. Our studies show that SHI-irradiated
BaFBr crystals can perform these two processes.

4. Conclusions

For the studied BaFBr crystals irradiated with 147 MeV #Kr and 24.5 MeV N ions
and stored for a long time in the dark, oxygen impurities were observed. So, a band from
1.5 eV to 3.5 eV was observed in the PL spectrum, which is also present in the unirradiated
crystal but with a lower intensity and is associated with oxygen impurities. The complex
PL band includes the luminescence of the main two oxygen vacancy centers with different
structures. In unirradiated crystals, the luminescence of oxygen vacancy centers with a
maximum of 2.5 eV dominates. This indicates that oxygen is mostly present at the regular
bromine site. When the fluence was increased to 10! ion/cm?, there was an increase in the
luminescence intensity of the first type (2.5 eV), second type (2.05 eV), and third (2.3 eV)
centers. The creation of the third type results in a shift in the maximum of the other two
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types of centers. It was discovered that oxygen vacancy centers are formed not only during
crystal growth but also through the process of SHI irradiation.

Macrodefects (hillocks and tracks) and aggregates significantly influence the lumines-
cence of oxygen—vacancy defects. The creation of hillocks and tracks in BaFBr crystals
irradiated with 147 MeV 3 Kr ions is shown for the first time. Hillocks may contribute to
decreased luminescence intensity, particularly with increasing fluence, due to light scatter-
ing. Significant amorphization of BaFBr crystals irradiated with high-energy krypton ions
was established by studying Raman spectra.

Raman spectra analysis confirmed that BaFBr crystals were amorphized by 147 MeV
84Kr ions due to track overlap, in contrast to samples irradiated with 24.5 MeV N ions.
Raman and absorption spectra demonstrated the formation of hole and electron aggregate
centers upon SHI irradiation.

The PL effects in ion-irradiated BaFBr single crystals are seen to be closely related to
the damage creation in the BaFBr matrix.

The results obtained expand the range of ideas about oxygen vacancy effects in BaFBr
crystals. The results on track formation are promising. Here, the main research direction
can be related to the layered structure of crystals and track behavior.
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