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In the work in the Geant 4 software a computer model of the experiment on the study of the efficiency of for-
mation of radiation-stimulated defects in magnesium aluminum spinel under irradiation with high-energy electrons
and gamma quanta was developed. Under irradiation with electrons it was found that defects in the crystal lattice of
spinel arise both under direct knocking out of atoms from the nodes and under photonuclear reactions. For energies
of primary electrons of 25... 30 MeV the efficiency of formation of defects due to photonuclear reactions is several
times higher compared to direct knocking out of atoms from the nodes of the crystal lattice. Under irradiation of
samples with monoenergetic gamma quanta it was found that the efficiency of formation of defects is an order of
magnitude higher than under irradiation with electrons of the same energy due to processes of photofission of nuclei.

PACS: 61.72.Cc, 61.80.Hg, 78.20.Ci, 87.80.+s, 87.90.+y, 07.05.Tp, 78.70.—g

INTRODUCTION

Oxide ceramics and mono- and polycrystals of mag-
nesium-aluminum spinel (MgAl,O,) are widely used in
various sectors of the economy to create heat-resistant,
catalytically active, optically transparent, electrical,
chemically, corrosion- and radiation-resistant products.
These properties ensure its successful use as portholes
for spacecraft, windows for chemical reactors, sensors,
membranes, structural materials for electrochemical fuel
cells, catalysts and bases for them, electrical insulators,
etc. [1-6]. To improve the reliability of nuclear reactors
and solve environmental problems in nuclear power
engineering, research is underway on the use of magne-
sium-aluminum spinel to create nuclear fuel with an
inert matrix, targets for actinide transmutation, and ma-
trices for isolating radioactive waste. For the successful
use of magnesium-aluminum spinel for the above-
mentioned tasks, additional research into its radiation
resistance is necessary, in particular, research into the
basic mechanisms of defect formation during irradiation
with high-energy electrons and gamma quanta.

The main absorption bands corresponding to defects
formed in spinel ceramic and crystals upon irradiation
with ionizing radiation have been investigated in many
works. Namely:

1. The absorption band at 2.8 eV, caused by hole
centers on cation vacancies.

2. The absorption band at 3.8 eV, identified with
hole centers on defects of the antistructure (Mg*Al)°.

3. The absorption band at 4.15 eV, caused by elec-
tron centers on defects of the antistructure (AI**Mg)°.

4. Anion vacancies with the capture of one electron
form F+centers, the band is 4.75 eV [5].

5. Anion vacancies with the capture of two electrons
form F-centers, the absorption band is 5.3 eV [6].

Thus, under high-energy ionizing irradiation, the
process of formation of optical centers occurs through
the creation of free charge carriers with subsequent cap-
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ture by defects in the anionic or cationic sublattices of
spinel crystals

When studying the absorption spectra, it was estab-
lished that upon X-ray and gamma irradiation of spinel,
the most likely formation of hole centers created mainly
on defects on cation vacancies and defects in the an-
tistructure. Upon irradiation with high-energy electrons
or neutrons, radiation-induced centers are additionally
created, and bands associated with F-types formed on
anion vacancies appear in the absorption spectra. At the
same time, it should be noted that there are significantly
fewer studies of the mechanisms of the formation of
defects in magnesium-aluminium spinel when it is irra-
diated with high-energy electrons than when exposed to
X-rays and gamma radiation, so there is still no single
presentation of the action of these mechanisms. For ex-
ample, the dependence of the efficiency of the for-
mation of defects on the density of the electron current,
its energy, the probability of the occurrence of photo-
nuclear reactions, and other things have not been stud-
ied much.

DESCRIPTION OF THE COMPUTER
MODEL OF THE EXPERIMENT

The aim of this work is to study the efficiency of
formation of radiation-stimulated defects in anionic and
cationic sublattices of spinel crystals under irradiation
with high-energy electrons and gamma quanta using a
computer model of the experiment in the Geant 4 [7]
software.

Modelling the displacement of atoms in a spinel
(MgAl,O,) crystal lattice when exposed to high-energy
particles such as electrons requires taking into account
various physical processes associated with the interac-
tion of charged particles with lattice atoms. Geant4 has
standard physical processes for modelling ionization,
scattering, and energy loss, but to account for atomic
displacements, it is necessary to integrate a process that
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will track the amount of energy transferred to the atoms
of the material and check whether this energy is suffi-
cient to displace the atoms from their sites. For this pur-
pose, a model describing particle-atom collisions (Bina-
ry Collision Approximation) was used.

First, the threshold displacement energy was deter-
mined for each atom in the spinel structure. This energy
is the minimum energy required to knock an atom out of
its crystal lattice site. For magnesium, aluminium, and
oxygen, the values of the threshold displacement energy
are different. In our model, the following values were
chosen: Mg —30 eV, Al -40 eV, O -30 eV.

After determining the displacement threshold, the
displaced atoms themselves, rather than the products of
nuclear reactions, were determined from the set of
knocked-out particles.

Natural magnesium consists of a mixture of 3 stable
isotopes **Mg, **Mg, and *Mg with a molar concentra-
tion in the mixture of 78.6, 10.1, and 11.3%, respective-
ly. Natural aluminium consists almost entirely of a sin-
gle stable isotope #’Al with a small content of *°Al.
Thus, the displaced atoms of *Mg, Mg, *Mg, and
2" Al were determined as cation vacancies.

Oxygen has three stable isotopes: *°0, 'O, and **0,
the average content of which is, respectively, 99.759,
0.037, and 0.204% of the total number of oxygen atoms
on Earth. Thus, the displaced '°O atoms were deter-
mined as anion vacancies. No displaced 'O and **O
atoms were observed during the work.

Formation of **C, ®®N, ®Be nuclei associated with
fission of *°0 nucleus was attributed to formation of
anion vacancies due to photonuclear reactions.

The presence of a large number of Al nuclei asso-
ciated with fission of #’Al nucleus with emission of a
neutron was considered as cation vacancies with loss of
aluminium atom from the crystal lattice site.

Formation of ®Na, *Ne nuclei is associated with
fission of 2*Mg nucleus and was also considered as cati-
on vacancies with loss of magnesium atom from the
crystal lattice site.

The most difficult to interpret was the presence of
knocked-out Mg nuclei, which could be formed both
directly by knocking Mg out of the crystal lattice site
(cation vacancy with loss of Mg atom), and by fission of
2 Al with emission of a proton (cation vacancy with loss
of Al atom). In this case, it was necessary to track the
tracks of protons.

OPERATION WITH THE COMPUTER
MODEL OF THE EXPERIMENT

A computer model of an experiment on studying the
efficiency of formation of radiation-stimulated defects
in magnesium aluminum spinel was developed in the
Geant 4 programming environment. An electron beam
from an accelerator was directed onto a MgAl,O, sam-
ple measuring 1x1 cm and 1 mm thick and completely
fell on it.

The developed model corresponded to the real ex-
periment as much as possible. An algorithm for soft-
ware detection of Mg, Al, O atoms knocked out of the
crystal lattice nodes, which actually make up the studied
defects, was developed. The sample volume itself was
used as a sensitive detector, in which all secondary par-

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. N5(153)

ticles generated as a result of nuclear reactions and
sample atoms that acquired kinetic energy due to inter-
action with primary electrons were registered. The
screenshot of computer model of the experiment is
shown in Fig. 1.
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Fig. 1. The computer model of the experiment

Computer experiments were conducted on 10® pri-
mary electrons with energies of 5, 10, 15, 20, 2, and
30 MeV. At the primary particle energy of 5 MeV, noth-
ing was observed. At an energy of 10 MeV, the program
registered only sample atoms that acquired kinetic ener-
gy greater than 30 eV due to interaction with primary
electrons. Starting with an energy of 12 MeV, we regis-
tered #Na, 2C, N, *°Al, #Na which are products of
photonuclear reactions. With an increase in the energy
of primary electrons to 25 and 30 MeV, the number of
both types of particles also increases.

Fig. 2 shows the efficiency of the formation of a cat-
ion vacancy associated with the knocking out or fission
of the nucleus of an aluminum atom from a crystal lat-
tice node.
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Fig. 2. The efficiency of the formation of a cation
vacancies of an aluminum atom for electron
beam energies 5, 10, 15, 20, 25, 30 MeV

Fig. 2 shows that the fission threshold of the Al
nucleus is in the region of the primary electron energy
of 12 MeV. The number of nuclear fission events is
significantly less than the number of atoms knocked out
as a result of the interaction of primary electrons with
the nucleus. Starting from the energy of 20 MeV, the
number of cation vacancies formed as a result of photo-
nuclear reactions increases significantly and at the ener-
gy of 25 MeV it exceeds the number of knocked out
atoms by 6 times.
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Fig. 3 shows the efficiency of the formation of a cat-
ion vacancy associated with the knocking out or fission
of the nucleus of an magnesium atom from a crystal
lattice node.
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Fig. 3. The efficiency of the formation of a cation

vacancies of an magnesium atom for electron beam
energies 5, 10, 15, 20, 25, 30 MeV

It is also evident from the figure that the number of
cation vacancies formed as a result of photonuclear re-
actions at an energy of 25 MeV is 4 times greater than
the number of knocked-out atoms.

The dependence of the efficiency of vacancy for-
mation on the target thickness was also investigated in
the work. Fig. 4 shows the efficiency of formation of
cation vacancies associated with knocking out or fission
of the magnesium atom nucleus from a crystal lattice
node with a change in target thickness from 1 to 10 mm
for an electron energy of 25 MeV. All data were nor-
malized to one incident electron and one thickness.
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Fig. 4. The efficiency of formation of cation vacancies
on the magnesium atom nucleus with a change in target
thickness from 1 to 10 mm for an electron
energy of 25 MeV

Fig. 4 shows that with an increase in the thickness of
the target under study from 1 to 10 mm, the number of
knocked-out particles per electron and one thickness
decreases by 2 times. The number of nuclear reactions
occurring in this range of thicknesses of the samples
under study remains practically unchanged.

The work also included a study of the efficiency of
defect formation in magnesium aluminum spinel when
irradiated with monoenergetic gamma quanta with an
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energy of 10 to 40 MeV. Fig. 5 shows the efficiency of
formation of cation vacancies associated with the
knockout or fission of a magnesium atom nucleus from
a crystal lattice site from the energy of incident gamma
quanta.
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Fig. 5. The efficiency of the formation of a cation
vacancies of an aluminum for gamma quanta beam
energies 5, 10, 15, 20, 25, 30, 35, 40 MeV

Fig. 5 shows that the efficiency of defect formation
due to fission reactions is an order of magnitude higher
on gamma quanta than on electrons of the same energy.
One can also see a maximum in the energy range of
25 MeV, which corresponds to the position of the giant
dipole resonance for the elements included in the mag-
nesium aluminum spinel. The presence of an insignifi-
cant number of magnesium atoms (no more than 5% of
the total number of vacancies formed) is associated with
the direct interaction of the products of photonuclear
reactions with the spinel crystal lattice sites.

CONCLUSIONS

In the work in the Geant 4 software a computer
model of the experiment on the study of the efficiency
of formation of radiation-stimulated defects in magnesi-
um aluminum spinel under irradiation with high-energy
electrons and gamma quanta was developed. Under ir-
radiation with electrons it was found that defects in the
crystal lattice of spinel arise both during direct knocking
out of atoms from the nodes and during photonuclear
reactions due to the occurrence of bremsstrahlung
gamma quanta during the interaction of high-energy
electrons with a sample of magnesium aluminum spinel.
In this case, the threshold of photonuclear reactions is in
the range of 12...13 MeV for various chemical elements
included in the composition of magnesium aluminum
spinel. In the work it was found that for primary elec-
tron energies of 25...30 MeV the efficiency of defect
formation due to photonuclear reactions is several times
higher compared to the direct knocking out of atoms
from the nodes of the crystal lattice. When irradiating
samples with monoenergetic gamma quanta, it was
found that the efficiency of defect formation was an
order of magnitude higher than when irradiating with
electrons of the same energy due to photofission pro-
cesses of nuclei.

A maximum of defect formation was also observed
in the energy region of 25 MeV, which corresponds to
the position of the giant dipole resonance for the ele-
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ments that make up magnesium aluminum spinel. In this
case, an insignificant number of target atoms (no more
than 5% of the total number of formed vacancies) were
knocked out by direct interaction of photonuclear reac-
tion products with the nodes of the spinel crystal lattice.
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KOMIT'FOTEPHUI MOJIEJIbHUI EKCHHEPUMEHT JUIA TOCIIUKEHHA MEXAHI3MIB
YTBOPEHHS PAJIAHIMHO-CTUMYJIbOBAHUX JEDPEKTIB
Y MATHIEBO-AJIOMIHIEBIH IINITHEJI

C. I'okos, B. I'opbau, C. Kouemos, JI. Konnaxoea, 1. Jlonina, O. Jlioxman, €. L{ayvko

VY mporpamMHOMy cepenoBumy Geant 4 Oyna po3poOiieHa KOMI'FOTEpHA MOJEIb SKCIEPUMEHTY 3 JOCIIIKCHHS
e(peKTUBHOCTI YTBOPEHHS PalialliifHO-CTUMYJIbOBaHUX Je(EKTiB MarHi€BO-aJIOMiHIEBOT LIMTIHENI MPU ONPOMIiHEHHI
BUCOKOCHEPreTHYHUMH €JIEKTPOHAaMH Ta TaMMa-KBaHTaMHU. [Ipy onpoMiHEeHHI eeKTpoHaMu OyJI0 BCTAHOBJIEHO, 11O
JedexTH B KpUCTAIYHIN peliTii MIMiHe i BUHUKAIOTh K MpU 0e3nocepelHboMy BUOMBAHHI aTOMIB 13 By3JIiB, Tak i
npu npoTikaHHi GorosaepHux peakuiid. J{ns eHepriii nepBUHHUX eneKTpoHiB 25...30 MeB edexTuBHICTh yTBOpEH-
Hs 1e(DeKTiB BHACHIOK MPOTIiKaHHA (HOTOSIIEPHUX PEAKINi y KijbKa pa3iB BHIA MOPIBHIHO 3 Oe3MocepeTHIM BUOH-
BaHHJIM aTOMIB i3 BY3JIiB KPHCTANIYHOI pemriTky. [Ipn ompoMiHeHHI 3pa3KiB MOHOCHEPTETHYHIMHY TaMMa-KBaHTaMH
OyJI0 BCTaHOBIICHO, IO €()CKTUBHICTH YTBOPECHHS NE(EKTIB Ha MOPAIOK BUINA, HIXK IIPH OIMPOMIHEHHI €JIEKTPOHAMH
Ti€1 K CHeprii 3a paXyHOK (GOTONOIITY sIep.
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