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Abstract: For the first time, the stability of KCl single crystals doped with sodium impurity ions
was analyzed via the optical absorption and luminescence methods. Using the characteristic bands
of optical absorption, as well as of X-ray and tunnel luminescence, ascribed to radiation defects
and exciton-like formations localized near sodium impurity, the removal of Na+ ions from regular
cation sites into nanosized clusters in KCl:Na crystals stored for a long time at room temperature
was demonstrated. At the same time, the subsequent annealing of such “decayed” crystals at high
temperature (400–700 ◦C) led to a partial incorporation of sodium impurity ions back into cation sites
and the restoration of a homogeneous distribution of Na+ in the KCl:Na lattice. With an increase in the
quenching temperature, the restoration degree continuously increased until it reached the saturation
level (about 80% of the characteristics of a freshly grown crystal). The detectable/disappearing
X-ray-induced absorption bands at 6.3 and 3.5 eV (respectively ascribed to interstitial chlorine ions
and atoms localized near Na+), as well as the luminescence bands at 2.8 and 3.1 eV, typical of
recombinationally generated exciton-like formations near Na+ or Na+-Na+, were the indicators of
sodium ion redistribution in the crystal lattice.

Keywords: KCl:Na single crystal; decay of a KCl:Na crystal-precipitation of sodium ions from regular
sites; thermal quenching-restoration of the KCl:Na lattice; X-irradiation; near-sodium localized
radiation defects; luminescence centers

1. Introduction

In alkali halide crystals (AHCs), the implementation of the excitonic mechanism,
leading both to the creation of primary anion defects (vacancy–interstitial Frenkel pairs,
the so-called F-H and α-I pairs of neutral and charged defects) and to the emission of
luminescence quanta upon the annihilation of anion self-trapped excitons (STEs), has been
convincingly demonstrated [1–5].

The study of the relaxation processes of electronic excitations in the field of additional
perturbing factors of the AHC lattice is very useful for the development of materials with
desired physical characteristics and the search for optical materials that retain a wide
spectral range of transparency, even under exposure to ionizing radiation.

In AHCs, several perturbing factors can lead to the local reduction of lattice symmetry:
crystal doping by anion [4,6–8] and cation impurities [9–13] with significantly different
ionic radii, applied uniaxial [14–18] or hydrostatic deformation [19–25], and the impact of
temperature and various types of ionizing radiation [26]. Note that under the ultra-high
pressure of AHCs (NaCl), even completely new and unexpected compounds with unusual
properties have been found [27].

As a result of numerous studies, the relaxation processes of anion electronic excitations,
including migration, self-trapping/localization, radiative annihilation, and decay with
the formation of stable point defects both in regular anion lattice sites and near as-grown
defects/impurities, are systematized.
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In recent years, studies using applied hydrostatic/uniaxial compression [17,18,23–25,27–30],
as well as AHC doping with various impurity ions [31–33], have actively been performed.
Based on long-term experimental investigations, the optical characteristics, and the structures
of many radiation defects, as well as the natures of the luminescence of excitons localized in
the field of various defects/impurities, have been reliably established [1–5,8,10–13,17,18].

In the present paper, the effect of the instability of substitutional impurity ions, in
particular, the removal of sodium ions from the regular cation lattice sites of the KCl:Na
crystal, was thoroughly studied and analyzed. The study was conducted using the methods
of optical absorption and luminescence spectroscopy and based on reliably established
structures of the radiation defects and luminescence properties of exciton-like formations
(bound excitons).

2. Materials and Methods

KCl and KCl:Na single crystals were grown at the Institute of Physics of the University
of Tartu (Estonia) using the Kyropoulos method in a helium atmosphere or using the
Stockbarger method in an evacuated ampoule. Before the final growing, raw materials
were handled in the following sequence: drying of powdered materials; processing of
the melt in a halogen gas flow; and finally, additional purification via manifold zone
melting. As a result of such a complex procedure, highly pure KCl crystals, with impurity
concentrations in the range of 0.01–1.0 ppm, were grown.

Doped KCl:Na crystals were grown using the Stockbarger method on the basis of a
zone-melting, purified KCl, with the addition of a vacuum-dried NaCl powder [3,4,10,18,28].
The amount of NaCl powder was prepared by considering the coefficient of sodium
incorporation into the KCl matrix (k = 0.11). Using the data of flame photometry (the
589 nm sodium atomic emission), the real concentration of Na+ ions in our freshly grown
KCl:Na samples was estimated to be very close to 10 ppm, 100 ppm, or 1000 ppm.

The crystals under investigation were annealed in a “Programix TX 25” electric muffle
furnace. During a programmed thermal quenching procedure, KCl:Na crystals were heated
at the same rate of 15 ◦C/min to a specified temperature (ranging from 300 to 700 ◦C), kept
at this temperature for 15 min, and rapidly cooled down in a quartz substrate to room
temperature (RT) [30].

Two types of X-ray sources were used as ionizing radiation: (i) characteristic radiation
from a Spellman DF60N3X4596 generator (50 mA, 60 kV, W-anticathode), which was used
mainly for the study of radiation defect creation, and (ii) bremsstrahlung from a RUP-120
unit with the W-anticathode operating at 3 mA and 100 kV, which was used for the study
of the X-ray luminescence spectra.

The absorption spectra of radiation defects in KCl:Na crystals exposed to X-rays
were recorded with an Evolution-300 spectrophotometer in wide spectral (6.5–1.1 eV) and
temperature ranges (85–400 K) [34].

Measurements of the XRL, tunnel, and thermally stimulated luminescence (TL and
TSL, respectively) of the crystals were performed using a high-aperture MSD-2 monochro-
mator and a Hamamatsu H 8259-01 photomultiplier tube (PMT) operating in the photon
counting mode. The spectra scanning in the range of 6.0–1.5 eV was controlled by a special
SpectraScan program. The curves of spectrally-integrated TSL were measured at a constant
heating rate of β = 0.15 K/s of a crystal previously exposed to X-rays using an H 8259-01
detector and a special program ThermoScan [18].

3. Results

The main reason for the high interest in the studies of AHCs doped with small-radius
homologue cations (with respect to the main cation) is the ability of such impurity cations
to attract the surrounding anions and to promote the formation of pairs of close anions. In
the field of these pairs, the localizations of both mobile radiation anion defects (for example,
I, H, and VK centers) and unrelaxed electronic excitations are facilitated.
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Below, the results of the study on the stability of a light impurity cation location in the
regular cation lattice site Na+c of a KCl matrix are presented. These results are based on
the evaluation of the efficiency of both the near-sodium radiation defect creation and the
radiative annihilation of near-sodium exciton-like formations (bound excitons) by means
of optical absorption and luminescence spectroscopy methods.

3.1. Radiation Defects in the Field of Sodium Impurity in a KCl Matrix

In AHCs, a light (small-size) homologue cation (Li+ and Na+ in KCl) created energet-
ically favorable conditions for the stabilization of mobile radiation-induced defects and
interstitial halide ions (e.g., IA(Na)) and atoms (HA(Na)) nearby [9–13,35,36].

As a result, the temperature stability of anion radiation defects being localized in the
field of light cations (Li+ and Na+) was higher, with respect to that for the same defects
formed in regular regions of the AHC lattice. For example, the thermal decay of the I
and H centers (charged and neutral anion interstitials) in a pure KCl crystal was already
efficient at 20 K and 50 K, respectively, while the IA(Na) and HA(Na) centers in KCl:Na
were stable up to 140–150 K [3,4,11,28], i.e., the stability of anion interstitials localized near
Na+ impurity ions increased by more than 100 K.

In a KCl:Na crystal, the structures of IA(Na) and HA(Na) centers, an interstitial chlo-
rine ion or atom, respectively, localized in the field of a sodium impurity ion Na+c , were
unambiguously established using the methods of optical and EPR spectroscopy [11–13,28].
Thus, the optical absorption bands with the maxima at 6.35 and 3.5 eV corresponded to the
IA(Na) and HA(Na) defects, respectively, and could be considered indicators of the location
of sodium ions in a regular cation site of the KCl:Na crystal lattice.

Figure 1 shows the absorption spectra of radiation defects in freshly grown KCl
(curve 1) and KCl:Na crystals (curves 2–4 belong to different impurity concentrations)
previously exposed to isodose X-ray irradiation. The models of the I and H centers local-
ized near sodium impurity ions IA(Na+c ) and HA(Na+c ) are demonstrated in the insert.
The subscript indicates a lattice site occupied by the defect/ion (a, c—anion and cation
sites, respectively), while the superscript indicates the defect charge. Furthermore, for
convenience, we used the simplified notations as IA(Na) and HA(Na).
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Figure 1. Absorption spectra of radiation defects measured for freshly grown KCl (curve 1) and
KCl:Na single crystals (curve 2—10 ppm of Na+; curve 3—100 ppm; and curve 4—1000 ppm) after
isodose X-irradiation at 85 K (20 mA, 45 kV, W-anticathode, 3 h). All spectra were measured at 85 K.
The insert shows the models of some defects (for details, see the text).

In doped KCl:Na crystals (see curves 2–4), there was a sharp enhancement (in com-
parison with a pure KCl crystal, curve 1) of absorption bands peaked at 6.35; 5.2; 3.5; 2.3;
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and 1.8 eV and ascribed to a number of radiation anion defects: IA(Na), (Cl−3 )aca, and
HA(Na) (their structures are illustrated in the insert at Figure 1), as well as the F and F′

centers, which corresponded to an anion vacancy with one (υ+a e−) or two trapped electrons
(υ+a e−e−), respectively.

It should be emphasized that the F-center-related absorption band in doped crystals
was broadened; FWHM values were about ∆ = 0.3 eV at 80 K, compared to ∆ = 0.2 eV for a
pure KCl crystal. Such broadening was tentatively caused by the efficient formation of the
FA(Na) centers [37], the characteristic absorption bands of which were peaked at 2.35 eV
(∆ = 0.19 eV) and 2.12 eV (∆ = 0.11 eV) and spectrally overlapped with the band of “pure”
F centers (maximum at 2.3 eV). Unfortunately, we failed to separate the absorption bands
of the F and FA(Na) centers due to their high intensity exceeding the limit of measurable
optical density (OD = 4.0) for an Evolution-300 spectrophotometer.

Thus, according to the data in Figure 1, the rise in the sodium impurity concentration
was followed by a significant increase in the efficiency of radiation defect formation, such
as the near-sodium anion interstitials (IA(Na) and HA(Na) centers), or several intrinsic
defects of the hole-type ((Cl−3 )aca centers) and the electron-type (the F and F′ centers). Note
that the concentration of the F centers estimated using the Smakula equation [38] in doped
KCl:Na (1000 ppm) crystals increased by more than 10 times (with respect to a pure KCl
crystal) and reached 1.8 × 1017 cm−3.

The formation efficiency of a classical vacancy-type point defect (the F center) in
KCl:Na crystals increased with the sodium impurity concentration because of the stabiliza-
tion of mobile complementary Frenkel defects—interstitial halogen ions and atoms—near
impure sodium ions with the formation of the IA(Na) and HA(Na) centers, as well as due to
the efficient formation of trihalide (Cl−3 )aca centers (a quasi-molecule occupies two anion
and one cation lattice sites) via H-HA(Na) or H-VKA(Na) pair interactions of X−2 -type
dihalide molecules (see for details [1,3–5,28,39]).

A detailed study of the thermal annealing of radiation defects in KCl:Na crystals
allowed us to establish not only their delocalization temperature but also the nature of the
interaction of mobile defects during their transformation into more stable halide formations.

The insert in Figure 2 shows the thermal annealing curves of the absorption bands
peaked at 6.35 eV and 3.5 eV and associated with the IA(Na) and HA(Na) centers, respec-
tively, in KCl:Na crystals. The annealing was performed in a stepwise regime: a KCl:Na
crystal preliminarily exposed to X-rays at 85 K was heated to a certain temperature, kept at
this temperature for 2 min, then cooled down to 85 K, and finally, the absorption spectrum
was measured. The preheated temperatures were varied with a step of 5 degrees up to
170 K, while all absorption spectra were measured at the same temperature of 85 K. (Exam-
ples of such spectra are shown in Figure 2, curves 1–3.) Under this procedure, the FWHM
values for the IA(Na) and HA(Na) bands remained unchanged, and the peak OD value
characterized the concentration of the relevant defects at the preheating temperature. It
can clearly be seen (insert in Figure 2) that the thermal annealing of the IA(Na) and HA(Na)
centers proceeded synchronously, and the maximum destruction rates were determined at
135 K and 145 K, respectively.

According to Figure 2, the thermal annealing of the IA(Na) and HA(Na) centers was
accompanied by a decrease in the concentration of the electron-type F and F′ centers, as well
as some enhancement of the absorption band with a maximum at 5.2 eV (compare curves 2
and 1), corresponding with the (Cl−3 )aca centers [1–3,28]. Note that the F′ centers (absorp-
tion band at 1.8 eV) were characterized by a low ionization temperature (130 K) [18,40]. An
increased concentration of (Cl−3 )aca centers in the irradiated sample previously annealed to
170 K was connected with the thermal delocalization of the HA(Na) centers, some of which
became involved in the formation of additional trihalide molecules.

It is worth noting that all KCl:Na crystals described above turned out to be unstable
systems. Sodium impurity ions, which occupied regular cation sites just after crystal
growth and served as the localization sites of radiation-induced mobile anion interstitials
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(i.e., the formation of the IA(Na) and HA(Na) centers), eventually left regular cation sites
and formed nanosized clusters.
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Figure 2. Absorption spectra measured for a freshly grown KCl:Na (1000 ppm) crystal just after
the exposure to X-rays (20 mA, 45 kV, W-anticathode) at 85 K for 3 h (curve 1) and after additional
preheating to 170 K (curve 2) and 300 K (curve 3). The absorption spectrum measured for a pure KCl
crystal after isodose irradiation at 85 K (curve 4). All absorption spectra were recorded at 85 K. The
insert shows the annealing curves for the IA(Na) and HA(Na) center concentrations via the 6.35 eV
and 3.5 eV bands, respectively (for details see the text).

The latter process is clearly illustrated by Figure 3. In the spectrum of radiation-
induced absorption of a doped KCl:Na crystal freshly grown from an ultrapure matrix,
there were clearly pronounced bands at 6.35 eV and 3.5 eV, which were related to the IA(Na)
and HA(Na), respectively (curve 1). However, these bands practically disappeared after the
long-term (3–4 months) storage of KCl:Na in a desiccator at RT (curve 2).

Crystals 2023, 13, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 3. Absorption spectra measured for KCl:Na (1000 ppm) crystals exposed to isodose irradia-

tion by X-rays at 85 K (20 mA, 45 kV, W-anticathode, 3 h). Curve 1—a freshly grown crystal; 2—a 

similar sample after 3–4 months of storage at RT; 3—after the annealing of a long-stored sample at 

600 °C for 15 min. All spectra were measured at 85 K. The insert shows the dependence of the IA(Na) 

and HA(Na) center concentrations (via relevant absorption bands), induced by an isodose X-ray ra-

diation (3 h) in the annealed crystals, on the quenching temperature. 

We carried out a detailed study of such a recovery of the IA(Na) and HA(Na) absorp-

tion bands in the “decayed” KCl:Na crystals subjected to quenching with several temper-

atures, from 300 °C to 700 °C, and then exposed to isodose X-ray irradiation (see the insert 

in Figure 3). After additional quenching with temperatures from 450 °C to 600 °C, approx-

imately linear recovery of the IA(Na) and HA(Na) bands was observed, while the recovery 

process underwent saturation with a further increase in the quenching temperature to 

above 600 °C. 

Thus, it can be assumed that when quenching with 450–600 °C, small-size sodium 

impurity ions were released from nanoscale formations/clusters and occupied regular cat-

ion sites of the KCl:Na lattice. Note that the recovery of the absorption bands related to 

the IA(Na) and HA(Na) centers occurred in а strictly parallel way and is presented in Figure 

3 (insert) as a joint curve within the specified error bar. 

According to the phase diagram, KCl:NaCl crystallized from the melt into a contin-

uous series of solid solutions [41–43]. However, a spinodal decay of these solutions started 

at 495 °C, and fluctuations in the impurity distribution over the lattice, as well as the for-

mation of impurity clusters (but not an independent phase), took place [41–43]. 

The solubility limits of NaCl in KCl at temperatures close to RT were not established. 

At the same time, a significant difference in the ionic radii for K+ and Na+ (by about 35%) 

suggested a very low miscibility limit for these systems, which was consistent with the 

inhomogeneity of sodium distribution in KCl, which we established even at a rather small 

concentration of 60–100 ppm. 

3.2. Exciton-Like Luminescence in the Field of a Sodium Ion in a KCl Matrix 

The degradation (“decay”) of a KCl:Na (100 ppm) crystal, due to the removal of so-

dium impurity ions from the regular cation lattice sites, was also studied using a highly 

sensitive luminescent method, which recorded the changes in the X-ray luminescence 

(XRL) spectra of freshly grown, “decayed”, and additionally, quenched doped crystals. 

The emission band with a maximum at 2.8 eV, which was interpreted as the radiative 

annihilation of an exciton-like formation in the field of a 𝑁𝑎𝑐
+ [18] (the structure of such 

bound exciton is shown in the insert of Figure 4), was used as the main luminescence 

Figure 3. Absorption spectra measured for KCl:Na (1000 ppm) crystals exposed to isodose irradiation
by X-rays at 85 K (20 mA, 45 kV, W-anticathode, 3 h). Curve 1—a freshly grown crystal; 2—a similar
sample after 3–4 months of storage at RT; 3—after the annealing of a long-stored sample at 600 ◦C
for 15 min. All spectra were measured at 85 K. The insert shows the dependence of the IA(Na) and
HA(Na) center concentrations (via relevant absorption bands), induced by an isodose X-ray radiation
(3 h) in the annealed crystals, on the quenching temperature.
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Note that such “degradation” of KCl:Na crystals (removal of Na+ from regular cation
sites) was more pronounced for doped crystals regrown from an ultrapure KCl matrix. It
seems that the presence of uncontrolled impurities somewhat stabilized the system. The
samples cut off from the lower part of an ingot that underwent a 30-fold recrystallization
(zone melting) before doping contained an increased concentration of other impurities and
retained substitutional sodium ions in regular cation sites, such as Na+c , for many months.

On the other hand, a subsequent thermal quenching (this procedure was described
in Section 2) of a “decayed” KCl:Na crystal after its long-term storage led to a partial
incorporation of sodium ions back into the regular cation sites. The reappearance of the
absorption bands ascribed to the IA(Na) and HA(Na) centers after the quenching of the
“decayed” KCl:Na crystal is illustrated by curve 3 in Figure 3.

We carried out a detailed study of such a recovery of the IA(Na) and HA(Na) ab-
sorption bands in the “decayed” KCl:Na crystals subjected to quenching with several
temperatures, from 300 ◦C to 700 ◦C, and then exposed to isodose X-ray irradiation (see the
insert in Figure 3). After additional quenching with temperatures from 450 ◦C to 600 ◦C,
approximately linear recovery of the IA(Na) and HA(Na) bands was observed, while the re-
covery process underwent saturation with a further increase in the quenching temperature
to above 600 ◦C.

Thus, it can be assumed that when quenching with 450–600 ◦C, small-size sodium
impurity ions were released from nanoscale formations/clusters and occupied regular
cation sites of the KCl:Na lattice. Note that the recovery of the absorption bands related
to the IA(Na) and HA(Na) centers occurred in a strictly parallel way and is presented in
Figure 3 (insert) as a joint curve within the specified error bar.

According to the phase diagram, KCl:NaCl crystallized from the melt into a continuous
series of solid solutions [41–43]. However, a spinodal decay of these solutions started at
495 ◦C, and fluctuations in the impurity distribution over the lattice, as well as the formation
of impurity clusters (but not an independent phase), took place [41–43].

The solubility limits of NaCl in KCl at temperatures close to RT were not established.
At the same time, a significant difference in the ionic radii for K+ and Na+ (by about 35%)
suggested a very low miscibility limit for these systems, which was consistent with the
inhomogeneity of sodium distribution in KCl, which we established even at a rather small
concentration of 60–100 ppm.

3.2. Exciton-Like Luminescence in the Field of a Sodium Ion in a KCl Matrix

The degradation (“decay”) of a KCl:Na (100 ppm) crystal, due to the removal of
sodium impurity ions from the regular cation lattice sites, was also studied using a highly
sensitive luminescent method, which recorded the changes in the X-ray luminescence (XRL)
spectra of freshly grown, “decayed”, and additionally, quenched doped crystals.

The emission band with a maximum at 2.8 eV, which was interpreted as the radiative
annihilation of an exciton-like formation in the field of a Na+c [18] (the structure of such
bound exciton is shown in the insert of Figure 4), was used as the main luminescence
characteristic of a substitutional sodium impurity ion in KCl. The above-mentioned bound
excitons were recombinationally formed near Na+c as follows:

e− + VKA(Na)→ e0
S(Na) = hν(2.8 eV).

The hole component of the bound exciton,
(
e0

s (Na)
)
, was a valence hole rapidly losing

its mobility (i.e., forming a self-trapped hole called the VK center) in KCl near an impurity
cation (VKA(Na)).

It should be noted that a weak XRL band at 2.8 eV was also recorded in “decayed”
(being long-term stored after growth) KCl:Na (100 ppm) crystals (curve 1 in Figure 4).
However, the intensity of this luminescence did not depend on the sodium concentration
in the crystal. (In our samples, it varied from 10 to 1000 ppm.) Based on the results of the
absorption spectroscopy reported in Section 3.1, the suppression of the 2.8 eV luminescence
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in the “decayed” KCl:Na crystals was also expected, since the near-sodium bound excitons
could not be formed after sodium removal from regular cation sites.
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Figure 4. XRL spectra measured for KCl:Na (100 ppm) crystals after long-term storage at RT (curve 1)
or after additional quenching of a “decayed” crystal at 400 ◦C (curve 2), 520 ◦C (curve 3), and 700 ◦C
(curve 4). All spectra were measured at RT. The results of the XRL decomposition into elementary
Gaussians are indicated by dotted lines. The insert shows a model of an exciton-like formation (a
bound exciton) in the field of a sodium ion, Na+c .

However, the homogeneity of the sodium impurity distribution in the KCl:Na lattice
could be restored via the already mentioned thermal quenching procedure. Figure 4 shows
the XRL spectra measured at RT for “decayed” KCl:Na (100 ppm) crystals that underwent
additional quenching at 400 ◦C (curve 2), 520 ◦C (curve 3), and 700 ◦C (curve 4).

The dependence of the peak intensity of XRL at 2.8 eV (normalized to that in a
“decayed” KCl:Na crystal) on the quenching temperature is demonstrated in Table 1. The
quenching performed at 400 ◦C enhanced the emission of near-sodium bound excitons by
about 37 times and at 520 ◦C by 246 times, while a further rise of quenching temperature to
700 ◦C increased the relative intensity of the characteristic luminescence by 525 times.

Table 1. Dependence of the peak intensity of XRL with a maximum at 2.8 eV on the quenching
temperature of “decayed” KCl:Na crystals (on the basis of Figure 4).

Spectrum Number in
Figure 4 Quenching Temperature, ◦C Relative Intensity of the 2.8 eV XRL

in Quenched KCl:Na Crystals

1 before quenching 1
2 400 37
3 520 246
4 700 525

In addition to the already discussed relatively intense XRL band at 2.8 eV, one more
emission band with a maximum at 3.1 eV was clearly visible in KCl:Na (100 ppm) crystals
that underwent quenching at high temperatures (see Figure 4, curve 4). This band was
detectable in the crystals with a rather high concentration of sodium impurity ions and was
ascribed to the radiative decay of an exciton-like formation near a Na+-Na+ pair impurity
center [18]. Note that both emissions arose at the annihilation of a recombinationally formed
bound exciton (near Na+ or Na+-Na+ impurity centers), and mobile unrelaxed holes played
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an important role in such bound exciton creation. On the other hand, the recombination
of conduction electrons with already self-trapped holes was mainly responsible for the
appearance of intrinsic luminescence (e.g., emission of recombinationally created STEs) in
AHCs [1–3] and alkali metal sulfates [44].

Figure 5 shows the dependence of the peak intensity of the XRL band at 2.8 eV on
the quenching temperature (from 320 to 700 ◦C) of “decayed” KCl:Na crystals (100 ppm).
Ac-cording to the presented I~f(T) dependence, the band enhancement started after the
quenching at 400 ◦C; a sharp and almost linear increase in the 2.8 eV XRL band intensity
occurred in the crystals, which underwent quenching from 470 ◦C to 570 ◦C, while a clear
saturation in the I~f(T) dependence occurred after the quenching at higher temperatures
(600–700 ◦C). After such high-temperature quenching, the deformation of the crystal
lattice was tentatively increased, due to the rise of material thermo-elasticity and vacancy
formation from the interaction of various dislocation types.
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Figure 5. Dependence of the peak intensity of the XRL band at 2.8 eV on the quenching temperature
of “decayed” KCl:Na crystals (100 ppm). The quenching temperatures equaled 320 ◦C (1), 400 ◦C (2),
470 ◦C (3), 520 ◦C (4), 570 ◦C (5), 620 ◦C (6), 650 ◦C (7), and 700 ◦C (8).

Similar to the XRL spectra (see curve 4 in Figure 4), a doublet structure, with the
maxima at 3.1 and 2.8 eV, was also detected in the spectrum of the tunnel luminescence
of a KCl:Na (100 ppm) crystal quenched at 600 ◦C and then exposed to X-rays at RT
(Figure 6, curve 2). The appearance of such a doublet TL was connected with the radiative
recombination in the pairs of electron- and hole-type defects near Na+c . From the decay
curve of the spectrally integrated TL (see insert in Figure 6), it followed that the TL related
to the recombination in the pairs of spatially close defects occurred within 30–40 s, while
the pairs with a large interdefect distance contributed to the TL for a significantly longer
time, up to 500 s.

According to literature data (see, e.g., [1–4,45]), the VK and F centers should be
considered the main candidates for the role of radiation defects contributing to TL. However,
the thermal destruction of self-trapped holes (VK centers) in KCl already occurred at 200 K,
and they could not be a component of the electron-hole tunnel recombination at RT.
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Figure 6. TL spectra of a “decayed” KCl:Na (100 ppm) crystal (curve 1) and the same crystal
additionally quenched at 600 ◦C (curve 2). The elementary components (Gaussians) of the XRL
spectrum decomposition are indicated by the dotted lines. The insert shows the attenuation of the
intensity of spectrally integrated TL in a quenched KCl:Na (100 ppm) crystal after exposure to X-rays
at RT (3 mA, 120 kV, 10 min).

Therefore, the thermally more stable VKA(Na) and VKAA(Na, Na) hole-type centers,
which are a self-trapped hole adjacent, respectively, to a single Na+c or a Na+c -Na+c impurity
pair center, can be considered a complementary recombination partner to the electron-type
F centers as well. In this case, the detectable TL bands at 2.8 and 3.1 eV appeared as follows:

VKA(Na) . . . F(υ+a e−)→ e+S (Na) . . . υ+a e− → e0
S(Na)→ hν(2.8 eV),

VKAA(Na, Na) . . . F(υ+a e−)→ e+S (Na, Na) . . . υ+a e− → e0
S(Na, Na)→ hν(3.1 eV).

It should be noted that, in contrast to the XRL spectrum (see Figure 4), the emission
band at 3.1 eV associated with the presence of Na+-Na+ pairs was very intense in the TL
spectrum of a KCl:Na crystal with intermediate sodium concentration. Such a difference
can be connected with the much earlier thermal destruction of the VKA(Na) centers (starts
at about 270 K), with respect to the VKAA centers, which are the main hole components of a
mutual tunnel recombination at RT.

Additional information about the thermal stability of various radiation defects (tem-
perature of a related charge carrier delocalization) in KCl:Na crystals can be obtained by
studying the thermally stimulated luminescence. Currently, the majority of TSL peaks,
which arise due to the radiative recombination of charge carriers released from sequentially
thermally destroyed defects with other still stable defects containing charge carriers of the
opposite sign, have been identified for many AHCs (see, e.g., for LiF [46]). Therefore, the
reappearance of certain TSL peaks in the irradiated crystals that previously underwent
additional thermal quenching can also serve as an indicator of changes in the state/location
of the impurity ions in the crystal lattice.

Figure 7 presents TSL curves for two KCl:Na crystals exposed to isodose irradiation
by X-rays at 85 K. The first sample was a “decayed”, long-term stored crystal (curve 1),
while the second similar sample was previously additionally quenched at 600 ◦C (curve 2).
It can clearly be seen that in a quenched crystal, the TSL peak at 400 K corresponding to
the thermal decay of the Cl−3 and F centers was rather weak, while main low-temperature
peaks were significantly enhanced. The natures of these peaks were carefully studied
for a long time [1,3–5,18,28,47,48], and the established relevance of the TSL peaks to the
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thermal destruction of different radiation defects is labeled in Figure 7. (VF is the VK center
stabilized near a cation vacancy.)
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A sharp enhancement of the TSL peaks at about 130 K (HA(Na)), 145 K (IA(Na)),
265 K (VKA), and 310 K (VKAA) testified to the incorporation of sodium impurity ions
back into regular cation sites in a KCl:Na crystal that underwent quenching at 600 ◦C.
Similar to the typical optical absorption bands (see Section 3.1) and the luminescence of
sodium impurity-related bound excitons, the listed TSL peaks indicated the restoration of
the homogeneous distribution of the sodium impurity and the reappearance of Na+c in the
lattice of a quenched KCl:Na crystal.

The comparison of the spectra of optical absorption and TSL curves for freshly grown
(or quenched) and “decayed” KCl:Na crystals (see Figures 2, 3 and 7) showed that the
thermal destruction of the (Cl−3 )aca centers in a freshly grown (quenched) crystal started
at sufficiently low temperatures, with their concentration at 400 K, in contrast to that in
a “decayed” crystal, which is very low. Such low-temperature destruction of trihalide
quasi-molecules can be connected with a significant difference in the mobility of single
cation vacancies in freshly grown (quenched) and “decayed” KCl:Na crystals.

Numerous experimental results confirmed the practically equal efficiency of (Cl−3 )aca
center creation in a decayed and a freshly grown KCl:Na crystal. It was supposed that
in the “decayed” KCl:Na crystal, sodium ions moved away from regular cation sites into
interstices because the sizes of a Na+ ion (0.98 Å) and a tetrahedral interstice (0.9 Å) in
KCl were very close. As a result, interstitial sodium ions

(
Na+i

)
and cation vacancies

(υ−c ) were efficiently formed in the “decayed” KCl:Na crystal; (υ−c ) served as the seed
for the association of two mobile halogen atoms; and, in turn, a trihalide (Cl−3 )aca center
was created.

4. Conclusions

The effect of the instability of doped KCl:Na single crystals was thoroughly studied
and analyzed on the basis of the available literature data on the structure and optical
characteristics of several sodium impurity-related radiation defects (in particular, HA(Na),
IA(Na), VKA(Na), and VKAA(Na,Na) centers), as well as exciton-like formations (near-
sodium-bound excitons).
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For the first time, the detailed comparison of the spectra of optical absorption, X-ray
and tunnel luminescence, and the TSL curves was conducted for three different KCl:Na
crystals exposed to isodose X-ray irradiation: a freshly grown sample, a “decayed” one
that was stored long-term at RT, and finally, a “decayed” crystal additionally subjected to a
high-temperature quenching procedure.

As a result, several indicators that confirmed the location of impurity ions in regular
cation sites (Na+c ) were revealed and clearly stated for the first time. These were the
radiation-induced optical absorption bands at 6.35 eV and 3.5 eV (ascribed to the IA(Na)
and HA(Na) centers, respectively) and the luminescence band at 2.8 eV, connected with the
radiative decay of bound excitons recombinationally formed near Na+c impurity ions.

The disappearance of such characteristic indicators in long-term stored doped crys-
tals testified to the removal of sodium impurity ions from regular cation sites of the KCl
matrix and the formation of nanosized impurity clusters. At the same time, a subsequent
quenching of the “decayed” crystal at high temperatures (400–700 ◦C) provided a partial
incorporation of sodium ions back into cation sites and restored a homogeneous distri-
bution of Na+c in the KCl:Na lattice. The degree of restoration increased with quenching
temperature until it reached some saturation level (about 80% of the characteristics typical
of a freshly grown crystal). The crystal quenching at the limiting temperature of 700 ◦C
led to the appearance of an additional absorption band peaked at 3.1 eV, which dominated
in the crystals with high sodium concentrations and was recently attributed by us to the
exciton-like formations near Na+-Na+ impurity pairs [18].
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