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OPTICAL PROPERTIES OF MAGNESIUM-ALUMINUM SPINEL
IRRADIATED WITH HIGH-ENERGY ELECTRONS OF
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The study of the optical properties of magnesium-aluminum spinel is relevant because the material has prospects
for practical applications and the possibility of use in dosimetry. Therefore, it is important to study the radiation
resistance of spinel. This research aims to study the effect of high-energy irradiation, 12.5 MeV, on its optical
properties and features of defect formation. It shows that irradiation stimulates the formation of luminescence
centers, which is important for solid-state dosimetry. The results indicate the prospects of using non-stoichiometric
spinel as a dosimetric material for intense beams of nuclear radiation.
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INTRODUCTION

lonizing nuclear radiation forms the basis of
radiation technologies widely used in almost all spheres
of human activity — from chemical and pharmaceutical
production to space instrumentation. lonizing radiation
is also widely used for sterilization of medical products
and materials. Still, its most important use is in the field
of nuclear medicine for diagnosis and treatment of
diseases. An essential element of such activity is the
dosimetric monitoring of the irradiation conditions with
beams of nuclear particles of different types and
energies, flux densities, and different temperature
regimes. This places high demands on the materials of
the dosimeters, among which are their radiation
resistance, a wide range of fixation of radiation doses,
and versatility regarding work in the fields of irradiation
with various nuclear particles. Such conditions are
satisfied by thermoluminescent (TSL) dosimetry, which
is based on the ability of a limited class of broadband
crystals to accumulate radiation energy and release it
when heated through an optical channel [1].

It is widely used in medical practice, where, along
with traditional gamma or electron irradiation
procedures, proton and neutron beams and elementary
particles of various nature have become widely used [2,
3]. This search for new materials for TSL dosimetry
capable of ensuring control of irradiation procedures is
urgent. Currently, dosimeters whose active element is
lithium fluoride (LiF) are used for dosimetric control
tasks. Using the appropriate LiF doping scheme, a
whole line of dosimeters has been developed to monitor
radiation conditions under the influence of various types
of irradiation [3-8]. However, it was established that
dosimeters based on these materials have limited
application for fixing doses greater than three kGy due
to violation of the linearity of the ‘“dose-effect”
dependence. In this regard, it is interesting to search for
other materials for TL dosimetry with more excellent
radiation resistance that can be used to measure higher
radiation doses.

Magnesium-aluminum spinel is promising for
personal dosimetry, as it is a tissue-equivalent material
with an effective atomic number Z.4=7, 8, close to its
value in biological tissues. It was established that in

124

non-stoichiometric spinel, MgO-2.5Al,03, linearity of
TL output is observed up to 2:10°Gy. This value is
higher than in the traditional materials of TL dosimeters
— LiF, AlLO3 [5, 6, 9-12], which have relatively low
radiation resistance, which limits the dose range of their
use [9], and the saturation of TL output is observed at
dosesin1...2 kGy.

Magnesium-aluminum spinel (MAS) has much
higher radiation resistance due to its non-stoichiometric
composition, which leads to structural defects that serve
as effective getters of radiation defects when the
material is irradiated. Magnesium-aluminum spinel
crystals, due to their optical and mechanical properties,
are promising for their use as optical elements that can
work in conditions of radiation fields. In addition, due
to their luminescent properties, they can also be used,
along with Al,O5 crystals, for dosimetry of radiation
fields (TSL [13, 14], radioluminescence [15-17],
optically ~ stimulated  luminescence  [18,  19]).
MgO-2.5Al,0; spinels demonstrate high radiation
resistance in terms of mechanical characteristics even
under powerful neutron irradiation [4], due to structural
defects-getters and low efficiency of accumulation of
radiation-displaced atoms.

The study of radiation defects in spinel crystals of
various compositions irradiated by reactor neutrons with
fluences of 10*® n/cm? accompanied by gamma quanta
was studied in [20-22] and formed during electron
gamma irradiation of 16 MeV [20, 21]. Further
prospects for using these materials require
understanding the nature of the substance's resistance to
radiation, studying the nature of radiation defect
formation under the action of nuclear particles of
various natures, and comparing their characteristics with
other dosimetric materials.

Despite many publications devoted to the effect of
radiation on the characteristics of spinel crystals, the
nature of their radiation defect formation and sensitivity
to ionizing radiation has practically yet to be studied.
The high structural defectiveness of such materials, due
to the presence of additional cationic vacancies,
contributes to the formation of optical centers of various
natures by capturing charge carriers formed upon
irradiation with these defects or impurity atoms.
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In this work, the results of the study of the effect of
irradiation with high-energy (12.5 MeV) electrons of the
M-30 microtron on the optical properties of magnesium-
aluminum spinel Mg0O-2,5A1,0;, and the study of the
dose dependence of the formation of its optical centers
are presented.

1. THE RADIATION EXPERIMENT

The studied samples were irradiated on the M-30
microtron of the Institute of Electronic Physics of the
National Academy of Sciences of Ukraine, which
certifies the radiation resistance of materials and
equipment. The microtron radiation pulse is a sequence
of electron bunches that follow each other with a
frequency of 3200 MHz and a duration of 30 ps. The
average current of the electron beam can vary from 0.01
to 50 pA with a current of accelerated electrons in a
pulse of up to 50 mA, a current pulse duration of
0.15...0.20 ps with a pulse repetition frequency of
1 kHz. A specially prepared metrological stand was
used to experiment, the parameters of which are
parameterized according to the density of the flow of
accelerated electrons and the uniformity of the
irradiation field through each meter. A special former
was used to ensure uniformity of the irradiation field
and better concentration of the electron beam [23]. The
general appearance of the M-30 microtron, a
metrological stand for radiation experiments, is shown
in Fig. 1.

Fig. 1. The M-30 microtron as a metrological test bench
for radiation experiments

The irradiation process involves preliminary control
of the density of the flow of accelerated electrons on the
irradiation plane using a Faraday cylinder (F), which
has a calibrated window diameter of 50 mm. The data
obtained from the CF are harmonized with the readings
of the secondary emission monitor (SEM), which
directly records the current of accelerated electrons at
the output of the M-30 and is connected to the current
integrator. Based on these measurements, the SEM was
calibrated, and its indicators were output to the
automated control panel to determine the integral
fluence and the absorbed dose. A copper-constantan
thermocouple controlled the temperature of the samples
during irradiation. The beam of accelerated electrons at
the exit from the M-30 has dimensions of 1 cm?, with a
current of 3...5 pA, the flux density at a distance of
0.6 m from the output window, where the samples were
placed, varied between 1.0-10%...3.0-10® el'em™®s™
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[24]. When irradiation leads to heating of the samples,
they were cooled in liquid nitrogen vapor to ensure the
optimal temperature, around 20 °C. The required
temperature of the samples was maintained by adjusting
the intensity of nitrogen evaporation and controlling the
heating of the samples with a copper-constantan
thermocouple. For the conditions of this experiment, the
energy of the accelerated electrons was 12.5 MeV, and
the fluence, or the sample irradiation dose, varied
between 10" and 10'° el-cm™.,

2. OPTICAL MEASUREMENTS

Measurements of the optical transmittance of MAS
were carried out on an SF-46 spectrophotometer in the
wavelength range of 200...1000 nm. As a source, a
deuterium lamp designed for operation in the spectrum
range from 190 to 350 nm, and an incandescent lamp
for the spectrum range from 340 to 1100 nm was used.
Spectra were recorded using an antimony-cesium
photocell up to 650 nm and an oxygen-cesium photocell
starting at 650 nm.

Measurements of phosphorescence and
thermoluminescence were carried out on the device, the
capabilities of which are described in [25]. A FEU-136
photomultiplier in photon counting mode was used to
measure the intensity of luminescence. The
thermoluminescence curves were obtained due to linear
heating of the studied samples at a rate of 1 °C/s to the
maximum temperature of 300 °C. To prevent unwanted
red and IR radiation from entering the entire surface of
the heater to the entrance window of the FEP, the film
structure was covered with a diaphragm with an opening
of @5 mm, and a blue-green light filter of the SZS-21
type was also used. The temperature of the samples was
controlled using chrome-drop thermocouples with an
ultra-small working junction volume.

3. RESULTS AND DISCUSSION

The interaction of nuclear radiation with matter is
accompanied by the accumulation of radiation energy
through the activation of ionization centers and
radiation defect formation. The first of these
mechanisms is used in solid-state dosimetry when
thermally stimulated luminescence (TSL) releases the
accumulated radiation energy. As a rule, wide-gap
semiconductors are used as dosimetric materials. TSL is
carried out through radiative transitions to local energy
levels in the band gap, the structure of which is formed
by doping or technological defects [2, 26-29]. Radiation
defects formed during the irradiation of semiconductors
can change the structure of local energy levels, affecting
the sensitivity and the material's ability to set the
absorbed dose and store data on its value. Therefore,
control of the type and concentration of radiation
defects introduced by the action of high-energy nuclear
particles is an essential task of solid-state dosimetry.

The study of optical spectra of the samples is widely
used to identify radiation defects in MAS crystals. In the
literature, there is data on such studies performed on
samples irradiated in electron beams [20, 30-32],
gamma quanta [31], and neutrons [31-35]. As a rule, the
optical transmittance of samples [20, 21, 36], which
contains two broad absorption bands in the intervals of
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3.1and 5 eV, is studied to identify anionic vacancies in
spinel and establish their concentration. It is believed
[30, 31, 37] that the absorption band at 3.1 eV is due to
vacancies of Mg?* and AI** cations, which are hole traps
— V-centers, and at 5 eV, it is formed by electron traps
associated with oxygen vacancies in tetra positions F
(anion vacancies captured two electrons) and octa F*
(anion vacancies captured one electron).

Fig. 2 shows the results of studying the optical
absorption of spinel samples irradiated in the fluence
range of 10™...10" el-cm™ corresponds to absorbed
radiation doses from 30 kGy to 3 MGy.
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Fig. 2. Absorption spectra of MgO-2.5A1,05 spinel
samples as a function of irradiation dose obtained by
electron beams with an energy of 12.5 MeV. Electron

flux densities for the given radiation doses are shown in
the article

Such measurements have their peculiarities since the
samples immediately after irradiation show significant
phosphorescence, and for measurements, it takes time
for them to fade. The different electron flux densities of
the M-30 microtron provided a wide range of MASH
irradiation doses. Thus, to obtain a fluence of
5-10" el-cm™, the flux density was 6.7-10" el-cm™s™,
for fluences of 5-10" and 5-10% el-cm™, respectively,
3-10" el-em™?s™?, the conditions of irradiation at high
fluxes were provided by cooling with liquid nitrogen
vapors.

As can be seen, the absorption spectra of MAS
crystals before irradiation do not have visible bands in
the entire spectral range, which indicates a high level of
purity of the crystals. MAS irradiation results in the
appearance and growth of absorption in the range of
0.5...6.5 eV, which is consistent with similar studies by
other authors [20, 21]. It can be seen that the degree of
radiation-induced absorption, which is formed by the
overlap of two broad bands centered around 3.1 and
5 eV, increases with the radiation dose. Such bands do
not depend on the irradiation conditions, as indicated in
works [31-33, 37-39]. In contrast to the results
presented in [21], where the irradiation temperature was
200 °C, in our case, irradiation in a direct beam was
carried out at room temperature due to cooling with
vapors of liquid nitrogen.

Fig. 3 shows the dependence of the optical
absorption coefficient on the irradiation dose for the
5 eV band. This band shows a more significant increase,
indicating a higher formation rate of anion vacancies

126

associated with oxygen vacancies, F centers, during
irradiation.
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Fig. 3. Dependence of the optical absorption
coefficient MAS for the 5 eV band on the irradiation
dose. Irradiation conditions are shown in the previous
figure

The obtained results contrast with the data of the
study of optical absorption in Al,O3 crystals irradiated
under similar conditions to achieve high doses of
radiation (Fig. 4). With a set of fluences of 8:10* and
10" el-cm™, the flux density was 5-10* el-cm™s™ with
the sample cooling in sharp nitrogen vapors. As can be
seen, the result of irradiation is not an increase but a
decrease in optical absorption in this spectral range.
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Fig. 4. Absorption spectra of Al,O3 samples from the
irradiation dose for the energy of accelerated electrons
of 12.5 MeV. Electron flux densities for the given
radiation doses are shown in the article
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This phenomenon is most likely related to the effect
of radiation "healing" structural defects, the effect of
small doses [40, 41], and the restoration of the crystal's
structural perfection due to the reduction of the number
of existing technological, uncontrolled defects as a
result of radiation-stimulated diffusion.

Phosphorescence. As mentioned above, long-term
phosphorescence occurs due to the irradiation of the
studied samples. Fig. 5 shows the Kkinetics of
phosphorescence decay of samples irradiated with
fluences from 10" to 5-10™ el-cm™ at electron flux
densities of 6.7-10" el-cm™®s™, which did not require
cooling the samples in liquid nitrogen vapor.
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Fig. 5. Kinetics of phosphorescence decay in MAS
samples irradiated with a flow of electrons with a
density of 6.7-10" el-cm™®s™: 1 — corresponds to an
electron fluence of 1-10* el-cm™, respectively;
2-210% el-em™®and 3 — 5:10% el-cm™

The action of ionizing radiation leads both to the
formation of luminescence centers due to the
localization of charge carriers on trap levels and to
radiation defects of the type of displaced atoms — the
result of an elastic collision of relativistic electrons with
atoms of the environment. The resulting radiation
defects can be found in new luminescence and non-
radiative recombination centers. It was established that
the phosphorescence of irradiated spinel crystals, Fig. 5,
differs  significantly = from  the  Kinetics  of
phosphorescence decay of other dosimetric materials,
such as LiF: Mg, Cu, P, and Al,Os, irradiated under
similar conditions [5, 9]. These differences are
manifested in the dose dependence of their intensities.
The obtained data testify in favor of the fact that
radiation defects in spinel crystals are additional centers
of radiative recombination, i.e., during irradiation, the
concentration of the activator of luminescent processes
[42] and the intensity of phosphorescence increase.

Thermoluminescence. Typical thermoluminescence
spectra of the same samples after the decay of the
phosphorescence signal are shown in Fig. 6. The curves
are built using attenuating filters — a blue-green light
filter of the SZS-21 type and a special diaphragm that
weakens the intensity of TSL. As can be seen from
Fig. 6, one dominant peak of TSL, located around
160...170 °C, was found in the studied samples, the
position of which does not change under the influence
of the absorbed radiation dose within 10%.
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Fig. 6. TSL curves of irradiated samples:
1-1-10%el-cm? 2 —1-10" el-.cm?; 3—5-10" el-cm?;
4-1-10"el-cm®; 5-5-10"el-cm™; 6 — 5-10" el-cm™
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As shown in Fig. 6, as the radiation dose increases,
the output of the peak light sum and the value of its
maximum increase. The results of the study of the total
yield of the total volume of TSL depending on the
radiation dose are shown in Fig. 7.
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Fig. 7. Dependence of the total output of TSL on the
fluence of electrons

As can be seen, the maximum output of the amount
of TSL is observed at fluences of 510" el-cm®, and
there is an almost linear dependence of its value on the
radiation dose. The value of the maximum output of the
TSL sum is significantly higher than that for widely
used NCP dosimeters [43, 44], where saturation is
observed at fluences of 1:10* el-cm™. This indicates the
possibility of using MAS as dosimeters of powerful
radiation fields and for technological dosimetry of
nuclear and power plants. The data shown in Fig. 6 can
be used to estimate the activation energy, the order of
luminescence kinetics, and the frequency factor using
the computerized glow curve deconvolution (CGCD)
method, which is widely used in dosimetric studies [45].
This happens by fitting the experimental data with
model dependencies in the assumed luminescence
kinetics of the first, second, or arbitrary order. Estimates
show that for non-stoichiometric MAS, the position of
the dosimetric peak, Fig. 6, due to the presence of deep
traps, the activation energy of which in the band gap is
0.9 eV, and their frequency factor is estimated at 10° s™.
The obtained data compare quite well with the available
literature sources. More accurate values can be obtained
in a series of TSL experiments with different sample
heating rates.

CONCLUSIONS

This work presents a systematic study of the
influence of nuclear irradiation on the optical properties
of the MAS obtained in a series of experiments on the
M-30 microtron. The possibility of identifying and
controlling the defect state of spinel crystals by optical
methods is shown, as well as establishing the nature of
radiation defect formation under the action of intense
beams of high-energy electrons. The presented results
relate to the optical characteristics of MAS
MgO-2.5A1,0; crystals irradiated on the M-30
microtron; the subject of the study were light
transmission indicators, as well as luminescent
characteristics —  spontaneous and  long-term
phosphorescence, as well as TSL. It is shown that the
latter characteristics allow controlling the state of the
structure of the local spinel energy levels in the band
gap of the crystal, which provides information about its
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defectivity and radiation resistance. The results are
compared with the data of similar experiments
conducted for dosimetric materials based on
leucosapphire, Al,Os, and lithium fluoride, LiF. It is
shown that the difference in the structural structure of,
for example, MAS and Al,O; leads to different behavior
of their optical characteristics under irradiation —
photobrightening for leucosapphire and photodarkening
for spinel.

Moreover, a stronger dependence of photodarkening
on the irradiation dose is observed for MAS. For spinel
crystals, the role of structural vacancies caused by Mg?*
and AI** cations, which are hole traps — V-centers and
electron traps associated with oxygen vacancies in tetra-
and octa-F positions during radiation modification of
their optical characteristics, has been established. These
materials' established types of structural defects may be
responsible for the structure of local energy levels in the
band gap and features of luminescent phenomena such
as TSL and phosphorescence. It is shown that
MgO-2.5Al,0; spinel crystals are significantly more
radiation-resistant concerning changes in their optical
characteristics, as evidenced by both phosphorescence
and TSL data, which makes it possible to develop
thermoluminescent sensors based on them for clinical
and technological dosimetry. However, the use of spinel
MgO-2.5A1,0; for radiation-resistant windows is less
promising than leucosapphire Al,O3 since their optical
properties degrade in the fields of ionizing radiation.
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OIITUYHI BJACTUBOCTI MATHIEBO-AJIIOMIHIEBOI HIMTHEJII, OITPOMIHEHOI
BUCOKOEHEPTETUYHUMMU EJJEKTPOHAMMU MIKPOTPOHY M-30

O. Ilon, B.T. Macnwk, LI. Mezena, B. Poman, 1. llununuuneun, €. Oneitnukos, A. Ilann

JocmimkeHHs ONTHYHUX BIACTUBOCTEH MarHi€BO-aIFOMiHIEBOI MIMMIHENI € aKTyaJbHIMH, OCKUIBKH MaTepial Mae
NEPCIEKTUBH MPAKTHYHOTO 3aCTOCYBAHHS Ta MOXIIMBICTH BUKOPUCTAHHS Yy IO3MMeETpii. TOMY BasKIMBO HOCIITHTH
pamiamiiiHy cridikicte mmmiHemi. Lli mOCHimKEHHS CHOpSAMOBaHI HAa BUBYCHHS BIUIMBY BHCOKOCHEPTETHYHOTO
ompomineHHss 12,5 MeB Ha Horo onTuuHI BJIACTHBOCTI Ta ocoOiuBocTi aedexroyTBopeHHs. I[lokasaHo, M0
ONPOMIHEHHS CTHMYJIOE YTBOPEHHS LIEHTPIB JIIOMIHECHEHI], [0 BaXJIMBO JUIS TBEPAOTUILHOI J03UMETpil.
OtpuMmaHi pe3yJabTaTH CBig4aTh IPO MEPCHEKTUBHICTh BUKOPHCTaHHS HECTEXIOMETPUYHOI MIMiHETl SK
JO3UMETPUYHOI0 MaTepiaily Ul IHTEHCUBHUX MyYKiB sIIEPHOTO BUIIPOMIHFOBAHHSL.
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