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ORIGINAL STUDY

High-temperature Exciton-like Luminescence in
KCLl:Na Crystals

Kuanyshbek Shunkeyev ?, Shynar Sagimbayeva ** ®, Adelya Kenzhebayeva ? Yuriy Zorenko "

@ “Radiation Physics of Materials” Scientific Center, K. Zhubanov Aktobe Regional University, 34 A. Moldagulova Ave., Aktobe 030000, Kazakhstan
b Department of Physics, Kazmierz Wielki University in Bydgoszcz, Powstanicow Wielkopolskich str., 2, 85-0906 Bydgoszcz, Poland

Abstract

The emission spectra of high-temperature peaks of thermally stimulated luminescence (TSL) in the 300 K — 800 K
range have been recorded in KCl:Na crystals for the first time. In KCl:Na (1000 ppm), a prominent TSL peak at 575 K
has been identified, featuring luminescence bands peaking at 2.8 eV and 3.1 eV, attributed to radiative recombination
of excitons bound with single and pair sodium based centers. This effect persists after the thermal treatment of KCl:Na
crystals through high-temperature annealing, which ensures the central positioning of sodium ions in the lattice sites
of cations, as confirmed by X-ray and tunnel luminescence spectra.

Calculations of temperature-dependent jump frequencies of vacancies reveal that cation vacancies predominantly
contribute to the breakdown of halide formations in the Type I TSL peaks (400 K) region, while at consideration of
nature for the Type II peaks (555 K), the involvement of anion vacancies must also be taken into account.

The thermal dissociation of halide formations, driven by the mobility of both cation and anion vacancies in KCl:Na
(1000 ppm), generates a flux of non-relaxed holes (e*), which recombine with electrons (e~) in the field of sodium ions.
As a result of such recombination, high-temperature exciton-like luminescence (¢, (Na;")) is produced with a maximal
light yield at 575 K. The last property is particularly relevant for temperature stable scintillation detectors and do-
simeters.

Keywords: Alkali halide crystals, High-temperature thermally stimulated luminescence, X-ray luminescence, Tunnel lumines-

cence, High-temperature exciton-like luminescence

1. Introduction

I n alkali halide crystals (AHCs), there is a unique
opportunity to sequentially investigate the efficiency
of luminescence yield and radiation defect formation,
both directly linked to decay of self-trapped excitons
(STE) [1,2]. Such studies are driven by vigorous inno-
vation of both scintillators and dosimeters for detecting
ionizing radiation, exemplified by LiF crystals [3—7].
Fundamentally, thermally stimulated luminescence
(TSL) phenomena is based on electron-hole recombi-
nation luminescence of radiation defects, arising during
linear heating of a pre-irradiated crystal. Due to the
tissue-equivalent properties of LiF to gamma radiation,

dosimeters on the base of this materials with intensive
TSL are applied in radiation therapy, radiobiology, and
shielding in nuclear reactors [7—12]. Namely, high-
temperature TSL peaks of LiF crystals with maxima at
473 K (TLD-100) and 490 K (TLD-700H) serve as the
primary dosimetric indicators [6—8,13—16].

Strategic use of innovative functional materials,
such as cryodetectors and nanotubes of different
shapes and sizes [17—20], also motivates preliminary
investigations under conditions of deliberate symmetry
reduction in the lattice caused by local [21—23], uni-
axial [24—27], and hydrostatic deformations [28—30].

Currently, the delocalization temperatures of self-
trapped holes (Vk-centers, X, dihalogen molecules
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[31,32]) are established for all AHCs, and their mobility
and interactions with other radiation defects lead to
recombination luminescence [2,21—23,33]. The ana-
lyses of experimental studies [2,19—23,31—35] reveals
that in alkali metal chlorides, the decrease of Vk-center
delocalization temperatures (indicated in parentheses)
correlates with the decreasing cationic radii in the row
NaCl (168 K) — KCI (208 K) — RbCl (240 K).

Generally, low-temperature = TSL  AHCs in
85 K—300 K range arises from the recombination of
thermally delocalized (mobile) hole defects (the
so-called Vg-center family) with electron-type
defects—F-centers (anion vacancies with one captured
electron — vl e7) [2,21—23,33]. The Vk-center family
also includes holes localized to the vicinity of
cation vacancies — Vg = vj e™: and holes localized
with the single Na* dopant, isoelectronic to host K*
cations — Vga = e"(Na'), or with pair dopants
Vkaa = € (Na™, Na™). The structure of the Vg = v e*-
center is interpreted as an anti-F-center (v} e™). The
indices A in the designations Vg, and Viss denote
single and paired Na © dopants.

Complementary pairs of V, = (X;),,,- and F-centers
are stable radiation defects in AHCs above room tem-
perature, and their thermal annealing is accompanied
by TSL in the range of 365—420 K [21-23,33,36].
Moreover, the increase of the anion-to-cation radii
ratio, result in the lower temperature of the corre-
sponding TSL peak [21—25,33,36] in KI (365—370 K),
KBr (375—385 K), KCl (90—400 K) and NaCl
(400—420 K).

This work continues the research on high-tempera-
ture TSL peaks in AHCs [38]. Despite the extensive
study [21—25,33,37] of KCI crystals (both pure and
doped), the emission spectra of the high-temperature
TSL peaks in the temperature range from 300 K up to
800 K, corresponding to the complete discoloration of
radiation defects, have not been registered yet. In this
regard, the spectral composition of high-temperature
TSL peaks in KCl:Na crystals was investigated for the
first time in this work, in order to explain the mecha-
nism of recombination luminescence of radiation de-
fects activated by sodium ions.

2. Materials and methods

KCl and KCl:Na crystals were synthesized at the
Institute of Physics of University of Tartu, Estonia,
using the Stockbarger method in vacuum-sealed quartz
ampoules [38].

The growth of KCl crystals followed an extensive
purification process of the raw material, which
included: (i) vacuum drying of powdered KCl at
80—100 °C to eliminate oxygen-containing impurities

(OH); (ii) chlorine gas treatment of the KCl melt to
remove bromine impurities in gaseous form; (iii) mul-
tiple recrystallization, i.e.,, “zone refining” of the raw
KCI. Such purification technique allow to produce the
crystals with minimal concentrations of uncontrolled
impurities, confirmed by flame photometry to be
within the range of 0.01—1.0 ppm.

Doped KCl:Na crystals were grown using zone-refined
KCl material combined with NaCl powder, which had
undergone the aforementioned purification protocol.
The concentrations of sodium ions in the charge were
100 ppm, 1000 ppm, and 10,000 ppm, while the actual
concentrations in the resulting KCl:Na crystals, ac-
counting for the sodium incorporation coefficient
(k= 0.11), were 10 ppm, 100 ppm, or 1000 ppm, which
is consistent with flame photometry data.

Prior to experimental use, the doped KCl:Na crystals
underwent additional thermal quenching to ensure
homogeneous distribution of sodium ions within the
lattice (details in Refs. [21—23]). This process involved
heating the crystals to 650—700 °C at a rate of 15 °C/
min in a Programix TX 25 electric muffle furnace (Ugin-
Dentaire), holding them at the target temperature for
15 minutes, and then rapidly cooling them on a quartz
substrate to room temperature.

Radiation-induced defects were generated at ambient
temperature by exposing the crystals to bremsstrah-
lung X-rays from the RUP-120 (W-anticathode, 3 mA,
100 kV) at an exposure dose of 10 mGy, which, unlike
characteristic X-rays, ensures uniform defect distribu-
tion throughout the crystal thickness (1.0—1.3 mm).

High-temperature TSL measurements were per-
formed during controlled heating at a constant rate
(8 = 5.0 K/s) in the 300—850 K range using Harshaw
Model 3500, an automated thermoluminescent dosim-
eter setup equipped with WinREMS software.

Emission spectra of high-temperature TSL, as well as
XRL and TL, were acquired during heating (8 = 5.0 K/s)
in a quartz furnace. Scanning of TSL spectra were con-
ducted in the range of 1.8—6.0 eV using an MSD-2 high-
aperture monochromator, an H8259 photomultiplier
tube (Hamamatsu), and the SpectraScan software.

The “thermally stimulated luminescence (TSL)” term
is employed due to its more accurate reflection of the
phenomenon's physical essence, as proposed by Ch.
Lushchik [33], instead of “thermoluminescence (TL)”,
widely accepted in dosimetry. Additionally, in this
study, TL refers to tunnel luminescence, necessitating a
clear distinction to avoid confusion.

To ensure accurate comparisons of TSL light yield of
the studied crystals, their dimensions and X-ray expo-
sure levels were meticulously considered. The integral
light yield (S), defined as the area under the TSL curve,
served as the metric for evaluating TSL efficiency.
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3. Results and discussion

3.1. High-temperature TSL of KCI and degraded
KCI:Na crystals

In KCI:Na crystals, the efficiency of forming sodium-
related halogen radiation defects, I,(Na')- and
Hai(Na™)- centers, corresponding to near-sodium
interstitial ions I,(Na™) and atoms Ha(Na™) of chlorine,
as well as the exciton-like formations, €2 (Nat) and
) (Na*t,Na") have been demonstrated using absorp-
tion [21] and luminescence [22] spectroscopy methods.
It was established that sodium impurity ions, initially
occupying regular cationic sites in as-grown crystals,
gradually migrate and form nanoscale clusters. The
indicators of sodium ion instability in the KCl:Na lattice
[21,22] are absorption bands at 6.3 and 3.5 eV, corre-
sponding to I5(Na®) and atoms Ha(Na') centers, as
well as luminescence bands at 2.8 and 3.1 eV, associ-
ated with exciton-like formations near isolated
€% (Na™) and paired €2 (Na™,Na™) sodium ions.

Based on the above experimental findings [21,22], it
can be concluded that in degraded KCl:Na crystals,
sodium ions (irrespective of concentration) become
optically inactive, i.e. look like “absent” from the lattice.
To verify this, high-temperature TSL peaks (Fig. 1)
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containing minimal content (up to 1 ppm) of trace
impurities, and for KCl:Na (1000 ppm) crystals stored
long-term in a vacuum desiccator at room temperature,
which are categorized as degraded samples.

Numerous experimental results [21,38] indicate that
high-temperature TSL peaks in AHCs primarily occur in
the 365—400 K and 520—620 K temperature ranges,
designated as TSL peaks of Type I and Type 1],
respectively. In KCl crystals, V, = (X;),,-centers
[21—23,33,36], which are three-halide formations
occupying two anionic and one cationic sites in the
lattice, correspond to TSL peak of Type I. Apparently,
TSL peak of Type II at 520—620 K arise from (Cl,)
polyhalide formations, which larger than (Cl;)-centers.

Fig. 1 shows the high-temperature TSL peaks of the
studied samples under identical experimental condi-
tions (crystals’ dimensions, irradiation dose and tem-
perature, heating rate). It reveals only a slight increase
in TSL intensity for peaks at 374 K, 515 K, and 560 K in
KCl:Na (1000 ppm, curve 2) compared to reference
undoped KCl crystal (curve 1), despite more than a
1000-fold difference in Na concentrations in these
samples (see also Materials and Methods).

Detailed comparison of the TSL peaks (curves 1 and
2 in Fig. 1) suggests that in degraded KCl:Na crystals,
Na based centers, become absolutely “inactive” despite

were recorded for reference pure KCl crystals, their high concentration, characteristic of their
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Fig. 1. Thermally stimulated luminescence (TSL) of reference pure KCI crystal (curve 1) and “degraded” KCI:Na crystal (1000 ppm, curve 2) after X-
ray irradiation (10 mGy) at room temperature (RT). Inset: X-ray luminescence (XRL) spectra of KCI (curve 1) and “degraded” KCI:Na (1000 ppm,

curve 2) crystals recorded at RT.
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displacement from cationic lattice sites. It appears that
the slight increase in TSL intensity in KCl:Na (curve 2 in
Fig. 1) arises from a negligible number of remaining
sodium ions in the cationic lattice sites.

This prompted us to detect the presence of impurities
in the KCl matrix as exciton-like luminescent formations
via recording XRL spectra shown in the inset of Fig. 1.
The primary conclusion from analysis of the XRL
spectra of KCl crystal (curve 1 in the inset) and KCl:Na
crystal (curve 2 in the inset) is that their spectral
composition is nearly indistinguishable, remaining at
background levels. This also suggests the absence of
impurities, even those introduced in significant con-
centrations (above 5000 ppm). Own luminescence of
KCI crystals is characterized by radiative relaxation of
STEs with a 7t-luminescence band peaking at 2.3 eV,
which can only be observed at 4.2 K due to the absence
of thermal quenching. As the temperature increases, the
m-luminescence of STE wundergoes rapid thermal
quenching, becoming fully bleached above 40 K.

Consequently, in the XRL spectra of KCl recorded at
300 K (curve 1 in the inset of Fig. 1), mw-luminescence of
STE is absent, and only weak, non-elementary emissions
are observed in the 2.4—3.5 eV and 4.0—5.0 eV regions,
likely attributed to complex defects and/or trace impurity
centers. According to the literature [2,3,39—42], these
spectral regions in KCl host are associated with thermally
stable emissions of exciton-like formations localized near

single anion vacancies (o-luminescence with a maximum
at 2.65 eV) or divacancies (d-luminescence with a max-
imaat3.1eV, 3.4 eV, and 3.8 eV). Even in reference-grade
KClI crystals subjected to deep purification (see Materials
and Methods), traces of homologous impurity cations
remain, responsible for exciton-like luminescence in the
2.8 eV region. Thus, based on TSL and XRL data, it can be
inferred that in degraded KCl:Na crystal, sodium ions
become inactive such as luminescent centers due to their
displacement from central positions in the cationic lattice
sites [21,22].

Further experiments involving registration of high-
temperature TSL peaks and the TSL and XRL spectra
were conducted using annealed KCl:Na (1000 ppm)
crystal to ensure homogeneous sodium ion distribution
(details in Refs. [21,22]). The annealing procedure is
described in Materials and Methods, and subsequent
experiments were performed with annealed KCIl:Na
(1000 ppm) crystal. In contrast to unannealed sample
(Fig. 1, curve 2), annealed KCl:Na (1000 ppm) crystal
exhibit TSL peaks (Fig. 2) at 400 K (1), 430 K (2), 480 K
(3), 570 K (4), and 660 K (5). The TSL peaks are
numbered sequentially as they appear during heating
at a constant rate, from to three-halide (Type I) to
polyhalide (Type II) formations.

Table 1 presents the integral light sumsr (S) for TSL
of three crystals: S, for KCI (taken as a unit), S, for
degraded KCl:Na (1000 ppm), and S. for annealed

16
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Fig. 2. TSL and XRL spectra (inset) of annealed KCI:Na (1000 ppm) crystal after uniform (10 mGy) X-ray irradiation at RT.
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Table 1. Comparative analysis of integral light sums (S ) and activation energies (E,) of TSL peaks in KCl, KCI:Na (1000 ppm, degraded), and KCI:Na

(1000 ppm, annealed) crystals.

Crystals S arb. units % E,, eV Type I TSL E,, eV Type II TSL
Sa

KCl S, =21 1 0.71 1.6

KCl:Na(1000 ppm, degraded) Sp=6.5 3 0.8 1.72

KCl:Na (1000 ppm, annealed) .= 720 343 1.3; 1.35; 1.5 2.2; 2.4

KCl:Na (1000 ppm), along with the activation energies
(E,) of the TSL peaks. According to Table 1, annealed
KCl:Na (1000 ppm) crystals exhibit the highest S value,
with a ratio of S./S, = 343.

From Table 1, it can be observed that E, for Type I
TSL peaks, calculated using the Lushchik formula
[33,38], range from 0.71 to 1.5 eV, while those for Type
II TSL peaks are higher, from 1.6 to 2.4 eV.

On that account, the presence of sodium ions in the
cationic lattice sites, restored through high-temperature
annealing of KCl:Na (1000 ppm) crystals, remarkably
enhances (S./S; = 343) the high-temperature TSL
peaks (Type II) with maxima at 575 K, making them
suitable for using as dosimetric indicators in detectors.

The intense XRL spectrum with maxima at 3.1 eV and
2.8 eV, shown in the inset of Fig. 2, also confirms the
central position of sodium ions in the cationic lattice
sites after annealing of the KCl:Na (1000 ppm) crystal.

A comparative analysis of the TSL and XRL spectra of
unannealed KCl:Na (1000 ppm) and the same crystal
post-annealing (Fig. 2, curves 1 and 2, respectively)
demonstrates that thermal treatment reinstates sodium
ions back into the lattice. This restoration results in an
increased concentration of electronic excitations under
X-ray irradiation.

This conclusion is supported by the simultaneous
enhancement of XRL and TSL intensities (Fig. 2) under
uniform X-ray exposure of the annealed KCl:Na
(1000 ppm) crystal. According to the fundamental prin-
ciples of electronic excitation decay, in AHCs, an increase
in luminescence yield (in this case, XRL) corresponds to a
reduction in the efficiency of radiation defect formation
(in this case, TSL), or vice versa, as both of these pro-
cesses are governed by STEs decay [2,33].

3.2. Spectra of high-temperature TSL of annealed
KCI:Na crystals

In order to study the products of the thermal disso-
ciation of halide formations that manifest as recombi-
nation luminescence in greater detail, we recorded
spectra at the high-temperature TSL peaks (Fig. 2).

Scanning the TSL spectra in the range from 2.0 eV to
4.0 eV was performed over 6 seconds at 50 nm/s while
heating the crystal at a constant rate of 8 = 1.5 K/s,
corresponding to the sample temperature change of

approximately 10 K. Considering that the half-widths of
high-temperature TSL peaks are approximately 20 K
(Type I) and 50 K (Type II), it was feasible to perform
multiple scans of the TSL spectra during the crystal's
luminescence decay. To minimize time loss, the process
was initiated before the TSL peak maximum was
reached, ensuring that scanning was carried out at the
peak maximum.

Fig. 3 shows the normalized TSL spectra of the
annealed KCl:Na (1000 ppm) crystal, recorded at the
peaks identified in Fig. 2: a — at 400 K (1), 430 K (2),
and 490 K (3); b — at 575 K (4); ¢ — at 660 K (5). The
TSL peaks at 400 K (1), 430 K (2), and 490 K (3) in the
KCl:Na (1000 ppm) crystal exhibit relatively weak
intensities (peaks 1, 2, and 3 in Fig. 2). Their spectra
are correspondingly weak and repetitive, so they can
be represented by a single characteristic spectrum
consisting of two luminescence bands, as shown in
Fig. 3a.

In the temperature range of the dominant TSL peak
at 575 K (peak 4 in Fig. 2), the TSL spectra reveal
intense bands (Fig. 3b) with maxima at 3.1 eV and 2.8
eV (FWHM A equal to 0.38 eV and 0.36 eV,
respectively).

The spectrum of the highest-temperature TSL peak
(660 K) consists of two emission bands with maxima at
3.1 eV and 2.8 eV.

It is important to note that the low intensity of the
TSL peaks at 400 K (1), 430 K (2), 490 K (3), and 660 K
(5) resulted in less precise spectral measurements.
Nevertheless, overall shapes of the emission bands in
these peaks remain unchanged.

Analysis of the TSL spectra of KCl:Na (1000 ppm)
crystals reveals intensity ratios of 0.1:1.0:0.05 (Fig. 3),
which are consistent with the integral TSL intensities
(Fig. 2).

The entire integral light sum of TSL in the KCl:Na
crystals can be attributed to two luminescence bands at
3.1 eV and 2.8 eV, whose origin is also associated with
sodium impurities [21].

To determine the nature of luminescence based on
TSL spectra, it is essential to understand the dissocia-
tion products of halide formations. Electrons released
from F-centers during recombination with dissociation
products near sodium ions generate high-temperature
exciton-like luminescence.
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Fig. 3. TSL spectra of the annealed KCI:Na (1000 ppm) crystal recorded
at the peaks identified in Fig. 2: a — at 400 K (1), 430 K (2), and 490 K
(3); b — at 575 K (4); ¢ — at 660 K (5). The TSL and TSL spectra were
simultaneously recorded through two luminescence detection channels
described in Materials and Methods.

It is known that in KCI crystals [21,22,33,36,43—46],
the thermal dissociation of elementary three-halide V-
centers occurs in the temperature range of 380—400 K,
with the dissociation products being mobile holes (e™)
and interstitial halogen atoms (i, H-centers):

V4T, K = (Vo) — et ..i0 - et (1)

c a

According to reaction (1), thermal dissociation of V-
centers in KCI produces a flux of mobile holes with a
mean free path of up to 1000a (where a is the lattice
constant) [34,47]. These holes may interact with F-
centers or localise around sodium impurity ions:
et — el(Na}). Consequently, during thermal dissoci-
ation of (CI) polyhalide quasi-molecules, a flux of
mobile holes is reasonable to expect, with larger for-
mations leading to higher concentrations of non-relaxed
holes. In other words, during this process, polyhalide
quasimolecules become a source of non-relaxed holes.

In KCl crystals, thermal dissociation (ionisation) of F-
centers occurs at the same time with thermal dissoci-
ation of V,-centers within the same temperature range
of 380—400 K, following the scheme:

F+T,K — (vie) = vf..e  —e. (2)

According to (2), thermal ionisation of F-centers re-
leases free electrons, which are likely to interact (due
to their charges) with self-trapped holes in the sodium
field. As a result, an exciton-like state of electronic
excitation forms in KCl:Na crystals [21—23], radiatively
relaxing in the sodium field, with maxima at 3.1 eV and
2.8 eV:

e +ef(Nay) — e (Nal) — hv (2.8eV); (3)
e +ef(Naf,Na) — el (Naf,Na/) - hw(3.1eV). (4)

Here, €2, (Nal) and €2, (Nal,Nal) denote exciton-like
formations localised near single and paired sodium
ions, respectively, with the subscript “c” indicating the
cationic lattice site occupied by sodium, and the su-
perscript “+” indicating charge relative to the lattice.

X-ray irradiation facilitates the predominant forma-
tion of electron-hole pairs in the crystal, which
recombine in regions of localized lattice deformation
induced by light impurity cations (e.g, Na in KCI),
producing exciton-like formations near impurity ions
[21—23]. In this regard, comprehensive comparison of
the TSL, XRL and TL spectra of KCl:Na crystals
(1000 ppm) was carried out and presented in Figs. 3
and 4.

A comparative analysis of TSL spectra at the 575 K
peak (Fig. 3a), XRL spectra (Fig. 4a), and TL spectra
(Fig. 4c) of KCI:Na (1000 ppm) crystals reveals several
patterns. Firstly, all emission bands share identical
maxima at 3.1 eV and 2.8 eV, corresponding to the
radiative relaxation of exciton-like formations in the
field of sodium ions [21—23,34]. Secondly, the spectra
differ in emission band widths: the TSL spectrum at
the 575 K peak (Type II) has broader half-widths
Ay = 0.38 eV (3.1 eV) and A, = 0.36 eV (2.8 eV)
compared to the narrower XRL and TL spectra
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Intensity, arb. units

Photon energy, eV

Fig. 4. TSL spectra at the 575 K peak (a), XRL spectra (b), and TL
spectra (c) of KCl:Na (1000 ppm) crystals. XRL and TL spectra were
measured at 300 K. Thin solid lines represent the decomposition into
elementary Gaussians.

(A =0.32eV (3.1 eV)u A, = 0.34 eV (2.8 eV)). This
narrowing of XRL and TL luminescence bands relative
to the TSL spectrum at 575 K is quite consistent with
electron-phonon interaction, as XRL spectra were
recorded at 300 K, while TSL spectra were obtained in
the 565—585 K temperature range, much higher than
300 K.

Thus, in KCl:Na crystals, the spectral similarity be-
tween TSL, XRL, and TL in the 400—660 K temperature
range demonstrates that they share the same lumi-

Extensive experimental data (concentration, tem-
perature, deformation  dependencies)  confirm
[21—23,34] that the luminescence spectrum with
maxima at 3.1 eV and 2.8 eV arises from the radiative
relaxation of exciton-like formations near sodium ions
(r(K")/r(Na™) = 1.35) that form through the recom-
bination of electron-hole pairs created by X-ray irra-
diation. The creation of exciton-like formations in
KCl:Na crystals during TSL spectra registration is
facilitated by the flux of mobile holes released during
the thermal dissociation of polyhalide defects and their
recombination with electrons near sodium impurity
ions, according to reactions (3) and (4).

3.3. Temperature dependence of vacancy frequency
jumps in KCI and KCI:Na crystals

When analysing the nature of high-temperature TSL
peaks, in addition to direct recombination of comple-
mentary radiation defects, one must consider the
migration of anion and cation vacancies, which facili-
tates the breakdown of complex polyhalide formations
in KCI single crystals [2,21—23,48—50]. In this context,
we calculated the temperature dependence of the jump
frequencies for cation » (v_) and anion v (v}) vacancies
in the KCl crystalline lattice using the formula from
Ref. [49]:

v (v;) =woexp < %) exp (—E;CS)I{)); (5)

v(vi) =voexp ( S(l:,f)> exp <—Eak$:]‘%)) . (6)

a

S (v.), S (v)) are the respective entropies of cation
and anion vacancies' migration. E, (v.), E, (v}) are the
respective migration activation energies, vy is Debye
frequency, kg is Boltzmann's constant.

The thermal activation parameters required for cal-
culations, determined for KCl crystals in Ref. [49], are
summarized in Table 2.

Fig. 5 shows the calculated temperature dependences
of vacancies’ jump frequencies in KCl and KCl:Na
crystals. The onset of mobility is defined as the tem-
perature at which a vacancy performs one jump per
second, » = 1 s~ L, Negative values on the ordinate axis
represent the temperature range where vacancies

nescence origin with maxima at 3.1 eV and 2.8 eV. remain immobile (localized). The mobility onset
Table 2. Thermal activation characteristics of KCI crystals [49].
Crystall vo, st Cation vacancy, v, Anion vacancy, v}
Tforv (v;)=1K E(v;), eV S (vy) T for »(v;) =1, K E()), eV S ()
kg kg
KCl 4.25 x 10" 270 0.73 2.4 307 0.85 3.2
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Fig. 5. Temperature dependence of cation and anion vacancies' jump frequencies in KCl and KCI:Na crystals. Highlighted in yellow are temperature
ranges corresponding to Type I (360—425 K) and Type 1l (495—620 K) TSL peaks. By the red horizontal line the threshold jump frequency (lgv = 0)
is marked. Numbers on the graph indicate specific temperature points associated with vacancy mobility in the studied crystals: 0—222 K; 1, 1', 1" —

270K; 2, 2,2"- 307 K; 3, 3,3"— 400 K n 4, 4, 4" — 555 K.

temperatures (v = 1) for v and v} in KCl are 270 K
and 307 K, respectively (points 1 and 2' in Fig. 5). As
shown in Table 4, at the onset of anion vacancy diffu-
sion (v(v/) = 1), cation vacancies in KCl are already
highly mobile: v(v,) = 46 s~ 1. According to Fig. 5, at
270 K and 307 K (points 1— 2) only cation vacancies
are mobile (Igv(v.) > 0) in KCL

The results of thorough comparison of jump fre-
quencies for cation and anion vacancies in KCl and
KCl:Na crystals across different temperature ranges
(derived from Fig. 5) are summarized in Table 3. The
data highlight temperature ranges corresponding to
Type 1 and Type II TSL peaks (highlighted areas

marked by points 3 and 4 in Fig. 5). Upon surpassing
the critical value (Igv = 0), which indicate the onset of
anion vacancy mobility in KCl, there is a substantial
decline in the frequency difference between v, and v;.
In the Type I TSL region (see data in Table 4 for the
centre of the range at 400 K), the ratio v(v_.)/v(v])
equals 15. In the Type II TSL region (555 K is chosen),
this ratio decreases to 6.

For this reason, in the formation of Type I TSL peaks,
much higher agility of v_ in this region can act as a
cornerstone contrary to the processes leading to the
emergence of TSL peaks of Type II, the involvement of
both v_ and v appears equally feasible.

Table 3. Temperature-dependent comparison of cation and anion vacancies’ jump frequencies in KCl and KCI:Na crystals (as per Fig. 5).

Crystals 270 K—-307 K Type I TSL Type II TSL
400 K 555 K
v(vp), st w(ul), sTh w(vD)  p(vD), (x 109 s w(uh), (x 10M s7h w(u)  w(vD), (x 10%) st w(uh), (x 109 sTE w(])
v(vi) v(v)) v(vf)
KCl 46 1 46 2.9 0.19 15 11.5 2 6
KCl:Na 2135 1 2135 1247 0.19 656 162.6 2 81
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In KCl:Na crystals doped with impurity ions of
smaller ionic radii (r(K")/r(Na®™) = 1.35), the activa-
tion energy for cation vacancy migration within the
lattice decreases to 0.6 eV [33,48—50]. It should be
recalled that the activation energies of vacancies,
depending on the ionic radius of anions (Cl7) and
cations (K", Na™), have decreasing values — 0.85 eV,
0.73 eV and 0.6 eV, which is reflected in their mobility
along the KCl:Na crystal lattice [33,49].

Accordingly, the temperature dependence, as also
shown in Fig. 5, differs profoundly. As indicated in Table
4, in the KCl:Na crystal, cation vacancies become mobile
at 222 K with a frequency of 1 s~ (point 0 in Fig. 5). At
270 K, the vacancy jump frequency reaches 2.8 x 10%s™*
(point 1"); at 307 K—6.3 x 10° s~! (point 2"); at 400
K—124.7 x 10* s~ (point 3"); and at 555 K—162.6 x 10°
s~ ! (point 4"). Clearly, these frequencies are substan-
tially higher than those for pure KCl crystals.

Thus, v, in sodium-doped crystals (KCl:Na) gain
mobility even at lower temperatures compared to the
pure matrix. In the regions corresponding to TSL peaks
of Type I and Type I, the evaluated »(v;) values exceed
those »(v)) by nearly an order of magnitude. This
highlights the role of v in generation of TSL peaks,
particularly in the process of polyhalide formations (for
example, trihalide quasi-molecules (Cl;),.,) and com-
plementary electronic F-centers decomposition. It is
noteworthy that the high-temperature decomposition
of polyhalide molecules generates mobile holes, and
recombination with electrons in the vicinity of impurity
cations can keep on through exciton-like states (bound
excitons), with characteristic emissions observed in the
high-temperature TSL spectra.

4., Conclusions

The study of high-temperature TSL peaks in KCl:Na
crystals has revealed that the presence of light sodium
impurity cations significantly enhances the intensity of
integral recombination luminescence of radiation-
induced defects at 575 K. This effect was achieved
following the regeneration of KCl:Na crystals through
high-temperature quenching, ensuring the central
positioning of sodium in the cationic lattice sites.

The spectra of high-temperature TSL at 300—800 K
have been recorded for the first time for KCl:Na crys-
tals that were X-ray treated at room temperature. An
analysis of experimental results demonstrated that, in
quenched KCl:Na(1000 ppm) crystals, the high-tem-
perature TSL peaks spectra (with a dominant peak at
575 K) are identical to those of XRL and TL and consist
of two luminescence bands with maxima at 2.8 eV
(A; = 0.36 eV) and 3.1 eV (A, = 0.38 eV).

It is proposed that the observed TSL luminescence
bands (2.8 eV and 3.1 eV) result from the radiative

decay of exciton-like formations localized around light
sodium ions in KCl:Na(1000 ppm) crystals. The for-
mation of such exciton-like states is supported by a
stream of non-relaxed holes emitted as thermal disso-
ciation of polyhalide defects takes place (Reaction 1), as
well as their recombination with electrons formed via
thermal ionisation of F-centers (Reaction 2) near so-
dium ions, as described in Reactions (3) and (4).
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