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ORIGINAL STUDY

Activation of Luminescent-dosimetric Properties of a
Single-crystal Lithium-doped Potassium
Chloride Matrix

Shynar Sagimbayeva, Adelya Kenzhebayeva ©, Assel Istlyaup, Kuanyshbek Shunkeyev

K. Zhubanov Aktobe Regional University, Aktobe 030000, Kazakhstan

Abstract

An intense high-temperature thermally stimulated luminescence (TSL) dosimetric peak at 505 K was discovered in
KCI:Li crystals. At a lithium concentration of 400 ppm, its integral light yield (ngc;..;) associated with the TSLso5k peak
exceeds the integral light yield (nk() of the TSL4oox peak, characteristic of pure KCl crystals, by more than two orders
of magnitude. Furthermore, it significantly surpasses the corresponding light yield of the conventional dosimetric
crystal LiF:Mg,Ti (9.ir:mg1i)- The integral light yield (n), defined as the area under the TSL curve, was determined by
integrating the intensity signals over the temperature range of 300—650 K.

Long-term storage of KCl:Li crystals leads to a decrease in the integral light yield of the TSL peaks at 400 K and
505 K, which is attributed to the reduction of lithium ions from regular cationic lattice sites (Li;@). Regeneration of the
sample by annealing at 650 °C restores the maximum TSL light yield.

Estimates of the tetrahedral void radius (r), the radius of the “window” (ry) into the tetrahedral void, and the
lithium ion radius (ry;+) indicate that the lithium ion can easily move through interstitial sites in the KCl matrix after
leaving the regular lattice site (LiI}), since r+ < Iy < I

The observed effect of enhancement in the integral TSL light yield at 505 K in KCI:Li crystals is promising for the
development of new dosimetric detectors based on alkali halide crystals (AHCs) doped with light homologous cations
(Li*), which are capable of localizing mobile electronic excitations and radiation defects.

Keywords: Alkali halide crystal (AHC), Integral thermally stimulated luminescence (TSL), High-temperature TSL peak, Radi-
ation defect formation, Recombination luminescence

1. Introduction materials for advanced imaging systems, such as
computerized and positron emission tomography with
high spatial resolution.

Parallel to these developments, there is a significant
focus on the search for a wide range of dosimetric

investigate two competing processes that influence  paterjals for ionizing radiation dose monitoring. A
the luminescence yield: the radiative channel,  ,rominent example is thermoluminescent dosimeters
responsible for light emission, and the non-radiative (TLDs) based on LiF single crystals. Owing to their
channel, associated with radiation-induced defect for- tissue-equivalent properties, LiF-based TLDs have
mation. Both processes originate from the decay of  fy,nd widespread application in radiobiology and ra-
self-trapped excitons (STEs) [1,2]. diation therapy [13—15], as well as biological shielding

This underpins ongoing efforts to develop next-  f.om neutron radiation in nuclear reactors [16—20].
generation scintillators [3—6] and to improve the LiF crystals doped with cationic impurities, such as
fundamental understanding of conventional scintilla- LiF:MgTi and LiF:Mg,Cu,P, are used as dosimetric de-

tors [7—12], with the goal of identifying promising  tectors (TLD-100 and TLD-700H, respectively) for

n alkali halide crystals (AHCs), it is possible to
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measuring ionizing radiation doses up to 10 Gy. In
these detectors, the primary dosimetric signals are
high-temperature thermally stimulated luminescence
(HTSL) peaks with maxima at 473 K (TLD-100) and
490 K (TLD-700H) [16—27].

The established fundamental relaxation channels of
electronic excitations in AHCs provide a reliable
framework for further exploration of the physical
principles governing modern thermoluminescent
dosimetric detectors. In this context, investigation of
the mechanisms of HTSL in the well-characterized KCl
single-crystal matrix doped with lithium ions (KCl:Li)
is appropriate and parallels the use of LiF:Mg,Ti crys-
tals in commercial TLD applications. In the single-
crystal KCL:Li matrix, lithium ions occupy regular
cationic lattice sites (Li;), maintaining charge
neutrality with respect to the host lattice. At the same
time, due to the substantial (nearly twofold) difference
in ionic radii between K™ and Li™, a potential field is
introduced, and it effectively traps low-energy elec-
tronic excitations (excitons, electrons, holes, and mo-
bile radiation-induced defects) [20,28—36].

In the present study, a novel HTSL peak with a
maximum at 505 K (TSLsosk) has been identified in
KCI:Li crystals. We present comprehensive experi-
mental data demonstrating the influence of key factors
on the TSLsgsk peak: (i) the lithium ion concentration
(up to 400 ppm), (ii) the relaxation time, which leads
to instability in the displaced KCl:Li system, and (iii)
thermal quenching (650 °C), which facilitates the
regeneration of the distorted crystal lattice. Further-
more, we provide stoichiometric justification for the
decomposition, recovery, and enhancement of radia-
tion defect formation, as evidenced by the TSLsgsk
peak intensity.

2. Material and methods

Single crystals of KCI and KCIL:Li were grown at the
Institute of Physics, University of Tartu, Estonia, using
the Stockbarger method in evacuated quartz ampoules
following a specialized purification procedure [36,37],
which consists of the following sequential stages:

(i) The powdered KCl raw material was vacuum-
dried at 80—90 °C for 24—48 h to remove oxy-
gen-containing impurities (hydroxyl groups).
Effective purification required keeping the raw
material temperature below 100 °C to avoid
oxide formation, which would complicate
decontamination from oxygen-based species.
According to absorption spectroscopy data, the
residual OH content after drying was below
0.1 ppm—three orders of magnitude lower than
in the initial material.

(ii) The KCI melt was treated with gaseous chlorine
to remove homologous anions, primarily bro-
mide. Chlorine ions replaced bromide ions in the
melt, enabling their removal in gaseous form.
Spectroscopic analysis confirmed that the con-
tent of residual anionic and cationic homologues
was reduced to ~1.5 ppm—two orders of
magnitude lower than in the initial material.

(iii) Multiple recrystallization, i.e. “zone melting” of
the raw KCl based on differences in the incor-
poration coefficients (k) of impurities during
crystallization. This method is particularly
effective for impurities with k <« 1.

As a result of this multi-step purification process,
highly pure KCI crystals with impurity ion concentra-
tions in the range of 0.1—1.5 ppm were obtained.

KCL:Li crystals were grown using purified KCI
(devoid of OH and Br), with the addition of vacuum-
dried LiCl powder. Because of the high hygroscopicity
of LiCl, weighing and mixing of the KCIL:LiCl powder
mixture were carried out in a glove box under an inert
gas atmosphere. The added amount of LiCl to the
growth charge (inside the quartz ampoule) was within
the limits of 10* ppm. Taking into account the lithium
incorporation coefficient (k = 0.03) into the KCl lattice,
the estimated maximum lithium ion concentration
(Li;) in KCLLi was approximately 400 ppm. This
estimation aligns with data obtained from flame
photometric analysis. The notation Li;g indicates that

a lithium ion occupies a regular cationic site in place of
a potassium ion in the KCL:Li crystal lattice.

Prior to experimental use, the crystals were annealed
in an inert gas atmosphere using a Programix TX 25
electric muffle furnace (Ugin-Dentaire). The pro-
grammed annealing cycle included heating at a rate of
15 °C/min to a target temperature of 650 °C, holding at
this temperature for 15 min, followed by rapid cooling
to room temperature on a quartz substrate [36,37].

The irradiation dose calibration of the TLD-100
dosimeter (LiF:Mg,Ti was carried out at the National
Center of Expertise and Certification of the Republic of
Kazakhstan. An X-ray irradiation dose of 1.0 Gy
(0.1 Gy) was selected as optimal for all crystals in
terms of sensitivity to TSL peak detection. All samples,
identical in size (3.0 x 3.0 x 1.0 mm?®), were irradiated
at room temperature (295 K) using the same experi-
mental geometry for exposure to ionizing radiation
and featuring a standardized heating area of the Har-
shaw Model 3500 reader.

The linear heating rate was strictly maintained at
5 K/s for all samples in compliance with the above-
mentioned important experimental parameters over
the wide temperature range of 300—850 K using a
Harshaw 3500 TSL dosimetry system [37]. The
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experiment was controlled via a computer connected
to the Harshaw 3500 unit through an RS-232 port,
using the WinREMS (Windows Radiation Evaluation
and Management System) software. The integral light
yield (7n), characterized by the area under the TSL
curve, was calculated by integrating the luminescence
intensity signals over the 300—800 K temperature
range. The integration was performed in MathCad after
exporting the experimental TSL data of the crystals.

3. Results and discussion

3.1. High-temperature TSL of KCl and KCI:Li crystals

The physical mechanism underlying TSL is based on
recombination luminescence that arises from in-
teractions between the products of thermal dissociation
of halogen-related radiation defects generated under
ionising radiation exposure [28,34,37—39]. The light
yield of TSL is directly dependent on the concentration
of such defects, underscoring the importance of inves-
tigating mechanisms that promote the efficient forma-
tion of high-temperature radiation defects.

It is now established that in AHCs, the mobility of
self-trapped holes (VK-centers) becomes significant
within a certain temperature range, above which the
probability of recombination luminescence increases
due to the interaction of non-relaxed holes with
immobile radiation defects [28,29,39].

Analysis of the thermal stability of self-trapped holes
[28,29] shows that for halide anions with the same
ionic radii (e.g. 7; (Cl;7) = 1.81 A), the decreasing radii
of cations in the AHC lattice, following the trend
ri(Lif) <rf(Nal) </ (K}) < S (Rb)), determine the
decrease in the self-trapping temperature of VK-cen-
ters. For example, in LiCl, the thermal destruction of
VK-centers (and hence the TSL peak) occurs at 120 K
[30]; in NaCl, at 168 K [28,29,38]; in KCl, at 208 K
[28,38,40]; and in RbC], at 240 K [31].

Thus, low-temperature integral TSL (85 K — 300 K)
typically originates from the recombination of delo-
calised hole-type radiation defects—of the Vi-family
(Ve Vi, Vka Vkaa)—with electronic F-centers that
consist of an electron localised at an anion vacancy,
(vie’) [2,32,36—38].

Above room temperature, stable radiation defects in
AHCs are complementary pairs V, = (X5 ),,-and F =
(vie™)-centers, whose maximal thermal annealing is
accompanied by luminescence in the range of
370—420 K [2,32,36—40].

Experimental data analysis reveals that for cations
with identical classical ionic radii (e.g. r/(K') =
1.33 A), the increase in the destruction temperature of

Vo = (X57),.-centers is governed by decreasing ionic
radii of AHC matrix anions across the series:
r, (I,) <r, (Br,) <r, (CL ). Accordingly, the maximum
TSL peaks associated with V;-center destruction are
observed at Refs. [2,32,36,39,40]: 370 K in KI, 380 K in
KBr, 400 K in KCl, 420 K in NaCl. Minor peak shifts
(5—7 K) may occur due to variables such as irradiation
temperature, dose, heating rate, and crystal size (opti-
mally 2 x 2 x 0.7 mm®).

The thermal dissociation of V,-centers in AHCs re-
sults in the formation of mobile and positively charged
Vk- Ve-and H-centers [37,40], which are highly likely
to recombine with F-centres and generate TSL peaks at
370—420 K.

Fig. 1 presents results of registration of high-tem-
perature peaks of TSL for pure KCI (curve 1) and KCI:Li
crystals (curves 2—5 with increasing lithium concen-
trations), all irradiated with X-rays at room tempera-
ture under identical conditions.

In pure KCl (curve 1, highlighted in blue), a well-
defined TSL peak at 400 K corresponds to the V5-
centre, typically described as a (Cl;),, molecule
occupying two anionic (a) and one cationic (c) sites in
the lattice [2,28,34—36]. Additionally, weak unre-
solved high-temperature peaks were observed, pre-
sumably due to uncontrolled impurities or aggregated
halogen-related defects.

In KCLLi crystals with low lithium content
(100 ppm), the activation of V, = (Cly),.,-centers is
enhanced compared to undoped KCl, and a new TSL
peak emerges at 505 K (curve 2, Fig. 1). With
increasing lithium concentration (100 — 400 ppm), a
linear growth in the intensity of the 505 K TSL peak is
observed (curves 2—5 and inset a of Fig. 1), indicating
its potential as a dosimetric signal for ionising radia-
tion detection. Notably, the peak maximum remains
consistently at 505 K, an essential criterion for the
selection of robust luminescent dosimeters. Tempera-
ture determination of TSL peaks was achieved with an
accuracy of +2 K, based on multiple experimental data
sets using optimally sized crystals (2 x 2 x 0.7 mm?®).

In KCL:Li crystals, within the temperature range of
350—460 K, several unresolved TSL bands were
observed at 400 K, 422 K, 434 K, and 452 K. The in-
tensities of these peaks are an order of magnitude
greater than those in undoped KCl (compare curves 1
and 5). These peaks are attributed to halogen-related
centers similar to well-known V, = (Cl;),,.,, with more
advanced aggregation. Fig. 1 clearly demonstrates that
the incorporation of lithium ions into the KCI lattice
promotes the efficient formation of both intrinsic
halogen radiation defects (350—460 K) and lithium-
sensitive defects (505 K).
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Fig. 1. Integral thermally stimulated luminescence of KCI (curve 1, undoped) and KCI:Li crystals with increasing lithium concentrations: 100 ppm
(curve 2), 200 ppm (curve 3), 300 ppm (curve 4), and 400 ppm (curve 5); measured at room temperature following X-ray irradiation using RUP-
120 (with W-anticathode), operating at 3 mA and 100 kV with a dose exposure of 1.0 Gy (+0.1). The arrow indicates the enhancement of the
TSLsgsk peak. The error in TSL registration depends on the intensity of the emitted signal and is estimated as follows: at 10°—9.2 %; at 10*—2.1 %;

at 10°~1.3 %; and in the range 10’—10° — less than 1.0 %.

Insets: (a) Dependence of the TSLsysk peak intensity on lithium ion concentration in KCI:Li crystals, R? = 0.94; (b) TSL of a LiF:Mg, Ti crystal (TLD-

100).

The overall light yield (7) of the dosimetric TSL peak
at 505 K, as a function of lithium ion concentration,
was quantified using two approaches: by evaluating
the peak intensity (I,.x) and by calculating the area
under the TSL curve (S). Both methods confirmed a
linear dependence with high accuracy (see Table 1).

For relative intensity-based estimation, the peak
intensity of the TSLgsosk peak in undoped KCl was
taken as a reference value (I;), while the peak

intensities for KCl:Li crystals with 100 ppm, 200 ppm,
300 ppm, and 400 ppm of lithium were denoted as I,
I, I; and I, respectively, where n = b, ¢, d, e (see inset
a of Fig. 1 and Table 1).

For area-based estimation, the area under the
TSLsosk peak in undoped KCI was used as the refer-
ence value (S,), and the areas for the KCL:Li crystals
with 100 ppm, 200 ppm, 300 ppm, and 400 ppm were
designated as S, S, Sy u Sy, respectively.

Table 1. Integrated light yield of the TSL peak at 505 K in KCI and KCI:Li crystals with increasing lithium ion concentrations (100 — 400 ppm),
estimated by both the maximum intensity (m ~ f{Inax)) and the area under the TSL curve (n ~ f(S)).

Crystals N~ f{lmax) 0~ fllu/1a) n~S= [FIT)dT Sn
8 Ty n~f <—

(x10%) (x 109 Sa

1 2 3 4 5

KCl I, = 0.03 1 Sa = 0.07 1

KCIL:Li (100 ppm) I, =03 10 S, = 0.7 10

KCL:Li (200 ppm) I.=15 50 S. =34 485

KCL:Li (300 ppm) Ig =27 90 Sg=71 101.4

KCL:Li (400 ppm) I, =65 217 S, =177 252.8

The error in determining the integrated area under the TSL curve is expressed as Szs; = (Srs, = A) x 10°, where S denotes the mean value, and

A varies within (0.1 + 0.5), depending on lithium concentration.
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As shown in Table 1, the increase of 7, both in terms
of peak intensity (column 3) and area under the curve
(column 5), exhibits a clear linear trend with
increasing lithium ion concentration in KCIL:Li crystals.
The discrete step-wise growth coefficients repeat with
high consistency, demonstrating 10-, 50-, 90-, and 217-
fold increases relative to the undoped KCI crystal.

The activation energy (E,) of the TSLsosx peak for
the KCL:Li(400 ppm) crystal, calculated from experi-
mental data using the Lushchik formula [31, 37 and
references therein], was found to be in the range of
1.1—1.3 eV, which is characteristic of the migration of
both anionic and cationic vacancies during the high-
temperature destruction of halogen aggregates.

These results experimentally confirm that the
observed increase in intensity of the high-temperature
TSLsgsk peak is directly attributed to the presence of
lithium ions that act as a stimulator for the efficient
formation of halogen-related radiation defects.

The key finding for the KCl:Li crystal system is the
experimentally established linear dependence of the
TSL peak intensity at 505 K on lithium ion concen-
tration (illustrated in the inset a of Fig. 1). This
promising trend supports the rationale for systematic
investigations aimed at identifying novel dosimetric

TSL peaks.
Further analysis of the TSL peak intensities reveals
that the dosimetric TSLsgsk peak in KCL:Li

(Imax = 6.5-10%) has integral light yield more than 2
orders of magnitude higher compared to the TSL4oox
peak in undoped KCl (Imax = 3+10°), as shown in
column 2 of Table 1. A similar result is observed when
evaluating the integrated light yield by the area under
the TSL curve (3 ~ S = [;*I(T)dT)), with KCLLi
(17.7-10°) significantly surpassing undoped KCl
(7+107), as shown in columns 4 and 5 of Table 1.

Analysis of the integral light yield of the dosimetric
TSL peaks of KCLLi crystals (TSLsosk peak,
Lnax = 6.5°108 § = 17.7-10°, see Table 1 and inset a
Fig. 1) and LiF:Mg, Ti (TSL49sk peak, Imax = 3.8-10°,
S = 1.0-10% inset b in Fig. 1) demonstrates that, at a
lithium concentration of 400 ppm in KCIL:Li, the dosi-
metric light sum significantly exceeds that of LiF:Mg,Ti.

In comparative analysis of TSL light yield, the pri-
mary parameter considered is the area under the TSL
glow curve, as it provides a more accurate and stable
measure than peak intensity. For example, of the
TSLsosk peak in KCL:Li crystals or the TSL4gsk peak in
LiF:Mg,Ti crystals. It has been established that a shift
in the TSL peak position by up to +5 K has a negligible
effect on the integrated area under the glow curve (S).
This observation was taken into account in the anal-
ysis of the TSL light yield n ~ f(S).

This substantial enhancement in the integrated TSL
light yield at 505 K highlights the strong potential of
KCL:Li crystals as a foundation for developing next-
generation dosimetric detectors. Based on the study of
HTSL peaks in KCI:Li crystals, we propose a plausible
luminescence mechanism for radiation-induced defect
centers: a recombinative reassembly process in the
potential field of the impurity ion (Li*), involving non-
relaxed holes (h) and free electrons (e) released during
thermal dissociation of halogen aggregates [9,12,30,
33,36].

3.2. Studies of KCI:Li crystal relaxation by TSL method

In the crystalline lattice of KCI:Li, the lithium impu-
rity ion, bearing the same positive charge, substitutes
for the host potassium ion (K'), i.e. it occupies the
cationic lattice site of potassium (Li;). Owing to the

significant difference in classical ionic radii—0.68 A
for lithium versus 1.33 A for potassium—a potential
field arises within the KCl:Li matrix, capable of effi-
ciently trapping both radiation-induced defects
[29,29,31] and low-energy electronic excitations
[9,12,31,32].

According to Ref. [32], high-temperature (above
300 K) radiation-induced defects in the KCl matrix are
halogen-related formations. The most elementary
among these are V, = (Cly),,,-centers, which occupy
one cationic (c) and two anionic (a) sites in the crystal
lattice. They exhibit an absorption band with a
maximum at approximately 5.2 eV, which is annealed
at 400 K (see also Fig. 1 in the 400 K region).

In KCL:Li(400 ppm), the an intense emergence of
TSLsosk peak is accompanied by a slower increase in
the intensity of the TSLygok, attributed to the thermal
decay of V, = (Cl;),,-centers.

This observation suggests that the presence of
lithium in the KCI lattice enhances the formation of
radiation-induced defects. As reported in [32, see also
[295] there], this occurs due to the interaction of two
interstitial halogen atoms in the field of a lithium ion,
according to the following reaction:

Li; (L), +(Cl), = (Cls)
or (Cly) .- Li/ Cl; .

Lo Lifcl
(1)

In KCl crystals, lithium-associated formations are
denoted analogously to V, = (Cl),,-centers as Voo =
(Cl3 ) 4o Li; Cl; -centers, which exhibit absorption max-
ima at 4.9 eV [32]. Based on the reaction above, halogen
complexes may form either in close proximity to
lithium ions ((Cly),,Li; Cl;") or at a distance of several
lattice constants ((Cl3) LifCl;). Depending on

aca *cccct
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the degree of correlation between lithium and halogen
species, TSLygox (V2) and TSL sgs5k (Va2a)- peaks may
arise. At high temperatures, it is also plausible that
larger aggregates (n) of halogen and lithium formations
could be formed, i.e. (Cly) Li, .

Relaxation processes in KCl:Li(400 ppm), which tend
to destabilize the lattice, are accompanied by a marked
decline in the efficiency of halogen-related radiation
defect formation. This concerns both own
(Cl3),.-centers (TSLygox peak) and lithium-related
(Cly ) 4ea Lif Cl; -centers (TSLsosk peak), as illustrated in
logarithmic coordinates in Fig. 2.

According to Fig. 2, from the freshly quenched state
(curve 1) to full relaxation (curves 2 and 3), the in-
tensities of the TSL peaks at 400 K and 505 K diminish
by more than three orders of magnitude.

First of all, in zone-refined KCI crystals (curve 4), the
V,-center is predominantly observed (TSL4oox peak).
Notably, no trace of lithium ions is detected, as no TSL
signal is observed at 505 K, the region corresponding
to the thermal annealing of V,4-centers (curve 4 in
Fig. 2).

Numerous experiments have shown that, following
annealing, the KCl:Li crystals exhibit nearly complete

108

10’

10°

Intensity, arb. units
LR

S
™)
Ty

600

Temperature, K

Fig. 2. TSL curves of KCI:Li(400 ppm) crystals in logarithmic co-
ordinates: curve 1 — freshly quenched crystal; curve 2 — same crystal
after one month of relaxation; curve 3 — after more than three months
of relaxation; curve 4 — zone-refined KCI crystal, curve 5 — the pre-
viously disintegrated KCI:Li crystal after quenching. X-ray irradiation
was conducted at room temperature using RUP-120 (W-anticathode),
operating at 3 mA and 100 kV, with a dose exposure of 0.5 + 1.0 Gy.

recovery of TSL intensity (curve 5, Fig. 2). Therefore,
prior to any measurements, each sample was manda-
torily annealed according to the procedure described
in Section 2. This thermal treatment not only elimi-
nates residual absorbed dose (non-annealed radiation
defects), but more importantly, based on experimental
evidence, it restores the crystalline lattice of KCI:Li.
The result of annealing is the reintegration of lithium
ions into regular cationic sites and the re-establish-
ment of a homogeneous distribution of lithium
throughout the KCl matrix.

It is well known that the efficiency of radiation
defect formation in KCI crystals at temperatures where
H-centers (interstitial chlorine atoms) become mobile
(T > 55 K) is determined by their stabilization effi-
ciency. The primary complementary to F-centers de-
fects stabilizing H-centers are Cl; -centers, which form
via mutual interaction of two H-centers according to
the reaction:

(Cly), +(Clz), = (Cls ), K €l @)

According to Reaction (2), a linear trihalide radi-
ation-induced defect is formed occupying one cationic
(c) and two anionic (a) lattice sites [30,31]. In KCl:Li
crystals, this reaction is expected to occur with greater
efficiency if the H-centres associate in the vicinity of
lithium ions. Due to the significantly smaller radius of
the lithium ion compared to the potassium ion, local
lattice rearrangement can facilitate the formation of
(Cly),cq-Centers.

Reference [30] provides detailed data on the influ-
ence of lithium impurities on the radiation-induced
formation of Cl; -centers in KCI and KBr crystals within
the 80—300 K range. It was shown that increasing the
lithium concentration and irradiation temperature up
to 300 K leads to an order-of-magnitude increase in
intrinsic Cly -centers relative to undoped crystals. The
enhanced efficiency of complex halide defect formation
is presumably due to Li* migration through interstitial
positions, creating cationic vacancies where Cl;-cen-
ters subsequently form.

Complex trihalide radiation-induced defects are
known to originate from interactions between mobile
halogen atoms occupying regular lattice sites [30,31].
Consequently, the detection of vacancy dipole com-
plexes suggests that they may significantly enhance the
overall radiation defect formation process, as the for-
mation of halide centers occupying one cationic and
two anionic sites is energetically favorable. Therefore,
assessing the efficiency of radiation defect formation in
the field of such vacancy dipole complexes is a logical
continuation of this research.

From the attenuation of the characteristic indica-
tors—the TSL peaks at 400 K and 505 K—it is evident
that long-term storage of KCLLi crystals leads to the
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ejection of lithium dopant ions from their regular
cationic lattice sites (see curves 1—3 in Fig. 2), likely
followed by the formation of their interstitial clusters.

The primary cause of the structural instability of the
KCI:Li system is the off-center positioning of lithium
ions within the cationic sub lattice of KCL This phe-
nomenon was first confirmed through the identifica-
tion of H, (Li)-centers [30,31,34,35]. In KCLLi
crystals, these centers represent interstitial chlorine
atoms stabilized in the fields of lithium ions [Li;)

occupying cationic sites of the regular lattice, i.e. K.

3.3. Stoichiometric rationale for the instability of KCI:Li
crystals

Subsequent large-scale experimental studies of ab-
sorption and luminescence properties over a wide
temperature range in AHCs doped with light homolo-
gous cations confirmed the presence of instability ef-
fect, exemplified by the KCl:Na crystal system. Fig. 2
demonstrates that the highly sensitive TSL technique
enables detailed monitoring of the degradation pro-
cess of the KCL:Li crystal structure via the intensity of
the TSLsosk peak. This approach is significantly more
sensitive than absorption spectroscopy, which was
previously applied to investigate structural instability
in KCl:Na crystals [37]. During the relaxation of the
crystal at room temperature, lithium impurity ions are
displaced from regular cationic lattice sites, as evi-
denced by the decrease in the TSLsgsk peak intensity
over time (Fig. 2).

It is likely that, upon leaving the cationic site, lithium
ions migrate into tetrahedral interstitial voids through
so-called “windows” formed by three neighboring

halogen ions, as illustrated in Fig. 3. To validate this
hypothesis, two parameters must be taken into ac-
count: (i) the radius of the “window” (ry), defined by
the configuration of three adjacent halide ions along
the <111> direction; and (ii) the radius of the tetra-
hedral void (r), located at the intersection of the
spatial diagonals of the cubic unit cell (see Fig. 3a).

One of the key criteria governing the unhindered
migration of light impurity cations (Lit, Na™) in the
AHC lattice is that the ionic radius of the impurity ion
(r;+) must be smaller than both the window radius
(r+ < rx and ry,+ < ry) and the radius of the tetra-
hedral void (r;+ < ry and ry,+ < ry.

r. is determined, according to Fig. 3a, by the
following formula:

1{v3a _
Tt—E |:T—Tu —TC:|. (3)

Here, a is the lattice constant, r, is the ionic radius of
the anion, and rj is the ionic radius of the cation.
ry along the <111> direction from Fig. 3b is calcu-
lated using the following formula:
a
r,=———1,. (4
% \/6 a )
Table 2 presents calculated values of r; and ry,
along with their ratios to the ionic radii of lithium,

sodium, and potassium ions <#Z‘I/I§)’ r*(r—f‘x/fﬁ)) for NaCl,
KCl and RbCl crystals, where r/(M}) denotes ionic
radii of impurity cations, i.e. M, = Li", Na®, K"

The numbers in parentheses reflect values computed
using physical radii of the constituent ions, while those

without parentheses are based on classical ionic radii

b

Fig. 3. Schematic models: (a) for determining the tetrahedral void radius r,; (b) for calculating the window radius ry along the <111> direction for
NaCl, KCl, and RbCI crystals. Relative proportions of r;, . and r, are preserved in the diagram.
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Table 2. Calculated values of tetrahedral void radii (r,) and window radii (r,), and their ratios to the radii of impurity cations (ﬁ 3\/1
c

(r M +)> for selected crystals.

Crystals a, A [41] re, A ro, A rF (M), A [41] "t "x

‘ rE(Mf) rd(My)
1 2 3 4 5 6 7
NaCl:Li 5.64 (5.66) 1.05 (1.04) 0.58 (0.59) Li* 0.68 (0.9) 1.54 (1.15) 0.85 (0.65)
KCL:Li 6.29 (6.38) 1.14 (1.17) 0.75 (0.93) Li* 0.68 (0.9) 1.67 (1.17) 1.1 (1.03)
KCl:Na Na* 0.98 (1.16) 1.16 (1.0) 0.76 (0.8)
RbCL:Li 6.58 (6.66) 1.2 (1.22) 0.87 (1.04) Li* 0.68 (0.9) 1.76 (1.35) 1.27 (1.15)
RbCl:Na Na* 0.98 (1.16) 1.22 (1.05) 0.88 (0.89)
RbCL:K Kt 1.33 (1.52) 0.9 (0.8) 0.65 (0.68)

Note: the values of a, ry and r¢ are given in parentheses based on the physical ionic radii of cations and anions.
Bold numbers indicate values of calculated parameters greater than one (>1.0).

obtained from lattice constants. It is known [41] that
classical ionic radii derived from lattice constants are
less accurate than physical ionic radii, which are
determined via X-ray measurements of electron den-
sity distributions in crystals.

Fig. 3a and b presents scaled unit cells preserving
the proportionality of physical radii between anions
and cations that can be very close. For instance, in KCl
the ratio [r(C17)/r(K")] = 1.09. This geometrical con-
sistency renders the model suitable for evaluating ry
and r, the physical meaning of which is assessing
feasibility of lithium ion migration into interstitial sites
in the KCI matrices (also extendable to NaCl and RbCl,
as detailed in Table 2).

Overall, the physical interpretation derived from
Table 2 is largely independent of whether classical or
physical radii are used. According to the presented
numerical analysis, the following conclusions can be
drawn:

1. In KCl:Li and RbCL:Li crystals, lithium ions can
move freely, since their radii are smaller than both
reand ry (e < reand rs <, e 2 >1n % >1
(see columns 3, 5, 6, and 7 of Table 2)

2. In NaCl:Li, KCl:Na, and RbCLl:Na crystals, lithium
and sodium ions can reside in interstitial lattice
voids, as r+<M+) > 1.0 (see column 6 of Table 2).
However, some activation barrier exists due to the
impurity ion radius exceeding the “window” radius
(see column 7 of Table 2), as indicated by #K/IX)<

1.0.

The experimentally observed instability effect of the
KCI:Li crystalline system is supported by the calculated
data confirming the possibility of lithium impurity ion
(Lif) migration to an interstitial site, ie, a more
energetically favorable configuration. These calcula-
tions (columns 6 and 7) also suggest that similar
instability may occur in RbCL:Li and RbCl:Na crystals,
as was previously reported for KCl:Na [38].

In general, the instability of mixed crystal systems
can be evaluated based on the impurities’ coefficient
(k) of incorporation into the host lattice [32,40].
Analysis indicates that homologous cations of small
radius (“light cations” — Li*, Na") exhibit very low
incorporation coefficients (k <« 1.0) in AHCs. For
example, in KCL:Na, ky,+ equals 0.3; in NaCl:Li and KCI:
Li, ky;+ is as low as 0.03. These low incorporation co-
efficients likely explain the observed instability of the
distorted crystalline systems.

The analysis shows that in KCl:Li crystals, the lower
the lithium incorporation coefficient (ki = 0.03), the
greater the ratio between the classical ionic radii of
potassium and lithium (rg+/r;+ = 1.95). Based on the
correlation between incorporation coefficients and
ionic radii ratios, one can predict dynamics of insta-
bility in displaced KCl:Li crystals.

The fundamental nature of instability in the KCIL:Li
system lies in the fact that the small lithium ion (ry;+)
can easily escape from the cationic lattice site (Li;),
passing through a narrow channel formed by three
adjacent anions (ry) and moving into the interstitial
tetrahedral void (ry), since 1+ < ry < ry.

According to the computed data, there are no geo-
metric constraints preventing lithium ions from
entering an interstitial position in the KCI lattice via
the following mechanisms:

Lif — Lifu_ orLil — Lif...u_. 5)

thcvc denotes a partially occupied cationic site
due to the significantly smaller ionic radius of Li"
compared to K* (nearly twofold difference, see Table
2). The notation Li; ... v, refers to the formation of a
dipole involving lithium ions migration into interstitial
regions of the KCI lattice.

Reaction (3) is highly probable, considering that at
room temperature, cationic vacancies, unlike anionic
ones, exhibit high mobility [37]. The initial non-central
position of the lithium ion within the cationic site of the
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KCI crystal lattice [35], along with our identified stoi-
chiometric condition (r+ < ry < ry), arising from the
comparatively small ionic radius of Li*, provides a
physically plausible mechanism for the displacement of
lithium into a tetrahedral interstitial site. This reloca-
tion is considered a necessary condition for interpret-
ing the instability of the KCLLi crystalline system.
According to Ref. [37], in undoped KCI crystals at low
temperatures (293 K), the jump frequency of cation
vacancies exceeds that of anion vacancies by a factor of
more than 40. In crystals doped with lithium or sodium,
this ratio increases by over a thousand times.
Furthermore, ionic conductivity data reported in ([31],
see also [295] there) confirm that, unlike in pure KCl,
the cationic conductivity in KCL:Li crystals increases by
an order of magnitude within the temperature range of
295 K—560 K. This enhancement is indicative of
lithium ion mobility within the host KCI lattice.

From Table 2, it follows that a similar instability
mechanism may be expected not only in KCIL:Li crystals
(see Section 3.2, Fig. 2), but also in RbCl:Li, RbCl:Na,
and KCl:Na [36].

Given these facts, one can assume that instability is
an inherent property of all AHCs doped with isoelec-
tronic cations: the positive charge of the impurity ion
retains it within the cationic lattice site, whereas
dimensional compatibility facilitates its migration into
an interstitial position. Therefore, the instability effect
in KCL:Li crystals can be suppressed by thermal
quenching (see Fig. 2, curve 5), which promotes the re-
establishment of a homogeneous lithium distribution
within the KCI matrix.

Thus, high-temperature quenching (650 °C) con-
tributes to the regeneration of the KCI:Li crystal lattice,
resulting in the reincorporation of lithium ions into
cationic sites, as evidenced by the restored TSL in-
tensities at 400 K and 505 K (curve 5 in Fig. 2).
Quenching not only purges the dosimetric crystal of
residual absorbed doses (i.e, unannealed radiation
defects), but more importantly, as shown by the
experimental data, almost entirely restores the mixed
crystalline lattice structure. In this regard, it is rec-
ommended that all dosimetric crystals undergo ther-
mal annealing prior to use. This pre-treatment serves
not only to remove residual background radiation ef-
fects but also to regenerate and stabilize the crystal
structure.

4. Conclusions

Experimental data on the registration of high-tem-
perature TSL peaks demonstrate that the presence of
light lithium ions (Li") in KCL:Li crystals initiates the
appearance of a dosimetric TSL peak with a maximum
at 505 K (TSLSOSK)-

Analysis of the integral light output () of TSL peaks
in a KCLLi crystal (400 ppm) shows that the TSLsgs5k
peak, both in terms of intensity (Im.x = 6.5+10%) and
integrated area under the curve (§ = 17.7-10'9), ex-
ceeds by more than two orders of magnitude the
corresponding TSLgoox peak of undoped KCI
(Imax = 3°10% 5§ = 7-107).

The Li" ion in the KCI crystal promotes the efficient
formation of radiation-induced halogen defects
(TSLsosk peak), which are structurally characterized as
(C13)aca Li; Cli centers that are formed via the inter-
action of mobile interstitial halogen atoms (H-centers)
in the field of the dipole complex Li}v;, as described

ic’c’
in Ref. [37], according to the following reaction:

Lifv, + (Cly), +(cl), — (Cl),, Li/ClL . (6)

e

This process is analogous to the association of H-
centers at regular lattice sites, but is energetically
more favorable because the lithium ion has already
been partially displaced from the cationic lattice site
prior to the reaction (Lij — Lilv)).

Estimates of the stoichiometric parameters of alkali
metal chloride lattices also confirm the unobstructed
migration of lithium ions through the interstitial sites
of the KCl matrix, since the ionic radius of lithium (r;+)
is smaller than both the radius of the tetrahedral
interstitial void and the radius of the “window” leading
to it (ry+ < ry < rg.

Thus, a high-temperature dosimetric TSLsosix peak
was identified in KCL:Li crystals, which warrants
further investigation for the development of future
luminescent dosimeters.
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