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Preface

Oxides of alkaline earth metals (OAEM) occupy a special place among structural
materials as the main raw material in the production of high-quality insulation from
ceramics and glass. There is also a great interest in the research of SCM determined
by the use of these materials as scintillators for the registration of nuclear radiation,
thermoluminescent dosimeters, active elements of optical quantum generators and
storage devices, the front wall of thermonuclear reactors, through-pass insulators of
nuclear power plants. For the practical use of products made of OAEM in irradiation
conditions, it is necessary to solve the fundamental problem of radiation materials
science—the establishment of the structure of radiation defects, the mechanisms of
their creation and the laws of accumulation. To date, some success has been achieved
in this direction. However, the main results relate to the area of low and medium
levels of radiation excitation. For such levels of excitation, extremely high radiation
intensity has been reliably established.

However, the range of problems that can be solved with the use of powerful
radiation installations is determined: generation of nanosecond ultrahigh-frequency
(microwave) pulses, collective acceleration of charged particles, the implementation
of a controlled fusion reaction and the creation of high-power lasers. In this edition,
the questions posed for the SCM were solved using the example of single crystals of
magnesium oxide.

By the beginning of the authors’ work, the structure of the color centers induced by
radiation in magnesium oxide, the positions of the maxima of the optical absorption
and luminescence bands, as well as the values of their half-widths and the temperature
range of stability were sufficiently established. There is practically no information
about the location of internode ions in magnesium oxide crystals, and methods for
their registration have not been worked out. These data are particularly important,
since the efficiency of the accumulation of radiation defects depends to a certain
extent on the efficiency of fixing displaced ions in the crystal lattice.

It is considered established that the creation of radiation defects in magnesium
oxide occurs as aresult of elastic collisions of incoming particles with crystal-forming
particles and the knocking out of the latter into the internodes. However, all studies
confirming this point of view were carried out using low and medium levels of arousal.
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The effect of high absorbed radiation energy capacities on the formation and accu-
mulation of radiation defects in magnesium oxide crystals has not been practically
studied. It is quite realistic to expect specific radiation-stimulated phenomena with
such excitations. In the field of radiation defect formation of solids under the action
of powerful radiation fluxes, it is realistic to expect the implementation of new mech-
anisms for generating radiation defects, the possibility of creating Frenkel defects
in solids at high excitation densities due to the decay of multiparticle electronic
excitations.

As for systems with a dominant shock mechanism for generating radiation defects
at low and medium levels of excitation, in particular magnesium oxide, the collective
interaction of elementary excitations can lead to non-elementary processes of creating
Frenkel defects. Prior to the preparation of this monograph, there were only separate,
scattered publications in the periodical press on all the issues raised.

Tomsk, Russia Anatoly Surzhikov
Elena Lysenko



Introduction

Alkaline earth metal oxides (AEMO) occupy a special place among structural mate-
rials as the main raw material in the production of high-quality insulation from
ceramics and glass.

Great interest in the research of AEMO is also determined by the use of these
materials as scintillators for detecting nuclear radiation, thermoluminescent dosime-
ters, active elements of optical quantum generators and memory devices, the front
wall of thermonuclear reactors, and bushing insulators of nuclear power plants.

It is necessary to solve the fundamental problem of radiation materials science:
to establish the structure of radiation defects, the mechanisms of their creation and
the laws of accumulation for the practical use of products made of AEMO under
irradiation conditions.

To date, some progress has been made in this direction. However, the main results
relate to the region of low and medium levels of excitation by radiation, the extremely
high radiation resistance of AEMO crystals has been reliably established for such
excitation levels.

However, arange of problems is defined that can be solved with the use of powerful
radiation facilities: generation of nanosecond microwave pulses, collective acceler-
ation of charged particles, the implementation of a controlled thermonuclear fusion
reaction and the creation of high-power lasers.

The questions posed for AEMO were solved on the example of magnesium oxide
single crystals in this monograph.

The structure of the color centers induced by radiation in magnesium oxide, the
positions of the maxima of the optical absorption and luminescence bands, as well
as the values of their half-widths and the temperature range of stability, were quite
fully established by the beginning of the work of the author.

There is practically no information about the place of fixing of interstitial ions in
magnesium oxide crystals, and methods for their registration have not been worked
out.

These data are of particular importance, since the efficiency of accumulation of
radiation defects depends to a decisive extent on the efficiency of pinning displaced
ions in the crystal lattice.

vii



viii Introduction

It is considered established that the creation of radiation defects in magnesium
oxide occurs as a result of elastic collisions of incident particles with crystal-forming
particles and knocking out of the latter into interstices.

However, all studies supporting this view have been done using low and middle
levels of arousal.

The effect of high powers of absorbed radiation energy on the formation and accu-
mulation of radiation defects in magnesium oxide crystals has not been practically
studied. It is quite realistic to expect specific radiation-stimulated phenomena under
such excitations.

It is realistic to expect the implementation of new mechanisms for the generation
of radiation defects, the possibility of creating Frenkel defects in solids at high
excitation densities due to the decay of many-particle electronic excitations in the
field of radiation defect formation of solids under the action of powerful radiation
fluxes [1].

The collective interaction of elementary excitations can lead to non-impact
processes of the creation of Frenkel defects with regard to systems with a domi-
nant impact mechanism of generation of radiation defects at low and middle levels
of excitation, in particular, in magnesium oxide.
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Chapter 1

®

Structure, Properties, Point Defects oo
and Radiation Defect Formation
in Magnesium Oxide Crystals
Contents
1.1 Structure and Properties of MgO Crystals ..............uiiiiiiiiinnnnn. 2
1.1.1  Crystal Physical Properties ...............c..oiiiiiiiiiiinnnnnn. 2
1.1.2  Energy Electronic Structure of MgO ......... ... ... i 2
1.1.3  Thermodynamic Equilibrium Defects .............. ... ... ..., 4
1.2 Color Centers of MgO Crystals .. ...t 4
1.2.1 Electronic Color Centers . ...............euutuueemeeeeeeeeeeeneneennnn. 5
1.2.2 Hole Color Centers .. ..............uuuuuuuuneiiiiiiiiiiiiannnnn. 8
1.2.3  Impurity Color CeNters . ............uuuuetuteeeeeeeeeeennnn. 10
1.2.4 Interstitial Defects .......... ... 12
1.3 Radiation Defect Formation in Magnesium Oxide Crystals ........................ 15
1.3.1 Creation of Radiation Defects in the Anionic Sublattice of Magnesium Oxide
Single Crystals .. ... 16
1.3.2  Creation of Radiation Defects in the Cationic Sublattice of Magnesium Oxide
Single Crystals ... ... 20

The interpretation of any processes occurring in a solid under radiation exposure
should be based on the available information on the fundamental properties of the
substance under study, on a clear definition of the boundaries within which it is
legitimate to transfer any ideas developed for a different type of solid. To this end,
this section briefly considers the main crystal-physical properties, the band structure,
and the dominant types of defects in the crystal lattice of MgO single crystals.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
A. Surzhikov and E. Lysenko, Creation and Accumulation of Radiation Defects in
Single Crystals of Magnesium Oxide, https://doi.org/10.1007/978-3-031-60207-8_1
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2 1 Structure, Properties, Point Defects and Radiation Defect Formation ...

1.1 Structure and Properties of MgO Crystals

1.1.1 Crystal Physical Properties

MgO crystals are divalent structural analogues of alkali halide crystals (AHC) and
have a face-centered cubic lattice of the NaCl type (space group Fm3m), representing
the densest cubic packing of O, ions, the octahedral voids of which are occupied by
Mg?* ions.

Magnesium oxide belongs to the class of ionic compounds with a charge of crystal-
forming ions close to 2.

At the same time, quantum mechanical calculations and X-ray spectral measure-
ments of the electron density indicate an ion charge of 2 = 1.01 [2], which allows
some authors to refer MgO to covalent compounds [2] or to intermediate between
ionic and covalent crystals [3].

Apparently, such a divergence of points of view can be explained by the large
diffuseness of the oxygen valence electron cloud, as a result of which the oxygen
charge turns out to be close to 1. In this case, the electrons do not localize on Mg*?
(with its transformation into Mg*'), and belong oxygen orbitals.

1.1.2 Energy Electronic Structure of MgO

The Brillouin zone is a cuboctahedron with characteristic points G(Qyp), A(Cgy),
A(Csy) D (Cay), X(Dap). L(D3q), K(Cyy) in face-centered cubic lattices of the NaCl
type. The lower valence band is formed from the 2S orbitals of oxygen. The upper
valence band is formed from the 2P-orbitals of oxygen with the participation of the
3S-orbitals of magnesium. The conduction band consists of Mg 3S orbitals. The
width of the band gap is determined by the energy gap at the point G (transition
G5 -Gy).

The spectra €, and €, (the real and imaginary parts of the permittivity) in the
region of fundamental absorption at this scheme describes the centers of absorption
and reflection.

Peaks at 7.689, 7.715, 7.752 and 7.768 eV are distinguished in the reflection
spectra at the fundamental absorption edge [1]. Peaks are observed (according to the
&, spectrum) at 10.8, 13.3,16.8, 17.3, 20.5 eV, corresponding to interband transitions
in the shorter wavelength region.

Peaks in the region of 7.7 eV are attributed to exciton transitions at the G-point of
the Brillouin zone (Gs/; and Gy, are excitons). The peak at 22 eV (determined from
the characteristic losses) is due to the excitation of plasma oscillations [5]. The value
of the fundamental absorption edge is obtained (at 77 K) 7.77 eV by subtracting the
exciton structure. This value can be taken as the band gap.

The calculated values of the width of the valence band of MgO differ significantly
from the corresponding values in AHC.
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Width of valence band is 5.0 eV [6] within the framework of the cluster model;
itis 7.0 eV [7], according to other calculations. The width of the valence band was
determined as 8.5 eV [8] from X-ray spectroscopy data (based on the width of the
K-band of oxygen). On the whole, the valence band width averaged over various
data can be assumed to be 7 eV.

As indicated above, the maximum found in the region 7.77 eV in the spectra &,
and &, is attributed to the excitation of exciton states at the G-point of the Brillouin
zone.

It was possible to establish the doublet structure of this maximum, due to the
spin—orbit splitting of the exciton. The components of the doublet at 7.69 eV and
7.76 eV correspond to the hole component of the exciton with j = 3/2 and j =
1/2, respectively [1, 5]. The strength of the transition oscillator in the doublet is
estimated to be 0.035 and 0.017, respectively. The calculated binding energy of the
Gj3p—exciton according to the Wannier model is 80 meV [5], which is much less than
the corresponding value for AHC. The Bohr radius of the exciton is about 30.5 A,
i.e. it is more by 15 times the interion distance.

MgO X-ray excitons are much more thermally stable. In particular, an exciton
arises with r ~ 1 A and the binding energy is estimated at 0.5 eV upon excitation of
an electron from the Ly,;;—Ilevel of Mg [9]. In this case, a sharp maximum of X-ray
absorption appears at 54.0 eV (a is absorption).

The calculated data on the effective mass of holes and excitons at various points of
the Brillouin zone are found in accordance with the large width of the valence band
[7]. The average value of the effective mass of a hole in the flux of the valence band
is 0.77 m, (m, is the mass of a free electron). The isotropic mean effective mass is
0.76-m,. The effective mass of the optical exciton is significantly small, amounting
to 0.38-m,.

Elementary electronic excitations in MgO are highly mobile having such a small
effective mass. Hole and exciton self-trap effects, characteristic of AHC, are not
observed in MgO crystals. Indeed, it was not possible to detect the molecular ion
mg_ (relaxed hole) by the electron paramagnetic resonance (EPR) method [10, 11];
studies of the edge luminescence of MgO showed the absence of self-trapped states
of G-excitons [12, 13].

More detailed studies of the short-wavelength luminescence of MgO made it
possible to isolate the luminescence band at 6.9 eV, which is identified with the
radiative annihilation of relaxed single-center excitons [14].

It was found that the states of free and relaxed excitons are separated by a potential
barrier with a height of about 40 meV; relaxation of excitons occurs at temperatures
above 80 K. The high mobility of holes appears in electrotransport processes at
low temperatures; it is reflected in the appearance of peaks of thermally stimulated
conductivity at destruction of hole centers [15].
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1.1.3 Thermodynamic Equilibrium Defects

Thermodynamically equilibrium defects are Schottky pairs in most ionic dielectrics.
Harding determined the formation energy of a Schottky defect, which varied within
(3.4-4.0) eV in a cycle of works on the study of self-diffusion of Mg [16-18].
Probably the most reliable value is 3.8 eV [17].

The processes of ion transfer in MgO, as in AHC, are associated primarily with the
migration of cationic vacancies. Using the method of labeled atoms, the migration
energy of cationic vacancies was determined to be 1.56 eV [17].

This result agrees well with data on the immobility of cation vacancies in magne-
sium oxide at temperatures below 500 K [19-22]. The calculation results differ
significantly from the experimental data on the migration energy of cationic vacan-
cies [23-24]. The cation vacancy migration energy is 2.1 eV in the bulk of the crystal
and 1.2 eV on the surface (face (110)), according to the calculation.

The energy of formation of anionic and cationic Frenkel pairs was also calculated
[25-27]. The obtained values turned out to be anomalously high and amount to
17.3 eV for an anionic and 7.3 eV for a cationic Frenkel pair. The high formation
energies of Frenkel pairs are probably one of the reasons for the increased radiation
resistance of magnesium oxide crystals.

The main properties of MgO single crystals are considered in this section. It should
be noted that MgO single crystals are qualitatively identical to alkali halide crystals
in fundamental characteristics as the ionicity of the chemical bond, the structure of
the crystal lattice, the mechanism of ionic electrotransfer and the type of micro- and
macrodefects, although the quantitative values of some parameters have more large
values (charge of ions, lattice energy, activation energy of ionic electrotransfer).

It is also necessary to emphasize an essential feature of MgO crystals, which is
the large width of the valence band.

Therefore, magnesium oxide is characterized by a high mobility of holes and the
absence of the effect of their autolocalization.

1.2 Color Centers of MgO Crystals

Various types of point defects are formed in the process of irradiation in oxides of
alkaline earth metals (AEM), which are called color centers by analogy with AHC,
although many of them are optically inactive. It is generally accepted that point
defects in oxides are divided into electronic, hole and interstitial centers, since AEM
oxides are identical to AHC in structure and type of chemical bonding.
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1.2.1 Electronic Color Centers

Vacant anion sites in the crystal lattice of magnesium oxide have a positive charge
close to 2; therefore, the formation of two types of the simplest electronic color
centers associated with the localization of one or two electrons on an anion vacancy
is possible. These defects are analogues of the F-color centers in AHC and are desig-
nated F* and F, respectively. The EPR spectrum of the F*-color center in magnesium
oxide was first deciphered in 1957 [28].

It is possible to assume the formation of aggregate centers of the M and R type
due to the coagulation of the F-centers by analogy with AHC in magnesium oxide.
However, there are no reports of such defects.

Interaction of charged F*-centers with cationic vacancies is possible in magnesium
oxide crystals in contrast to AHC.

In 1961, the appearance of a line similar in characteristics to the signal from the
F*-center in the EPR spectrum of irradiated magnesium oxide crystals with a certain
anisotropy of the g-factor [28] was registered, which indicates a violation of the cubic
symmetry of the F*-color center. This defect is called F and is an association of an
F*-center and a cation vacancy [29, 30].

The formation in magnesium oxide crystals of an associate of their two F*-centers
and a cationic vacancy (the Fy-center) also seems to be realistic. The existence of
such a center was shown by theoretical calculations in [30] and by the EPR method
in [32].

1.2.1.1 Optical Absorption

In 1964, Wertz et al. [33] found that the optical absorption band with a maximum at
about 5.0 eV correlates with the EPR signal of F*-centers during thermal annealing
of neutron-irradiated magnesium oxide crystals.

Subsequently, an analysis of the change in the absorption coefficient at the
maximum of this absorption band during neutron irradiation and thermal annealing
confirmed this correlation. It was believed for a long time that the maximum of the
optical absorption band of F*-centers in MgO crystals falls at 5.0 eV [34-36]. The
oscillator strength of F*-centers was experimentally obtained and is 0.8 for MgO
crystals irradiated with neutrons [34].

However, the results obtained in [37] cast doubt on such an interpretation of the
optical absorption band with a maximum at about 5.0 eV.

The authors studied the optical absorption spectrum and the EPR spectrum in
magnesium oxide crystals irradiated with neutrons and additively colored in magne-
sium vapor. Very good agreement was found between the concentrations of F*-
centers, determined from the EPR spectra and from the absorption coefficient in the
band with a maximum of about 5.0 eV for MgO crystals irradiated with neutrons. On
the other hand, a very intense band is about 5.0 eV is observed for additively colored
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crystals in optical absorption spectra of them, the EPR signal of the F*-centers is
insignificant.

Thus, it can be considered that the optical emission band for the emission of
magnesium oxide crystals by neutrons with a maximum value of about 5.0 is due to
the absorption of F*-color centers. In additively colored crystals, insignificant F*-
centers are distinguished, which are absorbed in this region of distribution by any
(not F*) diamagnetic centers. The F-center can be such a center because:

1. F-center should be the main electronic center for reasons of general electrical
neutrality in additively colored magnesium oxide crystals.

2. Theoretical estimates of the energy of optical transitions in the F-center for MgO
crystals give a value close to 5.0-5.4 eV [38] and 5.05 eV [39].

Therefore, it is reasonable to assume that the optical absorption bands of the para-
magnetic F* and diamagnetic F-color centers in magnesium oxide crystals practically
coincide in position and shape.

This assumption was directly confirmed in [40], whose authors observed the F —
F* phototransition similar to that which was carried out for calcium oxide [41].

Most of the color centers are present in the F-state when an additively colored
magnesium oxide crystal is in thermodynamic equilibrium. Emission of light from
the F-absorption band leads to the transfer of electrons to the conduction band, some
of which are captured by impurity centers, as a result of which a decrease in the
absorption coefficient in F-band and increase its value in the F*-band.

F*-centers are not covered for additively colored magnesium oxide crystals in the
EPR spectrum within the sensitivity of the method. The absorption density maximum
at a sample temperature of 298 K corresponds to the photon energy of 5.01 eV; the
half-width of this band is 0.77 eV. Observations of the resonance of the F*-centers
are observed after the crystal is illuminated by light from the F bands. The position of
the maximum absorption concentration is added to 4.92 eV; the half-width becomes
0.62 eV.

A study [40] showed that the shift of the maximums of optical absorption bands
of F* and F-color centers and the change in their half-widths in the temperature range
(77-300) K content is insignificant and does not exceed of 5%.

Using the value of the oscillator strength of 0.8 for the F*-center [34], the authors
of [40, 42] obtained a value close to unity for the oscillator strength of the F-center
(1.25 [42] and 0.7 [40]).

The maximum destruction of F.-centers was found of 3.6 eV at a light photon
energy, when magnesium oxide crystals were bleached by monochromatic light with
awavelength in the range (2500-6500) A [40]; therefore, it can be roughly considered
responsible for the absorption band with a maximum of about 3.6 eV F{ -centers.
There are no data on the optical absorption of Fy-centers.
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1.2.1.2 Luminescence of Electronic Color Centers

It is possible, by exciting the crystal with light from the F-band, to determine the
parameters of the luminescence bands of these centers, knowing the position of the
optical absorption bands of the F-type color centers.

Such an experiment was carried out in [42]. In the photoluminescence spectrum
of magnesium oxide crystals irradiated at 80 K with high-energy (2 meV) electrons,
intense luminescence was observed in the band with a maximum of about 3.13 eV
when illuminated with light from the absorption band of F-centers. The half-width
of the band was 0.6 eV.

To verify the responsibility for this luminescence band of F-type color centers, the
authors studied the change in the luminescence intensity in the band with a maximum
at 3.13 eV and the change in the optical absorption coefficient in the F-band with an
increase in the absorbed radiation energy of high-energy electrons.

It was found that the intensity of the luminescence band increases monotonically
with an increase in the absorption coefficient in the F-band, which confirms the
responsibility for the luminescence in the band with a maximum at 3.13 eV of the
F-type color centers.

To determine specifically which of the color centers (F* or F) corresponds to
the luminescence in the band with a maximum at 3.13 €V, it is essential to recall
that neutron irradiation leads to the accumulation of predominantly E*-centers in
magnesium oxide crystals, and the additive coloring of F-centers.

Based on this, the authors studied the photoluminescence spectra (illumination
from the F-absorption band) of MgO crystals irradiated with neutrons and additively
colored in magnesium vapor [40].

It turned out that, the photoluminescence spectrum exhibits luminescence in a
band with a maximum at 3.16 eV for crystals irradiated with neutrons at room
temperature. The half-width of the band is 0.66 eV. The position of the luminescence
band maximum shifts to 3.22 eV at half-width of 0.59 eV at 77 K.

Only luminescence is observed in the band with a maximum at 2.4 eV (half-
width is 0.65 eV) in the photoluminescence spectrum of additively colored magne-
sium oxide crystals. The spectra obtained at room temperature and liquid nitrogen
temperature differed insignificantly.

The luminescence in the band with a maximum at 2.4 eV was also manifested in
the thermoluminescence spectra, when additively colored crystals that experienced
the F — F* phototransition were subjected to heating [40]. In such a process, elec-
trons thermally released from localized states are captured by F*-centers, forming
F-centers in an excited state.

Thus, the emission band with a maximum at 2.4 eV can be attributed to the
emission of F-centers.

To observe the luminescence band of F-centers in additively colored crystals,
the color density must be substantially greater than the density of capture centers;
otherwise the color centers will be transformed into the F* state.

There are no data on the luminescence of F" and Fy,.
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1.2.1.3 Thermal Stability

In order to determine the thermal stability of electronic color centers in magnesium
oxide crystals, the study of the change in the intensity of the absorption band with
a maximum at 5.0 eV and the intensity of the luminescence of F-color centers and
the measurement of the concentration of F*-centers were carried out by the EPR
method in MgO crystals irradiated with high-energy electrons and additively colored
in magnesium vapor, depending on the annealing temperature [43].

The intensity of the luminescence band and the intensity of the EPR signal of F*-
centers at each annealing temperature were measured after the crystal was exposed
to light in the ultraviolet region of the spectrum for additively colored crystals.

Since additive coloring generates only F-centers in magnesium oxide, such treat-
ment with UV light leads to the maximum concentration of paramagnetic F*-centers.
It was found that in a crystal irradiated with high-energy electrons, the optical absorp-
tion intensity in the F band, the luminescence intensity, and the EPR signal of the
F-color centers coincide simultaneously until they almost completely disappear at
a temperature of 800 K; this decrease corresponds to this temperature range and is
observed at temperatures of 1200 K for additively colored crystals.

These experiments were verified in [42] and similar results were obtained.

The results of such thermal annealing of irradiated and additively colored crystals
lead to very interesting conclusions: negative ion vacancies in magnesium oxide
crystals remain immobile up to temperatures of 1200 K; the annealing of F*-centers
at lower temperatures observed in irradiated crystals occurs due to the release of
interstitial oxygen ions and their recombination with immobile anion vacancies.

The F.'-centers in magnesium oxide are extremely thermally stable; they are
detected in the EPR spectra after annealing at 1300 K [10].

1.2.2 Hole Color Centers

The hole color centers in magnesium oxide, formed on the basis of cationic vacancies,
should probably be a mirror image of electronic color centers.

The simplest hole center is a hole localized on a cation vacancy. It is denoted by
the symbol V™ in magnesium oxide. The capture of the cation vacancy of the second
hole leads to the formation of a V-center.

In 1959, Wertz [44] discovered for the first time in neutron-irradiated crystals
two paramagnetic axial centers with a tetragonal axis along the (100) direction, but
with different spins (1/2 and 1) and assigned them to V™~ and V-centers, respectively.
The optical absorption band in the spectral region of about 2.3 eV, induced in these
crystals, was also associated by Wertz with the absorption of these hole centers [45].

This assumption was confirmed by the results of work [46], in which a correlation
was established between the amplitudes of the EPR signal of V~, V-centers and the
optical absorption value in the band with a maximum at 2.3 eV during irradiation
of magnesium oxide crystals with high-energy (2 meV) electrons. The authors of



1.2 Color Centers of MgO Crystals 9

this work obtained the value of the oscillator strength of V™~ and V-centers (0.1-0.2)
combining EPR and optical studies, and the value of the half-width is about 0.96 eV.

Experiments using EPR and double electron-nuclear resonance unambiguously
confirmed the correlation between the absorption coefficient in the band with a
maximum at about 2.3 eV and the intensity of the EPR signal of V~ and V-color
centers [48].

One can expect the existence of an association of an anionic and cationic vacancy
with a localized hole and the localization of a hole on the association of an anionic
and two cationic vacancies by analogy with electronic color centers in magnesium
oxide crystals.

The EPR method has so far managed to detect a defect of the second type, called
V4. However, their concentration is extremely low and amounts to 1% of the number
of F centers [49]. Absorption bands due to aggregate hole centers have not been
identified either.

Some authors [10, 46] noted the absence of a band with a maximum at 2.3 eV
in the optical absorption spectrum of irradiated magnesium oxide crystals. The low
concentration of V-centers can be explained by the capture of holes by impurity ions.
This seems quite possible at significant levels of contamination of magnesium oxide
samples.

Hole color centers in magnesium oxide single crystals in addition to cationic
vacancies can also form on other defects that have a negative effective charge with
respect to the crystal lattice. Such defects are impurity ions of other valences, isolated
or near the cation vacancy.

Vou [47, 50, 51]-, Vop [5147, 52, 54]-, Vg [55-57]-, Va1 [55, 57]-, [Li] [58]-,
[Na]® [59, 60]-centers have been detected and studied using EPR and electron nuclear
double resonance (ENDR), infrared spectroscopy, optical absorption, luminescence
and magnetic circular dichroism.

The listed color centers have, as well as V™ and V-centers, axial symmetry; their
tetragonal axis is located in the (100) direction. The models of these hole color
centers have been established with full reliability.

Attention is drawn to the fact that for all V-type color centers, which include a
cationic vacancy, very similar properties are observed.

The [Li]°- and [Na]°-centers differ substantially from other hole centers in magne-
sium oxide. This is understandable, since in this case the oxygen ion, on which the
hole is localized, is located in the immediate vicinity of the impurity ion and, there-
fore, is perturbed by it. In other cases, the main perturbation is caused by the cation
vacancy.

The optical parameters of hole color centers are given in Table 1.1.

It is shown that the destruction of hole color centers is carried out by thermal
release of holes. In this case, hole recombination luminescence is observed in the
visible and near infrared regions of the spectrum. The impossibility of a detailed study
of the luminescence of hole color centers is due to the same value of the maxima of
the optical absorption bands (~ 2.3 eV).

Table 1.2 shows data on the thermal stability of hole color centers are given.
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Table 1.1 Optical parameters of hole color centers in magnesium oxide single crystals

Center Position of the absorption band Absorption band Transition oscillator
maximum, eV half-width, eV strength
\'% 2.33 [61] 0.97 [61, 62] 0.1-0.2 [46, 61, 63]
v 2.3[61] 0.95 [61] 0.24 [61]
Von 2.23 (77 K) [62] 0.88 [61],0.94 [62] | 0.1 [62]
2.21 (295 K) [62]
2.19 [64]
Vg 2.33[61] 0.97 [61] -
Val 2.32 [64] _
[Li]° 1.83 74.75 [64, 65] 1.0 [58], 1.1 [66] 0.09 [58]
[Na]°® 1.58 [60] 0.7-0.8 [60] -

Table 1.2 Value of the half-life temperature of hole color centers in single crystals of magnesium
oxide

Center \'" \% Vou Vg Vai [Li]° [Na]°
Temperature value (T, | 420 [72] | 345 [72] | 300 [50] | 320 [69] | 365 [67] | 230 [72] | 190 [72]
[KD) 400 [71] | 350 [70] | 335 [72] | 335 [72] | 370 [72] | 210 [68] | 190 [60]

1.2.3 Impurity Color Centers

In view of the significant contamination of magnesium oxide crystals, the formation
of color centers in them is possible with the direct participation of impurity ions.

However, the identification of the optical absorption and luminescence bands of
these centers is significantly hindered by the change in their valence state as a result
of irradiation.

Thus, in [10], the transitions are shown Ti*t — Ti**; V3 — VZ; Cr’* — Cr¥;
Fel!* « Fe?* — Fe*; Co?t — Co'*; Ni%* — Ni**; Ru?** — Ru"*; Pd?>* — Pd?** when
studying the states of impurity ions in MgO crystals by the EPR method before and
after irradiation with accelerated electrons, gamma and X-rays,

The valence state of some impurity ions of transition metals can also be changed
by high-temperature calcination of crystals in various media.

For example, it was found in [73] that the calcination of magnesium oxide crystals
in areducing atmosphere (hydrogen, carbon monoxide) or in vacuum at a temperature
of 1600 K converts 99% of iron into the Fe>* state.

Calcining crystals in an oxidizing atmosphere at the same temperature converts
70% of all iron to the Fe>* state in contrast.

The positions of optical absorption bands have been reliably established only for
iron ions of all the impurity color centers in magnesium oxide.

The absorption band of Fe?* ions is located in the near infrared region of the
spectrum at 10,000 A (10,850 cm™!) [74]. The strength of the oscillator is 7.3 x
1076 [75]. Since irradiation with ionizing radiation and calcination in an oxidizing



1.2 Color Centers of MgO Crystals 11

atmosphere lead to the transfer of iron ions in magnesium oxide crystals to the Fe**
state; the optical absorption bands with maxima at 4.3 and 5.7 eV were attributed
to the absorption of Fe3* ions [76]. This assumption was confirmed in [46] by the
correlation of the change in the impurity iron concentration, determined by chemical
analysis, and the absorption intensity in the bands with a maximum at 5.7 and 4.3 eV,
as well as by the use of magnetic circular dichroism and EPR methods [77].

Decomposition into Gaussian components of the ultraviolet region of the spec-
trum for neutron-irradiated magnesium oxide crystals at 4 K gave half-widths of
0.73 eV and 0.96 eV for optical absorption bands with maxima at4.3 eV and 5.7 eV,
respectively [78].

The oscillator strength of the optical transition in Fe** at 4.3 eV was determined
by joint measurements of the intensity of the EPR signal and the intensity of the
absorption band with a maximum at 4.3 eV and was found to be 3.8 x 1072 [75].

It was found by EPR method that Fe3* ions are partially associated with charge-
compensating cationic vacancies in magnesium oxide crystals and, possibly, with
impurity ions of monovalent metals; as a result of which the defect symmetry
decreases to axial and orthorhombic [49]. However, the effect of charge compensators
on the optical absorption of Fe** ions has not been studied.

A number of weak optical absorption bands with maximaat 5.31,5.68 and 5.94 eV
were found for neutron-irradiated magnesium oxide crystals [78], and in the spectral
region (5.6-6.0) eV for crystals irradiated with heavy ions [79]. Comparing the
intensity of optical absorption in this part of the spectrum with the concentrations of
impurity ions, the authors do not exclude the possibility that absorption of Al and Si
takes place. Absorption is considered possible in the region of ~ 6 eV for Cr**, V3*,
and Mn** [10].

The luminescence of impurity color centers has been most thoroughly studied for
activated MgO powder phosphors [80]. An intense luminescence band is observed
with a maximum at 5.3 eV in the X-ray luminescence spectrum of the MgO-Al
powder,

The introduction of F~, Cl~ and Si** ions into magnesium oxide leads to the
appearance of intense luminescence in the region of 5.1 eV. Luminescence with a
maximum of about (5.8-5.9) eV occurs when magnesium oxide is activated by Li
or Na ions; luminescence is characteristic in the region of 6.9 eV for the MgO-Ca
phosphor.

A distinctive feature of the observed radiation is its strong quenching in the temper-
ature range corresponding to the effective destruction of hole color centers [80, 81].
The authors of these works showed that the luminescence in the ultraviolet region
of the spectrum of these phosphors is intense at the stages of annealing of electronic
defects and is absent at the stages of annealing of hole defects; on the basis of this, the
short-wavelength luminescence was associated with the recombination of electrons
with hole centers V4, [Li]°, [Na]®, Vg, Vcr, Vsi, Vca, We are dealing with indirect
activation of magnesium oxide by impurity ions in the phosphors described above.
Radiative transitions occur in oxygen ions perturbed by vacancies and impurity ions,
which are not directly photoexcited [80].
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Ultraviolet luminescence does not appear in MgO-OH when electrons recombine
with Vog-centers. Instead, an intense glow is observed in the blue region of the
spectrum. During the interaction of electrons with Vgg-centers, the energy is easily
transferred to the OH™ ions that are part of the recombination centers, which give
rise to their characteristic blue glow [80].

The MgO-Sn phosphors are characterized by luminescence in the band with a
maximum at 2.9 eV, which manifests itself both upon direct excitation of Sn2t-
centers and in the region of intrinsic absorption [81]. Recombination glow can occur
both during recombination of electrons with Sn** and holes with Sn'*-centers. The
efficiency of electron recombination luminescence is the same at 80 and 300 K; the
efficiency of hole recombination luminescence decreases during the transition from
80 to 300 K, which is associated with thermal ionization of Sn!*-centers.

A number of narrow luminescence bands from 2.51 to 2.58 eV are observed
in relatively pure magnesium oxide crystals at 77 K under the influence of X-ray
irradiation. Comparison of these bands with the glow bands in magnesium oxide
crystals with an admixture of nickel allowed them to be associated with Ni>* ions. The
decrease in the intensity of the glow with the time of X-ray irradiation is consistent
with the ideas about the conversion of Ni** to Ni** under the influence of irradiation
[10].

The role of Cr?* and Fe?* ions as luminescence centers in the red and blue regions
of the spectrum is considered to be established, respectively [81, 82].

Cr’t +¢ — Cr’™ — Cr’* 4 hv (red radiation); (1.1)

Fe’* 4+ p — Fe’™* — Fe*™ + hv (blue radiation). (1.2)

1.2.4 Interstitial Defects

There is little direct evidence of the existence of interstitial ions in magnesium oxide
crystals. This would not be surprising if radiation disturbances accumulated in the
form of Schottky defects, since these defects correspond to the removal of an ion
from a regular lattice site to the crystal surface. Therefore, the presence of these
defects can be judged indirectly by an increase in the macroscopic size of the crystal
with a constant size of the unit cell.

If Frenkel defects are formed, then due to the displacement of ions into the intern-
odes, both the macroscopic size of the crystal and the size of the unit cell should
increase. In this case, with a disordered distribution of point defects with isotropic
distortion, the change in the volume of the crystal and the parameter of the crystal
lattice should occur in the same way.

Changes in the lattice parameter Aa and the volume AV of a magnesium oxide
crystal were compared with changes in the concentration of intrinsic radiation defects
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with a dose of fast neutron irradiation [49]. The irradiation products were recorded
by optical methods and the EPR method.

It is found that the change in Aa is comparable to the change in AV at a flux of
up to 3 x 10" neutrons-cm™2. This fact indicates the presence of the same number
of isolated vacancies and interstitial ions in the crystal.

The correlation found by the authors between the change in Aa, AV and the
kinetics of accumulation in this range of irradiation doses of F-centers indicates the
predominant accumulation of radiation defects in magnesium oxide crystals in the
form of Frenkel anion pairs (FAP).

The MgO crystal lattice is tightly packed. The maximum spherical volume of the
interstitial space has a radius of 0.30 A, which is significantly less than the ionic
radii of Mg*? and 0%~ ions [80]. An unfavorable geometric factor makes it difficult
to form stable interstitial defects in perfect sections of the crystal.

Therefore, it can be expected that most interstitial centers will contain some addi-
tional defects (vacancies, impurities). Indeed, it was noted that with an increase in
the Fe impurity content, the accumulation rate of F-type centers increases [3, 83]. In
this connection, an assumption is made about the capture of interstitial oxygen on
impurities with an excess positive charge relative to the lattice. A similar conclusion
is made when studying the EPR of Fe*3 ions [84].

The capture of interstitial oxygen on monovalent anion-substituting impurities, in
particular on F, was detected by the EPR method in [85, 86]. The (OF)>~ molecule
is centered on the anionic node and becomes mobile at T ~ 45 K.

Interesting data on stable interstitial defects in MgO were obtained in [71]. The
crystals were irradiated with neutrons at 338 K with doses of (9 x 10'6-10'7)
neutron-cm~2. EPR spectra and optical absorption in the F-band were measured;
three new groups of lines attributed to Ny, Ny and Ny centers were found in the EPR
spectra measured at 77 K.

The authors propose a model of H-centers in the form of an O, -molecule placed
in an anionic vacancy and associated with a cationic vacancy. The O, -molecule
is formed when oxygen ions displaced into internodes form a chemical bond with
anions located in the lattice nodes. The composition of the Nyj-center, in addition to
the vacancy of the cation, includes an additional defect, the nature of which has not
been established; most likely it is an impurity ion.

An additional confirmation of the interstitial nature of H-centers can be their
absence when irradiated with MgO X-rays and gamma rays, which, as is known, do
not create Frenkel pairs. Another argument can be the data on pulsed annealing.

After a short-term annealing the samples (t = 5 min), the EPR spectrum of the
V- and H-centers was measured and the optical absorption in the F-band. It is estab-
lished that the fracture temperatures of the H-centers are in full accordance with the
annealing temperature of the F-centers.

Similar centers have also been found in crystals of SrO [87] and CaO [88].

In the work on transmission electron microscopy [89], it was shown that interstitial
clusters can be observed in magnesium oxide crystals irradiated with fast neutrons
up to 3 x 10" neutrons-cm™!. Clusters were observed as formations about 30 A in
size.
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The study of the motion of these formations under an electron microscope and the
study of thermal annealing allowed the authors to conclude that the clusters consist
of interstitial dislocation loops lying in the (110) plane. A detailed analysis showed
that these loops have the form of two layers of ions embedded in a packing sequence;
alternating rows consist of equal amounts of Mg?* and O*~ ions.

The data of the work [90] are very interesting, the authors of which are trying
to give their identification of optical absorption bands with maxima at 5.7 eV and
4.3 eV as associated with optical transitions on the anionic vacancy and interstitial
oxygen ions.

Since an absorption band appears in deformed crystals with a maximum at 5.7 eV
and is absent at 4.3 eV, these absorption bands are attributed to various defects.

Assuming, by analogy with AHC [91], that anionic vacancies are created during
crystal deformation. Authors believe that in irradiated crystals the optical absorption
in the band with a maximum at 5.7 eV corresponds to the absorption of anionic
vacancies. Taking into account the symbatic behavior during X-ray and thermal
annealing of optical absorption bands with maxima of 5.7 and 4.3 eV, these bands
are attributed to complementary defects and based on this, the optical absorption
band with a maximum at 4.3 eV binds to interstitial oxygen ions.

The author explains the correspondence between the change in the intensity of the
optical absorption band with a maximum of 4.3 eV and the change in the EPR signal
of Fe** ions by the role of impurity Fe** ions as a stabilizer of interstitial oxygen.

The authors see confirmation of the hypothesis about the capture of internode
oxygen ions by iron ions in the appearance in the EPR spectrum, in addition to
signals associated with Fe3* ions in an octahedral environment, of two weak lines
arranged symmetrically relative to the central line of the Fe** ion (transition—1/2
— 1/2) and in direct proportion between the change in the intensity of these lines
and the absorption coefficient in the band with a maximum at 4.3 eV [92].

If anionic vacancies and interstitial oxygen ions are created in magnesium oxide
crystals at irradiated with X-rays, then the appearance of F-centers should also be
observed, which the authors did not observe. Therefore, such an interpretation of the
optical absorption bands with maxima at 5.7 and 4.3 eV is incorrect.

Secondly, it was reported in [76] that these bands are associated with Fe** ions, and
thenin [77], directly using the effects of magnetic circular dichroism and electron spin
resonance, it was proved that these absorption bands correspond to charge transfer
processes on Fe** ions.

However, the hypothesis of the intercostal oxygen ion capture by impurity ions
Fe* seems very attractive.

Confirmation of this hypothesis is the results of work [93], in which the depen-
dences of the absorption coefficient in the F-band on the dose of irradiation with
neutrons and high-energy electrons of magnesium oxide crystals with different
concentrations of iron impurity ions were investigated (5 x 1072 to 6x1073)%. It is
shown that samples containing more impurity iron ions are stained more efficiently;
the presence of Fe** impurity increases the rate of formation of F-centers.
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A similar result of an increase in the concentration of F-centers with an increase
in the concentration of impurities was obtained for other materials, for example,
crystalline copper [94].

1.3 Radiation Defect Formation in Magnesium Oxide
Crystals

The most important stage of radiation damage to solids is the displacement of atoms
or ions from the nodes of the crystal lattice. The energy required for displacement
can be obtained by an atom either as a result of interaction with the force field of
an incoming fast particle, or as a result of the decay of electronic excitation. In the
first case, the transition time of the atom to the interstitial position (1074-10"1 s)
is significantly less than the period of thermal vibrations of the lattice. Therefore,
the displacement mechanism is called shock. In the second case, the displacement
occurs in atime comparable to the period of thermal oscillations, and the displacement
efficiency increases with increasing duration of localization of electronic excitation.
The mechanisms of this group are called non-basic.

Shock and non-shock mechanisms differ significantly in the amount of the
minimum energy that needs to be communicated to the ion for its displacement
from the lattice node. This energy Ed is called threshold energy.

The shock mechanism is universal and is implemented in all types of condensed
media when irradiated with high-energy particles or quanta. More stringent condi-
tions are imposed on the implementation of non-standard mechanisms, of which the
following should be noted:

1. It is necessary that the energy of electronic excitation exceeds the threshold
energy of displacement.

2. Thedecay of the electronic excitation into a Frenkel pair is possible when the exci-
tation lifetime in a fixed unit cell exceeds the characteristic time corresponding
to the effective period of thermal oscillations of the lattice. This condition is well
fulfilled for AHC; therefore, the most fully non-elementary mechanisms have
been studied on silk-haloid systems.

On the other hand, the impact mechanism has been studied in detail in metals for
which the role of non-impact mechanisms is negligible.

MgO crystals occupy an intermediate position between ionic AHC and covalent
semiconductors. It is an ionic compound according to the type of chemical bond and
the band gap width; it is a semiconductor according to the values of the valence band
width and the exciton binding energy.

Itis known that the shock mechanism of generation of radiation defects dominates
in semiconductors, while the exciton mechanism is predominant in ion AHC.

Unconditional interest is the study of the mechanisms of joining defects in crystals
with intermediate properties.
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1.3.1 Creation of Radiation Defects in the Anionic Sublattice
of Magnesium Oxide Single Crystals

The work of Sibley and Chen [95] is a pioneering work on elucidating the mechanism
of radiation defect formation in the anionic sublattice of single crystals of magnesium
oxide. The authors compared the effect of electron and neutron irradiation on the
efficiency of accumulation of F-centers in MgO crystals at room temperature.

It was found that with equal integral radiation fluxes, the intensity of the F-band
in the optical absorption spectra during neutron irradiation is 50 times higher than
during electron bombardment.

Since the primary energy losses of neutrons due to the large mass and lack of
charge occur only during elastic scattering on the target nuclei, and electrons, in
addition, transfer part of the energy to the electronic subsystem, the above result is
explained by the decisive role of elastic collisions in the formation of Frenkel anion
pairs in magnesium oxide crystals.

The efficiency of accumulation of radiation defects in the case of the ionization
process of defect formation should be insensitive to changes in the energy of particles
falling on the material.

On the other hand, in the case of elastic collisions, a pronounced dependence on
the energy of the bombarding particles should be observed, since in order to displace
an atom or ion from a regular lattice node, it must receive a certain amount of energy
from the incident particle. It is necessary for displacement that the incident particle
has energy E > Ed, where Ed is the displacement energy.

Thus, the displacement energy of an atom or ion can be determined experimentally
by reducing the energy of incident particles to a level at which the formation of defects
is not recorded in the case of a shock mechanism of radiation defect formation.

Such an experiment was carried out in [96] for magnesium oxide crystals irradi-
ated with accelerated electrons at liquid nitrogen temperature. The threshold elec-
tron energy value of 0.33 meV was established, below which the efficiency of
accumulation of F-centers decreases sharply.

True is that an insignificant number of F-centers is still observed at electron energy
values below the threshold, but since their concentration does not change. It is most
likely that the formation of F-centers in this area of electron energies is due to the
localization of electrons in pre-radiation anionic vacancies.

Since, no change in the efficiency of accumulation of F-centers was detected
even at high doses of irradiation with electrons with an energy less than 0.33 meV,
then it is possible to estimate the value of the threshold energy of the non-adiabatic
displacement of the oxygen ion in the interstitial with the formation of a stable F-
center taking into account the indicated value of the electron energy beyond the
threshold [94, 107]

_2AE+ 2me?)E
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where E is the kinetic energy of the incident particle (0.33 meV); m is the mass of
the electron; M is the mass of the O%~ion.

Such an estimate leads to threshold energy of oxygen ion displacement of ~ 60 eV.

It is interesting to note that this value is close to the calculated value of the
threshold separation energy of the charged components of the Frenkel anion pair
in MgO (~40 eV) [98]. Therefore, it is possible that the separation of the charged
components of the Frenkel anion pair is the limiting stage of the formation of a stable
defect.

The profiles of the distribution of F-centers and the number of displaced oxygen
ions in elastic collisions along the 2°Ne* ion track were compared [79, 99]. The
calculation was carried out according to the Lindhard theory for elastic scattering of
heavy ions. The profiles of the F-centers were measured at room temperature. The
authors obtained a good qualitative agreement of the calculated and experimental
profiles obtained, which also serves as evidence in favor of the shock mechanism of
radiation defect formation in the anionic sublattice of magnesium oxide.

However, due to powerful cascades, the crystal lattice in the irradiated region
significantly overheats and deforms which intensifies annealing processes and makes
it difficult to identify the possible contribution of non-failure mechanisms.

Therefore, the use of heavy ions initiating thermal wedges is undesirable when
emitting radiation defecation mechanisms.

Henderson and Bowen [49], assuming the shock mechanism of the formation of
F-centers during neutron bombardment of MgO, calculated the kinetic curve of their
accumulation. It was believed that annealing of Frenkel anionic pairs occurs only
when the interstitial ion statistically enters the instability zone of vacancies. The
calculated and experimental accumulation curves almost completely coincide with
the linear size of the instability zone 9a (a is the lattice parameter).

The experiment was carried out at room temperature. The absence of other types
of annealing of Frenkel pairs seems unlikely, since there is evidence of high mobility
of interstitial ions in magnesium oxide at low temperatures [43].

Confirmation of the shock mechanism of the creation of radiation defects in the
anionic sublattice of magnesium oxide are also the results of work [95], in which the
effect of the intensity of irradiation with high-energy electrons on the efficiency of
accumulation of F-centers was studied.

It was found that with a threefold change in the beam current density (0.5 + 1.5
wA-cm~2); the concentration of F-centers for crystals of a given purity depends only
on the irradiation time.

The works of A. S. Kuznetsov, N. V. Yaek, A. V. Sprat [90] are devoted to the
study of the possibility of implementing non-elementary mechanisms of radiation
defect formation in the anionic sublattice of magnesium oxide.

The authors identified optical absorption bands with maxima at 5.7 eV and 4.3 eV
as optical transitions in the anionic vacancy and interstitial oxygen, respectively.
Taking into account the significant increase in absorption in these bands with an
increase in the X-ray irradiation time of magnesium oxide crystals, a hypothesis was
put forward about the effective participation of ionization mechanisms in the creation
of Frenkel anion pairs (FAP) in MgO.
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However, defects oriented by (100) are responsible for the optical absorption band
with a maximum at 5.7 eV according to the data of [100], when magnesium oxide
crystals are deformed; therefore it is incorrect to attribute this absorption band to
anionic vacancies.

The following fact serves as an objection to the proposed identification of optical
absorption bands and the hypothesis created on this basis about the failure of FAP
generation in magnesium oxide crystals under X-ray irradiation. If the increase in
the optical absorption of MgO crystals in bands with maxima at 5.7 and 4.3 eV under
the action of X-rays is indeed associated with the appearance of anionic vacancies
and interstitial oxygen ions (in the form of analogues of o and I-centers in alkaline
halide crystals (AHC)), then an increase in the coefficient must also be observed
absorption in the F-band. The authors did not observe this.

It should be noted that as early as 1957 and 1958 [101, 102], a change in the
absorption coefficient in the F-band in magnesium oxide crystals was reported when
they were irradiated with X-ray and ultraviolet radiation.

However, the authors do not analyze the origin of anionic vacancies at all.

We will compare the curves of the increase in the number of F-centers created in
magnesium oxide and KCI crystals by ultraviolet radiation to clarify this issue.

The process of accumulation of F-centers can be divided into two stages For
KCI [103]. At the first stage, which quickly tends to saturation, defects that exist
in the crystal before irradiation are involved. At the second stage, only their own
radiation defects appear, the number of which increases linearly over a wide range
of irradiation time.

The accumulation of F-centers for MgO is carried out in a single, rapidly saturated
stage, obviously associated with the presence of pre-radiation vacancies [104].

The fact that the phenomenon of autolocalization of excitons and holes has not yet
been detected in these crystals proves in favor of the shock mechanism of radiation
defect formation in MgO. No signal from the O;~ molecule was observed in the
electron paramagnetic resonance (EPR) spectrum in magnesium oxide. They are
probably unstable, which excludes the possibility of two-center autolocalization of
holes and excitons. The hole zone in MgO is large (~ 5 eV) [105] and the criterion
of single-center autolocalization in the form of O-centers in regular nodes of the
magnesium oxide lattice is probably also not fulfilled [106].

All of the above confirms the dominant role of the shock mechanism of radiation
defect formation in the anionic sublattice of magnesium oxide.

However, there is information in the literature, the explanation of which is difficult
from this point of view.

Earlier, an interesting result was obtained - the efficiency of the accumulation of
F—centers sharply decreases in the temperature range (140-200) K when studying
the temperature dependence of the accumulation of F-centers in the process of high-
intensity proton irradiation of magnesium oxide crystals.

The scattering cross-section and the transmitted energy do not depend on temper-
ature in elastic collisions; therefore a decrease in the efficiency of the accumulation
of F-centers should be observed only at the temperatures of their thermal destruction.
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Therefore, it remains to be assumed that during low-temperature high-intensity
proton irradiation, in addition to the shock mechanism of radiation defect formation,
another ionization mechanism participates in magnesium oxide crystals. In this case,
the decline in the efficiency of the accumulation of F-centers can be explained by a
decrease in the rate of generation of primary FAP.

Similar results were obtained in [107]. The authors interpret them as a result of
an increase in the take-off range of the FAP components that occur during irradiation
at lower temperatures.

The profiles of radiation defect formation in magnesium oxide crystals under
irradiation with various ions were experimentally determined and the results obtained
were comparable with the theoretical profiles calculated for the case of a shock
mechanism for creating radiation defects [108].

It turned out that in the case of light ions, whose energy is spent mainly on ioniza-
tion processes, the experimentally obtained profiles of radiation defect formation do
not repeat the theoretical profiles.

In particular, the efficiency of the formation of radiation defects was higher than
predicted by theoretical calculations.

Based on these results, the authors concluded that ionization mechanisms are
involved in the processes of radiation defect formation in the anionic sublattice of
magnesium oxide crystals.

The hypothesis of shock generation of F-centers in magnesium oxide crystals
is confirmed by the work [109], in which the results of measuring the kinetics of
accumulation of F-centers in MgO crystals under proton irradiation and the results
of calculating the number of FAP formed by elastic scattering of protons on the
nuclear subsystem of magnesium oxide crystals are compared using the classical
Thompson model.

Calculations were performed using the radiation parameters used during the
experiment.

It turned out that the experimentally observed concentrations of F-centers at the
temperature of liquid nitrogen significantly exceed the calculated number of FAP.
The calculations did not take into account the effects of focusing and channeling of
fast particles, as well as annealing processes, which should lead to an even greater
discrepancy with the experiment. There is a good agreement between the calculation
and the experiment at temperatures close to room temperature.

Consequently, the mechanism of formation of radiation defects only through
elastic collisions cannot explain the concentration of F-centers observed in experi-
ments at low temperatures in magnesium oxide crystals.
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1.3.2 Creation of Radiation Defects in the Cationic Sublattice
of Magnesium Oxide Single Crystals

There is information in the literature that at first glance seems to confirm the deter-
mining role of the ionization mechanism of radiation defect formation in the cationic
sublattice of MgO.

These are:

1. The accumulation of hole color centers in identical concentrations during isodose
irradiation with electrons, gamma rays and X-rays [56].

2. The cross-section of the formation of hole centers in MgO crystals is (10> = 10°)
barn [110], which is incompatible with the threshold energy of the nonadiabatic
displacement of the magnesium ion into the internode by elastic collisions (64 eV)
[56].

3. There is no dependence of the efficiency of defect accumulation on proton energy
[22].

However, it should be noted that the hole color centers in MgO crystals are created
only in crystals containing impurity ions Al, F, Na, Li, H, etc., the presence of which
itself implies the presence of pre-radiation cation vacancies.

Therefore, the hole color centers are observed in the form of V;, Vg, [Na], [Li],
Vou etc. The formation of hole color centers V and V™~ in MgO crystals by radiation
is also possible only in impurity samples containing hydrogen (deuterium) [50, 111,
112]. Impurity H* ions, due to their small size, are placed in the interstitial, where
a covalent bond is formed between them and oxygen ions. These OH-molecules,
together with nearby cationic vacancies that compensate for the effective charge of
the hydrogen ion, form the V,-center.

It turned out that when the crystal is irradiated with electrons or high-energy
quanta, hydrogen ions become mobile and leave the V,4-centers, leaving single
cationic vacancies [50, 111, 112].

All this indicates the inconsistency of the claims about the possibility of the decay
of electronic excitations to structural defects in the cationic sublattice of magnesium
oxide. The observed hole color centers are formed on pre-radiation cation vacancies.

Moreover, there are numerous facts according to which cationic vacancies are
not created even when magnesium oxide crystals are irradiated with high-energy
electrons and neutrons [50, 95, 111]. The absence of cationic vacancies in MgO when
irradiated with heavy ions [99], which produce excitations in the nuclear subsystem
of materials, indicates the extraordinary radiation resistance of the cationic sublattice.
It is believed to be due to the high mobility of interstitial cations, which leads to their
rapid recombination with cationic vacancies with the restoration of a defect-free
crystal structure [28, 99].

Currently, the only generally recognized method for creating cationic vacancies in
magnesium oxide is the cultivation of crystals with the addition of suitable inovalent
impurities, the effective charge of which is compensated by cationic vacancies.
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The work used single crystals of magnesium oxide grown by melting in an electric
arc.

Table 2.1 shows the content of the main impurities in the crystals used.

The study of the processes of generation of radiation defects and determination of
their lifetime in magnesium oxide crystals at high power absorbed radiation energy
was carried out on the installation of pulsed optical spectroscopy with nanosecond
time resolution.

Correlation curves of annihilation radiation of positrons in magnesium oxide were
taken at a facility to study the angular distributions of annihilation gamma quanta.

The pulse electron accelerator “Pulse-I” of the Tomsk Polytechnic University
was used as a source of high radiation exposure densities to study post-effects in
irradiated crystals. The electron energy in the beam E = 0.135 meV, the duration of
the irradiation pulse t = 1073 s; the beam current density j = (50-1000) A.

Irradiation of crystals with high-energy protons was carried out on a cyclotron of
Tomsk Polytechnic University.
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An industrial X-ray machine URS-55 (45 kV; 20 mA) was used for X-ray
irradiation.

Stationary measurements of the optical absorption spectra of magnesium oxide
crystals were performed on the SF-4A spectrophotometer.

Crystal calcination and annealing were carried out in air in an electric resistance
furnace (300-1800) K. The temperature was controlled by a Pt — PtRo thermocouple
and a potential.

The spectra of photostimulated luminescence of pre-irradiated crystals were
measured under stationary optical excitation in the region of the F-absorption band.
The source of excitation was a mercury lamp DRT-250. The light of the required
length was allocated by the SF-4A monochromator. The spectral composition of the
crystal glow was studied using a SF-4 monochromator, photomultipliers FEU-79 and
FEU-39, an amplifier and an automatic potentiometer.

2.1 Installation of Pulsed Optical Spectroscopy

An experimental setup manufactured at Tomsk Polytechnic University was used to
study the processes of formation and destruction of radiation defects in magnesium
oxide crystals.
The installation allows photovoltaic spectral-time measurements of optical
absorption and luminescence induced by radiation in the materials under study.
Parameters of the experimental setup are below:

spectral measurement range is (200-800) nm;

the measurement time interval is (7 x 107°=1073) s;
time resolution is 7 x 107 s;

the temperature range of measurements is (78-600) K.

Schematically, the essence of the installation is as follows: the luminous flux from
the light source is directed using a quartz lens through a sample, a quartz lens and
a monochromator to a photomultiplier, the electrical signal from which is recorded
by an oscilloscope. Under the influence of radiation generated by the accelerator,
the sample is colored and the anode current of the photomultiplier changes in time
proportionally to the induced color. Based on the results of measurements at different
wavelengths of probing light, the full spectrum of optical absorption of the sample
can be restored.

A pulsed electron accelerator with fixed beam parameters is used as a radiation
source in the installation: the average electron energy is 200 keV; the irradiation
duration is 5 x 107 s; the particle flux density is 1 kA cm~2.

The output of the accelerated electron beam is carried out through an aluminum
foil with a thickness of 20 pm into the pumped volume of a cryostat for optical
studies mounted on the output flange of the accelerator.

The energy spectrum of accelerated electrons was measured using a foil charge
spectrometer [113]. The time and current characteristics of the accelerated electron
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pulse were controlled using a measuring transformer, pre-calibrated with current
pulses calibrated in amplitude and duration.

As sources of probing light during measurements in the time interval (10°-1073)
s, the installation uses ISP-500 pulsed xenon lamps and a light source structurally
similar to the Podmoshensky’s light source.

The power supply scheme of pulsed light sources is based on the isolation of
a quasi-rectangular current pulse from the time dependence of a high-capacity
discharge.

A photoelectronic multiplier FEU-97 with and without sodium salacylate is used
to register light signals and convert them into electrical ones.

To increase the anode current of the photomultiplier, a pulsed supply of increased
voltage to a low-resistance divider is used in the installation. The switching power
supply unit of the power supply generates a rectangular high-voltage pulse with a
duration of 12 ms and an amplitude of up to 5 kV with a total divider resistance of
70 Ohms.

Linearity control of the recording system was carried out using a calibration multi-
stage attenuator. The light source in this case was radiation from a pulse lamp. The
light-ampere characteristic of the FEU-97 is linear in the range of values of the anode
current of 0.1-0.5 A with a pulsed supply voltage of 2.7 kV (Fig. 2.1).

The error in measuring the signal amplitude was determined from comparing the
results of multiple measurements of the amplitude of light pulses supplied to the
photomultiplier from the LED AL-102B, powered by amplitude-calibrated pulses
from the generator G5-9. The maximum spread of the results did not exceed 3%.
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Fig. 2.1 Dependence of the anode current of the FEU-97 (I) on the illumination (C) of the
photocathode
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The estimation of the error in the measurements of time intervals was carried out
by comparing the true shape of the calibration pulse signal with the reproducible
measuring circuit. The results of such a comparison for the FEU-97 generally coin-
cide with the passport data. Its time resolution, estimated from the leading edge of
the anode current pulse, is (5-7) x 107 s.

The optical measurement scheme used in the installation is designed in such a
way as to ensure the maximum luminous intensity of the system. The angle between
the probing light beam and the irradiated surface of the sample is 7°.

Due to this, the length of the optical path of the probing light in the colored volume
increases by more than 10 times, compared with the magnitude of the optical path
at normal beam incidence.

The design of the cryostat for optical studies allows the sample to be positioned
in accordance with the optical scheme described above and optical measurements to
be carried out in the temperature range (78-600) K.

The temperature of the sample is controlled using a chromel—alumel thermo-
couple and a PP-63 potentiometer.

The sequence of operation of the installation blocks is as follows.

When the set value of the charging voltage of the capacitor bank of the pulse
voltage generator (PVG) of the accelerator is reached; the matching circuit of the
digital voltmeter VK7-10A is triggered and includes a circuit for starting the probing
light source. At the same time, a synchronization unit is started, from the output of
which a synchro pulse delayed for the time of the light source ignition (200 ms)
is removed, which ensures the operation of the switching power supply unit of the
power supply unit. The same pulse, delayed by 2 ms by the passive delay line LZO-
20-600 (until the operating parameters of the FEU are stabilized), also ensures the
launch of the accelerator PVG and, at the same time, the oscilloscope scan generator.

A large spread of the accelerated electron flux density from pulse to pulse (10%)
leads to a significant error in optical measurements. Reducing this error by statistical
methods to 5% leads to the need for a 12-fold repetition of measurements. The
reduction of the error of a single measurement to 5% was obtained by normalizing
the results of optical measurements by the integral radiation dose.

The sensitivity of the photoelectronic multiplier, the optical absorption and scat-
tering of light on the elements of the optical path change significantly with the change
in the wavelength of the radiation under study.

These factors do not play a role in measuring optical absorption spectra, since the
optical density is the ratio of the intensities of probing light of a certain wavelength
that passed through the sample before and after the start of the irradiation pulse. It is
necessary to take into account these factors when measuring luminescence spectra.

Therefore, the calibration of the optical path for spectral sensitivity was carried out.
As a light source with a known continuous spectrum, an incandescent temperature
wide-range TRSh-2850 was used.

The spectral intensity of the radiation density of the TRSh-2850 lamp is calculated
by [114]

r(A,T)=riA, T)e(A, T), (2.1)
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where ¢ (A, T) is the grayness coefficient of tungsten from [141]; r,(A, T) is the
intensity of the spectral density of blackbody radiation, defined as

C
r,T) = Cia"5 AT — 1), 2.2)

where C, C, are the first and second radiation constants; 7T is the color temperature
(2850); '\ is the wavelength of light.

The optical path is graded directly after determining the spectral intensity of the
radiation density of the TRSH-2850 lamp. To do this, the TRSH-2850 lamp is placed
in a cryostat in place of the sample in the installation. The power supply of the PMU-
97 is carried out from a stationary power source VS-23, the signal from the PMU is
recorded by the microammeter M-95.

The calibration values of the optical path are the quotients of dividing the current
value according to the M-95 microammeter at \; by the intensity of the radiation
density at the same wavelength \i of the TRSH-2850 calibration lamp.

The error in determining the calibration values of the optical path was esti-
mated from a sevenfold measurement of the strength of the anode current of the
photomultiplier and is no more than 2%.

2.2 Installation for Studying the Angular Distributions
of Annihilation Gamma Quanta

The installation is designed to measure the angular distributions of 2 y-annihilation
decays of positrons in solids. The most informative experimental method for studying
2 y-annihilation is the method of measuring the angular distributions of annihilation
gamma quanta [31].

The block diagram of the installation is shown in Fig. 2.2.

The main units of the installation are an isotope and sample attachment unit,
radiation detectors, a collimator system, “Cedar” electronic device and a digital
typewriter BZ-15.

The installation has the following operating parameters:

The activity of the Na?>(8*,y) positron source is 0.37 GBq;

The angular resolution of the installation is (0.5-0.8) mrad;

The distance from the sample to the gamma-quantum detector is 1300 mm;
Collimator width is (0.5-1.0) mm;

Collimator height is 70 mm;

The alignment and parallelism of collimators is not worse 0.1 mrad.

The experimental equipment used satisfies the basic technical conditions required
for such type of installations as follows from the review of the state of measuring
equipment for the study of the angular correlation of annihilation gamma quanta
[115].
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Fig. 2.2 Block diagram of an installation for measuring correlation curves of annihilation gamma
quanta, where 1 is a sample; 2 is an isotope; 3 is collimators; 4 is lead houses; 5 is a scintillator; b
is a FEU; 7 is a cathode repeater; 8 is an “Cedar” electrode device; 9 is a digital typewriter

2.2.1 Radiation Detectors

Radiation detectors are designed to register the annihilation gamma quanta emitted
during the annihilation of positrons in the sample under study. Scintillation counters
based on the FEU-52 are used as detectors. A thallium-activated Nal crystal serves
as a scintillator. The detectors are placed in lead houses. One of the detectors with its
collimator together can move with the help of a rotary device in a horizontal plane
in both directions relative to the main horizontal axis of the installation. The second
detector is stationary.

2.2.2 Collimator System

The collimator system includes four collimators, two of which are located directly
in front of the detectors and serve for collimation of annihilation gamma quanta,
having a small deflection angle relative to 180°. The other two are located in front
of the isotope and serve to shield the source (it eliminates the possibility of radiation
from the isotope entering the detectors).

2.2.3 Isotope and Sample Attachment Unit

A special design cage made of plexiglass is placed directly on the lead holder of the
isotope, in the vertical guide of which the sample holder is installed. The sample
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is fixed in a special slot of the holder and together with it is pressed by a spring to
the plane of the horizontal slot of the clip. The isotope-sample distance was selected
experimentally and is 3 mm in order to make optimal use of the positron beam.

2.2.4 Source of Positrons

The source of positrons is the radionuclide Na?*(8*,y) with an activity of 0.37 GBq.
The half-life of this isotope is 2.58; the maximum energy of positrons in the main
decay branch is 0.54 meV. The diameter of the working spot is 10 mm.

2.2.5 The “Cedar” Electrode Device

The “Cedar” electronic device is designed for automatic control of the experimental
installation and recording device, discrimination of signals coming through two chan-
nels, counting the number of pulses in a given time interval on each channel, or coin-
ciding in time on both channels, indication of the measurement result, information
interface with a digital typewriter.

2.2.6 Measurement Error

Since the correlation curves of annihilation radiation N(6) are measured using a
coincidence scheme, the overall measurement error will be determined by the statis-
tical error in registering true coincidences and the error caused by the background
of random coincidences [116].

Due to the low load of both input channels of the matching scheme used,
At~ 1 mseconds,i.e. whenn; At < 1 andny At < 1. The total speed of counting
matches is

N(G) = Netrue + T(G)mn fOI', At (23)
The average number of matches for time t is
N©) = N©O)irue + NO)ran, 24

relative fluctuation of the number of coincidences due to the applicability of Poisson’s
law in this case is

1
Sve = 1/IN©)]72. (2.5)
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Thus, the measurements are carried out in two stages. At the beginning, the back-
ground of random coincidences is measured for time t. In our case, this measurement
is

Nbackgr =T(0 > Omax), (26)

where 0,,,, = 20 mrad.

Then the total effect of N(0) is measured and N (0),,,. is determined from (2.5). The
time for selecting statistics is determined from the required accuracy of measuring
correlation curves (at least 1%).

2.2.7 Calculation of Positron Absorption in Single Crystals
of Magnesium Oxide

Information on the distribution of the density of thermalized positrons over the depth
of the sample under study is particularly needed to interpret the data on the annihila-
tion of positrons in matter when studying the structure of defects in single crystals,
to assess the sensitivity of the positron spectroscopy method and to exclude the
influence of annihilation gamma quanta from the substrate material.

Currently, the characteristics of the passage of electrons and positrons in matter
are being studied in detail by machine modeling methods.

It is possible to satisfactorily calculate the characteristics of the scattered electron
flux and particle runs in comparison with experimental data When using calculation
models and known cross sections of elementary processes (scattering and energy
losses) [117, 118].

There are practically no such experimental data for positrons due to the difficulty
of registering them and the lack of suitable sources with high radiation intensity.

Therefore, in many cases, including ours, the necessary information about the inte-
gral and differential distributions of the positron flux in a substance can be obtained
only by calculations.

The calculated depth distribution of positron annihilation centers in magnesium
oxide crystals from a standard Na?*(8*, ) source on a glass substrate is presented
by curve 1 (Fig. 2.3). The calculations took into account the energy spectrum of
positrons.

It is necessary, of course, to compare the obtained result with experimental data
to assess the reliability of the calculation model. There is practically no such data for
positrons.

Therefore, according to the model used, calculations of the deep distribution of the
absorbed energy of accelerated electrons with energy of 0.135 meV in magnesium
oxide crystals were also carried out (curve 2) and compared with experimentally
measured values (Fig. 2.4).
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Fig. 2.3 Calculated depth distribution in magnesium oxide crystals of positron annihilation centers
from Na22(B*, y) radionuclide (1) and absorbed electron energy with an energy of 0.135 meV (2)

G

Fig. 2.4 The scheme of calibration of the monitor by the current density of the accelerated electron
beam, where 1 is a collimator; 2 is a monitor; 3 is a Faraday cylinder; G1, G2 are model and
calibrated galvanometers, respectively

A good agreement between the experiment and the calculation was found, which
confirms the reliability of the calculation model used.

Analysis of the calculations shows that 80% of the positrons from the number of
protons emitted by the Na??(P*,y) source towards the studied sample annihilate in
the magnesium oxide crystal layer with a thickness of 80 wm. On the other hand,
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electrons with energy of 0.135 meV are absorbed in a magnesium oxide crystal with
a thickness of 80 pm.

Thus, the basic information about the crystal structure defects obtained by
the positron annihilation method comes from layers of magnesium oxide crystals
irradiated with electrons with an energy of 0.135 meV.

When studying the electronic structure of various kinds of defects, including
radiation defects, in real crystals by the method of positron annihilation, it is possible
to study a given area of samples by selecting an appropriate source.

A given area of samples can be investigated by selecting the appropriate source
in real crystals by the method of positron annihilation when studying the electronic
structure of various kinds of defects, including radiation.

2.3 Dosimetry of the Radiation

The absorbed radiation energy of accelerated particles in magnesium oxide crystals
was determined by calculation using Equation

D, =K——, (27)

where E is the average energy of particles in the beam, [eV]; j is the beam current
density, [A - cm2]; ¢ is the irradiation time, [c]; d is the thickness of the colored
crystal layer, [cm]; g is the particle charge, [Kl]; K is the conversion coefficient of
eV - cm™ to Gr, equal to magnesium oxide 4.5 x 10717,

Thus, it is necessary to determine the values of j, ¢, E, d to calculate the absorbed
radiation energy of accelerated particles in single crystals of magnesium oxide.

2.3.1 High-Current Electron Beam

Information about the current density of the beam j was obtained using a Faraday
cylinder placed in place of the crystal under study and connected to a set of low-
inductive capacitors and an M-95 microammeter. The time constant of the electrical
circuit is significantly less than the time constant of the deflecting galvanometer
system. In this case, the galvanometer operates in ballistic mode, and its deviations
are proportional to the charge of the electron beam introduced into the Faraday
cylinder.

To carry out operational control of the electron flux density at the moment of each
irradiation pulse, a monitor is placed in front of the collimator during experiments.
Calibration of the monitor according to the electron beam current density is carried
out according to the scheme shown in Fig. 2.4.
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The principle of calibration consists in carrying out the readings of the model
galvanometer G1 included in the Faraday cylinder circuit (3) in accordance with the
readings of the galvanometer G2 in the monitor circuit. Galvanometers operate in
ballistic mode.

The error in measuring the electron flux density by the monitor is determined
by the error of a single measurement of the Faraday cylinder galvanometer and the
monitor galvanometer, as well as a random error associated with the fluctuation of
the electron beam. The error was calculated according to the method described in
[119, 120]. The galvanometer of the Faraday cylinder was graduated by the charge Q
of a capacitor with a capacity of C Q = CU, where U is the charge voltage. Then the
error of measuring the electron flux density j for the Faraday cylinder is determined
by the accuracy class of measuring devices of capacitance, voltage, diameter of the
collimating hole, as well as by the random error associated with fluctuations in the
switching circuit.

The error in measuring j by a Faraday cylinder galvanometer with a confidence
probability, @ = 0.95 is 3.5%. The error in measuring the electron flux density by the
monitor galvanometer with a confidence probability ¢ = 0.95 in the measurement
range used does not exceed 3%.

The average electron energy in the beam E was determined from the spectral
energy distribution of electrons for the accelerator used and was 0.135 meV during
the experiments.

The electron energy spectrum is shown in Fig. 2.5 and is typical for this class of
accelerators.

The spectrum was obtained using a charge spectrometer, which is a system of foils
arranged in a vacuum along the beam one after the other [113]. The electron energy

I, rel. units
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Fig. 2.5 Energy spectrum of electrons in the beam [174]



2.3 Dosimetry of the Radiation 33

|, conv. units

L 1 " 1 L 1 1 1 I

0.0 0.1 0.2 0.3 0.4

d, mm

Fig. 2.6 Color distribution over the thickness of the magnesium oxide crystal after irradiation with
a high-current electron beam up to 3 x 10° Gy (j = 600 A * cm—2)

spectrum was constructed by measuring the charge on each of the spectrometer foils
after the end of the irradiation pulse.

The error in restoring the spectrum is due to errors in measuring the distribution
of charges and the error of the method of restoring the spectral distribution of the
charge. The average quadratic error with 3% accuracy of the initial data is 20%.

The thickness of the colored layer of the magnesium oxide crystal was determined
using the MF-2 microphotometer after irradiation with five pulses of accelerated
electrons and is 80 wm (Fig. 2.6).

The duration of the radiation pulse was measured by a Faraday cylinder and 12-7 m
of small time intervals. The pulse duration was 10~® during the experiments.

Thus, t = 108 s, E = 0.135 meV andj =10 A cm 3 at d = 80 wm; the power
of the absorbed electron radiation energy in magnesium oxide is 28.5 x 10'° Gr

- min~! according to the Eq. (2.7).

2.3.2 High-Energy Protons

The parameters of the proton beam during the experiments were strictly fixed and
according to the data of the cyclotron operation service.

The thickness of the colored layer of the magnesium oxide crystal d with the beam
parameters used was determined using the MF-2 microphotometer and for protons
with an energy of 10 meV was 340 pm (Fig. 2.7).
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Fig. 2.7 Color distribution over the thickness of the magnesium oxide crystal after irradiation with
protons up to 107 Gy

2.3.3 Absorbed X-ray Radiation Energy

The absorbed energy of X-ray radiation in MgO crystals was determined from the
following expression [37]

(/P

= Dy, 2.8
w/pa * (8)

cr

where (u/p). and (u/p)q are the mass coefficients of attenuation of the radiation
energy by the crystal and the dosimeter; D, is the radiation energy absorbed by the
dosimeter.

A KNOj chemical dosimeter similar to the Fricke ferrosulfate dosimeter [122]
was used to determine D, with a constant radiation yield of 1.6 ions per 100 eV of
absorbed energy.

The power of the radiation energy absorbed by the dosimeter turned out to be
equal to 219 Gr * min~"'.

The mass attenuation coefficients of the crystal and the dosimeter were calculated
according to the formula for chemical compounds [123] by averaging the mass
attenuation coefficients of the constituent atoms or ions with weights corresponding
to their mass content in each element of the substance, i.e.

(w/p) =Y ni(u/p)i, (2.9)
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where 7 is the mass fraction of the ith—element with the mass attenuation coefficient
(W/p)i.

The value (ju/p); depends on the quantum energy of the incident X-rays. Therefore,
it seems necessary to determine the effective energy of the quantum of X-ray radiation
of the URS-55 installation used by us (45 kV, 20 mA).

It is known that the law of X-ray power attenuation can be written as [39]

I; = Lye ™™, (2.10)

where i; is the radiation power behind the absorber layer with thickness x;; I is the
radiation power without an absorber; W is the linear attenuation coefficient.

Therefore, itis always possible to determine the linear, and, consequently, the mass
attenuation coefficients of the radiation used from the experimental dependence on
the Eq. (2.10).

The use as an absorber of a material with a known law of variation of the attenua-
tion coefficient from the radiation energy will make it possible to establish the value
of the effective quantum energy of the X-ray radiation used.

Figure 2.8 shows the dependence of the attenuation of the power of the radiation
we use on the thickness of the aluminum absorber measured using the DRG2-01
dosimeter.

The mass attenuation coefficient determined from the obtained dependence turned
out to be equal to 1.2 cm? g~!, which corresponds to the effective energy of the X-ray
quantum of 28 keV [123].
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Fig. 2.8 Dependence of the change in the X-ray power of the URS-55 installation (45 kV, 20 mA)
on the thickness of the aluminum absorber
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The values (u/p) of K, N, O, Mg for the established energy range of the X-ray
radiation we use are taken from [123].

It is obtained what (i/p)kno, = 1.975 cm? g~ 1; (/p)meo = 0.646 cm? g7!,
taking into account the mass fraction of elements in the compounds according to the
Eq. (2.9),

The power of the X-ray radiation energy absorbed by the crystal is determined
(W, = 71.6 Gr * min~!), knowing the mass absorption coefficients of the crystal
and the dosimeter and the value of D, according to the Eq. (2.8).

2.4 Additional Optical Absorption of Irradiated MgO (I)
Crystals

The content of this section assumes the solution of two tasks:

1. The possibility of creating stable F-type color centers in MgO crystals under
irradiation (without clarifying the causes of the origin of anionic vacancies).

2. Establishment of the structure of electronic color centers (F* or F) in case of their
accumulation.

The position of the maxima of the optical absorption bands of the F-type color
centers in magnesium oxide crystals has been reliably established as 4.92 eV (F*)
and 5.01 eV (F) at 298 K [31-33].

Therefore, the creation of stable electronic color centers under the influence of
irradiation can be judged by the change in the optical density in the spectral region
of 5.0 eV.

The close position of the maxima of the optical absorption bands of the F* and
F-color centers makes it difficult to identify them by optical absorption spectra.

However, the glow of the F* and F-centers is manifested in different parts of the
spectrum. The maximum of the glow band of F* centers is located at 3.15 eV (298 K)
and F-centers is located at 2.4 eV (298 K) [31-33].

Therefore, information about the structure of electronic color centers in magne-
sium oxide crystals can be obtained from the position and intensity of the lumines-
cence bands when the irradiated crystal is excited by light from the F-absorption
band.

Figures 2.9 and 2.10 show typical optical absorption spectra of an MgO (I) crystal
in the region of (3.7-5.6) eV after irradiation with a high-current electron beam and
protons.

As follows from the figure, irradiation of MgO crystals with a high-current electron
beam leads to the appearance of a complex spectrum of additional optical absorption.

Although crystal irradiation leads to an increase in the optical density in the F-
absorption band (~ 5.0 eV), nevertheless, the complexity of the spectrum of additional
optical absorption makes it necessary to analyze the possible causes of its appearance.

In general, the additional optical absorption of magnesium oxide crystals during
irradiation may be due to:
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Fig. 2.9 Optical absorption spectra of the MgO (I) crystal, where 1 is the initial one; 2 is irradiated
with a high-current electron beam (800 A = cm?,9.5=10° Gy); 3 is the difference between spectra
2 and 1 (additional optical absorption)
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Fig. 2.10 Spectrum of additional optical absorption of an MgO (I) crystal irradiated with protons
up to 6-10° Gy
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1. Impurity color centers.
2. Color centers based on their own defects of the crystal lattice (both pre-radiation
and those created during irradiation).

Due to the significant contamination of MgO (I) crystals, it is possible to form
color centers in them with the direct participation of impurity ions.

Let’s analyze this possibility taking into account the impurities detected by
spectral analysis in the studied crystals.

When studying the states of impurity ions by the EPR method before and after
irradiation of magnesium oxide crystals with electrons, y- and X-rays, the possibility
of changing the charge state of ions Ti, V, Sg, Fe, Ru, Pd, Co, Ni, Mn was shown
[10].

Only the crystals under study contain iron ions (Table 2.1) from the listed elements;
therefore, we will consider possible manifestations of iron ions in the spectrum of
additional optical absorption of MgO (I).

The position of the maximum absorption band of Fe?* ions is reliably established
at 1.2 eV [74], which is far from the region we are studying. Therefore, Fe?* ions
are eliminated from further consideration.

It is known that irradiation of magnesium oxide crystals with ionizing radiation
leads to the appearance of optical absorption bands with maxima at 4.3 and 5.7 eV
[76]. The linear correlation between the change in the absorption intensity in these
bands during irradiation and the concentration of impurity iron ions [46], as well as
the use of magnetic circular dichroism and EPR methods [77] allowed to reliably
establish the responsibility of Fe** ions for absorption bands with maxima at 4.3 and
5.7eV.

Absorption in the region of 5.7 eV is non-elementary. Thus, in [79, 80], anumber of
weak optical absorption bands were detected for magnesium oxide crystals irradiated
with neutrons and heavy ions in the (5.6-6.0) eV spectral region. Comparing the
intensity of optical absorption in this part of the spectrum with the concentrations of
impurity ions, the authors do not exclude the possibility that there is absorption of
Al, Si.

Ca, Siand Ag ions remained unobserved from the impurities present in the studied
crystals.

Impurity ions Ca>*, which isoelectronic to Mg?*, slightly distort the electronic
structure of magnesium oxide. Therefore, the possible optical effects associated
with these ions located near the fundamental absorption are masked by interband
transitions.

We could not find any information from all the abundance of literature on magne-
sium oxide about the absorption of impurity ions Si and Ag, which is probably due
to their weak optical activity.

Thus, the impurities present in MgO (I) optical crystals cannot cause the appear-
ance of an additional optical absorption band with a maximum at 5.0 eV in the
spectrum.
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Interstitial anions, cations and cationic and anionic vacancies can act as intrinsic
defects of the crystal lattice with the participation of which the formation of color
centers is possible under irradiation.

Magnesium oxide crystals are characterized by a shock mechanism for generating
radiation defects at low and medium levels of radiation exposure [73, 95, 96, 99];
radiation-stimulated effects under the action of X-rays are caused by pre-radiation
defectiveness [10].

Non-irradiated magnesium oxide crystals are characterized by Schottky disorder
(removal of ions from regular nodes of the crystal lattice onto the crystal surface)
[10]. Therefore, there is a certain amount of anionic and cationic vacancies in all
crystals of magnesium oxide before irradiation; while there are no interstitial anions
and cations.

As our experiments have shown, irradiation of MgO (I) crystals with X-rays leads
to the appearance of additional optical absorption in the 5.0 eV region (Fig. 2.11).

Based on the above, the absorption band with a maximum at 5.0 eV in the spectrum
of additional optical absorption of MgO (I) crystals may be due to the formation of
color centers with the participation of anionic or cationic vacancies, but not interstitial
anions and cations.

The capture of holes and electrons, respectively, on cationic and anionic vacancies
leads to the creation of hole and electron color centers.

However, firstly, the maxima of the optical absorption bands of the hole color
centers are located in the region of 2.3 eV [44—45], which is far from the spectral
region we are studying.

0.2 |

586 5.2 4.8 4.4 4.0 3.6
h\', eV

Fig. 2.11 The spectrum of additional optical absorption of an MgO (1) crystal with a thickness of
250 wm after irradiation with X-rays up to 2 x 10° Gy
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Secondly, due to the small value of the forces of the transition oscillator in the
hole centers of coloring (0.1-0.2) [46, 58] their registration by optical absorption
spectra is difficult.

Thus, the appearance in the spectrum of additional optical absorption of magne-
sium oxide crystals after irradiation with a high-current electron beam and protons
of the absorption band in the region of 5.0 eV is due to the formation of color centers
on anionic vacancies (F-type color centers).

The photoluminescence spectra of crystals after irradiation were studied in order
to establish the structure of the electronic color centers (F* or F) formed in MgO (I)
crystals when irradiated with a high-current electron beam and protons, (Fig. 2.12,
curves 1,2).

The appearance in the photoluminescence spectrum of a glow in the band with a
maximum at 3.15 eV and the absence of a glow in the region of 2.4 ¢V indicates the
predominant formation of magnesium oxide crystals when irradiated with protons
and a high-current electron beam of electronic color centers in the form of F*.

Thus, the spectrum of additional optical absorption of MgO crystals irradiated by
protons and a high-current electron beam in the (3.7-5.0) eV region consists of two
elementary bands with maxima at 4.3 (Fe3*) and 4.92 eV (F").

The decomposition of the complex spectrum of additional optical absorption into
components was performed in order to verify this conclusion.

The values of the half-widths of the absorption bands of F*—color centers with a
maximum at 4.92 eV and Fe** ions with a maximum at 4.3 eV in magnesium oxide

|, conv. units

1 " 1 L 1 L 1 L 1 L 1 " 1

36 3.4 3.2 3.0 28 26 24
hv, eV

Fig. 2.12 Photoluminescence spectra of irradiated MgO (I) crystals, where 1 is by a high-current
electron beam up t0 9.5 x 10° Gy (j = 800 A * cm~2); 2 is by protons up to 18 x 10° Gy; 3 is by
X-rays up to 2 x 10° Gy
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crystals have been reliably established and are, respectively, 0.62 eV (298 K) [40]
and 0.73 eV (4 K) [78].

Therefore, in the case of responsibility for absorption bands with a maximum at
4.3 and 4.92 eV in crystals of MgO (I) ions of Fe** and F* centers irradiated by
protons and a high-current electron beam, there should be a coincidence between the
above values of the half-widths of the absorption bands and those isolated during
spectrum decomposition.

The decomposition of the additional optical absorption spectrum into elementary
components was carried out under the assumption of the Gaussian shape of the
absorption bands [101, 102]

—4In2 _ 2
o = ape w2 EimEn) (2.11)

where «; is the value of the optical density corresponding to the value of the photon
energy E;; «,, is the value of the optical density at the maximum of the absorption
band E;; W is the half-width of the absorption band.

Decomposition, which begins with the separation of the absorption band with a
maximum at 4.3 eV, is carried out for a crystal irradiated with a high-current electron
beam (Fig. 2.9). The graphical dependence In o; = (E; — E,,)* is constructed from
the low-energy decay of the optical density (3.6-4.1) eV (Fig. 2.13), from which the
numerical values «,, and W are determined.

The value «,, corresponds to the value ¢; at E,, = E;, i.e. at (E; — E,.)? = 0; the
value of the half-width W is determined through the angle of inclination p of the

Ln(a)
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Fig. 2.13 Spectrum of additional optical absorption of an MgO (I) crystal irradiated with a high-
current electron beam (j = 800 A cM~2) up to 3.5 x 10° Gy, with deduction the absorption band
with a maximum at 4.3 eV



42 2 Objects and Methods of Research Used in the Study

graphical dependence

41n2
tgf = Wz

(2.12)

It turned out that the half-width of the absorption band with a maximum at 4.3 eV
is close to the value of the half-width of the absorption band of Fe** ions at 4 K
(0.73 eV) and is 0.66 eV.

Taking into account, certain values of «,, and W according to the Eq. (2.11),
an absorption band with a maximum at 4.3 eV is constructed, which is graphically
subtracted from the spectrum of additional optical absorption.

The entire procedure described above is performed under the condition E,, =
4.92 eV for the resulting remainder (Fig. 2.14).

Processing of the results allowed us to establish the value of the half-width
(0.61 eV) of the absorption band with a maximum at 4.92 eV, which practically coin-
cides with the known value of the half-width of the absorption band of F*-centers
(0.62 eV).

The correspondence of the values of the half-width of the absorption bands deter-
mined by us, with maxima at 4.3 and 4.92 eV, to the known values of the half-width of
the optical absorption bands of Fe** ions and F* centers confirms the responsibility
of Fe** ions and F* centers for absorption in bands with maxima at 4.3 and 4.92 eV
in the spectrum of additional optical absorption of MgO (I) crystals, irradiated by a
high-current electron beam.
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Fig. 2.14 Determination of the absorption band parameters with a maximum at 4.3 eV for a magne-
sium oxide crystal irradiated with a high-current electron beam (j = 800 A cm~2) up to 9.5 x 10°
Gr
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Thus, irradiation of MgO (I) crystals by a high-current electron beam leads to the
formation of F* electronic color centers.

In addition to the high-current electron beam, other types of radiation were used
in the work, namely X-rays and high-energy protons, irradiation of which MgO (I)
crystals leads to the appearance of additional optical absorption (Figs. 2.10 and 2.11)
similar to that shown in Fig. 2.9 for a crystal irradiated with a high-current electron
beam.

Therefore, it was necessary to conduct studies of the photoluminescence spectra
of crystals subjected to these effects.

It turned out that, as with irradiation with a high-current electron beam, and with
irradiation with X-rays and high-energy protons, F*-centers are mainly created in
MgO (I) crystals (Fig. 2.12).
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High-temperature irradiation refers to the irradiation of crystals at temperatures close
to 300 K in this section. Protons have a mass intermediate between the masses of
electrons and heavy ions and have a high ionizing ability comparable to the result of
exposure to high-current electron beams.

At the same time, the proton energy is sufficient for the development of cascade
processes of elastic collisions.

Therefore, when irradiating MgO crystals with protons, there is a fundamental
possibility of implementing both shock and non-shock mechanisms of defect forma-
tion. This is also indicated by the results of work [125], where it was found that with
a decrease in the mass of ions implanted in MgO, the efficiency of the formation
of radiation defects increased. The defect formation efficiency exceeded the value
predicted by the theory of atomic collisions for H" and Ne* ions.

There is a need to specify the mechanism of ion displacement that dominates
during high-temperature irradiation of MgO crystals in connection with the above.

Experimental investigation of this issue is the main task of this chapter.

The methodically set task was solved by studying the spatial distribution of
radiation defects in the proton track.

At the same time, we proceeded from the fact that for light charged ions there is
a possibility of strict analytical calculation of energy losses for elastic collisions and
for ionization and excitation of target atoms [97, 126, 127].
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It is possible to establish a functional relationship between the concentration of
defects created and proton energy losses comparing the experimentally measured
distribution profile of radiation defects with the calculated data.

The impact mechanism of defect formation will lead to a linear relationship
between the number of defects created and the amount of energy loss due to elastic
collisions.

The implementation of the decay mechanisms of binary electronic excitations
should correspond to a quadratic or close to quadratic dependence of the number of
defects created on the magnitude of proton energy losses for ionization and excitation
of target atoms.

3.1 Kinetics of the Change in the Intensity
of the Absorption Band with a Maximum at 4.92 eV

It was shown in the previous chapter that the absorption bands with maxima at 4.3
and 4.92 eV induced by irradiation with protons, high-current electron beam and
X-rays are identified respectively with the absorption of impurity ions of Fe** and
F*-centers.

However, the questions of the origin of anionic vacancies on which F*-centers are
formed during irradiation remains open.

Therefore, below we present the results of an experimental study of the kinetics
of changing the intensity of the band with Av,, = 4.92 eV when irradiating MgO (I)
crystals with protons with energy E = 9.3 meV.

Figure 3.1 shows the kinetics of change in the intensity of the band with hv,, =
4.92 eV when crystals are irradiated by protons (curve 1, lower scale) and X-rays
(curve 2, upper scale).

The kinetics of band growth goes through two stages: a fast initial and a slow
linear one in the case of proton irradiation. During X-ray irradiation of crystals, the
kinetic dependence has a nonlinear form and is saturated at approximately the same
level as the rapid initial stage of the kinetic curve for proton irradiation.

The completion of the rapid growth stage of the band intensity with hv,, =4.92 eV
is accompanied by saturation of the absorption band intensity of Fe*? ions (Fig. 3.2)
and the almost complete disappearance of the EPR signal from Cr’* ions.

These data indicate that the fast stage of the kinetic curve for the 4.92 eV band
is associated with the radiation recharge of defects existing in the crystal before
irradiation.

Indeed, the capture of electrons on the pre-radiation vacancies of anions, with the
formation of F-type centers, as well as on Cr** ions with their recharging of Cr3*,
should be accompanied by the capture of holes on Fe*? ions and their oxidation to
the Fe*3 state.

It is obvious that the duration of these redox reactions will coincide. This explains
the simultaneous saturation of the intensity of the absorption band of Fe** ions, the
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Fig. 3.1 Kinetics of the change in the intensity of the band with Av,, = 4.92 eV in MgO (I) under

irradiation by protons (1) and X-rays (2)
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Fig. 3.2 Kinetics of the change in the intensity of the band with Av,, = 4.3 eV in MgO (I) under
irradiated by protons with an energy of 9.3 meV
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disappearance of the EPR signal from Cr** ions and the completion of the fast stage
in the kinetic curve for the 4.92 eV band.

The behavior of the kinetic curve is more significant for the band with hv,, =
4.92 eV after the completion of the fast stage. A linear increase in the intensity of the
band occurs only under proton irradiation and is not observed during crystal X-ray
irradiation. It is known that X-rays irradiation does not generate new crystal lattice
defects in MgO crystals, whereas high-energy particles are capable of causing anion
displacement [10].

Therefore, the linear increase in the intensity of the band observed in the exper-
iment with hv,, = 4.92 eV should be associated with the radiation generation of
F*-color centers.

We performed an experiment to prove this position, the idea of which is based on
the difference in the thermal stability of radiation-generated F-centers and defects
of pre-radiation origin. It is known that the thermal stability of radiation-generated
F and F*-centers is relatively high and is due to the thermal stability of interstitial
defects [71].

The destruction of interstitial defects and annealing of the F-band is observed
at temperatures exceeding (590-625) K. Annealing of defects of a pre-radiation
nature is mainly due to the thermal stability of V-type hole centers and is observed at
temperatures not exceeding 450 K [128]. In particular, the EPR signal from Cr ions
is completely restored at a temperature of 450 K [128].

Therefore, if the irradiated samples are annealed at a temperature exceeding the
stability of the hole centers, but not higher than the temperature of destruction of
interstitial defects, then defects created by radiation will remain in the crystal.

The MgO (I) samples were irradiated under the same conditions with protons
with E, = 9.3 meV. The radiation doses for the samples were different. All samples
were annealed at a temperature of 475 K for 30 min after irradiation; the intensity
of the absorption band was measured at 4.92 eV. The dependence of the intensity of
the band with hv,, = 4.92 eV on the radiation dose obtained using this procedure is
shown in Fig. 3.3.

It can be seen that this dependence strictly reproduces the linear stage of the
accumulation curve shown in Fig. 3.1 (curve 1). This experiment proves that at the
linear accumulation stage, defects whose thermal stability coincides with the stability
of interstitial anions are responsible for the band with hv,, = 4.92 eV. It is obvious
that such defects are the centers of coloring.

The studies presented in this section on the kinetics of changes in the intensity of
the absorption band with Av,, = 4.92 eV allow us to conclude that F*-color centers
of MgO crystals created by radiation are mainly responsible for optical absorption in
this spectral region at doses exceeding 3 x 10° Gy (the dose required for saturation
of the rapid stage).
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Fig. 3.3 Dose dependence of the intensity of the optical absorption band with Av,, = 4.92 eV in
MgO (I) crystals after irradiation with protons with E = 9.3 meV and annealing at 475 K for 30 min

3.2 Photo Luminescence of Irradiated MgO (I) Crystals

The radiation accumulation of F*-color centers, identified by us with a linear increase
in the intensity of the optical absorption band with hv,, = 4.92 eV, should be
accompanied by the accumulation of anionic interstitial defects in the crystal.

The detection of interstitial defects in proton-irradiated MgO (I) crystals would
be a direct proof of the radiation generation of Frenkel anion pairs.

Therefore, the results of photoluminescence studies of irradiated MgO (I) crystals
will be considered below, the main purpose of which was to prove the radiation
generation in proton tracks of anionic interstitial defects of magnesium oxide [129].
Additionally, the task was pursued to clarify once again the type of F-centers created
in MgO (I) crystals under proton irradiation.

We used of the luminescent method for recording interstitial defects of magnesium
oxide is based on the data of [130], where changes in the cathodoluminescence
spectrum of MgO crystals were detected depending on the type of ions implanted in
the sample.

In particular, it was found that the cathodoluminescence spectrum of untreated
crystals in the visible and near-infrared regions represents two groups of bands
of approximately equal intensity. The center of the short-wave group is at \ ~
440 nm (blue luminescence), the long-wave group is located at A ~ 700 nm (red
luminescence).
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Implantation of Mg*? ions into the crystal led to a relative increase in blue lumi-
nescence, while implantation of oxygen caused a sharp increase in the intensity of
red glow.

If we take into account that, the accompanying defect has the same character due
to the proximity of the masses of the embedded ions, then the observed changes
in the spectra should be associated with the formation of interstitial defects, which
include either magnesium or oxygen, respectively.

We also used a method for comparing the effects of X-ray and proton irradiation
on the spectral composition of MgO luminescence when developing a technique for
luminescent registration of radiation interstitial defects. This method is based on the
well-known fact that Frenkel defects in the magnesium oxide lattice are generated
when exposed to a stream of high-energy particles and are not created during X-ray
excitation.

The samples were irradiated with protons with energy of 10 meV and a particle
flux density of 1.7 x 10" m~2 s~!. X-ray irradiation was performed on the URS-
55A installation in the mode at U, = 45 kV and I, = 20 mA. The irradiation and
measurement of the spectra were carried out at room temperature.

Photoluminescence of crystals, both before and after irradiation, was excited in the
wavelength range (220-340) nm. The highest excitation efficiency (without correc-
tion for the density of the exciting light flux) was achieved at \, = 254 nm. Therefore,
in the future, the excitation of luminescence was always produced by light with \;,
= 254 nm.

The luminescence spectrum of unradiated crystals is shown in Fig. 3.4.

I, conv. units
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Fig. 3.4 Photoluminescence spectrum of MgO (I) crystals before irradiation (A, = 254 nm)
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Fig. 3.5 Blue photoluminescence spectra of MgO (I) crystals before and after irradiation with
protons with an energy of 9.3 meV (A, = 254 nm), where 1 is before irradiation; 2 is dose
4.3 x 10° Gy; 3 is dose 1.72 x 107 Gy; 4 is dose 2.1 x 107 Gy

Itis obvious that it is practically identical to the cathodoluminescence spectrum of
untreated MgO crystals obtained in [130] and also represents two bands with maxima
at 460 nm and 730 nm.

The overall effect of proton irradiation is as follows. Radiation bands with maxima
at 390 nm and (420-430) nm appear in the spectrum of blue luminescence, the
intensity of which increases with increasing radiation dose (Fig. 3.5, curves 2—4).

The intensity of the red luminescence band also increases; its maximum is shifted
to the long-wavelength region of the spectrum (Fig. 3.6, curves 1, 3).

The reason for the shift of the maximum of the red luminescence band was
established using the following experiment.

The radiation spectrum of the X-ray sample was measured (Fig. 3.7, curve 1).

Then the same sample was additionally irradiated with protons and the radiation
spectrum was measured again (Fig. 3.7, curve 2).

Then the difference of the spectra was plotted, which is a regular Gaussian curve
with a maximum at 760 nm and a half-width of 0.3 eV (Fig. 3.7, curve 3).

It is obvious that the observed changes in the red luminescence spectrum under
proton irradiation are associated with the appearance and growth of the radiation band
with h, = 760 nm. Note that the intensity of the new red luminescence component
correlates with the optical density at the maximum of the F*-band of absorption
[129].

Annealing of the crystal at 880 K causes the disappearance of luminescence at
760 nm. Subsequent X-ray examination of the sample does not restore it [109].



52 3 Formation of Radiation Defects in MgO Crystals Under ...

3

|, conv. units

r I i T i T
600 700 800 900
&, nm
Fig. 3.6 Red photoluminescence spectra of MgO(I) crystals after irradiation with protons with an
energy of 9.3 meV (A, = 254 nm), where 1 is dose 4.3 x 10° Gy; 2 is dose 1.3 x 10° Gy; 3 is dose

1.72 x 107 Gy
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Fig. 3.7 Red photoluminescence spectra of MgO (I) crystals after irradiation with protons with an
energy of 9.3 meV (\p = 254 nm), where 1 is the crystal was irradiated with X-rays for 20 min;
2 is the crystal after X-ray irradiation was irradiated with protons with an energy of 9.3 meV at a

dose 4.3 x 10° Gy; 3 is the difference between spectra 1 and 2
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Analyzing the data presented above, we set ourselves the task of identifying
radiation bands associated with new defects in the crystal lattice, and, above all, with
defects that include interstitial atoms or ions.

It is obvious that such defects, and, consequently, the radiation bands accom-
panying them, can occur only after proton irradiation, which, unlike X-rays, can
generate Frenkel pairs.

Consider the radiation bands that most effectively arise after proton irradiation.

1. Theband with A, =390 nm. This band has been repeatedly observed in irradiated
with high-energy particles, as well as in additively colored crystals [38, 40, 42]
and is quite reliably identified with radiative transitions in the F*-centers of MgO
coloring.

We associate the radiation observed by us in the region of 390 nm with the radiation
of F*-centers taking into account the fact that photoluminescence in our case was
excited in the F*-band of absorption.

It should be noted that we did not observe the radiation of F-centers (A, =517 nm
[42]) in our experiments, although the absorption band of F-centers practically coin-
cides with the absorption of F*-centers and light with A, = 254 nm should excite
them equally.

Probably, proton irradiation, as well as neutron irradiation, mainly generates F*-
color centers.

2. The band with A, = 760 nm. Its relationship with the defect that is created only
with high-energy irradiation follows from the very procedure for isolating this
band.

The linear correlation of the band with \,;, = 760 nm with the number of accumu-
lated F*-centers, the irreversible annealing of this band at the destruction tempera-
tures of F*-centers, the superimposition of the maximum position of the band on the
spectral range of the radiation of oxygen embedded in MgO, allows us to identify
this radiation band with a defect that includes interstitial oxygen.

3. The band with A\, = 430 nm. Radiation with a maximum at 430 nm was observed
by a number of authors when studying the spectra of photo-, thermo-, and
cathodoluminescence of deformed crystals [107, 115, 116]. It is shown that the
intensity of this band correlates with the degree of deformation of the MgO crystal
and that the radiation centers are not dislocations, but point defects or their small
aggregates [131].

It is assumed that these centers can be either aggregates of vacancies [131] or
defects including interstitial magnesium [130, 132]. Apparently, it is impossible to
exclude a compromise model of the center in the form of a small vacancy aggregate
that localized interstitial magnesium on itself.

The presence of a band with A, = 430 nm in proton-irradiated crystals and its
apparent dependence on the radiation dose allow us to conclude that complex centers
similar to defects of deformation origin may occur during elastic collisions of protons.
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Since the glow with A, = 430 nm was excited in our case by light with A, =
254 nm, it can be assumed that the absorption band of these defects is located in the
short-wavelength region of the spectrum.

Indeed, this conclusion is consistent with the fact that the maximum band of the
spectrum of photoexcitation of radiation with Am =430 nm is detected at A =235 nm
[133].

Summarizing the results presented above, we can conclude that:

1. Exposure to light from the absorption region of F-type centers initiates radiative
transitions only in single-electron F*-centers in proton-irradiated crystals. On
this basis, it can be concluded that F*-centers mainly accumulate during proton
irradiation.

2. Thereis aradiation band with \, = 760 nm, which can be identified with anionic
interstitial defects in the photoluminescence spectra of crystals irradiated with
protons. Consequently, F*-centers accumulated during irradiation are created on
radiationally created anionic vacancies.

3. The presence in the radiation spectra of a band with a maximum at 430 nm
indicates the generation of radiation defects by protons, the structure of which is
similar to point defects of deformation origin.

3.3 Proton Energy Losses in MgO (I) Crystals

This section of the paper presents the calculation of the energy dependence of linear
proton energy losses in magnesium oxide crystals and experimental results on the
spatial distribution of proton energy in a crystal.

These data are necessary to construct a spatial distribution of linear energy losses
of a particle in order to compare the distribution of energy losses with the distribution
profile of radiation defects in the next section of the work.

Since proton tracks are almost straight-line, we mean what spatial distribution
is the distribution of measured values (particle energy, optical absorption intensity,
etc.) over the depth of the irradiated volume.

3.3.1 Calculation of Proton Energy Losses Due to Ionization
and Elastic Collisions

Energy losses of heavy charged particles in a substance occur as a result of their
interaction with electrons and nuclei of target atoms.

The energy spent on ionization and excitation of the target atoms is attributed
to ionization losses; energy dissipated in the sample during elastic collisions with
nuclei is attributed to losses on elastic collisions.

Energy losses due to inelastic collisions with nuclei, braking radiation, etc. are
negligible for heavy charged particles with energy of less than 10 meV [133].
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Ionization energy losses of a particle occur if its kinetic energy exceeds the kinetic
energy of ionization E;. E; is 1.8 keV with respect to protons inhibited in MgO crystals
(the band gap is 7.8 eV).

Consequently, protons excite the electronic subsystem of the crystal almost to
complete deceleration.

A quantitative measure of ionization energy losses is the value of linear energy
losses, which can be calculated using the Bethe-Bloch Equation [133].

The Bethe-Bloch Equation has the form for heavy charged particles with atomic
number Z, mass M and energy E (E > 0.5 meV)

dE 2we*N,Z*M = 4mE
=)= In , (3.1)
dx mE MJ

where e and m are the charge and mass of the electron; N, is the concentration of
electrons in the sample; J is the average ionization and excitation potential of the
target atoms.

The average ionization and excitation potential J for binary compounds can be
calculated by the Equations [169]

Zl 1nZl —|—22an2
Z+ 7

J = kZeff, In Zeff = s (32)

where Z; and Z, are the atomic numbers of the anions and cations of the compound.
We obtain Z,; equal to 10.2 for magnesium oxide. The coefficient k is a function
of the effective atomic number of the compound and for Z,; = 10.2 it can be equal
to 13 eV. Therefore, the value of J for MgO crystals according to (3.2) is equal to
133 eV.
The electron density is determined by the Equation

Mz + 7y

Np 3

(3.3)
a

where a is the crystal lattice parameter.

We get N, = 1.08 x 10** cm™ taking, a = 4.2 A [1].

Substituting the calculated values of J and N, in (3.1) and expressing (%)i in
[MeV cm™'], E is in [MeV], we get

dE 258.81n16.4E
( ) =00 (3.4)

dx E

Proton energy losses due to elastic collisions are determined by the interaction
potential of the proton with crystal-forming ions.
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According to (2.8) and (2.9), the boundary energy of Coulomb scattering of
protons in MgO is (120 = 100) eV. Consequently, the condition of Coulomb interac-
tion of protons with the nuclei of target atoms is fulfilled at particle energies exceeding
10 keV.

Linear energy losses due to elastic collisions are described by the Equation in the
Coulomb interaction of colliding particles [97]

dE 4dalNyZ?Z> M, E? T,
(_> — N2 4,7 kln(—), (3.5)
dx )¢ M,E E*

where E* is the minimum recoil energy; Z, is the atomic number of the ion.

Since we are interested in collisions leading to displacement of ions, the value
of E can be assumed to be equal to the threshold energy of displacement E,. The
experimentally obtained value of D is 60 eV for oxygen ions [96] and 62 eV for
magnesium ions [110].

The total proton energy losses due to elastic collisions for MgO crystals are
equal to the sum of the losses in the cationic and anionic sublattices of the crystal
according to the Bragg additivity rule [127, 133]. Substituting the numerical values
of the quantities included in (3.5), we obtain the equations:

1. Elastic losses in the cationic sublattice

dEN\M® 212 x 1072In2560E
— = , (3.6)
dx ) E
2. Elastic losses in the anionic sublattice
dEN? 141 x 10721n3683E
— = (3.7
dx ) E
3. Total losses on elastic collisions
dE 1.41 x 1072
— ] = ————(1.5In2560F + In3683FE). (3.8)
dx ). E

The energy loss values in (3.6)—(3.8) are expressed in [MeV cm™'], the proton
energy is in [MeV].

Expressions (3.6) and (3.8) define the energy dependences of the efficiency of
creating cationic and anionic defects in elastic collisions of a proton with crystal-
forming ions (with the exception of the final section of the track, when the proton
energy becomes below 10 keV).

At the same time, the energy of elastic collisions transmitted to the cationic
sublattice is higher by 1.5 times than the corresponding value for the anionic
sublattice.
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The energy spent on the excitation and ionization of the target atoms is more
than higher by 10 times than the energy loss due to elastic collisions; it follows
from the comparison of (3.4) and (3.8). Therefore, compounds in which the decay
of electronic excitations does not lead to the birth of defects are radiation-resistant.

3.3.2 Proton Energy Distribution Over the Depth
of Irradiated MgO (1) Crystals

A sharp increase in energy losses due to elastic collisions with a decrease in proton
energy causes an uneven distribution of atoms displaced along the length of the track
because of elastic collisions.

Itis necessary to express the Egs. (3.6)—(3.8) through the distance from the consid-
ered section of the particle track to the irradiated crystal surface in order to be able
to compare the experimentally obtained distribution profile of radiation defects with
the calculated distribution of energy losses for elastic collisions.

It is necessary to know the distribution of proton energy over the depth of the
irradiated object to do this.

Therefore, the results of experimental determination of the proton energy
distribution over the depth of irradiated crystals will be considered below.

We found the energy distribution of protons by measuring the energy of particles
passing through MgO (I) crystals of various thicknesses. Samples with a size of 5
x 5 mm were cut out of the ingot and etched in heated to 350 K nitric acid to a
predetermined thickness within (20-350) pwm.

KCl1 crystals were used as proton energy detectors. It is known that proton irradi-
ation of KC1 crystals causes the appearance of a colored layer with a sharp boundary
caused by the creation of optically active radiation defects. The thickness of the
colored layer corresponds to the proton path and depends on their initial energy.

The “mileage-energy” dependence for protons is measured with high accuracy
and with its help for most silk-haloid crystals; it is easy to find the initial energy of
the particle from the thickness of the colored crystal layer [169].

Since the detecting crystals were located behind the MgO (I) crystals, the initial
proton energy in this case corresponded to the energy of the particle after passing
through a crystal layer equal to the thickness of the sample.

MgO samples and KC1 detecting plates were placed in an irradiation cassette.
The cassette was a plane-parallel lead plate with a thickness of 10 mm, having 10
collimating holes with a diameter of 2 mm.

MgO (I) samples with different thicknesses were glued with epoxy resin opposite
the holes on the side of the cassette facing the proton beam. The KCI plates were
fixed with a spring clip on the opposite side of the cassette. Then the cassette was
mounted on the flange of the cyclotron ion conduit perpendicular to the axis of the
proton beam.
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The irradiation was carried out by protons with an initial energy of 5.1 meV for
10 min, which was sufficient for the appearance of a well-visible colored layer in the
crystal KCI. The experiment was repeated 5 times with the replacement of detecting
crystals.

The thickness of the MgO samples and the thickness of the colored layers in the
KCl crystals were repeatedly measured using an ISA-2 microscope. The measure-
ment results were averaged; a confidence interval for a probability of 0.99 was
calculated according to the method [134].

Figure 3.8 shows the dependence of the proton energy obtained in this way on
the thickness of the MgO sample passed by the proton. KCl crystals placed behind
MgO samples with a thickness of more than (136.0-1.5) wm were not stained. In
this regard, the energy distribution curve was extrapolated to a run length equal to
136 pm.

The measurement results were approximated by a power function by the method
of least squares

E(x) = 0.33(Ry — x)%, (3.9)

where x is the distance [microns] from the track section under consideration to the
irradiated surface of the sample; E(x) is the proton energy [MeV] at a distance of x
from the sample surface; Ry is the proton mileage [microns].

Equation (3.9) can be used for arbitrary initial proton energies not exceeding
10 meV, with the substitution of the corresponding value of the path Ry. It is easy
to calculate the energy of a particle at any distance from the crystal surface with its

E, MeV

0 20 40 60 80 100 120 140

X, um

Fig. 3.8 The distribution of protons over the thickness of MgO (I) crystals (E, = 5.1 meV)
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help; it is possible to find the value of the required type of energy loss substituting
the found value in (3.4), (3.6)—(3.8).

3.4 Distribution of F*-centers by Depth of MgO (I)
Crystals Irradiated with Protons

The main task of this section of the work was to solve the question of the dominant
mechanism of anion displacement under conditions of proton bombardment of MgO
(D) crystals at a temperature of 300 K.

The answer to this question can be obtained by comparing the experimental profile
of the distribution of radiation defects with the spatial distribution of proton energy
losses.

The energy losses of the particle are calculated with high accuracy by the Egs. (4.
4), (4.6)—(4.8) in a wide energy range of the retarding proton, which is ~ 90% of
the initial energy (at E = 10 meV); the deep distribution of energy losses is easily
restored using the proton energy distribution obtained in the previous section in the
crystal.

Microphotometric measurements of the absorption spectra of irradiated crystals
were performed at different distances from the irradiated surface of the sample.

The samples were irradiated with protons with £y = 9.3 meV and a beam current
of 4.1 x 107*A-m~2 at a dose of 7 x 10° Gy.

The optical absorption induced by irradiation was found as the difference between
the absorption spectra measured at a given depth and the spectrum obtained at a depth
of 700 wm, significantly exceeding the thickness of the colored layer.

The spectra of additional staining of crystals obtained in this way at different
distances from the irradiated surface are shown in Fig. 3.9. Analysis of these spectra
showed that their component composition includes Gaussian bands with maxima at
4.92 and 4.3 eV.

Figure 3.9 clearly shows that the most significant changes in intensity (as we
move away from the irradiated crystal surface) are experienced by a band with £,
= 4.92 eV, which we identify with the absorption of F*-centres.

This fact is clearly illustrated in Fig. 3.10, which shows the difference between
the spectra measured at depths of 320 and 350 pwm and which coincides in shape
with the F*-band of absorption.

The intensity distribution curves of the bands over the depth of the irradiated
volume were constructed after decomposition of the spectra into components: for
the F*-band (Fig. 3.11, curve 1) and for bands with 4,,, = 4.3 eV (Fig. 3.12, curve 1)
and h,,, = 5.63 eV (Fig. 3.12, curve 2). The presented curves indicate a fundamental
difference in the nature of the defects responsible for the F*-band and for the band
with h,,, = 4.3 eV.

Indeed, since the radiation dose exceeded the value required to complete the
radiation oxidation of iron ions (Fig. 3.2), the uniform distribution of the intensity
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Fig. 3.9 Spectra of additional optical absorption of MgO (I) crystals at different distances from
the irradiated surface of the sample, where 1 is at X = 100 wm; 2 is at X = 320 pm; 3 is at X =
350 wm; 4 is at X = 400 wm
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Fig. 3.10 The difference in the absorption spectra of the MgO (I) crystal irradiated by protons with
Eo = 9.3 meV, measured at a depth of 320 and 350 pm
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Fig. 3.11 Intensity distribution of the F*-band over the thickness of the MgO (I) crystal irradiated
with protons with an energy of 9.3 meV (1) and the constant component of the distribution (2)
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Fig. 3.12 The thickness distribution of the MgO (I) crystal of optical absorption with A,,, = 4.2 eV
(1) and 5.63 eV (2) after irradiation with protons with an energy of 9.3 meV
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of the band with %, = 4.3 eV reflects the uniformity of the distribution of impurity
iron ions in the crystal.

Thus, this result is consistent with the identification of the band with 4,,, = 4.3 eV
with optical transitions in Fe*? ions.

On the other hand, the pronounced heterogeneity of the distribution of F*-centers
indicates a different mechanism of their creation, which is clearly different from the
mechanism of recharging of pre-radiation defects of the crystal lattice.

We compared the intensity distribution of the F*-band with the distribution of
proton energy losses on elastic collisions in the anionic sublattice to determine the
mechanism of creation of F*-centers.

The proton energy was found at a given distance from the irradiated crystal surface
for this purpose, according to Eq. (3.9); energy losses were calculated according to
Eq. (3.7).

Figure 3.13 shows the dependence of the intensity of the F*-band obtained in this
way on the proton energy losses due to elastic collisions. The left and right arrows
indicate, respectively, the positions of the track sections on the surface (x = 0) and
at a depth of 320 pm.

It is clearly seen from the presented curve that the intensity of the F*-band with
high accuracy corresponds to the elastic energy losses of the proton on the over-
whelming part of the proton path length (at least 85% of the path length). The linear
dependence is transformed into a nonlinear one only in the final part of the track in
the region of the maximum of the band intensity distribution.
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Fig. 3.13 Dependence of the intensity of the F*-band of optical absorption on the linear loss of
proton energy on elastic collisions
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This result indicates the direct connection of the process of creating F*-centers
with the elastic scattering of protons on crystal-forming ions.

Considering the intensity distribution curve of the band with 4,,, = 5.63 eV over
the depth of the irradiated volume (Fig. 3.12, curve 2), it is necessary to emphasize
its intermediate form relative to the distribution curves of F*-centers and Fe*? ions.

This fact is additional evidence that defects of various nature are responsible for
the band with 4,,, = 5.63 eV, some of which are generated by radiation, others are
not.

Let’s consider some features in the nature of the dependence presented in Fig. 3.13.

1. The presence of a constant component is characteristic. If we continue the linear
section of the curve to the zero value of the energy loss (dashed curve), then the
constant component in the intensity of the F*-band, independent of the proton
energy loss, is cut off on the ordinate axis. This value, equal to 7 cm™!, is in
accordance with the saturation level of the intensity of the band with A, =
4.92 eV at the fast stage (Fig. 3.1, curve 1). The constant component in the
distribution of F*-centers is carried out symbatically to the distribution of Fe*?
ions and is shown in Fig. 3.11, curve 2.

The difference between curves 1 and 2 (Fig. 3.12) is shown in Fig. 3.14 (curve 1).

This curve represents the distribution of F*-centers formed on vacancies created
by radiation, while the constant component obviously reflects the distribution of
defects responsible for the initial rapid stage of kinetic dependence.

X, um

Fig. 3.14 Intensity distribution of the F*-band over the thickness of MgO (I) crystals irradiated
with protons with an energy of 9.3 meV, where 1 is the experimental curve (without a constant
component); 2 is the curve normalized to the initial value and adjusted in accordance with the
distribution of proton energy losses for elastic collisions; 3 is the difference between curves 1 and 2



64 3 Formation of Radiation Defects in MgO Crystals Under ...

2. The increase in the intensity of the band outstrips the increase in losses due to
elastic collisions in the final section of the proton path. Therefore, there is no
correlation between the calculated and experimental defect distribution profiles
in this area.

This fact can be presented more clearly if we explicitly construct the intensity
distribution profile of the F*-band calculated by the shock mechanism and compare
it with the experimental one.

The calculated values of linear energy losses were normalized to their initial value
at X = 0 for this purpose. The distribution of normalized energy losses is shown
in Fig. 3.15, curve 1. Then the initial intensity of the F*-band without a constant
component was multiplied by the corresponding normalized values of energy losses
as weight multipliers. Thus, the relative measurements of energy losses and the
intensity of the F*-band were brought into line.

The theoretical distribution of the intensity of the F*-band (according to the shock
mechanism model) is shown in Fig. 3.14, curve 2.

It can be seen that, basically, the distribution of F*-centers corresponds to the distri-
bution of defects created as a result of elastic proton scattering from a comparison
of curves 1 and 2, Fig. 3.14.

However, the number of accumulated F*-centers significantly exceeds the number
of F*-centers created in elastic collisions in the region of the distribution maximum.
For example, the excess corresponds to ~ 55% of the calculated value at X = 350 pum.

The observed discrepancy between the experimental and calculated data cannot
be explained by the calculation error taking into account the good correlation of the

-(dE/dx), rel. units
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Fig. 3.15 Normalized by initial values (at X = 0) distributions of linear proton energy losses over
the thickness of MgO (I) crystals (E = 9.3 meV), where 1 is for elastic collisions; 2 is for ionization
and excitation of atoms
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calculated and experimental data over the overwhelming length of the track (~ 85%
of the mileage) and that the range of applicability of the equations used extends to
the proton energy of 1 meV (X = 360 pwm).

Probably, a similar discrepancy was observed in [132], when MgO crystals were
irradiated with light ions. Therefore, this effect cannot be considered accidental.

The convergence of the calculated and experimental data did not change when
using Eq. (3.8) for total proton energy losses due to elastic collisions, i.e. taking
into account, the energy transfer to the cation sublattice does not change the defect
distribution profile.

Therefore, the increased efficiency of the formation of centers in the area of
maximum distribution can be explained by two hypotheses:

1. Improvement of the conditions for stabilization of Frenkel anion pairs in the
field of maximum efficiency of elastic collisions (for example, due to enhanced
aggregation of interstitial defects).

2. Implementation of the Frenkel anion pair generation process additional to the
shock mechanism.

Let’s discuss these hypotheses. The excess of the experimentally measured inten-
sity of the F*-band over the thermal intensity has a local, rapidly increasing form
(Fig. 3.14, curve 3), which is associated with processes having a threshold character.

The stabilization of defects cannot be attributed to threshold processes, especially
since as the proton decelerates; the average energy of displaced atoms decreases and
overcoming any barriers near the F*-centers of stabilization of mobile defects, on
the contrary, will be less effective.

Therefore, this hypothesis seems unrealistic. There is a significant increase in
ionization losses of proton energy in the proton track in the region of the maximum
distribution of F*-centers.

This is evidenced by the distribution curve of ionization energy losses, normalized
to its initial value (Fig. 3.15, curve 2).

Probably, in this case, a critical excitation density of the electronic subsystem
of the crystal is achieved, as a result of which the processes of non-elementary
generation of anionic Frenkel pairs are initiated.

However, the effect of additional creation of F*-centers does not matter much,
since the number of additionally created F*-centers and the total number of accu-
mulated F*-centers are correlated as areas bounded in Fig. 3.14 by curves 1 and 3,
respectively. This ratio does not exceed 8§%.

It can be seen that if ionization energy losses are used as weighting factors from a
comparison of the normalized distributions of elastic and ionization energy losses of
protons (Fig. 3.15, curves 1 and 2); the resulting calculated curve of the distribution
of F*-centers will be much worse consistent with the experimental distribution.

Therefore, it can be concluded that the experimentally obtained distribution of
F*-centers is most fully consistent with the distribution of proton energy losses for
elastic collisions. On this basis, we conclude that at elevated temperatures of proton
irradiation in MgO (I) crystals, the shock mechanism of defect formation in the
anionic sublattice of the crystal dominates.
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3.5 Summary

The predominant type of radiation defects of the anionic sublattice are color
centers in proton-irradiated MgO (I) crystals.

The dominant mechanism of radiation defect formation in MgO (I) crystals is the
shock mechanism of anion displacement at elevated irradiation temperatures.

A violation of the linear correlation between the intensity of the F*-band and
proton energy losses due to elastic collisions was noted in the region of the
Bregg peak. The reason for the correlation violation may be the non-elementary
generation of anionic Frenkel defects at a particularly high intensity of energy
losses.

The luminescence band excited by UV light with X =430 nm in proton-irradiated
crystals indicates the generation of defects in proton tracks similar to defects that
occur during deformation of magnesium oxide crystals.

Spectral changes in the composition of red photoluminescence indicate the
generation of anionic interstitial defects in proton tracks.

The developed luminescent technique for registering interstitial defects can be
used in highly sensitive methods for monitoring the radiation defectiveness of
products made of crystalline magnesium oxide.

An experimental curve of the proton energy distribution over the crystal depth is
obtained. These data can be used to determine the path of protons in magnesium
oxide crystals by their initial energy.
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The fixation of atoms or ions displaced from the nodes of the crystal lattice is an
obligatory stage of accumulation of intrinsic radiation defects of a solid. At this stage,
the created and spatially separated elements of Frenkel pairs are transformed into
color centers that are stable under experimental conditions.

As arule, interstitial ions are much more mobile elements of Frenkel pairs in ionic
crystals. Therefore, the problem of accumulation of stable color centers is practically
reduced to the problem of fixing interstitial ions.

In general, stable interstitial defects can occur during autolocalization of displaced
atoms in defect-free areas of the crystal.

However, this process can be realized only at extremely low temperatures (for
MgO, apparently, at T < 27 K [87]) and, therefore, in most cases it is not relevant.

It is easy to foresee that the most common processes in real crystals are the
interaction of displaced particles with the pre-radiation and radiation defects of the
crystal.
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The specific type of such interactions and their relative effectiveness are deter-
mined by the irradiation conditions, structure and chemical composition of the
material.

The shock mechanism of Frenkel pair generation established in Chap. 3 when
MgO is irradiated with protons at room temperature is quite trivial.

However, in ionic crystals (possibly in other binary systems), the implementation
of the shock mechanism can lead to the appearance of specific processes of forma-
tion of interstitial defects associated, in particular, with the exchange of momentum
between the sublattices of the crystal, with the presence of a high density of electronic
excitations in particle tracks, etc. This aspect of the problem of creating interstitial
defects has not been considered in the literature.

The lack of systematic studies of the mechanisms of localization of displaced
ions and the crucial importance of this problem for the correct understanding of the
basic laws of radiation damage to magnesium oxide crystals served as the basis for
consideration in this chapter of the following questions:

1. To establish the most significant processes leading to localization of displaced
ions in elastic collisions.
2. To analyze probable models of interstitial defects formed in proton tracks.

It is most expedient to solve these issues by comparing the accumulation and
annealing curves of radiation defects in samples of various chemical compositions
and by comparing experimental and calculated accumulation curves of color centers.

The solution of the problem formulated above could be obtained only on MgO
crystals of increased purity. The content of the main impurities in the unalloyed crys-
tals is presented in Table 2.1. Crystals alloyed with aluminum to a mass concentration
of 0.1 and 0.3% were designated respectively as MgO (II): 0.1 Al and MgO (II): 0.3
Al

The samples were irradiated in air with protons with an energy of 9.3 meV and
a particle flux density of 1.75-10'> m~!. The irradiation temperature did not exceed
310 K taking into account the radiation heating of the sample.

The length of proton runs required for calculations according to Chap. 3 was
assumed to be 370 wm. The concentration of F*-color centers was calculated using
the Smakula’s Equation

nU,

Np =087 x 107 ——2
g PR Ey

k., 4.1)

where n is the refractive index (n = 1.74 [1]); Uy, is the half-width of the band; k,,
is the absorption coefficient at the maximum of the band; f is the oscillator strength
(for F*-centers f = 0.8 [29]).

We obtain an expression convenient for calculating the concentration of F*-centers
when substituting the numerical values of the parameters in (4.1). By substituting
the numerical values of the parameters in (4.1), we obtain the expression (4.2),
convenient for calculating the concentration of F*-centers:

Np =5.1-10%k,. 4.2)
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4.1 Optical Absorption of MgO (II) Crystals

The absorption spectra of unradiated MgO (II) crystals are shown in Fig. 4.1.

Pure single crystals of MgO (II) are characterized by distinct maxima in the region
of 5.7 and 4.3 eV, whereas in aluminum-doped samples the curves have no obvious
structure.

The spectral composition of the optical absorption induced by radiation is easily
established by constructing the difference in the spectra of samples at different
radiation doses.

Figures 4.2, 4.3 and 4.4 show the results of subtraction of spectra for pure and
doped crystals irradiated sequentially with doses of 3.9 x 107 and 7.3 x 107 Gy.

Thus, the spectra shown in the figures correspond to the absorbed dose of 3.4 x
107 Gy.

A wide asymmetric band with 4,,, ~ 5.6 eV (curves 4) remains in the spectra After
subtracting the F*-bands of absorption with parameters h,,, = 4.92 eV, U,, = (0.64
£ 0.02) eV (curves 1), which can be represented as a superposition of bands 4,,, =
5.7 and 5.32 eV (curves 2-3).

The result of the decomposition of the spectra into Gaussian components is
presented in Table 4.1.

It was found that there are no qualitative changes in the spectra by studying the
evolution of the spectra with a change in the absorbed dose in the samples Mg (II),
Mg (11):0.1A1, MgO (11):0.3 AL

6.0 56 5.2 4.8 4.4 4.0 3.6
hv, eV

Fig. 4.1 Optical absorption spectra of unradiated crystals MgO (II) (1), MgO (II): 0.1 Al (2), MgO
In: 0.3 A1 (3)
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Fig. 4.2 The difference in the optical absorption spectra of an MgO(II) single crystal irradiated

with protons with an energy of 9.3 meV at doses of 3.9 x 107 Gy and 7.3 x 107 Gy, where 1, 2 are
the components of the spectrum
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Fig. 4.3 The difference in the optical absorption spectra of a single crystal MgO (II):0.1 Al irradi-
ated with protons with energy of 9.3 meV at doses of 3.9 x 107 Gy and 7.3 x 107 Gy, where 1-3
are the Gaussian components of the spectrum; 4 is the remainder of the spectrum after subtracting
the F*-band
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Fig. 4.4 The difference in the optical absorption spectra of a single crystal MgO (II):0.3 Al irradi-
ated with protons with energy of 9.3 meV at doses of 3.9 x 107 Gy and 7.3 x 107 Gy, where 1-3
are the Gaussian components of the spectrum; 4 is the remainder of the spectrum after subtracting
the F*-band

Table 4.1 Gaussian components of the absorption spectra of irradiated crystals of MgO (II) and
Mg (II): Al

Absorption band parameter Curve number according to Figs. 4.2, 4.3 and 4.4

1 2 3
hym, €V 4.92 £0.01 5.7+0.02 5.324+0.02
Up, eV (half-width) 0.64 £ 0.02 0.66 £ 0.01 0.49 £ 0.02

4.2 The Role of Trivalent Cations of Substitutive Impurities
in the Phenomena of Stabilization of Radiation Defects
in Magnesium Oxide

The pre-radiation defectiveness of the crystal lattice has a significant effect on the
processes of fixing atoms or ions displaced in the internode.

This factor becomes crucial in the case of ionic crystals with multicharged ions,
when the Coulomb interaction between charged fragments of Frenkel pairs causes a
particularly high efficiency of reverse recombination processes.

It was previously shown that during proton irradiation of MgO, mainly F*-color
centers are generated.

Therefore, it should be expected that the main part of the oxygen anchored in the
internode will have a negative charge. Under these conditions, the stabilizing value
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of trivalent cation-substituting impurities with an excess positive charge relative to
the crystal lattice should increase.

In this section, we prove the validity of this provision using the example of impurity
of AI* [160,171, 172].

4.2.1 Kinetics of Accumulation of F*-Centers in Pure
and Doped MgO (II) Crystals

Figure 4.5 shows the dose dependences of the accumulation of F*-centers in MgO
(II) crystals (curve 1), MgO (II):0.1 Al (curve 2) and MgO (II):0.3 Al (curve 3) in a
wide range of irradiation doses (10°-2.8 x 10%) Gy.

The accumulation curves for small doses are shown in Fig. 4.6.

Comparing the obtained dependences, it can be noted that, regardless of the
chemical composition, in the area of low doses of irradiation, the accumulation
of F*-centers, as in MgO (I) crystals, is carried out according to a two-stage law
(Fig. 4.6).

The rapid initial stage at doses exceeding 3 x 10° Gy in all samples passes into a
slow, close to linear, stage of accumulation of defects. The duration of the first stage
coincides with the same value for MgO (I) samples.

10 + 3
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o
C"u.
0.0 " 1 . ! 7 1 i 1 . 1 A
0.0 05 1.0 1.5 2.0 25
D, 10" Gy

Fig. 4.5 Kinetics of accumulation of F*-centers at elevated doses of irradiation with protons with
an energy of 9.3 meV at 300 K in single crystals MgO (II) (1), MgO (II):0.1A1 (2) and MgO
ID:0.3A1 (3)
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Fig. 4.6 Kinetics of accumulation of F*-centers in the region of low doses of irradiation with
protons with an energy of 9.3 meV in single crystals MgO (II) (1), MgO (II):0.1A1 (2) and MgO
ID:0.3A1 (3)

The slow linear character of accumulation persists in pure MgO (II) samples in
the region of high radiation doses, when nonlinear effects are clearly manifested in
doped crystals (Fig. 4.5).

The accumulation curves for all samples run almost parallel to each other at doses
exceeding 10® Gy.

It can be concluded from this that the dose dependences of the accumulation of
centers in doped crystals are not experimental curves and, along with the nonlinear
dependence, include a close to linear stage identical to the curve of the accumulation
of F*-centers in pure crystals.

This conclusion is clearly illustrated in Fig. 4.7, where kinetic curves of accu-
mulation of centers in doped crystals are constructed, from which the curve of
accumulation of F*-centers in pure crystals was subtracted.

It is easy to notice that the rate of accumulation of F*-centers at the slow stage of
accumulation correlates significantly with the concentration of impurity ions consid-
ering the influence of the A1*? impurity on the character of kinetic curves, namely:
the rate of accumulation of defects increases with an increase in the content of A1*3
ions in the sample (Figs. 4.5 and 4.6).

Since the efficiency of elastic collisions does not depending on the chemical purity
of the crystal, the observed changes in the accumulation rate should be associated
with changes in the efficiency of stabilization of interstitial oxygen.

Therefore, it seems legitimate to conclude that the A1*? ions in MgO crystals are
effective centers for capturing interstitial oxygen.
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Fig. 4.7 Components of kinetic dependences of accumulation of F*-centers in crystals MgO (II):
0.1AI (1) and MgO (II): 0.3A1 (2), corresponding to the fixation of interstitial oxygen on A1*3 jons

The kinetics of this process, apparently, reflect the dependencies presented in
Fig. 4.7.
It should be noted that the curves of Fig. 4.7 are approximated by the equations:

For MgO (II) : 0.1 Al np = 3.4 x 10'7{1 — exp(—0.0931)}; 4.3)

For MgO (I) : 0.3 Al np =4.6 x 10'7{1 —exp(—0.0811)}; (4.4

where np is in [cm3]; ¢ is in [h].

The discussion of Egs. (4.3)—(4.4) will be held in Sect. 4.3.

The accumulation of F*-centers in pure MgO (II) crystals in a wide dose range
obeys an almost linear law unlike doped crystals (Fig. 4.5).

This fact indicates that the mechanism of stabilization of interstitial defects domi-
nates in pure samples, which is not associated with the localization of displaced ions
on impurity capture centers.

Otherwise, due to the fact that the chemical purity of MgO (II) crystals is more than
three orders of magnitude higher than the purity of doped samples, the accumulation
curve of F* centers would come to saturation at a much lower level and at much
lower doses relative to doped crystals.

Since, as already noted, the efficiency of the generation of primary Frenkel pairs
does not depend on the purity of the crystal; the observed linearity of the accumu-
lation of F*-centers can be explained by the following processes of stabilization of
interstitial oxygen (let’s call these processes a linear stabilization mechanism):
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1. Capture of displaced ions on dislocations, as well as on the external and internal
surfaces of the crystal. This process probably has the ability to absorb particles
indefinitely.

2. Localization of ions during capture for defects also created by radiation. As
shown by Elango, in this case, the accumulation of defects occurs according to
a linear law in a wide range of doses [173].

The implementation of the linear stabilization mechanism also fits into the frame-
work of our decomposition of the dose dependences of the accumulation of F*-center
in doped samples into saturating and linear stages of accumulation. Moreover, the
linear stage is identical to the kinetics of accumulation of F*-centers in pure samples.

4.2.2 Kinetics of Band Intensity Change with hy, = 5.6 eV

Section 4.1 shows that in the absorption spectra of irradiated crystals, along with the
F*-band, a non-elementary absorption band with ,,, = 5.6 eV appears.

It is known that in this region of the spectrum, both impurity centers, for example,
Fe*? ions [75-77, 101]; defects similar to defects of deformation origin [95, 100]
can absorb.

However, the absence of an increment in the absorption band of Fe*™ ions with
h,, = 4.3 eV in proton-irradiated crystals; on the other hand, the intensive growth
of the band with A,,, = 5.6 eV in a wide dose range (Sect. 4.2) suggest that defects
similar to defects that occur during crystal deformation are mainly responsible for
it MgO. This point of view is also consistent with the results of luminescent studies
(Sect. 3.2).

Since the defects responsible for the band with h,,, = 5.6 eV are created by
radiation exposure, it seems useful to analyze the kinetics of changes in the intensity
of the band in order to further study the nature of the defects responsible for its
appearance.

Figure 4.8 shows the dose dependences of the band intensity with A,,, = 5.6 eV
in MgO (II) crystals (curve 1) and MgO (II): Al crystals (curve 2).

The obtained regularities are characterized by a high degree of linearity of defect
accumulation in pure MgO (II) crystals and a slight deviation from linearity in doped
samples.

Itis noteworthy that a slight change in the mass content of aluminum in the samples
from 0.3 to 0.1% does not affect the rate of accumulation of defects responsible for
the band with 4,,,, = 5.6 eV (the curves for doped samples coincide) and at the same
time an increased concentration of Al*? ions in doped crystals leads to a significant
increase in the efficiency of accumulation of these defects.

If we plot the dependence of the concentration of accumulated F-centers on the
intensity of the band with A,,, = 5.6 eV in pure crystals, then the obtained straight
line indicates the presence of a linear correlation between the creation of F*-centers
and defects absorbing at 5.6 eV (Fig. 4.9).
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Fig. 4.8 Kinetics of changes in the intensity of the optical absorption band with 4y, = 5.6 eV for
crystals MgO (I) (1) and Mg (II): Al (2) when irradiated with protons with an energy of 9.3 meV
at 300 K
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Fig. 4.9 The ratio of the intensity band with h,,, = 5.6 ¢V and the concentration of F*-centers
when irradiating MgO (II) crystals with protons with an energy of 9.3 meV at 300 K
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This kind of dependence in doped crystals is a power function of the form nyp ~

k2/3,

It should be taken into account that the main contribution to its intensity is made by
the band with &,,, = 5.73 eV when interpreting the nature of the defects responsible
for the absorption band with #,,, = 5.6 eV.

It was suggested that bivacansions of oppositely charged ions are responsible for
absorption at 5.7 eV when studying the absorption dichroism of deformed crystals
[135]. It is even assumed that larger aggregates of vacancies may also be responsible
for this band [100, 131].

If we assume that bivacansions are responsible for the band with 4,,, = 5.6 €V in
irradiated crystals, the linear dependence of the band intensity on the radiation dose
becomes clear.

Indeed, it is possible to distinguish collisions of anions with cationic nodes of the
crystal lattice from the whole variety of elastic collisions initiated by a proton. Some
part of this kind of collision occurs in the immediate vicinity of the node from which
the anion has shifted.

In other words, the part of the anions that received sufficient momentum (from a
proton or secondary particle) even at the stage of their displacement, they transfer a
fraction of their energy to the neighboring cation, transferring it also to the interstitial
position.

A neutral bivacansion and closely spaced interstitial anion and cation are formed as
aresult of such a correlated collision. The Coulomb interaction between the displaced
ions leads to the appearance of a neutral anti-Shottk pair, the fixation of which is
largely facilitated by the pre-radiation defect of the crystal (Fig. 4.8, compare curves
1 and 2).

Since the ratio of the energies expended by a proton to form bivacances and F*-
centers is constant on average for one track, then as proton tracks accumulate in the
crystal volume, concentrations of bivacances and F*-centers arise in the same way.

An alternative assumption that bivacansias are born due to strong deformation
fields contradicts the effect of chemical purity observed in the experiment on the
efficiency of bivacansias accumulation.

Therefore, the above results allow us to conclude that proton bombardment of
crystals is accompanied by direct radiation generation of bivacansion, as well as,
probably, anti-Shottk pairs.

4.2.3 Annealing of F*-bands in Irradiated MgO (II) Crystals

The above results of the study of the kinetics of accumulation of centers indicate the
existence of several mechanisms for fixing interstitial ions in proton-irradiated MgO
crystals. The result of fixing displaced ions should be interstitial defects.

The question arises in this regard: is there connection between the mechanism of
fixing the displaced ion and the structure of the interstitial defect formed in this case?
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The answer to this question can be obtained by studying the thermal stability of
anionic interstitial defects to a certain extent.

Considering that the thermal stability of F-type centers is limited by the stability of
interstitial defects in irradiated MgO crystals, the solution to this question is reduced
to the study of annealing of F*-centers in irradiated crystals.

Isochronous annealing of the F*-band of absorption was performed in pure and
doped MgO (II) crystals irradiated with protons at a dose of 1.7 x 107 Gy. Annealing
was performed in air for 10 min at each temperature. The samples were placed in
resistance furnace on a substrate made of a single crystal MgO plate preheated to a
predetermined temperature. The temperature was measured with a chromel-alumel
thermocouple.

The measurement results are shown in Figs. 4.10 and 4.11 in the form of curves
normalized for the intensity of the F*-band of the irradiated crystal (after two days
of storage in the dark at room temperature).

The Fig. 4.10 shows that the annealing of F*-centers in unalloyed crystals shows
the presence of two stages of annealing. The first stage is observed at temperatures
(575-625) K; the second is at temperatures (725-875) K.

The first stage of annealing in doped crystals is significantly suppressed. The
second stage, characteristic of pure crystals, does not manifest itself clearly either. If
the annealing of F*-centers in pure samples is completed at temperatures of 8§95 K,
then in aluminum-doped crystals the F*-centers are completely annealed only at
temperatures of 1075 K.
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Fig. 4.10 The curve of isochronous annealing of the F*-band in MgO (II) crystals, normalized to
the initial intensity of the F*-band after irradiation with protons with an energy of 9.3 meV at 300 K
with a dose of 8.6 x 10° Gy (x) and 1.72 x 107 Gy (e)
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Fig. 4.11 Curve of isochronous annealing of F*-bands in MgO (II) crystals 0.1 Al (°) and MgO
(1ID:0.3 Al (*), normalized to the initial intensity of the F*-band after irradiation with protons with
an energy of 9.3 meV at 300 K

It was established by the EPR method that molecular oxygen ions O, - arise in
neutron-irradiated MgO crystals, occupying one anionic node in close proximity to
the cation vacancy in [71].

These defects, called H-centers, are destroyed at temperatures (590-625) K.

The coincidence of the first stage of annealing of F*-centers in pure crystals
with the destruction temperature of the H-centers makes it possible to identify the
low-temperature annealing stage with the destruction of the H-centers.

The high-temperature stage is probably associated with the formation of a
different, more stable type of interstitial defect. Apparently, this type of defect is
the main product of the stabilization mechanism that dominates in pure crystals.

As already noted, the annealing of F*-centers in doped crystals has a predomi-
nantly one-stage character (Fig. 4.11). This stage cannot be identified with any of
the stages observed in pure crystals.

It seems reasonable to associate significantly higher stability of F*-centers in
doped crystals with the formation of interstitial defects, which include A1*3 ions and
interstitial oxygen ions.

We note the following summarizing the results of this section:

1. Atleast three types of interstitial defects with different thermal stability can occur
in proton-irradiated MgO crystals.

2. Defects formed when internode oxygen is captured by A1+3 ions have the highest
stability.
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3. H-centers have the lowest stability, the generation of which is especially
noticeable in pure crystals.

4. Defects with intermediate stability (725-875) K, apparently, are the product of the
implementation of the mechanism of stabilization of interstitial ions independent
of the chemical purity of crystals.

4.3 Calculation of the Kinetics of Accumulation of Anionic
Frenkel Defects in MgO Crystals Under Elastic Proton
Scattering

The theoretical description of the kinetic regularities of the accumulation of radi-
ation defects is a useful methodological technique that allows us to give a well-
defined physical content to the numerical parameters included in the experimental
dependences, which significantly deepens our understanding of the physics of the
phenomenon under study.

The main purpose of this section is to select the most adequate theoretical model
describing the accumulation of radiation defects in ion crystals under the conditions
of the shock mechanism of the birth of primary defects with a qualitative assessment
of some characteristics of the mechanism of defect formation during elastic scat-
tering of protons into MgO crystals, further clarifying the mechanisms of fixation of
intermediate ions.

The main working expression for calculating the concentration of atoms displaced
by elastic collisions is the Eq. (2.1), which is valid for thin targets, within which the
particle energy can be considered constant.

Equation (2.1) should be formed to account for the continuous change in the
energy of the particle and the transfer of its overwhelming fraction into the electronic
subsystem of the crystal in thick inhibitory media.

Let us define by analogy (2.18) the energy expended by a proton on elastic
collisions in an anionic sublattice by the integral

B (dE/dx)cdE
) dE/dx); + (dE/dx)c’

Ey

Ec 4.5)

The linear proton energy losses in MgO included in (4.5) are calculated by Egs. (3.
4) and (3.7) at E > 0.5 meV. The integrand function in (4.5) was assumed constant
and equal to its value in the energy range (0.5-10) MeV at E = 0.5 meV, which led
to a slight overestimation of the E¢.

It is necessary to emphasize the weak dependence of the EU on the specific value
of the limit of applicability (4.4) and (4.5). Thus, the replacement of the limiting
energy from 0.5 to 0.2 meV increases the E¢ by no more than 9%.

The E¢ energy expended by the proton on elastic collisions with the anionic
sublattice is released in the crystal volume limited by the particle path value R.
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Therefore, the average concentration of displaced anions should be calculated by the
Equation

. EcFt
T 2E4R’

Nc¢ (4.6)

where E, is the threshold energy of displaced anions; F is the particle flux density;
t is the irradiation time.

Expression (4.6) can also be obtained directly from the Eq. (2.1) if it is represented
as

Ne = —(“EY g 4.7)
“ T 2E\dx ). '

and perform the operation of averaging linear energy losses by replacing (d—f) with

the relation %.

We find the numerical values of the expressions: E, = 1250 eV; N¢ = 1.74-107¢,
where tis given in hours, substituting in (4.5) and (4.6) the parameters corresponding
to the experimental conditions. The calculation errors of £, and N ¢ can be estimated
at 10% and 20%, respectively.

It is necessary to take into account the main factors characterizing the course of
radiation processes in MgO crystals at room temperature of irradiation for the correct

choice of the calculation model. Let’s list them.

1. Vacancies of anions and cations are stationary at temperatures below 1170 K and
700 K, respectively [19-21, 43]. Interstitial ions have high mobility [86].

2. The process of the birth of single-charged Frenkel pairs dominates [129]. A

similar situation is observed with neutron irradiation of MgO crystals [136].

Interstitial defects are thermally stable at temperatures below 570 K.

There is no radiation creation of V-centers (see Sect. 4.2).

5. The accumulation of F*-centers is provided by two main mechanisms: 1 is effec-
tive nonlinear, depending on the content of polyvalent impurity ions; 2 is inde-
pendent of the chemical purity of the crystal, responsible for the slow linear
growth of the F*-band in a wide range of absorbed doses.

> w

The main provisions of the statistical model developed by Thompson in the study
of the accumulation of point defects in metals satisfy the listed requirements to the
maximum extent [97].

In general, these provisions are as follows:

1. Vacancies in the crystal are stationary. Interstitial atoms are highly mobile.

2. The crystal contains capture centers of interstitial atoms of a saturating type with
an initial concentration of N, capable of capturing no more than one interstitial
atom. Saturation-type traps with a concentration Ny, can capture a non-finite
number of interstitial atoms.
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3. The atom displaced to the internode either recombines with the vacancy or is
trapped. The number of accumulated vacancies is equal to the number of atoms
localized on the traps.

4. The vacancy and the trap are surrounded by the same attracting fields.

5. The release of interstitial atoms from traps does not occur.

It is easy to make sure that the impurity ions Al*> are an excellent example of
a saturating type of traps, identifying metal vacancies with F*-centers of MgO and
interstitial metal atoms with interstitial oxygen ions O; .

In this case, the Coulomb components of the attracting fields of F*-centers and
AI*3 ions will be the same. The thermal stability of the interstitial defects formed in
this case is also high (Fig. 4.11).

Dislocations and external and internal surfaces of the crystal can be an example
of unsaturated type of traps in MgO.

If we assume that the capture occurs at the dislocation step and considering that
the charge of the steps is equal to half the charge of the ions, it should be recognized
that in this case, the attracting field of the step will coincide with the field of the
F*-centers.

Another variant of non-saturating capture centers may be defects created by
radiation.

According to Thomson’s calculations, the accumulation of defects in the presence
of only saturating traps is described by the Equation

Ny = Nsi{l — exp(—=Nat/Ng:)}. (4.8)

In the presence of only non-saturating traps

Ny = NU,[‘/I T 2Ngt/Ny, — 1]. 4.9)

In general
Ny = N1 + Ny; (4.10)
Ni = Nug + N [VTF2NaNugt /N + Ns) =1 @
Ny = Ng {1 — exp(=N1/Ny,)}. 4.12)

N is the rate of generation of primary Frenkel defects during elastic scattering of
particles, N, and Ny, are the initial concentrations of saturating and non-saturating
intercellular ion capture centers, Ny is the concentration of accumulated vacancies
identified by us with the concentration of F*-centers in MgO, t is the irradiation time
in Egs. (4.8)—(4.12).

Equation (4.8) describes a curve saturating at Ny = Ng,. That is, the saturation
process depends on the concentration of traps.
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It follows from Eq. (4.9) that unsaturated traps cannot lead to saturation, but only
give a negative curvature to the graph of the dependence of the concentration of
defects on the dose.

In general, the accumulation curve can be decomposed into two components, with
one coming to saturation as the saturated traps are filled; the other growing as the
square root of the dose according to Egs. (4.10)—(4.12). Of course, the final saturation
is manifested due to the zones of instability of defects at very high doses.

It was previously concluded that there are two mechanisms of accumulation of
F*-centers in MgO crystals when discussing experimental data.

One of them is clearly related to the capture of interstitial oxygen by Al*3 ions;
the kinetic of this process is expressed by Eqs. (4.3) and (4.4), the analytical form of
which coincides with the calculation Eq. (4.8).

The coincidence of Egs. (4.3) and (4.4) with Eq. (4.8), on the one hand, the
role of Al** impurity ions is confirmed as saturating capture centers. On the other
hand, it indicates the correctness of the chosen theoretical description of the defect
accumulation process.

Comparison of Egs. (4.3), (4.4) and (4.8) also makes it possible to estimate the
real rate of generation of primary Frenkel anion pairs in the proton track in a form
favorable for localization of interstitial oxygen at saturated capture centers.

This speed N, can be found as the product of the pre-exponential factor Ng, and
the exponent N, /Ng,. according to the Eq. (4.8). We find the average value of the
N, generation rate by calculating the product of the corresponding parameters from
Egs. (4.3) and (4.4)

Ny = (3.44+£023) x 10" ecm™3 n~". (4.13)

The found value N is significantly less than the previously calculated value of
the average rate of generation of Frenkel anion pairs

dN
2 174 %107 em3 h L.
dt

Experimentally determined values of the threshold energy of displacement E,
were used in calculating N¢ [96].

Thus, the annealing of weakly separated Frenkel pairs has already been taken into
account when the displaced ion does not leave the instability zone of its vacancy.
Therefore, the detected discrepancy between N, and d‘% should be associated with
the following processes:

1. Annealing of Frenkel pairs due to the dynamic ingress of a displaced ion into the
instability zone of an alien vacancy.

2. The loss of elastic collision energy to create primary defects in configurations
that are inert with respect to capture by Al*3 ions.

The last process seems likely, since more complex defects are created along with
the F*-centers, responsible, in particular, for the absorption band with 4,,, = 5.6 eV.
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The second mechanism, established experimentally and responsible for the slow
linear accumulation of F*-centers in pure and doped samples with the position of the
selected model, should correspond to the capture of displaced oxygen on unsaturated
traps.

A high degree of linearity of accumulation in a wide range of doses can be obtained
if the condition is met according to Egs. (4.9)—(4.12)

thmax/NUt < 1» (414)

where #,,,, is the maximum irradiation time corresponding in our experiments to
63 h. Equations (4.9)—(4.12) can be decomposed into a series when condition (4.14)
is met; it is easy to establish that Ny = N, being limited to the linear term of the
decomposition.

It follows from the experimental curve shown in Fig. 4.5 that the linear accumu-
lation stage is described by the expression Ny = 0.7 x 10'6. Hence, Ny = 0.7 x 10'6
cm™ h7!,

It is easy to estimate the concentration Ny, of unsaturated intercostal oxygen
capture centers from condition (4.14) knowing N, and t,,,,. We get that Ny, >
Nt = (0.7 x 10'°) . 63 = 4.4 x 107 cm~3.

Thus, in order to ensure the linearity of accumulation in the studied dose range,
it is necessary that Ny, > 10" cm=3.

Let’s now estimate the maximum value of Ny, under the assumption that the
dislocations are unsaturated capture centers.

We obtain that there will be 2.5 x 107 anchoring points per 1 cm of the dislocation
length assuming that the anchoring points of interstitial ions on the dislocation line
are separated by the lattice parameter (4.2 A).

The concentration of anchoring points turns out to be 2.5 x 10! cm~3 with a real
dislocation density of 107 cm~2, what is about five orders of magnitude less than it
is necessary to preserve the linearity of accumulation.

This fact is clearly illustrated in Fig. 4.12, where the experimental kinetic depen-
dence of the accumulation of F*-centers in pure samples (curve 1) and the dependence
calculated by Eq. (4.9) using the parameters: Ny = 0.7 x 10" cm™ h™!, Ny, =2.5
x 10 cm™ h™! (curve 2) are constructed.

These estimates unambiguously allow excluding dislocations as the dominant
channel of cross-border capture of displaced ions.

The condition Nut Ny, > 10 cm3 is naturally fulfilled if we assume that the
potential sites of attachment of intermediate ions are the nodes of the crystal lattice,
the concentration of which is 5.4 x 10?> cm™.

This assumption seems quite real if we take into account that out of a large set of
oxygen ions displaced into the internode, some of them, having a certain energy and
momentum, can create a stable configuration of the binary defect of the internode
localized on the vacancy of the cation when colliding with the cation node.

It is possible to estimate the proportion of such collisions by a value equal to 0.7
x 10'/3.44 x 10'® = 0.2 comparing the values of N, obtained from the Eq. (4.8)
(3.44 x 10'® cm™3-h~!) and from the Eq. (4.9) (0.7 x 10" cm=3 h™1).
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Fig. 4.12 Kinetics of the accumulation of F*-centers in MgO(II) crystals (1) and the calculated
dependence for the accumulation of anionic vacancies according to the model of unsaturated traps
[811(2)

It should be noted that the generation of bivacansion radiation observed in our
experiments (the absorption band #,,, = 5.6 eV) confirms the existence of such a
class of collisions.

In addition, the proposed stabilization mechanism explains the absence of radi-
ation formation of cationic vacancies in the composition of the holes of V- and
V-centers of staining.

Summarizing the results of this section of the work, we can conclude that:

1. Thompson’s statistical model in basic terms correctly reflects the physics of
radiation accumulation of point defects under high-energy irradiation of MgO
crystals at room temperature.

2. The essential role of Al** impurity ions as capture centers of interstitial oxygen
of the saturating type is confirmed within the framework of this model.

3. Collisions of oppositely charged ions (such as O; — Mg *?) leading to the
formation of binary interstitial defects are observed in the spectrum of collisions
of secondary particles. Such collisions between neighboring nodes of the crystal
lattice lead to radiation generation of bivacansions.

4. The collisions of interstitial oxygen with the cationic nodes of the crystal lattice
with the formation of binary interstitial defects are the most probable process
explaining the slow linear stage of accumulation of F*-centers in pure and doped
MgO crystals.

About 20% of the particles From the total number of oxygen which have received
energy above the threshold shock displacement from the crystal lattice node really
shifts. In turn, about 20% of this number of particles has the energy and momentum
necessary for the formation of binary interstitial defects.
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4.4 Models of Interstitial Defects in Magnesium Oxide
Crystals Irradiated with Protons at Room Temperature

The extremely limited nature of the literature data on the structure and mechanisms
of formation of interstitial defects in magnesium oxide crystals was emphasized
previously. In general, this limitation is due to the difficulty of direct experimental
investigation of interstitial defects and the resulting need for sophisticated analysis
of indirect data.

The question of the structure of interstitial defects arising from proton irradiation
of MgO is briefly discussed in this section on the base on the above experimental
and calculated results on the stabilization of interstitial ions with the involvement of
literature data.

We will consistently discuss the most probable models of centers that include and
do not include radiation defects of the crystal.

4.4.1 Formation of Interstitial Defects Involving
Pre-Radiation Imperfections of the Crystal

The direct correlation between the absorption efficiency of F*-centers and the concen-
tration of Al*3 impurity ions, experimentally and confirmed by calculation, estab-
lished by us allows to uniquely identify Al*? ions with effective capture centers of
interstitial oxygen ions.

Some ambiguity of this conclusion is due to the fact that cationic vacan-
cies are introduced into the crystal simultaneously with the introduction of ions,
compensating for the excess charge of the impurity.

Therefore, in general case the stabilization of interstitial oxygen can occur not
only when the displaced oxygen at directly captured by the A1*3 ion and when at
localization of it to the cation vacancy accompanying the Al*? ion.

The fundamental possibility of the latter process in MgO crystals is indicated in
work by Henderson and Bowen [136].

It is obvious that the preference of one or another method of fixing interstitial
oxygen will be determined by its charge.

Indeed, it is difficult to imagine the capture of a negatively charged ion onto a
negatively charged cationic vacancy, whereas its interaction with an excess positive
impurity charge relative to the lattice will lead to a decrease in the crystal energy.
And, conversely, the localization of oxygen to the vacancy will be preferable as
a result of the interaction of the elastic fields of the neutral oxygen atom and the
cationic vacancy having opposite signs.

Let’s consider from the point of view of displacement physics what charge the
oxygen ions leaving the nodes have. The separation of an electron from a displaced
ion is most effective when the orbital velocity of the electron is comparable to the
velocity of the ion nucleus [126], that is, when the kinetic energy of the nucleus E,,,,
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and the ionization potential of the ion Eioi are related by the ratio E,,,. = (M/t) Eioi,
where M and m are the masses of the nucleus and the electron.

The ionization potential of the free negative oxygen ionis 1.47 eV [137]. Focusing
on this value, we get that only at the energies of the nuclei exceeding 40 keV, oxygen
will shift in the neutral state.

We find that the probability of anion acquiring energy exceeding 40 keV is 0.13%
by calculations.

Therefore, only 0.13% of the displaced ions will be in the neutral state. Our data
on photoluminescence of irradiated crystals are consistent with this conclusion, indi-
cating the predominant formation of F*-centers, and, consequently, that interstitial
oxygen has a negative charge [129].

It can be concluded taking into account the negative charge of interstitial oxygen,
that the dominant type of impurity interstitial defect in the samples of MgO (II): Al
is an associate of the oxygen ion located in the internode and the A1*3 ion, i.e. the
O; - Al3complex.

4.4.2 Interstitial Defects in Defect-Free Areas of MgO
Crystals

The experimental studies performed indicate the existence of a mechanism for stabi-
lizing displaced oxygen in irradiated magnesium oxide crystals that does not depend
on the chemical purity of the crystal.

The analysis of the learned results (Sect. 4.3) proves that this mechanism cannot
be associated with the dislocation structure of the crystal (which also practically does
not depend on the chemical purity of the sample).

It is concluded that the formation of stable interstitial configurations during the
interaction of displaced oxygen with the cationic nodes of the crystal lattice is most
likely.

It is necessary to take into account some well-known results of exposure to high
doses of electron and neutron irradiation on MgO crystals to correctly describe the
structure of such a configuration [10, 110, 136]:

1. Direct observations using electron microscopes have established the formation of
clusters of interstitial ions containing approximately the same amounts of anions
and cations. Clusters are transformed into dislocation loops of the interstitial type
with a further increase in the radiation dose [10, 49].

2. No radiation creation of V~ and V-centers was observed regardless of the type
of high-energy particles [56, 99, 111]. At the same time, clusters and dislocation
loops of the vacancy type are formed at elevated doses [10].

It is obvious that the structural unit of the interstitial cluster is a pair of closely
spaced interstitial anions and cations, which can be called an anti-Schottky pair.
That is, the formation of interstitial clusters is preceded by the formation of stable
anti-Schottky pairs in the early stages of high-energy irradiation.
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The reality of anti-Schottky pairs as primary products of radiation defect formation
is confirmed by the radiation generation of bivacansions, which we observed by the
appearance and growth of the absorption band with #,,,, = 5.6 eV.

Bivacansias are as if the “imprint” of the anti-Shottky pair born, since the
statistical, uncorrelated creation of closely spaced vacancies is an unlikely process.

It should be noted that the correlated distribution of vacancies of anions and cations
in neutron-irradiated MgO crystals was also observed in the work of Henderson
and Bowen [49], who found that the formation of color centers (bivacansion with a
localized electron) after high-temperature annealing of irradiated crystals occurs with
an activation energy half the activation energy of migration of cationic vacancies.
The activation energy of the formation of F, c+ -centers is compared with the activation
energy of the migration of free cationic vacancies only at the late stages of annealing.

The absence of the creation of V™ and V°- centers and at the same time cationic
vacancies to concentrations sufficient for the formation of vacancy clusters at later
stages of irradiation indicates that the cationic vacancies created by radiation are in
a state that prevents the formation of V™ and V°-centers.

In other words, there must be a defect with an effective positive charge near the
cationic vacancy. An anionic vacancy or a positively charged aggregate interstitial
defect can be such charge-compensating defect. In particular, a defect that is born in
correlated collisions and it is called a binary interstitial defect in the previous section.

Let’s clarify our understanding of correlated collisions in binary ionic crystals.

As is known, collisions are realized in the cascades of collisions that develop
during the passage of a fast particle, along with collisions that lead to the ejection
of atoms or ions from the nodes of the crystal lattice, when the incoming particle,
knocking out the atom from the node, itself takes its place. These are so-called
collisions with substitution [99]. This type of collisions is typical for particles having
energy close to the threshold energy of displacement E;.

If the dislodged oxygen ion has energy close to the threshold energy of displace-
ment of the magnesium ion, then it can dislodge the cation and occupy its node
when it collides with the cation node. The dislodged cation, having minimal energy,
thermalizes in the vicinity of its node.

However, the presence of a negative oxygen ion in the cation node is unstable; it is
displaced into the interstitial space by thermal vibrations of the lattice. Naturally, the
displacement of the oxygen ion will occur mainly in the direction of the cation when
the electric field of the interstitial cation is applied. The anion and the cation form
in close proximity in the internode an anti-Schottky pair, having a single positive
charge and therefore captured by the cation vacancy created in the same process.

The nature of the potential barrier preventing the restoration of the cation node
remains unclear; it is probably provided by sufficient binding forces in the anti-
Schottky pair, which as a whole cannot annihilate with the cationic vacancy and
the different symmetry of the relaxation of the crystal lattice around the cubically
symmetric vacancy and the axially symmetric anti-Schottky pair.

The need for a barrier disappears if we imagine another version of this process,
when not the anion itself is displaced from the cation node, but only its excess
electron, which is captured by the interstitial magnesium ion. This is all the more
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likely because the wave functions of the anion and cation overlap at the collision
stage. A cationic node with a neutral oxygen atom in it has an effective negative
charge and therefore attracts a once-charged internode cation.

In fact, even in this case we have an anti-Schottky pair localized on a cationic
vacancy with a slightly different distribution of the electron density in it (shifted to
magnesium) and a different geometry of the defect (the anionic fragment of the pair
is located in the cation node).

Thus, the proposed model of a binary interstitial defect as an anti-Schottky pair
localized on a cationic vacancy and the scheme of its formation, consistent with our
experimental results, explain the above data on the occurrence of interstitial clusters
and the apparent absence of generation of cationic vacancies in a natural way.

We deliberately did not take into account the possibility of a mirror-symmetric
process, when a collision with a substitution initiates an initially displaced cation,
since it is difficult to imagine that a cation with low energy could leave the instability
zone of its vacancy. The interaction of the F*—O;  pair is weaker by 4 times than the
interaction of the pair in the Coulomb approximation.

4.5 Summary

1. Tt is proved that the stabilization of anionic Frenkel defects is carried out by
structure-sensitive and fundamental mechanisms of fixation of interstitial ions
under the high-temperature action of high-energy proton fluxes on magnesium
oxide crystals,

2. Ithas been established that the impurities of trivalent metals are effective capture
centers of interstitial oxygen. On this basis, a method is proposed to increase the
radiation resistance of magnesium oxide products, which consists in preliminary
purification of raw materials from impurities of trivalent metals.

3. The model of the fundamental mechanism of stabilization of Frenkel defects
in the form of the process of formation of anti-Schottky defects localized on
radiation-created cationic vacancies is substantiated.

4. An unlimited increase in the intensity of the absorption band at 5.6 eV indicates
radiation generation in the proton tracks of color centers identical to defects of
deformation origin. The most probable model of such defects is anion-cationic
bivacansions.

5. The applicability of Thompson’s phenomenological theory to describe the
nonlinear component of the accumulation of radiation defects in magnesium
oxide crystals irradiated by protons is substantiated.

6. The generation rates of separated Frenkel anion pairs in magnesium oxide crystals
under elastic proton scattering are established. The rate of displacement of anions
captured on impurity centers is 3.444 x 10' cm™3 h~!. The displacement rate
of autolocalizing anions is 0.7 x 10 cm™ h~!.
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The experimental results presented in Chap. 3 did not reveal the dominant contribu-
tion of non-elementary mechanisms of radiation defect formation during irradiation
of magnesium oxide crystals with protons.

This conclusion relates to the area of room temperature irradiation and cannot be
mechanically extended to other temperature ranges.

In order to study the relative (relative to the shock mechanism) efficiency of the
non-shock creation of anionic Frenkel defects in proton tracks in magnesium oxide
crystals in an extended range of irradiation temperatures, this chapter discusses the
results of a study of the temperature dependence of the efficiency of accumulation
of F*-centers, isochronous annealing of defects and thermostimulated conductivity
in the temperature range (80 - 300) K.

The combination of these methods allows to establish the functional form of the
dependence of the anion displacement rate on temperatures.

In turn, it is possible to judge the predominant mechanism of the displacement of
ions into interstitial positions by the nature of the functional dependence.

A methodological technique is used based on the analysis of kinetic patterns of
accumulation of F* and V-color centers with variations in the irradiation temperature
in the range (80 = 300) K to study the processes of defect formation in this chapter.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 91
A. Surzhikov and E. Lysenko, Creation and Accumulation of Radiation Defects in
Single Crystals of Magnesium Oxide, https://doi.org/10.1007/978-3-031-60207-8_5
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The concentration of P*-type centers was determined from optical measurements as
previously in this work.

Anindirect, but significantly more sensitive method of measuring thermally stimu-
lated conduction currents was used to register V-type centers with low optical activity.
This method was justified and used in Mallard’s works to register hole centers in
magnesium oxide [138, 139].

The applicability of the method is based on the purely electron-hole type of
electrical conductivity of magnesium oxide crystals in a wide temperature range.

The essence of the method is the radiation creation of defects at a temperature
when they are stable, the subsequent heating of the crystal in an electric field until
the defects are destroyed and the measurement of the resulting electric current.

It is necessary to know the cross sections of electron and hole capture by traps in
the crystal, energy levels and concentrations of all types of traps and recombination
centers to determine the absolute concentration of collapsed defects from the curves
of thermostimulated conductivity currents.

This task is not feasible for real crystals; therefore this method is used mainly to
determine the relative concentrations of defects.

The main objects of the study were single crystals of MgO (I) having the chemical
composition given in Table 2.1. The choice of less pure single crystals of MgO
(D is due to the fact that the stabilization of mobile fragments of Frenkel pairs is
significantly facilitated in crystals with a developed defect.

Therefore, they should be expected to have a more effective, experimentally
detectable contribution of the processes of non-elementary creation of stable Frenkel
defects.

Low-temperature irradiation of samples and measurement of optical absorption
spectra were carried out on the installation, which is an articulation of the SF-4A
spectrophotometer, an optical cryostat and a cyclotron ion conduit [140].

The energy and current density of the proton beam were 6.8 meV and 1.24 x
10 m~2 57!, respectively, in these experiments.

5.1 Effect of Temperature on the Efficiency
of Accumulation of F*-Centers in MgO During Proton
Irradiation

The accumulation of radiation defects is a complex process in which three main
stages can be distinguished. At the first stage, there is a direct or indirect transfer of
momentum to the displaced target atom.

The next stage consists in the spatial separation of the components of the resulting
Frenkel pair. The stabilization of the separated pair elements in the crystal lattice
completes the process.
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The overlap of several stages significantly complicates the description of the
mechanism of generation of primary defects, based on the established patterns of
accumulation.

However, the nature of the displacement mechanism can be established by
analyzing the nature of changes in the curves of accumulation of point defects with
a change in the irradiation temperature. This analysis is based on the following.

During shock defect formation, the displacement of ions and their separation
occurs without heat exchange with the crystal lattice. Therefore, the temperature
dependence of the efficiency of defect accumulation is determined in this case by
the temperature dependence of the process of fixing the separated fragments of the
Frenkel pair.

The crystal temperature has a significant effect on the act of displacement itself
(due to the dependence on the temperature of many parameters of electronic excita-
tions) and on the subsequent stages of the formation of stable defects in the case of
the displacement of ions in a non-elementary way.

The effect of temperature on the fixation of displaced atoms can be revealed by
studying the isochronous annealing of accumulated defects.

Significant consistency should be expected during the curve of the temper-
ature dependence of the efficiency of defect accumulation and the curve of
isochronous annealing at the shock method of ion displacement according to the
above. The absence of such a correlation will indicate a significant contribution of
non-elementary processes to the radiation defect formation of the crystal.

5.1.1 Optical Absorption of MgO (I) Crystals Irradiated
at Low Temperatures

A decrease in the irradiation temperature does not significantly affect the spectral
composition of the additional optical absorption of crystals in the studied spectral
wavelength range.

The additional absorption spectra of isodose irradiated MgO (I) crystals measured
at the irradiation temperature are shown in Fig. 5.1 for the temperature range (80 =
300) K.

Itis easy to see that, the intensity of optical absorption increases with a decrease in
the irradiation temperature; this effect is especially noticeable in the short-wavelength
region of the spectrum.

The decomposition into Gaussian components of the spectra obtained for temper-
atures (88 + 300) K, according to the decomposition procedure described earlier,
indicates the predominance of absorption bands with maxima at 4.92 eV, 4.3 eV and
hym ~ (5.4 = 5.6) eV in the spectra.

The position of the band with 4,,, ~4.92 eV and its half-width within the measure-
ment errors correspond to the parameters of the F*-band in MgO at liquid nitrogen
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Fig. 5.1 The spectra of additional optical absorption of MgO (I) crystals irradiated by protons at a
dose of 6 x 10° Gy, measured at different irradiation temperatures, where 1 is 300 K; 2 is 236 K;
3is 191 K;41is 165 K; 51is 124 K; 6 is 88 K

temperature [42]. The absorption with #,,, ~ 4.3 eV weakly depends on the crystal
temperature and is identified by us with optical transitions in Fe** ions [74-77].

It is characteristic that, the absorption band of Fe*? ions in MgO (I) crystals in the
studied dose range is not saturated at low temperatures unlike samples irradiated at
room temperature.

Apparently, this fact is due to the significantly higher efficiency of iron oxidation
in MgO (1) crystals at low temperatures.

The non-elementary absorption band with 4,,, at (5.4 = 5.6) eV from the available
data cannot be identified with a specific model of any color center. This band is also
presentin MgO (II), MgO (II): Al crystals irradiated with protons at room temperature
and in crystals irradiated with neutrons [78].

A complex dependence of the intensity of the band with an #,,, of ~ 5.4 eV on the
temperature of irradiation and annealing of crystals is noted in the following sections
of the work, but, its nature is not discussed in this work due to the lack of sufficient
data.

The induced optical absorption does not change qualitatively with an increase in
the absorbed dose, what indicates the constancy of the absorption spectral composi-
tion. Probably, changes in the concentration of accumulated defects do not lead to the
emergence of new types of optically active centers in the studied range of absorbed
doses.

The results presented in this section indicate that, in general, there are no differ-
ences in the composition of optically active defects created by radiation in relation
to the irradiation of crystals at room temperature at low-temperature irradiation of
MgO (I) crystals in the studied range of absorbed doses mainly.
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5.1.2 Accumulation of Radiation Defects at Low Irradiation
Temperatures

The intensities of the selective bands of additional optical absorption naturally depend
on the absorbed dose and the irradiation temperature.

Figure 5.2 shows the dose dependences of the concentration of accumulated F*-
centers for irradiation temperatures in the range (88 - 300) K.

It is easy to see that, the accumulation curves of F*-centers represent a superpo-
sition of two stages: a fast initial and a slow linear one in the studied range of doses
and temperatures.

The fast initial stage becomes especially evident at temperatures above 190 K,
when the efficiency of the slow linear stage is significantly reduced.

This character of the accumulation curves of F"-centers is identical to the similar
dependencies described in previous chapters and can also be explained by the effec-
tive capture of electrons on the pre-radiation vacancies of anions at the initial stage
of irradiation and the slower process of radiation creation of F*-centers at the linear
stage.

This interpretation is in agreement with the fact that the saturation level of the
fast stage coincides in order of magnitude with the content of monovalent cation-
substituting impurities in MgO (I) crystals, which serve as a measure of the number
of pre-radiation vacancies of anions.

D, 10" Gy

Fig. 5.2 Kinetics of accumulation of F*- centers in MgO (I) crystals under irradiation by protons
with energy of 6.8 meV at temperatures, where 1 is 88 K; 2 is 165 K; 3 is 191 K; 4 is 235 K; 5 is
300 K
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Fig. 5.3 Kinetics of changes in the intensity of optical absorption of F*3 accumulation ions in MgO
(I) crystals irradiated by protons with energy of 6.8 meV at temperatures, where 1 is 88 K; 2 is
165K;31is 191 K;4is 235 K; 5is 300 K

On the other hand, the linearity of accumulation up to concentrations of ~
1018 cm’?® indicates an extremely large capacity of the source of anionic vacan-
cies responsible for the accumulation of centers at a slow stage. Probably, this source
is the anionic nodes of the crystal lattice.

The influence of temperature on the nature of the dependence of the absorption
band of Fe*? ions (/,,, ~ 4.3 eV) on the radiation dose is more significant (Fig. 5.3).

The intensity of the band with A,,, ~ 4.3 eV increases almost linearly at temper-
atures below 190 K (Fig. 5.3, dependencies 1 = 3), whereas this process is rapidly
saturated at a relatively low level at higher temperatures (Fig. 5.3, dependencies 4 +
5).

It can be judged that the oxidative effect of proton irradiation on Fe* ions
decreases sharply in the temperature range (190 = 230) K from these data.

The complex band with A,,, = (5.4 =~ 5.6) eV did not decompose into components.
Therefore, the kinetic curves of changes in the optical density shown in Fig. 5.4 at
hym = 5.4 eV only approximate the actual changes in the intensity of the absorption
bands in the short-wavelength region of the spectrum.

Nevertheless, it can be seen that the intensity of short-wave absorption depends
on the irradiation temperature from the data presented in Fig. 5.4.

Indeed, an increase in the irradiation temperature from 88 to 124 K leads to
a significant decrease in the rate of absorption growth at h,,, = 5.4 eV (Fig. 5.4,
dependences 1 and 2). The accumulation rate at temperatures (165 < 190) K increases
so that the accumulation curve for temperature 165 K coincides with the curve for
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Fig. 5.4 Kinetics of changes in the intensity of optical absorption at 5.4 eV in MgO (I) crystals
irradiated by protons at energy of 6.8 meV at temperatures, where 1 is 88 K (M) and 165 K (0); 2
is 124 K; 31is 235 K

T = 88 K. The rate of absorption growth at 5.4 eV decreases again with increasing
temperature at temperatures above 190 K (Fig. 5.4, Dependence 3).

Thus, the results presented in Fig. 5.4 indicate the existence of an optimal temper-
ature for the accumulation of defects responsible for absorption in the region of 4,,,
=(54-+56)eV.

The presence of an optimal temperature indicates the thermally stimulated
processes of birth and annealing of defects responsible for the short-wave absorption
of MgO (I) crystals.

5.1.3 Effect of Temperature on Accumulation and Annealing
of Centers in MgO (I) Crystals

It follows that at the linear stage, the rate of accumulation of F*-centers in crystals
significantly depends on the crystal temperature from the data presented in Fig. 5.2.
The specific type of this dependence obtained from the dose curves is shown in
Fig.5.5.
It can be seen that the rate of accumulation of F*-centers 5 (T) in the interval (88
-+ 300) K is a decreasing function of temperature. This dependence is approximated
by an analytical expression with an accuracy of at least 10%:

n(T) = [1+ 194 exp(—0.085/kT)], (5.1
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Fig. 5.5 Temperature dependence of the efficiency of accumulation of F*-centers in MgO (I)
crystals under irradiation by protons with energy of 6.8 meV

where n(T).

Consider the nature of the decline in the rate of accumulation of F*-centers.

It is known that the probability P, of the formation of a defect stable under exper-
imental conditions can be represented as a superposition of elementary probabilities
[141] Py = P; P, P3, where P; is the probability of creating a Frenkel pair, P; is
the probability of separation of its fragments, P; is the probability of stabilization of
the separated fragments of the Frenkel pair.

In general, each of the elementary probabilities depends on temperature, and thus
the temperature dependence of the accumulation rate will be expressed in terms of
the temperature dependence of the probability P,

n(T) ~ Po(T) = P(T) - Py(T) - P5(T). (5.2)

The scattering cross-section, the collision energy and the cascade function practi-
cally do not depend on the crystal temperature at the shock mechanism of generating
Frenkel pairs. So, it is not a function of temperature in this case.

A wide range of energies is transmitted in the process of elastic scattering of
particles to ions displaced from the nodes of the crystal lattice from the maximum
T, to the threshold value of the displacement energy E,. Ions that have received
sufficient energy are separated from the vacancy dynamically; so, the probability
of separation P, does not depend on the temperature of the crystal for a part of
the ions. Low-energy ions that lose their pulse within the interaction sphere can be
separated from vacancies either by channeling and focusing or by thermally activated
migration.
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The probability of separation of P, will be a decreasing function of temperature in
the case of channeling and focusing. The probability of P, increases with increasing
temperature with thermally activated separation [114, 142].

Modern studies of the mechanisms of separation of F-H-pairs in silk-halide crys-
tals have shown that the most likely mechanism of separation is thermally activated
hopping diffusion of H-centers, whereas the mechanism of focused collisions is
irrelevant.

Probably, the channeling mechanism is also irrelevant; since machine modeling
detects only one channeled particle out of 10* at statistical scattering of particles.

Thus, the probability of separation of P, is an increasing function of temperature.
If we take into account the possibility of channeling and focusing some part of the
separating fragments of Frenkel pairs, this will only lead to some weakening of the
increasing nature of the temperature dependence P».

We conclude that the probability of separation of the components of Frenkel pairs
P, is a non-decreasing function of temperature from the above.

The probability of fixing the separated components of Frenkel pairs P; is
determined by the ratio of concentrations and capture cross-sections between the
stabilization centers of interstitial ions and vacant nodes of the crystal lattice.

The temperature dependence of P; can be estimated in the temperature range,
when the thermal release of trapped internode ions can be neglected as follows.

Let N; and S; be the concentration and cross-section of internode ion capture by
stabilization centers, N, and S, be the concentration and cross-section of internode
ion capture by vacant nodes of the crystal lattice. The probability P; can be
represented as

Py = NiSi(NiSi + N2So) ™' = (1 + NaSa/NiSp) ™" (5.3)

We obtain the following expression for the radius of the capture sphere, assuming
that the capture of an interstitial ion occurs at a distance when the potential energy of
interaction of an ion with the capture center is equal to its kinetic energy of thermal
motion kT (considered that internode ions are thermalized) or more generally ukT
and taking the interaction potential as

—a
Ur)=—

rm
_ 1
% ukT, r = (—a/ukT) Im
rm

So the capture section is

2 —2
S = w(—a/pkTYIm =T Tm, (5.4)
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2
where C = (—a/uT) Im = const.
We get, substituting Eq. (5.4) into Eq. (5.3),

) -2
P3(T)=|:1+N2C2T Tmay /N, C\T /ml}=[1+BT”]_l, (5.5)

where B = N,C,/N;C; = const;. n = mil — i

The exponent of the degree of n can be negatlve equal to zero or a positive number
depending on the ratio of the “stiffness” of potentials m; and m..

Accordingly, P3(T) will be an increasing temperature-independent or decreasing
function of temperature according to Eq. (5.5).

It was established that with sufficient accuracy the parameter m varies within (2
= 3) for the interaction of neutral defects and is equal to 1 for charged centers when
studying the spatial separation of F-H-centers in silk-halide crystals.

The most probable charge state of an anionic Frenkel pair is the state O, — F*-
center [129]. The centers of stabilization of interstitial anions can serve as alternating
ions of Me*? or atoms of transition elements of the Fe*?> and Cr*? type neutral with
respect to the crystal lattice.

It is obvious that the interaction of charged O, — F*-pairs will be described
by a potential with m = 1, interactions of the O;” — Me*? type with m;=(2 =+ 3),
interactions of the type O;” — Me*? withm; = 1.1t can be seen from this consideration
that in the general case m; = (1 = 3) and m, = 1.

Then n and the probability P3(T) turns out to be a non-decreasing function of
temperature.

The release of trapped oxygen ions will compete with the capture process at a
temperature when the oxygen localized on the traps is not stable; P3(7) may turn out
to be a decreasing function of temperature in this case.

Therefore, it is important to determine the range of temperature stability of
the localization of interstitial oxygen, within which P3(T") does not decrease with
increasing temperature.

We performed experiments on isochronous annealing of MgO (I) single crystals
irradiated at a temperature of 88 K for this goal.

Isochronous annealing of MgO (I) crystals irradiated at 88 K with a dose of
2x 107 Gy was studied. The annealing duration at a fixed temperature was 10 min. The
samples were cooled to the initial temperature (88 K) after annealing; the absorption
spectra were measured.

Figure 5.6 shows the absorption spectra of the irradiated and annealed single
crystal MgO (I) at consistently increasing temperatures, from which the absorption
spectrum of the irradiated crystal was subtracted. So, the spectra shown in the figure
demonstrate changes in the optical absorption of the irradiated sample after annealing.

It can be seen that there are no significant changes in absorption in the F*-band
region in the studied annealing temperature range (88 -~ 290), except for an increase
in the optical density after annealing at (175 = 180) K, probably due to a long-wave
decay of the intense band with h,,, = 5.4 eV.
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Fig. 5.6 Absorption spectra of MgO (I) crystals irradiated at 88 K by protons at a dose of 2 + O7
Gy and annealed at temperatures, where 1 is 115 K; 2 is 140 K; 3 is 175 K; 4 is 255 K; 5 is 275 K.
The absorption spectrum of the irradiated crystal was subtracted from the absorption spectra of
annealed crystals

The obtained dependence indicates the absence of annealing of F*-centers in the
temperature range (88 =+ 260) K. Consequently, there are no internode oxygen traps
unstable in this temperature range.

The dependence on the temperature of the optical absorption intensity at 5.4 eV
turned out to be not trivial (Fig. 5.6).

The curve of the isochronous annealing of the F*-band, normalized to its initial
intensity, is shown in Fig. 5.7.

The absorption intensity at 5.4 eV increases with increasing the annealing
temperature, reaching a maximum at (170 = 190) K and then decreases.

The intensity of this band becomes lower than its initial value in the irradiated
sample at annealing temperatures above 275 K. It should be noted that tendency to
decrease the intensity of the F*-band at T > 275 K appears (Fig. 5.7).

The conclusion about the thermal stability of interstitial oxygen at temperatures
(88 = 260) K leads to the conclusion that in this temperature range the probability
of stabilization of displaced oxygen ions is P3(T) in crystals, MgO (I) is a non-
decreasing function of temperature.

The analysis of temperature measurements of elementary probabilities P, and P3
presented above proves their non-decreasing nature with an increase in the irradiation
temperature in the range (88 - 260) K.

Consequently, the observed decrease in the rate of accumulation of F*-centers
at these temperatures (Fig. 5.5) is caused by a pronounced temperature-stimulated
decrease in the probability of creating anionic Frenkel defects Py, so, by a decrease
in the generation rate of primary Frenkel pairs.
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Fig. 5.7 Curve of isochronous 10-min annealing of the F*—band of absorption in an MgO (I)
crystal irradiated at 88 K with protons (dose 24 x 107 Gy). The dependence is normalized for the
intensity of the band after irradiation of the crystal

This fact contradicts the concept of the shock mechanism and is obviously a
consequence of the relationship of electronic processes with the low-temperature
mechanism of defect formation in MgO (I) crystals.

In this regard, the coincidence of the activation energy of the decay of the accu-
mulation rate of F*-centers in Eq. (5.1) with the binding energy of G-excitons in
MgO, equal to 0.08 eV, does not seem to be accidental [5].

It can be assumed that stable states of G-excitons are required for the realization
of shock generation of anionic Frenkel pairs.

Then an increase of temperature will lead to an increase in the thermal instability
of excitons with a corresponding decrease in the rate of accumulation of F*-centers.

It is necessary to establish the boundary of the thermal stability of excitons in
MgO, which is real under the conditions of our experiment to verify this assumption.
The experiments carried out by us in this direction are described in the next section
of the work.

5.2 Thermally Stimulated Conductivity of Irradiated
MgO() Crystals

The experiments aimed at determining the temperature of thermal dissociation of
excitons in MgO were based on the following concepts [15].
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The dynamic equilibrium arising during irradiation between the processes of
generation and recombination of electronic excitations leads to the establishment
of a quasi-stationary gas concentration of electron—hole pairs and excitons.

The ratio of exciton concentrations and electron—hole pairs is a temperature-
dependent value due to the thermal instability of excitons.

Earlier, a low efficiency of radiative recombination through local levels at low
(~90 K) temperatures was noted in the study of MgO cathodoluminescence; this fact
is associated with the predominant creation of excitons at these temperatures.

The equilibrium in the electron excitation gas shifts towards electron—hole pairs at
temperatures when excitons are thermally unstable; it leads to a significant increase
in recombination impurity luminescence and greater efficiency of the formation of
color centers on pre-radiation vacancies.

Ignition of recombination impurity glow in MgO at temperatures (220 =+ 280)
K was observed in [12]. The effectiveness of the formation of V-type hole centers
recorded using the thermally stimulated conductivity (TSC) method was monitored
under the conditions of our experiment.

A typical TSP current curve of a sample irradiated at 140 K is shown in Fig. 5.8.

The irradiation was carried out with protons with energy of 10 meV, so that the
proton path approximately corresponded to the thickness of the samples selected for
the experiment. The curve shows weak peaks at 190 K, 230 K, 290 K and two orders
of magnitude more intense peak at (370 =+ 380) K.

The identification of the observed peaks is based on the identity of the TSC curve
obtained by us with the curves of thermally stimulated luminescence (TSL) of X-ray
MgO crystals [128].
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Fig. 5.8 Dependence of the TSC current on temperature for an MgO (I) crystal irradiated at 140 K
by protons with energy of 10 meV and a dose of 2 x 10° Gy
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TSL peaks were associated with the destruction of the electron Cr*-center and
hole Vy, (190 K)-, Vi; (230 K)- and Va1 (370 K)-centers by parallel measurements
of TSC and EPR [73].

Since the decay of these centers leads to the release of electrons or holes, the
correspondence of the TSC and TSL curves is uniform.

The validity of comparing the peaks of TSC and TSL is confirmed by the following
data:

1. The intensity of all TSP peaks reaches saturation after short-term irradiation,
which is clearly illustrated by the dependence of the intensity of the TSC peak at
370 K on the irradiation time shown in Fig. 5.9. This fact indicates that centers
formed on pre-radiation defects are responsible for the peaks of TSC.

2. The activation energy of the fracture of the defect responsible for the TSC peak
at 370 K, calculated from the initial slope of the low-temperature branch of the
peak, is equal to (1.0 £ 0.1) eV and coincides with the energy of destruction of
V aj-centers.

3. The ratio of the intensity of the TSC peak at 370 K to the peak intensities at
190 K and 230 K approximately corresponds to the ratio of the concentration of
Al ions to the concentration of Cr, Na and Li ions in the sample.

Thus, the predominant type of hole center in irradiated MgO (I) crystals are
V ai-centers formed when holes are captured by pre-radiation complexes “impurity
V*3.vacancy cation” as follows from Fig. 5.8. Such complexes can be designated as
Va1 centers.
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Fig. 5.9 The dependence of the current at the maximum of the TSC peak at 370 K on the radiation
dose of protons with energy of 10 meV
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The speed of accumulation of Vaj-centers is proportional to the product of the
concentration of V},-centers by the quasi-stationary concentration of free holes,
according to the gas-kinetic theory of chemical reactions.

Since the concentration of V,,—centers is constant, a change in the efficiency of
accumulation of V4j-centers can occur only when the density of free holes changes.

Thus, it is possible to monitor the change in the quasi-stationary concentration of
holes in the valence band by controlling the efficiency of creating V 4;-centers.

The temperature dependence of the efficiency of the accumulation of V 4;-centers
was obtained by us under isodose irradiation of samples (t = 120 min) for different
temperature values with following the measuring the intensity of the TSP peak at
370 K.

The measurement results are shown in Fig. 5.10.

The accumulation efficiency varies slightly in the temperature range (140 = 200)
K as can be seen from the figure and increases sharply at temperatures above 200 K.
A sharp increase in the efficiency of the accumulation of Vj-centers indicates a
significant increase in the concentration of holes in the valence band.

Since, the irradiation conditions remained unchanged with the exception of
temperature and the redistribution of charge from unstable Cr*-, Vy,- and Vy;-centers
due to the incommensurability of their concentration with the concentration of V-
centers cannot provide a noticeable increase in the efficiency of accumulation of
V ar-centers, the source of additional holes should be considered thermally unstable
excitons at T > 200 K.

This conclusion is confirmed by the ignition of impurities of recombination
luminescence observed in [12] at temperatures above 200 K.
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Fig. 5.10 The dependence of the current at the maximum of the TSC peak at 370 K on the
temperature of isodose irradiation by protons with energy of 10 meV and a dose 8 x 10° Gy
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The temperatures of increasing the efficiency of the accumulation of V4j-centers
and the ignition of recombination luminescence coincide despite the differences in
the chemical compositions of the MgO (I) samples and the samples used in [12] and
other experimental conditions.

This fact testifies to the unified, fundamental nature of the process that caused
these phenomena. It is obvious that the thermionization of excitons satisfies this
criterion.

Thus, based on the above, we conclude that excitons in MgO crystals are thermally
unstable and dissociate into electron—hole pairs at temperatures above 200 K.

5.3 Nature of Low-Temperature Efficiency Change
Accumulations of F*-centers

The probable models of processes causing the thermostimulated phenomena
observed in the experiment are considered on the basis of the above experimental
results and their preliminary analysis in this section.

The main results on low-temperature accumulation of centers, discussed in the
previous sections, are as follows:

1. There is a significant decrease in the rate of accumulation of F*-centers with
an increase in temperature, due to a decrease in the probability of generation of
primary Frenkel pairs as shown earlier. This phenomenon is explained by the
temperature-dependent non-elementary generation of anionic Frenkel defects
ignoring the effects of channeling and focusing.

2. It is established that excitons in MgO are thermally unstable at temperatures
above 200 K; the relaxation of excitations of the electronic subsystem occurs
mainly through recombination of electron—hole pairs at local levels under these
conditions.

3. It is shown that kinetics of the increase in the intensity of the absorption band
at 4.3 eV are symmetrical to the accumulation curves of F*-centers throughout
the studied dose range in the temperature range (88 < 190) K. However, there is
no change in the intensity of the band with A,,, = 4.3 eV at temperatures above
190 K.

The results, listed above, in aggregate fully satisfy the hypothesis of the non-shock
generation of anionic Frenkel defects under low-temperature proton irradiation, when
the displacement of anions occurs during the decay of complex electronic excitations
formed from excitons [109, 143].

Indeed, an extremely high gas density of excitons and electron—hole pairs is
formed at the initial moment of time in the proton track, sufficient to achieve a
significant probability of statistical creation of excitons within the sphere of their
pair interaction.

Interacting excitons with characteristic time t; form bound states capable of
disintegrating into a Frenkel pair.
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Temporary degradation of the track occurs at the same time, due to the high
mobility of unreliaxed electronic excitations, as a result of which the initial excitation
density decreases rapidly.

The density of recombinationally generated excitons for this reason (which prob-
ably takes time 7, > > 71) turns out to be sufficient for the effective creation of binary
excitations.

The efficiency of direct formation of bound states at temperatures of thermal
instability of excitons due to their thermal dislocation decreases sharply with an
activation energy close to the binding energy of excitons for the same reason.

Therefore, the contribution of non-elementary creation of defects in proton tracks
is insignificant at room temperature.

The oxygen ions displaced in the non-shock process seem to have increased
activity with respect to the capture of Fe*? ions with its recharge to the Fe*? state,
so, they are effective oxidizers of transition element ions.

Therefore, the speed of recharge of iron ions also decreases with an increase in
temperature when the speed of non-shock generation of interstitial oxygen decreases.

Therefore, the coincidence of the temperature of a sharp decrease in the speed of
iron recharge to 0 and the temperature of the thermal dislocation of excitons is not
accidental.

The need to involve binary excitons rather than single excitons to explain the
non-binary generation follows from the following.

Firstly, experimentally non-shock generation of defects is observed only under
the condition of intense excitation of the electronic subsystem of crystals.

Secondly, the calculated value of the energy of the formation of the anionic Frenkel
pair in MgO is approximately twice the energy of excitons.

Thirdly, the ability to form a covalent bond between the hole components of
excitons O~ is significantly higher due to the lack of electrons on the loosening o*-
orbital of the O;~ molecule,. Relaxation of the nuclei of the biexiton excites local
oscillations, which creates favorable conditions for the transition of one of the nuclei
of the biexiton to the internode.

The degree of fundamentality of the proposed mechanism of non-elementary
generation of anionic defects remains unclear. It cannot be excluded from the avail-
able data that the decay of binary excitation occurs in defective areas of the crystal,
for example, in the vicinity of impurity ions of transition metals (Fe*?, Cr*?, etc.).

5.4 Summary

We can conclude that based on the results of this chapter:

1. An effective mechanism of non-shock generation of anionic Frenkel defects is
carried out during low-temperature irradiation of magnesium oxide crystals by
protons.



108 5 Creation of F*-Centers in Proton Tracks at Low Irradiation Temperatures

2. The temperature (190 = 200) K can be taken as the upper temperature limit of
the non-shock mechanism.

3. The stability of excitons in magnesium oxide crystals is limited to a temperature
of less than 190 K with respect to ionization.

4. The dose and temperature correlation between the concentration of accumulated
Fe*-centers and the intensity of absorption of Fe* ions indicates the essential
role of iron ions as stabilizers of anions displaced in the non-shock process.

5. The radiation resistance of magnesium oxide products operating at low irradia-
tion temperatures can be significantly increased by cleaning raw materials from
impurities of transition elements.
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The objective of this chapter is to investigate the possibility of non-shock generation
of anionic vacancies in magnesium oxide crystals at high radiation exposure.

The objective of this chapter is to investigate the possibility of non-shock
generation of anionic vacancies in magnesium oxide crystals at high radiation
exposure.

The most promising for solving this problem is the use of high-current beams
of accelerated electrons with an energy less than the threshold value of the elastic
displacement of the oxygen ion from the regular node of the crystal lattice to the
internode (> 0.33 meV) as a source of high excitation densities.

It is known that the capture by the anionic vacancy field of one or two elec-
trons in magnesium oxide crystals leads to the formation of F* and F-color centers,
respectively, for which the position of the maxima of the absorption and lumines-
cence bands, the value of their half-width, the strength of the oscillators and the
temperature range of stability are reliably established.

Therefore, information about the presence of anionic vacancies in crystals can be
obtained from absorption and luminescence measurements.

The separation of pre-radiation and anionic vacancies created under the action of
a high-current electron beam is supposed to be carried out by means of a comparative
analysis of kinetic curves of accumulation of F-type color centers with an increase in
the absorbed radiation energy of a high-current electron beam, high-energy protons
and X-rays.
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The study of X-ray crystals will allow identifying the processes associated with
the pre-radiation defectiveness of the crystal and crystals irradiated with protons
allow identifying the processes associated with newly generated defects of the crystal
lattice.

The dependence of the efficiency of accumulation of F-type color centers on the
electron beam current density should serve as proof of responsibility for the non-
elementary generation of anionic vacancies in magnesium oxide crystals of high
densities of radiation exposure.

MgO (I) crystals were used as objects of research in solving this problem (Table 2.
1).

Irradiation and all measurements were carried out at a sample temperature of
298 K.

6.1 Accumulation of F*-Centers in Magnesium Oxide
Crystals at High Excitation Densities by Accelerated
Electrons

The task of this section is to establish the nature of the origin of anionic vacancies on
which color centers are formed when magnesium oxide crystals are irradiated with
a high-current electron beam—on pre-radiation or created during irradiation.

The problem methodically was solved by comparing the kinetic curves of accu-
mulation of F 4 -color centers in magnesium oxide crystals with an increase in the
absorbed radiation energy of a high-current electron beam, high-energy protons and
X-rays [186—-189].

The choice of methodological approach to solving the problem is due to the
following considerations:

1. The curves of the increase in the number of F-centers created in KCI and MgO
crystals by ultraviolet radiation are given in [104] (Fig. 6.1).

The process of accumulation of F-centers for KCl is divided into two stages.

Defects that existed in the crystal before irradiation are involved in the first stage,
which quickly tends to saturation, according to the author; only their own radiation
defects in the second stage appear, the number of which increases linearly over a
wide range with the time of irradiation.

The accumulation of F-centers for MgO is carried out in one rapidly saturating
stage, associated by the author with the presence of pre-radiation defects.

The presence of a linear stage in the kinetic curve of accumulation of F-centers
with an increase in the absorbed radiation energy is proposed to be used as a crite-
rion for the generation of Frenkel anion pairs in magnesium oxide crystals from a
comparison of the kinetic curves of accumulation of F-centers in KCl and MgO under
the action of ultraviolet radiation, as well as from the appearance of a linear stage
in the kinetic curve of accumulation of F-centers in MgO only under the action of
accelerated particles whose energy is above the threshold.
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Fig. 6.1 Kinetic accumulation of F*-centers in crystals of KCI (1) and MgO (2) under irradiation
with VUV radiation [123]

2. Magnesium oxide crystals obtained by melting the charge in an electric arc
contain a significant amount of impurity ions with an effective charge other than
two electron charges. The appearance of this type of impurities in the process of
crystal growth should be accompanied by Schottky disorder: one vacancy will be
formed for every two such impurity ions. The concentration of impurities of the
Me" type in the studied MgO (I) crystals (Table 2.1) is of the order of 10! cm—3.
Therefore, the concentration of pre-radiation anionic vacancies can be estimated
by this value.

The following happens in this case.

Since X-rays are not capable of creating new anionic vacancies in magnesium
oxide crystals [95, 96] and the formation of F-centers is carried out when electrons
are localized on pre-radiation anionic vacancies [10], the accumulation of F*-centers
in this case should be described by a one-stage rapidly saturating kinetic curve [104].

Moreover, the maximum possible concentration of F*-centers should not exceed
the concentration of pre-radiation anionic vacancies, i.e. be at the level of 106 cm—3.

Irradiation of magnesium oxide crystals with high-energy particles leads to the
creation of anionic vacancies [99].

Therefore, the kinetic of the accumulation of F*-centers in MgO with an increase
in the absorbed radiation energy of accelerated protons should be a two-stage curve
at least.

The first stage is caused by the formation of F*-centers on pre-radiation anion
vacancies; the second is caused by the generation of Frenkel anion pairs during
irradiation. Moreover, the concentration of F*-centers at the end of the first stage of
the kinetic curve should also be at the level of 10'® cm™ as in the case of X-ray
irradiation.
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The accumulation of F*-color centers at the second stage of the kinetic accumu-
lation curve under irradiation with high-energy protons should occur linearly in a
wide range of values of the absorbed radiation energy.

Thus, a comparison of the kinetic curves of accumulation of F*-centers in
magnesium oxide crystals when irradiated with a high-current electron beam with
the kinematic curves of accumulation of F*-centers when irradiated with X-rays
and high-energy protons will make it possible to separate the radiation-stimulated
effects associated with pre-radiation anionic vacancies and those generated during
irradiation.

We will consider the results on the accumulation of F*-centers in magnesium
oxide crystals with an increase in the absorbed energy of radiation from a high-
current electron beam, X-rays and high-energy protons in the light of the above
arguments.

The values of the concentration of F*-centers given in the infusion in their work,
they were calculated according to the Smakula’s formula

npr =0.87-107n(m* +2) 72 f ' Wags, (6.1)

where ap+n is the refractive index; f is the strength of the oscillator; W is the width
of the absorption band of the F* -centers at half the height ; af* is the absorption
coefficient at the maximum of the F*-band.

The Equation taking into account values of W = 0.62 eV; n = 1.74; f = 0.8 at
sample temperature of 300 K from [33] is below

npe =5.05-10"ap+ [cm™?] (6.2)

It should be noted that the value of the absorption coefficient (« g+ ) at the maximum
of the F* absorption band was always determined only after the decomposition of
the additional optical absorption spectrum into elementary components in this work.

Figure 6.2 shows the dependence of the concentration of F*-color centers in
magnesium oxide crystals with an increase in the absorbed energy of X-ray radiation.

The accumulation of F*-centers is described by a one-stage rapidly occurring
kinetic curve.

The maximum concentration of F*-centers is 6 x 10 ® cm™3, which corresponds
to the concentration of pre-radiation anionic vacancies, according to our estimates.

The kinetic of the accumulation of F*-centers with an increase in the absorbed
radiation energy of high-energy protons is shown in Fig. 6.3.

Two stages are distinguished in the kinetic curve of the accumulation of F*-centers:
1 is a sharp increase in the concentration of F*-centers and 2 is a slow increase in
their number.

The presence of two stages in the kinetic curve indicates the presence of two
sources of anionic vacancies in the crystals [104].

The first stage is caused by the formation of F"-centers on pre-radiation anion
vacancies; the second stage is caused by the generation of Frenkel anion pairs during
proton irradiation [104].
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Fig. 6.2 Kinetic accumulation of F*-centers in MgO (I) crystal at irradiating by X-rays
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Fig. 6.3 Kinetic accumulation of F*- centers in MgO (I) crystal at irradiating by high—energy
protons

Indeed, the comparability of the concentration of F*-centers at the end of the first
stage of the kinetic accumulation curve with an increase in the absorbed proton energy
(6 x 10° cm~?) with the maximum concentration of F*-centers in X-ray crystals, as
well as the high efficiency of the accumulation of F*-centers in this section of the
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kinetic curve give reason to attribute responsibility for the first stage in the kinetic
curve of accumulation of F*-centers in magnesium oxide crystals when irradiated
with protons of pre-radiation anionic vacancies.

The linearity of the change in the number of F + -centers in a wide range of
absorbed proton radiation energy, as well as the significant excess of the concentration
of F*-color centers at the second stage of the kinetic accumulation curve over the
estimated concentration of pre-radiation anion vacancies, serve as an indicator of the
generation of Frenkel anion pairs in magnesium oxide crystals when irradiated with
high-energy protons.

Figure 6.4 shows the kinetics of accumulation of F + -color centers in magnesium
oxide crystals with an increase in the absorbed radiation energy of a high-current
electron beam.

It is typical for it:

1. two-stage;

2. high efficiency of accumulation of F*-centers in the first stage;

3. the coincidence of the values of the concentration of F*-centers at the end of the
first stage with the maximum concentration of F*-centers in X-ray crystals;

4. the linear nature of the change in the number of F*-centers at the second stage
in a wide range of absorbed radiation energys;

5. the concentration of F*-centers at the second stage exceeds the concentration of
pre-radiation anionic vacancies.

D, 10° Gy

Fig. 6.4 Kinetic accumulation of F*- centers MgO (I) crystal at irradiating by a high-current
electron beam (j = 1000 A e cm™2)
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Such a coincidence of kinetic curves of accumulation of F*-centers with an
increase in the absorbed radiation energy of a high-current electron beam and high-
energy protons makes it possible to extend the interpretation of two stages in the
kinetics of accumulation of F*-centers during proton irradiation and in the case of
electron irradiation.

Then, the first stage in the kinetic curve of the accumulation of F*-centers in
magnesium oxide crystals when irradiated with a high-current electron beam is due
to the formation of color centers on pre-radiation anion vacancies, the second is due
to the generation of Frenkel anion pairs during irradiation.

Since the energy of accelerated electrons in the beam (0.135 meV) is significantly
lower than the threshold electron energy (0.33 meV) required to create Frenkel anion
pairs in magnesium oxide crystals by elastic collisions, the results obtained indicate
the possibility of non-shock generation of F*-centers (anion vacancies) in MgO (I)
when irradiated with a high-current beam electrons.

6.2 Effect of the Current Density of the Accelerated
Electron Beam on the Accumulation of F*-Centers
in Magnesium Oxide Crystals

It is known that irradiation with X-rays and low-intensity flow of electrons of
subthreshold energy does not lead to the accumulation of Frenkel anion pairs in
magnesium oxide crystals [10, 104].

Therefore, the results given in Sect. 6.1 on the non-shock generation of anionic
vacancies in MgO (I) when irradiated with a high-current electron beam can be
explained by a specific feature of high radiation exposure powers.

In this case, a certain threshold value in the power of the absorbed radiation
energy should be observed in the implementation of the non-elementary mechanism
of Frenkel anion pairs in magnesium oxide crystals; it should manifest itself in the
absence of a second (linear) stage in the kinetic curve of accumulation of F*-centers
in MgO (I) when irradiated with a high-current electron beam, the subthreshold
energy with a current density less than this threshold value.

If the specific feature of high excitation densities in a non-elementary defect
formation is the possibility of the decay of collective electronic excitations into
structural defects, then the efficiency of the mechanism of non-elementary generation
of Frenkel anion pairs in magnesium oxide crystals should increase with increasing
radiation exposure power, since the number of elementary excitations per unit volume
increases and the probability of their meeting increases.

This phenomenon can manifest itself with an increase in the efficiency of accu-
mulation of F*-centers at the second stage of the kinetic accumulation curve with
an increase in the beam current density when irradiated with a high-current electron
beam in an MgO (I) crystal.
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Fig. 6.5 Kinetics of accumulation of F*-centers in a magnesium oxide crystal at irradiating by
electron beam of various densities, where 11is 80 A @ cm™2:2is 500 A @ cm™2; 3 is 1000 A e cm™2

A study of kinetic curves of accumulation of F*-centers in MgO (I) crystals
under irradiation with a high-current electron beam was carried out different current
densities based on the above in order to test the hypothesis of responsibility for the
non-elementary generation of radiation defects in the anionic sublattice of magne-
sium oxide of the mechanism of decay of collective electronic excitations and to
establish a threshold value of the power of absorbed radiation energy sufficient for
its realization,

The results of the experiments are shown in Fig. 6.5.

The concentration of F*-centers at the end of the first section of the kinetic curve
is the same for different excitation densities (Fig. 6.5).

There are differences in the change in the concentration of F*-centers at the second
stage of kinetic dependence: the accumulation efficiency increases with an increase
in the electron beam current density as expected.

The dependence of the energy costs for the accumulation of one stable F*-center
on the current density of the electron beam in the pulse is shown in Fig. 6.6.

The ratio of the interval of the radiation energy absorbed by the sample to the
concentration of the F*-centers created at the same time (at the second stage of the
kinetic curve) is taken as a measure of energy costs.

It should be noted that there is no second stage in the kinetic curve of accumulation
of F*-centers when the electron beam current density is less than ~ 100 A-cm™2
(4.7 x 10" Gy s™"), due to the formation of color centers on anionic vacancies
created during irradiation (Fig. 6.5).
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Fig. 6.6 Dependence of energy costs for the accumulation of one F*-center in magnesium oxide
crystals on the electron beam current density

Therefore, the power value of the absorbed radiation energy of a high-current
electron beam of ~4.7 x 10" Gy s~! should be considered as the minimum necessary
for the implementation of the mechanism of non-shock generation of stable Frenkel
anion pairs in magnesium oxide crystals.

6.3 Summary

The following conclusions can be drawn based on the results of this chapter.

1. The possibility of non-shock generation of anionic vacancies in magnesium oxide
crystals at high radiation exposure is shown.

2. The dependence of the efficiency of accumulation of vacancy components of
Frenkel anionic pairs in MgO (I) crystals on the power of the absorbed radiation
energy of a high-current electron beam of subthreshold energy is found.

3. A threshold value of the power of the absorbed radiation energy of a high-current
electron beam of ~ 4.7 x 10" Gy s~! has been established in the implementa-
tion of a non-elementary mechanism of radiation defect formation in an anionic
sublattice of magnesium oxide.
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The process of accumulation of radiation defects in solids depends to a certain extent
on the efficiency of fixing displaced atoms or ions in the crystal lattice. Therefore,
data on the behavior of interstitial defects are particularly important when analyzing
radiation phenomena.

The most complete information in this regard is available regarding alkali-halide
crystals. Work in this direction is in the initial stage of development and there is
practically no data on the behavior of interstitial defects for oxides of alkaline earth
metals.

We put forward an assumption about the stabilization of interstitial oxygen ions
displaced by a high-current beam of electrons of subthreshold energy near impurity
ions with an excessive positive charge based on the analysis of the general state of
the problem.

Single crystals of magnesium oxide with different content of impurity ions
MgO (I) and MgO (II) were used as objects of research in accordance with this
(Table 2.1).
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A comparative analysis of the effects of accumulation of radiation defects in these
materials is one of the methodological methods for solving the problem of the sites
of fixation of interstitial oxygen ions.

The processes of formation of radiation defects in crystals of various impurity
composition under the action of a high-current electron beam and their lifetime in
a nanosecond time interval after the end of the irradiation pulse, were compared to
separate the fundamental effects of radiation defect formation in magnesium oxide
crystals from structure-sensitive ones.

7.1 About Possible Locations of Interstitial Oxygen Ions
in the Crystal Lattice of Magnesium Oxide

In general, three channels of stabilization of interstitial ions in ionic crystals are
possible:

1. Autolocalization of ions in the internodes of the crystal lattice.

2. Mutual stabilization of internode components of anionic and cationic Frenkel
pairs.

3. Stabilization of interstitial ions near various imperfections of the crystal lattice.

The location of an ideal magnesium oxide lattice of an oxygen ion in the interstitial
space is difficult; since its extremely high mobility has been established even at
extremely low temperatures [85].

We do not exclude the possibility of stabilization of interstitial oxygen ions by
interstitial magnesium ions in the case of irradiation of magnesium oxide crystals
with high-energy particles that create interstitial magnesium ions through elastic
collisions with Mg?* ion nuclei.

The creation of Antishottk pairs in our case of irradiation with a high-current
electron beam with an energy of (0.1 = 0.2) MeV, is unlikely, since the creation of
interstitial magnesium ions by the ionization mechanism of radiation defect formation
is unlikely.

Imperfections of the crystal lattice, which can be pre-radiation cationic vacancies,
dislocations and impurity ions, are the most likely places of stabilization of interstitial
oxygen ions in magnesium oxide crystals, as it seems to us.

Cationic vacant nodes of the crystal lattice of magnesium oxide can serve as a
place for stabilization of the interstitial oxygen atom. Since the electron color centers
are observed by us, as shown earlier, only in the form of F*-centers and since double
ionization of an oxygen ion is unlikely, it is most likely that oxygen is displaced in
the charged state in the form of O- from a regular node of the crystal lattice under the
action of a high-current beam of accelerated electrons. In this case, cationic vacancies
cannot serve as a place of stabilization of interstitial oxygen ions.

Dislocations, as places of runoff of interstitial oxygen ions, are also unable to
provide the concentrations of stable F*-centers observed by us of 6.3 x 10'7 cm™.
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Indeed, the maximum possible concentration of internode ion fixation sites on
the dislocations of the crystal lattice is determined by [144] due to the electrostatic
interaction

C = nyny, (7.1)

where ng is the maximum possible number of steps on the dislocation; n, is the
dislocation density.

The value of ng for screw dislocations can be estimated using the Burgers vector
(b) [145]

1
Ngw) = E (72)

Equation for sliding planes {110} typical of a NaCl-type crystal lattice [146] is

b= (1.3)
= .

The value of ng for edge dislocations is estimated using the lattice parameter (a)
[145]

1
Ngk) = Z- (7.4)

There is in specially undeformed crystals [194]
ng ~ 10° = 10"cm 2. (1.5)

Therefore, we obtain C(yy = 3 x 10* ecm™3, Cqy = 2 x 10'* cm~ taking the
value of the dislocation density n; in magnesium oxide crystals 10’ cm™2 and the
value of the lattice parameter a = 4.2 x 107 cm [147] by Eq. (7.1).

Elastic interaction of interstitial ions can be carried out only with edge disloca-
tions, since screw dislocations do not create compression regions. In this case, inter-
stitial ions are located along the dislocation core, whose diameter for ionic crystals
usually does not exceed 5b [148].

Therefore, the maximum possible concentration of the sites of attachment of
interstitial oxygen ions in magnesium oxide crystals will not exceed 2 x 10'* cm™3
due to the elastic interaction of interstitial ions with dislocations.

Secondly, the energy of elastic interaction of point defects with dislocation lines
is small and amounts to (0.2 = 0.3) eV. Therefore, the fixation of interstitial oxygen
ions on dislocations will not be effective at temperatures close to room temperature.

Since the F*-color centers in magnesium oxide crystals are stable to higher temper-
atures (more than 500 K) [43], the discussed mechanism of stabilization of interstitial
oxygen ions in MgO is especially not realized.
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It remains to be assumed that the stabilization of negatively charged oxygen ions
displaced from the regular nodes of the magnesium oxide crystal lattice under the
action of irradiation with a high-current electron beam is carried out mainly near
impurity ions having an excessive positive charge relative to the crystal lattice.

This point of view is confirmed by the following results:

1. Ttis shown that the presence of an impurity increases the rate of accumulation of
F-type color centers when studying the dependence of the absorption coefficient
in the F-band on the absorbed radiation energy of neutrons and high-energy
electrons in crystals with different content of impurity iron ions (5 x 1072 = 6 x
1073) % [93].

2. We have studied the optical absorption spectra of MgO (I) and MgO (II) crystals
after irradiation with a high-current electron beam. It has been found that there
is no accumulation of F*-color centers in MgO (II) with a significantly lower
content of impurity cation-substituting ions unlike MgO (I) crystals.

3. Chapter 6 shows that the second stage of the kinetic curve of accumulation of F*-
centers in MgO (I) crystals under the action of a high-current beam of accelerated
electrons, due to the formation of F*-centers on the anion vacancies created by
irradiation, has a linear character.

The linearity of accumulation, in turn, indicates that the capacity of the flow
of interstitial oxygen ions significantly exceeds the maximum concentration of F*-
centers (6.3 x 107 cm™3).

We estimate the concentration of the capture centers of interstitial oxygen ions of
the order of 10'° cm~ from these considerations.

It is noteworthy that the content of impurity cation-substituting ions with an
excessive positive charge in the studied MgO(I) crystals is of the same order.

Thus, it can be assumed as a working hypothesis that impurity cation-substituting
ions with an excessive positive charge relative to the lattice can be effective fixing
points for oxygen ions displaced from regular nodes of the crystal lattice under the
action of a high-current electron beam in crystals of magnesium oxide of technical
purity.

Moreover, it is necessary to highlight the ions that acquire an excessive positive
charge during irradiation (Fe?*, Ni%*, Pb?*) [10] from impurity cation-substituting
ions as the most effective centers of stabilization of interstitial oxygen ions, since the
excess charge of impurity ions AI**, Si** must be compensated by cation vacancies
created during crystal growth.

The following sections of the paper present the results of studies aimed at verifying
the hypothesis expressed.
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7.2 Investigation of the Generation of F*-Color Centers
in Single Crystals of Magnesium Oxide Under
the Action of a High-Current Beam of Accelerated
Electrons of Nanosecond Duration

We analyzed the role of impurity ions in radiation defect formation in magnesium
oxide crystals from the point of view of stabilization of interstitial oxygen ions in
Sect. 7.1.

The differences in the accumulation of F*-color centers under the action of a
high-current electron beam in crystals of various degrees of purity are satisfactorily
explained from these positions.

However, it is necessary to establish the degree of influence of impurity ions on the
primary process of the non-elementary creation of Frenkel anion pairs in magnesium
oxide crystals at high excitation densities in order to further develop the proposed
assumption about the fixation of interstitial oxygen ions by impurity ions with an
excessive positive charge.

The optical absorption spectra and luminescence spectra of MgO (II) crystals in the
nanosecond time interval when irradiated with subthreshold energy electron pulses
and the lifetime of F-type electronic color centers after the end of the irradiation
pulse in MgO (I) and MgO (II) crystals were studied for this goal.

The choice of objects and methods of research is due to the following considera-
tions.

Stable electron color centers have not been registered in MgO (II) crystals after
irradiation with a high-current electron beam.

Therefore, the creation of F-type color centers should not occur in the case of the
influence of impurity ions on the process of non-shock generation of Frenkel anion
pairs in magnesium oxide in these crystals during irradiation with a high-current
electron beam of subthreshold energy.

Information on the registration of electronic color centers in MgO (II) crystals
during irradiation will indicate the fundamental nature of the mechanism of non-
shock generation of Frenkel anion pairs in magnesium oxide.

Figure 7.1 shows examples of waveforms characterizing the change in time of
optical transmission (a) and luminescence (b) of a sample under the action of a
radiation pulse.

The optical density D(¢) at time ¢, after the start of the irradiation pulse can be
determined from the waveform (a) as

lo

D@ =lg .

(7.6)

Here [y and /; are proportional to the intensity of the probing light transmitted through
the sample before and after the start of the irradiation pulse, respectively.
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a b

Fig. 7.1 Examples of changes in the waveforms of changes in time of optical transmission (a) and
luminescence (b) of a magnesium oxide crystal under the influence of a radiation pulse

The full spectrum of optical absorption of a sample at a certain moment after the
start of the irradiation pulse can be constructed from the results of optical density
measurements at different wavelengths of probing light emitted by a monochromator.

The luminescence spectrum is constructed based on the readings of the lumines-
cence intensity /; at certain wavelengths.

Curve 1 characterizes the optical absorption spectrum of the MgO (II) crystal,
which changes at 300 K 200 ns after the start of the irradiation pulse (Fig. 7.2).
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Fig. 7.2 Optical absorption spectra of the MgO (II) crystal after 200 ns of the start of the radiation
pulse (j = 1000 A cm~2), where 1 is 300 K; 2 is 80 K
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There is an increase in the value of the optical density in the absorption band of
the F-type color centers (~ 4.92 eV) in the spectrum of additional optical absorption
as follows from the figure.

The change in the optical absorption spectra at a sample temperature of 80 K did
not reveal any significant changes in the intensity of this absorption band (Fig. 7.2,
curve 2).

Since there is no accumulation of F*-centers in MgO (II) crystals when irradiated
with X-rays, it can be concluded that there is an extremely insignificant content of
pre-radiation anionic vacancies in the crystals.

However, in order to be sure that the observed optical absorption is not associated
with pre-radiation anionic vacancies, the studied crystals were irradiated with fifteen
irradiation pulses before measurement, which, in our opinion, should lead to the
filling of all pre-radiation anionic vacancies.

The luminescence spectra of MgO (II) crystals under the action of a radiation pulse
were studied to confirm the generation of electronic color centers in magnesium oxide
crystals under the action of a high-current electron beam of subthreshold energy and
to establish their structure (F* or F).

Figure 7.3 shows the luminescence spectrum of a magnesium oxide crystal
measured at a sample temperature of 300 K after 10 ns after the start of the
high-current electron beam irradiation pulse.

There is a band of luminescence with a maximum at 3.2 eV (the glow of F*-
centers) in the luminescence spectrum. The glow of the F-centers (2.4 eV) is not
observed.
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Fig. 7.3 The luminescence spectrum of the MgO (II) crystal at 300 K irradiation after 10 ns of the
start of the electron flux irradiation pulse with a beam current density of 1000 A cm~2
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Fig. 7.4 The change in the optical density at the maximum of the F*-band of absorption of the
MgO (II) crystal after the irradiation pulse (j = 1000 A cm~2; T = 300 K)

Processing of the luminescence attenuation data allowed establishing that the
relaxation time constant of the glow of the F*-centers is 27 ns.

We conducted a study of the relaxation of optical absorption in MgO (II) crystals
with time after the end of the irradiation pulse in order to study the stability of the
color centers responsible for the absorption band in the region of 4.92 eV.

Itis established that the defects responsible for optical absorption in the absorption
band region of the F-type color centers are unstable (Fig. 7.4).

Two time constants are observed: t; &~ 1 00 ns, #; >10 microseconds in the relax-
ation of the optical density. Moreover, the number of color centers decreases three
times in relation to their concentration immediately after the end of the irradiation
pulse after 300 ns after the irradiation pulse.

Relaxation of optical absorption of F*-color centers in impurity crystals of magne-
sium oxide MgO (I) after exposure to a high-current pulse of accelerated electrons
has also been studied.

It is established that there is no short component in the relaxation of the optical
absorption of F*-centers and relaxation is carried out with a time constant greater
than 10 microseconds for crystals of this series (Fig. 7.5).

Thus, F*-electronic color centers are created in MgO (II) crystals with a low
content of impurity ions under the action of a high-current beam of accelerated elec-
trons of subthreshold energy. This indicates the fundamental nature of the mechanism
of non-shock generation of radiation defects in the anionic sublattice of magnesium
oxide crystals at high excitation densities.

The presence of a short component in the relaxation of the optical density in
the absorption region of F*-color centers for MgO (II) crystals and the absence of
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Fig. 7.5 The change in the optical density at the maximum of the F*-band of absorption of the
MgO (I) crystal after the irradiation pulse (j = 1000 A cm~2; T = 300 K)

this component for MgO (II) crystals is probably due to the insignificant number of
effective sites of fixation of interstitial oxygen ions in MgO (II).

Since the difference between MgO (I) and MgO (II) crystals lies in the different
concentrations of impurity ions in them, the obtained results confirm our assumption
about the effective role of impurity ions as centers of stabilization of interstitial
oxygen ions.

7.3 Correlation in the Accumulation of F*-Color Centers
and Changes in the Charge State of Impurity Iron Ions
in Single Crystals of Magnesium Oxide
under Irradiation with a High-Current Electron Beam

The most promising study is the nature of changes in the concentration of F*-color
centers under the action of a high-current electron beam from the content of such
impurity ions in crystals To test the assumption about the localization of intersti-
tial oxygen ions in magnesium oxide crystals near impurity ions with an excessive
positive charge.

However, growing a large batch of magnesium oxide crystals with specified
concentrations of impurities is associated with great difficulties.

Therefore, we have used a different methodological technique. It is based on
well-known fact of recharging impurity ions of transition metals under the action of
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Fig. 7.6 The change in optical density in the maxima of the absorption bands of F + -band of
absorption (1) and Fe*3 (2) with an increase in the absorbed radiation energy of accelerated electrons
in MgO (I) (j = 200 A cm™2)

irradiation [10] and consists in comparing the kinetics of accumulation of F*-centers
in MgO (I) crystals and the process of transition of impurity ions Fe?* to the Fe**
state with an increase in the absorbed radiation energy of a high-current electron
beam.

A thorough study of the optical absorption spectra of MgO (I) crystals has estab-
lished that the change in the optical density in the maximum absorption bands of
F*-centers (4.92 eV) and Fe** (4.3 eV) occurs according to the same law with an
increase in the absorbed radiation energy of accelerated electrons (Fig. 7.6).

As in the case of accumulation of F*-centers the change in the charge state of
impurity iron ions is carried out in two stages.

This type of kinetic curve of accumulation of F*-centers in magnesium oxide
crystals under the action of a high-current beam of accelerated electrons is due to the
presence of two different sources of anionic vacancies in the crystals. F*-centers are
formed on pre-radiation vacancies at the first stage; they are formed on those created
during irradiation at the second stage.

Let’s take a closer look at the first section of the kinetic curve. Figure 7.7 shows
the kinetics of changes in the optical density in magnesium oxide crystals in the
absorption bands of F*-centers and Fe** when irradiated with X-rays for this purpose.

A rapid increase in optical density and simultaneous achievement of stationary
values are observed at the same course of kinetic curves.

X-rays do not create new anionic vacancies in magnesium oxide crystals and the
formation of F*-centers occurs on pre-radiation anionic vacancies. Further X-ray
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Fig. 7.7 Change in the optical density in the maxima of the absorption bands of F*-centers (1) and
Fe*3 (2) with increase in the absorbed energy of X-ray radiation in MgO (I)

irradiation of magnesium oxide crystals no longer leads to an increase in the optical
density in the absorption band of F*-centers at a steady level of occupancy of anionic
pre-radiation vacancies.

Then, such a correlated behavior of changes in optical density in the absorption
bands of F*-centers and Fe** (exactly the same type of kinetic curves, simulta-
neous establishment of stationary values) with the time of X-ray irradiation allows
to conclude that the transfer of impurity iron ions to the highest valence state during
X-ray irradiation is limited by the presence of pre-radiation anionic vacancies in
magnesium oxide crystals.

This relationship between the change in the concentrations of Fe** ions and pre-
radiation anionic vacancies can be explained by the capture of the components of
electron—hole pairs formed during irradiation on pre-radiation vacancies and Fe?*
ions with the formation of F*~centers and Fe?* ions, respectively. So, the first stage
of the kinetic curve of the accumulation of F*-centers in magnesium oxide crystals
under the action of a high-current beam of accelerated electrons and the accumulation
of F*-centers during X-ray irradiation will be described by the scheme:

Irradiation — e + p;

V,+e— F"™ > F™ + hv;

Fe** + p — Fe’** — Fe** + hv. (1.7)
Unused electron-hole pairs are annihilated and no accumulation of F*-centers and

Fe3* is observed during further irradiation at a certain steady-state level of electron
filling of pre-radiation anionic vacancies.
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Fig. 7.8 The change in the optical density in the maxima of the absorption bands of the F*-centers
(1 = 3)and Fe*? (4 = 6) in MgO (I) at different current densities of the accelerated electron beam,
where 1 and 4 are 800 A cm~2; 2 and 5 are 200 A cm~2; 3 and 6 are 80 A cm ™2

We conducted study of the kinetics of changes in the optical density in the maxima
of the absorption bands of F* centers and Fe** at different electron beam current
densities (Fig. 7.8) to study the second stages in the kinetic curves of changes in
the concentration of F*-centers and Fe** with an increase in the absorbed energy of
electron radiation.

It is established that an increase in the beam current density leads not only to an
increase in the efficiency of the accumulation of F*-centers and also causes a more
efficient flow of the process of transition of impurity iron ions to the Fe** state.

The qualitatively identical type of kinetic curves is drawn to attention.

However, the second stage of the kinetic curve of the accumulation of F*-centers
is due to the formation of defects in the anion vacancies created during irradia-
tion with a high-current electron beam. Probably, in this case, the efficiency of the
Fe?* — Fe* transition is determined by the concentration of Frenkel anion pairs
created during irradiation.

Therefore, it seems feasible to explain the correlated behavior of the optical density
in the maxima of the optical absorption bands of the F*-color centers and Fe** at this
stage of the kinetic curves according to the scheme:

1. Creation of a Frenkel anion pair in the form of F*—O under the action of a
high-current beam of accelerated electrons.

2. Migration of interstitial ions to impurity ions of transition metals Fe?*.

3. Oxidation of impurity ions Fe?* by interstitial oxygen ions to form a stable
complex: Fe**- interstitial oxygen ion O>~.
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Fe’™ + 0~ — Fe*t 0>~ (7.8)

A similar situation should be realized for other impurity ions of transition metals
of the donor type in our opinion; we were able to establish this only for iron ions
only, because only the parameters of the absorption band of Fe ions were reliably
established.

7.4 Influence of the Calcination Temperature
of Magnesium Oxide Crystals on the Accumulation
of Radiation Defects of Them

We have studied the optical absorption spectra of MgO (I) crystals after calcining
them in air for (20 <+ 200) minutes at temperatures (300 - 1750) K and rapid cooling
on a massive copper substrate and after irradiation of crystals hardened by X-rays and
in the same way by a high-current beam of accelerated electrons in order to verify the
proposed explanation of the correlated change concentrations of Fe** and F*-center
ions with increase in the absorbed radiation energy of a high-current electron beam
(Sect. 7.3).

We proceeded from the following considerations when setting up these experi-
ments.

Molecular oxygen from the gas phase on the crystal surface dissociates into atoms
and diffuses into the crystal volume at certain temperatures. The diffusion of oxygen
through the crystal lattice will most likely be carried out in atomic form, since it
is easier to realize it in such a neutral state. The oxygen atom diffuses through
the lattice, occupies an anionic vacancy, while “healing” of pre-radiation anionic
vacancies should be observed.

Impurity cation-substituting transition metal ions acquire an excessive positive
charge during the “healing” of anionic vacancies. In particular, Fe>* ions transition
to the Fe3* state. The subsequent increase in the temperature of the magnesium oxide
crystal will lead to further oxidation of impurity ions of this type by interstitial oxygen
atoms and the formation of a complex “Fe**-oxygen ion in the interstitial”.

There are no pre-radiation interstitial oxygen ions in magnesium oxide crystals;
pre-radiation anionic vacancies were created during the growth of single crystals due
to the entry of corresponding inovalent impurity ions into the crystal lattice and the
removal of part of the oxygen ions from regular lattice sites to the surface to preserve
the electroneutrality of the crystal volume.

Therefore, a decrease in the concentration of pre-radiation anionic vacancies in
magnesium oxide crystals during high-temperature air calcination will indicate the
diffusion of oxygen from the gas phase into the crystal volume.

Let us consider the mechanism of accumulation of F*-color centers on pre-
radiation anionic vacancies and the transfer of impurity ions of Fe?* to the Fe**
state from these positions.
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There should be fewer and fewer anionic pre-radiation vacancies for the formation
of F*-color centers on them due to the diffusion of oxygen from the gas phase;
consequently, fewer and fewer unpaired hole components of electron—hole pairs are
for the implementation of the Fe>* 4 p — Fe?* transition by irradiation* — Fe** +
hv.

Therefore, an increase in the calcination temperature of magnesium oxide crystals,
starting from a certain value, will lead to a decrease in the concentration of F*-centers
of the oxide and radiation-generated Fe** ions during subsequent X-ray irradiation.
Subsequent X-ray irradiation should not lead to the formation of F*-centers and to
the transfer of Fe?* ions to the Fe®* state at temperatures corresponding to the filling
of most of the pre-radiation anionic vacancies.

As our research has shown calcination of magnesium oxide crystals at tempera-
tures (400 = 1100) K does not change the optical absorption spectrum of the initial
crystal (Fig. 7.9, curve 1).

The optical absorption spectra of crystals irradiated with X-rays after treatment
in the specified temperature range coincide with the optical absorption spectrum of
the X-ray-irradiated initial crystal (Fig. 7.9, curve 2).

A further increase in the crystal calcination temperature leads to an increase in
the optical density in the absorption band of Fe** ions (4.3 eV) (Fig. 7.10).

Irradiation with X-rays of crystals calcined at (1200 < 1300) K makes it possible to
detect a decrease in additional optical absorption in the absorption bands of F*-centers
(4.92 eV) and Fe** ions (4.3 eV) with an increase in the calcination temperature
(Fig. 7.11).
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Fig. 7.9 Optical absorption spectra of an MgO (I) crystal with a thickness of 250 microns, where
1 is initial; 2 is irradiated with X-ray rays up to 5 x 10* Gy at 300 K
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Fig. 7.10 Optical absorption spectra of an MgO (I) crystal with a thickness of 250 microns, where
1 is initial; 2, 3 and 4 are calcined for 20 min in the air at 1200 K; 1300 K and 1400 K, respectively
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Fig. 7.11 Spectra of additional optical absorption of an MgO (I) crystal irradiated with X-rays up
to 5 x 10% Gy, where 1 is initial; 2 and 3 are calcined for 20 min in air at 1200 K and 1300 K,

respectively
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Exposure of magnesium oxide crystals for 30 min at 1400 K under X-ray irradi-
ation does not change the obtained optical absorption spectrum in the studied region
(3.8 = 5) eV, i.e., there are no processes of creating F*-color centers and the Fe?* —
Fe3* transition in such crystals, under the action of X-rays.

If, in fact an increase in the temperature of magnesium oxide crystals leads to a
decrease in the number of pre-radiation anionic vacancies, then the sample is heated
in air at 1400 K for 30 min (after which there is no accumulation of F*-centers
in magnesium oxide crystals under the action of X-rays) in the kinetic curve of
accumulation of F*-centers when irradiated with a high-current beam accelerated
electrons will be missing the first stage, due to the filling of pre-radiation vacancies.

The results of the experiment are shown in Fig. 7.12.

The accumulation of F*-color centers is described by a one-stage kinetic curve
with an increase in the absorbed radiation energy of accelerated electrons after
holding the magnesium oxide crystal at 1400 K for 30 min.

Thus, these results confirm our proposed scheme of accumulation of F*-centers
on pre-radiation anionic vacancies of magnesium oxide crystals.

If the scheme of accumulation of Frenkel pairs in magnesium oxide crystals
under the action of a high-current electron beam is correct, then, there should be no
accumulation of F*-color centers and the transfer of impurity Fe?* ions to the Fe**
state when irradiated with a high-current electron beam in crystals hardened from
temperatures above 1400 K. The overwhelming number of impurity iron ions will
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Fig. 7.12 The change in the optical density at the maximum of the F*-band of absorption of
the MgO (I) crystal when irradiated with a high-current electron beam (j = 600 A cm™2) after
pre-calcination in air for 30 min at 400 K
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Fig. 7.13 Optical absorption spectra of MgO (I) crystals with a thickness of 200 microns, where 1
is initial; 2 is calcined in air for 50 min at 1500 K

be transferred to the Fe** state and blocked by interstitial oxygen ions from the gas
phase; there will be no free iron ions to stabilize the interstitial oxygen ions created
by irradiation in this case.

Indeed, the optical absorption spectrum of crystals calcined at 1750 K in air for
50 min does not change in the studied region (5.5 = 3.8) eV when irradiated with a
high-current electron beam as our experiments have shown (Fig. 7.13).

The creation of F*-centers in MgO (I) when irradiated with a high-current electron
beam at the concentrations given in Sect. 7.2 in non-calcined crystals should lead to
noticeable changes in the optical absorption spectrum, since it equals 0.2 at np+=
3 x 10 x 7 cm™3 by Eq. (7.1).

The appearance of a new absorption band of ~ 4.6 eV in the optical absorption
spectrum of a magnesium oxide crystal calcined at 1750 K is probably due to a shift
in the short-wavelength region of the spectrum of the maximum absorption band of
the impurity ion Fe** and due to perturbation of its environment by an interstitial
oxygen ion from the gas phase.

7.5 Summary

The following conclusions can be drawn based on the results of this chapter.

1. The process of non-shock generation of anionic vacancies in magnesium oxide
crystals at high radiation exposure is fundamental.
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Impurity ions of transition metals, in particular, iron, which acquire an excessive
positive charge during irradiation, serve as the most effective places for fixing
interstitial oxygen ions created in MgO when irradiated with a high-current beam
of accelerated electrons of subthreshold energy.

The detected new absorption band with a maximum of about 4.3 eV in the optical
absorption spectrum of magnesium oxide crystals subjected to high-temperature
calcination in air is probably due to the complex: impurity ion Fe3+-interstitial
oxygen ion.
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As is known, the processes of radiation accumulation of Frenkel anionic pairs in
ionic crystals are experimentally studied by registering defects created with the
participation of vacancies and interstitial ions.

Radiation disturbances of the anionic sublattice in silk-haloid crystals are reliably
manifested by optical and EPR measurements, which was the key to their in-depth
and comprehensive study.

A less favorable situation develops when studying radiation defect formation
in MgO. Currently, defects with a vacancy nature (F* and F-centers) are reliably
recorded. The works of previous years indicate that the methods of absorption and
EPR spectroscopy are not very effective for detecting interstitial oxygen ions in MgO.

In this regard, the search and use of new methods for the registration of interstitial
components of Frenkel anionic pairs in magnesium oxide crystals are extremely
important for the radiation physics of alkali-earth metal oxides in general and in
particular for solving infusion problems.

We came to the conclusion that photoluminescence and positron annihilation
methods could be promising in this regard based on the analysis of the literature
data.

This chapter presents the results of studies aimed at applying the above methods
to identify interstitial oxygen ions in MgO crystals irradiated with a high-current
beam of electrons of subthreshold energy.

Methodical task is supposed to be solved by compiling optical absorption
spectra, photoluminescence spectra and correlation curves of annihilation radiation

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 137
A. Surzhikov and E. Lysenko, Creation and Accumulation of Radiation Defects in
Single Crystals of Magnesium Oxide, https://doi.org/10.1007/978-3-031-60207-8_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-60207-8_8&domain=pdf
https://doi.org/10.1007/978-3-031-60207-8_8

138 8 Experimental Study of Interstitial Oxygen Ions in Magnesium Oxide ...

of positrons for magnesium oxide crystals irradiated with a high-current beam of elec-
trons of subthreshold energy, and for crystals irradiated with X-rays and high-energy
protons.

Single crystals of MgO (I) were used as objects of research (Table 2.1), since the
accumulation of F*-color centers does not occur in MgO (II) under the action of a
high-current electron beam of subthreshold energy as was shown above.

8.1 Investigation of Photoluminescence in Magnesium
Oxide Crystals Irradiated by a High-Current Electron
Beam

In 1977, the authors discovered a change in the spectral composition of the cathodo-
luminescence of magnesium oxide crystals during the implantation of Mg+ and O%>~
ions alternately [130]. It was found that the introduction of O~ ions into the MgO
lattice enhances the glow in the long-wavelength region of the spectrum (~ 1.7 eV),
while the introduction of magnesium ions leads to the appearance of an additional
component of luminescence in the short-wavelength part of the spectrum (~2.8 eV).

Since the efficiency induced in the crystal during ion implantation does not
significantly depend on the type of ion being implanted, it can be assumed that
the detected changes in the luminescence spectra are associated with defects that
include interstitial ions of acid and magnesium.

It seems useful to study the luminescent characteristics and single crystals of
magnesium oxide exposed to irradiation assuming, as a working hypothesis that
defects consisting of interstitial oxygen ions are responsible for the glow in the red
region of the spectrum.

We have conducted a study of the spectral composition of the photoluminescence
of MgO (I) crystals irradiated by a high-current electron beam and X-rays. Lumines-
cence was excited by light from the F-band absorption region at a sample temperature
of 300 K.

The results of the experiment are shown in Fig. 8.1.

Photoluminescence spectra were obtained on the same magnesium oxide crystal.
Initially, the sample was exposed to X-rays; photoluminescence was studied. Then
the same sample was additionally irradiated with a high-current beam of accelerated
electrons; the photoluminescence spectrum was re-measured after it. Such procedure
allows to identify the effects associated with the impact of a high-current beam of
accelerated electrons, in our opinion.

It is known that radioactive transitions in Cr** ions make a significant contribution
to the red luminescence of magnesium oxide crystals.

Luminescence in this region of the spectrum is observed in crystals exposed to
X-rays due to it, probably (Fig. 8.1a). The maximum glow is at 1.7 eV; the width at
half the height is 0.30 eV.
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Fig. 8.1 Photoluminescence spectra of the MgO (I) crystal, where a is irradiated with X-rays up
to 5 x 10* Gy; b is irradiated with a high-current electron beam (j = 1000 A e cm™2) up to 15 x
10° Gy (curve 1) and the result of decomposition into Gaussian components (curves 2 and 3)

The maximum of the luminescence band shifts to alonger wavelength region of the
spectrum in comparison with X-ray samples in magnesium oxide crystals irradiated
with a high-current beam of accelerated electrons (Fig. 8.1b). The glow strip has a
non-elementary appearance. Decomposition of it into Gaussian components (curves
2 and 3) showed the presence of a new luminescence band, compared with the
photoluminescence spectrum of X-ray crystals. The maximum of this glow band is
located at 1.62 eV; the width at half the height is 0.26 eV. The parameters of the other
band coincide with those observed in X-ray crystals.
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The detected difference between the photoluminescence spectra of MgQO irradiated
by a high-current beam of accelerated electrons and X-rays can be explained by
the creation of new intrinsic radiation defects in the anionic sublattice of crystals,
magnesium oxide under powerful excitation.

Therefore, the luminescence band with a maximum at 1.62 eV, appearing in the
photoluminescence spectrum of magnesium oxide crystals irradiated with a high-
current electron beam and absent in the spectra of X-ray samples, it should include
to intrinsic defects of the crystal lattice of radiation origin.

This assumption is confirmed by the dependence of the luminescence intensity
in the red region of the photoluminescence spectrum of magnesium oxide crystals
on the absorbed radiation energy of X-rays and a high-current beam of accelerated
electrons.

The intensity of the glow in the band with a maximum at 1.7 eV reaches saturation
a few minutes after the start of irradiation of magnesium oxide crystals with X-rays,
which confirms the responsibility for this glow of pre-radiation defects.

The luminescence intensity in the band with a maximum at 1.62 eV increases
with an increase in the absorbed radiation energy of a high-current electron beam
(Fig. 8.2).

A linear correlation with an increase in the absorbed radiation energy of a high-
current electron beam should be observed in the case of responsibility for this band in
the photoluminescence spectrum of magnesium oxide crystals of radiation defects,

I, conv. units

hv, eV

Fig. 8.2 The change in the luminescence intensity at 1.62 eV in MgO (I) with an increase in the
absorbed radiation energy of a high-precision electron beam (j = 1000 A e cm~2), where 1 is 2 x
10° Gy; 2is 6 x 10° Gy; 3is 13 x 106 Gy
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Fig. 8.3 The change in the concentration of F*-centers and the intensity of luminescence at 1.62 eV
in MgO (I) with an increase in the absorbed energy of electron radiation (j = 1000 A ecm™2)

which include an interstitial oxygen ion, between changes in the concentrations of
F*-centers (complementary to interstitial oxygen ions) and these defects.

Figure 8.3 shows the dependence of the change in the concentration of F*-centers
and the intensity of the glow in the band with a maximum at 1.62 eV with an increase
in the absorbed radiation energy of a high-current electron beam.

There is a proportionality between the change in the concentration of F* centers
and the intensity of the luminescence band with a maximum at 1.62 eV as follows
from this figure.

The fact that the line on the graph does not pass through the origin is explained
by the formation of F*-centers on pre-radiation anionic vacancies at low values of
the absorbed radiation energy. A certain number of F*-centers are already present in
the crystals of magnesium oxide; there are no interstitial oxygen ions yet at the same
time.

Heating of magnesium oxide crystals irradiated by a high-current electron beam
to 700 K anneals the F*-centers and leads to the disappearance of luminescence in
the band with a maximum at 1.62 eV. Subsequent X-ray irradiation does not restore
it.

The correlated change in the concentration of F*-centers and the intensity of the
glow in the band with a maximum at 1.62 eV gives reason to believe that defects
are responsible for the glow band with a maximum at 1.62 eV in the MgO photo-
luminescence spectrum, which include interstitial oxygen ions with an increase in
the absorbed radiation energy of a high-current electron beam and the temperature
of subsequent annealing.
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This point of view is confirmed by experiments in [200], in which, similar results
were obtained and a similar conclusion was made when studying the spectral compo-
sition of photoluminescence of magnesium oxide crystals irradiated with high-energy
protons and X-rays.

Thus, we associate with the realization of a non-elementary process of formation of
intrinsic interstitial radiation defects of the crystal lattice (oxygen ions) at high excita-
tion densities the anomalies detected in the photoluminescence spectra of magnesium
oxide crystals irradiated with a high-current electron beam of subthreshold energy,
compared with the photoluminescence spectra of X-ray crystals.

8.2 Study of Positron Annihilation in Single Crystals
of Magnesium Oxide

The most likely centers of positron capture in solids are negatively charged defects.

Since the appearance of new positron annihilation centers in the material should
lead to changes in the shape of the annihilation photon angular distribution curve
(ADAPhH), it seems possible for us to obtain information about the radiation genera-
tion of interstitial oxygen ions in magnesium oxide crystals by analyzing the shape
of ADAPh curves in irradiated and non-irradiated samples.

ADAPh curves were studied in the initial MgO (I) crystals irradiated with high-
energy protons, X-rays, a high-current beam of electrons of subthreshold energy and
after high-temperature annealing of crystals in air to verify the proposed assumption.

It is known that Frenkel anion pairs in magnesium oxide crystals are generated
when irradiated with high-energy particles and are not created when excited by
X-rays [10, 95, 99].

Chapter 7 shows the possibility of creating oxygen ions in the interstitial crystal
lattice MgO due to the diffusion of the latter from the gas phase into the crystal
volume during high-temperature calcination of samples in air.

Therefore, it is possible to distinguish the changes inherent in interstitial oxygen
ions in the angular distribution of the annihilation radiation of positrons by comparing
the ADAPh curves for magnesium oxide crystals irradiated with high-energy protons,
X-rays and calcined in air.

The presence of changes caused by interstitial oxygen ions in the ADAPh
curve for magnesium oxide crystals irradiated with a high-current electron beam
of subthreshold energy will indicate the non-simultaneous generation of interstitial
oxygen ions in MgO at high excitation densities.

Figure 8.4 shows the ADAPh curves normalized by one area for the initial MgO
(D) crystal and subjected to the above influences.

The parameters of the curves (width at half the height W and the relative change
in the counting rate at the maximum of the curves) are given in Table 8.1.

ADAPhH was converted into difference curves of the pulse distribution of electron—
positron pairs according to the method proposed in [149, 150] and based on the model
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Fig. 8.4 Normalized per area ADAPh curves in MgO (I), where 1 is initial; 2 is irradiated with
X-rays up to 4.2 x 10* Gy; 3 and 4 are irradiated with protons up to 7.2 x 107 Gy and 2 x 107 Gy;
5 is calcined in air at 1750 K for 35 min; 6 and 7 are irradiated with a high-current electron beam

up t0 2.2 x 10° G and 15 x 10° G

Table 8.1 Parameters of the angular distribution curves of annihilation photons normalized by one

area in magnesium oxide crystals subjected to various influences

Impact

w

1%

The initial crystal

12.2

0

After irradiation with high-energy protons at a sample temperature of 300 K (E = 10 meV; j =

0.04 pA - cm™2)

(a)2 x 107 Gy;

11.8

22

(b) 7.2 x 107 Gy

10.8

54

After irradiation with a high-current beam of accelerated electrons (E = 0.135 meV; j = 1000 A

)

(a) 2.2 x 10° Gy; 22 |65
(b) 15 x 10° Gy 10.0 9.9
After 35 min of warming up and rapid cooling on a copper substrate at 1750 K | 10.6 |9.8
After X-ray irradiation

(a) 1.4 x 10° Gy; 120 |28
(b) 4.2 x 10* Gy 120 |28
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of positron annihilation in quasi-free collisions with ion electrons matrices of matter
for the analysis of experimental curves.

Processing the angular distribution curves of annihilation gamma quanta for
defective substances gives

(&) =n(&) +np(&) (8.1)

where 7i(£) is the pulse density of electrons in the matrix of matter, which is restored
according to experimental data for the initial crystal; np(£) is the pulse distribution
of electron—positron pairs of positron and positronium states localized in the region
of defects.

Thus, np(€) can be determined comparing n(€) and 72(§).

Figure 8.5 shows the difference pulse distribution of electron—positron pairs in the
defect region for magnesium oxide crystals irradiated with X-rays; Fig. 8.6 shows it
for a crystal irradiated with high-energy protons.

A comparison of the data presented in the figures shows that there are differences
in the difference pulse distribution of electron—positron pairs for these two crystals.

There is an additional band with a maximum = 5.0 in the pulse distribution for a
magnesium oxide crystal irradiated with high-energy protons (Fig. 8.6) in comparison
with an X-ray crystal (Fig. 8.5).

Irradiation of magnesium oxide crystals with high-energy protons, unlike X-rays,
leads to the accumulation of their own radiation defects of the crystal lattice [ 10, 104].
Therefore, an additional band with a maximum at = 5.0 in the pulsed distribution

0.2

01k

Fig. 8.5 Difference pulse distribution of electron—positron pairs in an MgO (I) crystal irradiated
with X-rays up to 4.2 x 10* Gy
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Fig. 8.6 Difference pulse distribution of electron—positron pairs in MgO (I) crystal irradiated with
protons, where 1 is 2 x 10* Gy; 21is 12 x 107 Gy

of electron—positron pairs in proton-irradiated crystals (Fig. 8.6), compared with
X-ray-irradiated crystals (Fig. 8.5), is due to its own radiation defects.

There is an additional band with a maximum & = 5.0 in the pulse distribution for a
magnesium oxide crystal irradiated with high-energy protons (Fig. 8.6) in comparison
with an X-ray crystal (Fig. 8.5).

Irradiation of magnesium oxide crystals with high-energy protons, unlike X-rays,
leads to the accumulation of their own radiation defects of the crystal lattice [ 10, 104].
Therefore, an additional band with a maximum at £ = 5.0 in the pulsed distribution
of electron—positron pairs in proton-irradiated crystals (Fig. 8.6), compared with
X-ray-irradiated crystals (Fig. 8.5), is due to its own radiation defects.

Frenkel cationic and anionic pairs, of which cationic vacancies and interstitial
oxygen ions can act as centers of annihilation of positively charged positrons, are
the most likely intrinsic radiation defects in magnesium oxide crystals formed under
the action of a stream of high-energy protons.

If cationic vacancies are responsible for the appearance in the pulse distribution
of electron—positron pairs of a band with a maximum at & = 5.0, then the intensity in
this band np (&) should not increase with increase in the temperature of calcination
of magnesium oxide crystals in air, since it has been established that such treatment
does not lead to the creation of cationic vacancies [46, 111, 138].

The experimental results (Fig. 8.7) indicate the opposite; increase in the calcina-
tion temperature of magnesium oxide crystals in air leads to increase in the intensity
of the band with a maximum at £ = 5.0 in the pulsed distribution of electron—positron
pairs in these crystals.



146 8 Experimental Study of Interstitial Oxygen Ions in Magnesium Oxide ...

[

Fig. 8.7 Difference pulse distribution of electron—positron pairs in MgO (I) crystal calcined at
1400 K (1) and 1750 K (2) for 35 min in air

Thus, the appearance in the pulse distribution of electron—positron pairs of a band
with a maximum at & = 5.0 in magnesium oxide crystals is not associated with
cationic vacancies, but probably with interstitial oxygen ions.

The optical absorption spectra of MgO (I) crystals under irradiation with high-
energy protons were studied to verify this assumption in parallel with the study of
URAF curves.

A correlation has been established between the change in the band with a
maximum at & = 5.0 (Fig. 8.6) and the optical density in the absorption band of
F*-centers (Fig. 6.3) with an increase in the absorbed energy of proton radiation.

The appearance of a band with a maximum at £ = 5.0 is not registered in the pulse
distribution of electron—positron pairs at low values of the absorbed radiation energy,
when F*-centers are formed on pre-radiation anionic vacancies and the concentration
of Frenkel anionic pairs is extremely small. The pulse distribution in this case is
similar to that shown in Fig. 8.5 for an X-ray crystal of magnesium oxide.

Heating of magnesium oxide crystals in air for 15 min at a temperature of 700 K
completely anneals the F*-centers after irradiation with high-energy protons. At the
same time, a band with a maximum at & = 5.0 disappears in the pulse distribution of
electron—positron pairs. Subsequent irradiation of the crystal with X-rays does not
lead to its restoration.

Since the F*-color centers are complementary to interstitial oxygen ions, it is
possible to make an assumption about the responsibility for the band with a maximum
at £ = 5.0 in the pulsed distribution of electron—positron pairs of intrinsic radiation
defects, which include interstitial oxygen ions.
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The appearance of band with a maximum at £ = 5.0 and increase of its inten-
sity with an increase in the calcination temperature should be observed, since such
treatment leads to the creation of an excessive amount of interstitial oxygen ions
in the crystal lattice (Chap. 7) in case of correct conclusion in the pulsed distribu-
tion of electron—positron pairs for a magnesium oxide crystal calcined in air at high
temperature.

The results of the experiment are shown in Fig. 8.7.

The appearance in the pulse distribution of electron—positron pairs of a band
with a maximum at £ = 5.0 (curve 1) and an increase in the intensity of this band
with an increase in the calcination temperature to 1750 K (curve 2) were found for
magnesium oxide crystals after calcination in air at 1400 K.

It can be concluded that the band with a maximum at £ = 5.0 the pulse distribution
of electron—positron pairs of magnesium oxide crystals is caused by a defect, which
includes an interstitial oxygen ion based on the above.

A comparison of the pulse distributions of electron—positron pairs in magnesium
oxide crystals irradiated with protons (Fig. 8.6) and a high-current electron beam
(Fig. 8.8) allows to establish their qualitative similarity. The pulse distribution of
electron—positron pairs is similar to the one shown in Fig. 4.5 for X-ray crystals
at low values of absorbed energy, when the formation of F*-centers is carried out
on pre-radiation vacancies; a band appears in the pulsed distribution of electron—
positron pairs at £ = 5.0, the intensity of which increases with a further increase
in the absorbed radiation energy at large values of the absorbed radiation energy
(Fig. 8.8).

0.6 |

Fig. 8.8 Difference pulse distribution of electron—positron pairs in an MgO (I) crystal irradiated
with electrons (j = 1000 A cm~—2), where 1 is 2.2 x 10* Gy; 2is 15 x 10° Gy
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A correlation has been established in the variation with an increase in the absorbed
radiation energy, the absorption coefficient in the F*-band (Fig. 6.4) and the intensity
of the band with a maximum at = 5.0 in the pulsed distribution of electron—positron
pairs both for magnesium oxide crystals irradiated with high-energy protons and for
crystals irradiated with a high-current electron beam.

Moreover, a correlation is found in the rate of increase in the values of these two
quantities with an increase in the current density of the accelerated electron beam.
The appearance of a band with a maximum at £ = 5.0 was not registered in the pulse
distribution of electron—positron pairs at beam densities less than ~ 100 A cm™2, at
which there is no accumulation of Frenkel anionic pairs in magnesium oxide crystals
(Chap. 6).

Heating magnesium oxide crystals in air for 15 min at a temperature of 700 K after
irradiation with a high-current electron beam, completely anneals the F*-centers. At
the same time, the band with a maximum at £ = 5.0 disappears in the pulse distribution
of electron—positron pairs. Subsequent X-ray irradiation of the crystal does not lead
to its restoration.

Thus, the appearance of a band with a maximum at £ = 5.0 in the pulsed distri-
bution of electron—positron pairs for magnesium oxide crystals is due to defects that
include interstitial oxygen ions. The presence of this band in the pulsed distribution
of electron—positron pairs for crystals irradiated with a high-current beam of elec-
trons of subthreshold energy indicates the non-elementary generation of interstitial
oxygen ions in magnesium oxide crystals at high excitation densities.

8.3 Summary

The following conclusions can be drawn based on the results of this chapter.

The defects, which include interstitial oxygen ions, are responsible for the glow in
the band with a maximum at 1.62 eV in the MgO photoluminescence spectrum and
for the band with a maximum at = 5.0 in the pulsed distribution of electron—positron
pairs.

The appearance of these effects in magnesium oxide crystals irradiated with a
high-current beam of electrons of subthreshold energy indicates a non-elementary
mechanism of generation of interstitial anions in MgO at high densities of radiation
exposure.



Appendix

We would especially like to note that the fundamental results on the characteristics
of radiation defect formation in radiation-resistant materials at high densities of
radiation exposure, presented in this publication, were effectively the basis for a
large amount of applied research in radiation materials science.

The use of the aforementioned high densities of radiation exposure in combination
with high temperature fields made it possible to establish and study a number of
fundamentally new applications, which we have identified as a separate class—
radiation-thermal effects and processes in inorganic materials.

This includes high-temperature radiation-stimulated diffusion, acceleration of
processes of stimulation and unusual transformation of the phase composition of
materials and their structural parameters, and much more [150-176].
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