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Abstract: This paper presents the results of ceramic synthesis in the field of a powerful flux of high-
energy electrons on powder mixtures. The synthesis is carried out via the direct exposure of the
radiation flux to a mixture with high speed (up to 10 g/s) and efficiency without the use of any
methods or means for stimulation. These synthesis qualities provide the opportunity to optimize
compositions and conditions in a short time while maintaining the purity of the ceramics. The pos-
sibility of synthesizing ceramics from powders of metal oxides and fluorides (MgF2, BaFs, WOs,
Gax0s, AlOs, Y203, ZrOz, MgO) and complex compounds from their stoichiometric mixtures
(YsAl:On, Y3AlkGae~ O, MgALOs, ZnAl:Os, MgWO4, ZnWOs, BaxMge-v Fa), including activators,
is demonstrated. The ceramics synthesized in the field of high-energy electron flux have a structure
and luminescence properties similar to those obtained by other methods, such as thermal methods.
The results of studying the processes of energy transfer of the electron beam mixture, quantitative
assessments of the distribution of absorbed energy, and the dissipation of this energy are presented.
The optimal conditions for beam treatment of the mixture during synthesis are determined. It is
shown that the efficiency of radiation synthesis of ceramics depends on the particle dispersion of
the initial powders. Powders with particle sizes of 1-10 pm, uniform for the synthesis of ceramics
of complex compositions, are optimal. A hypothesis is put forward that ionization processes, result-
ing in the radiolysis of particles and the exchange of elements in the ion—electron plasma, dominate
in the formation of new structural phases during radiation synthesis.

Keywords: radiation synthesis; refractory dielectric materials; luminescence; high-power electron
flux; ceramics

1. Introduction

Luminophores and scintillators are subject to stringent requirements regarding their
response to the influence of the surrounding environment. These materials should not
undergo any changes in their properties during the extended operation of the devices in
which they are employed, even when operating conditions change. At the same time, they
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need to be sensitive to ultraviolet radiation and harsh radiation (high-energy particle flux,
gamma, and X-ray radiation). Materials based on metal oxides and fluorides are used to
achieve high resistance to potential external factors. High sensitivity to UV and harsh ra-
diation is achieved by introducing activators and intrinsic structural defects (luminescent
centers) that effectively convert absorbed radiation energy into light, which is detected by
light-sensitive receivers.

Optical materials based on metal oxides and fluorides have found wide-ranging ap-
plications as phosphors for LEDs [1,2], scintillators [3,4], and long-lasting afterglow mark-
ers [5]. These materials are also employed as temperature sensors [6] and in transparent
optical media [7]. The ability to visualize radiation flux fields using phosphors and scin-
tillators has led to the development of entire branches of medicine. Effective methods of
medical diagnostics, such as X-ray and tomography, are evolving and gaining widespread
use [8-10]. Each application area requires materials with specific properties. There is a
growing demand for the development of new materials with novel characteristics, com-
plex elemental compositions, and structures. Metal oxides and fluorides are promising for
use in the mentioned application areas, offering a multitude of material options to meet
the increasing practical needs.

The synthesizing of refractory dielectric materials remains a complex task. It requires
not only high temperatures but also the creation of new materials from basic elements
with significantly different melting temperatures. Therefore, complex multi-step techno-
logical techniques are employed for synthesis, creating conditions that promote the ex-
change of elements in the initial materials through the addition of supplementary sub-
stances and mechanical manipulation.

Numerous research studies have been conducted aimed at developing and improv-
ing methods for synthesizing materials based on refractory oxides and metal fluorides. In
works [11-13], a brief description of the synthesis methods employed and their compari-
son is provided.

The thermal methods have gained the widest acceptance [14,15]. In the thermal syn-
thesis method, high-quality initial materials, typically in the form of finely dispersed pow-
ders with a specified stoichiometric composition, are carefully mixed and heated to tem-
peratures below the melting point of the most easily melted component. Over an extended
period of time in the heated mixture, partial sintering and element exchange occur. To
expedite the process of diffusional element exchange between particles of varying com-
position in the mixture prior to heating, a flux is added, a substance with a melting tem-
perature lower (approximately 70%) than that of the most easily melted component in the
mixture. This serves to replace solid-state diffusion processes with significantly higher
rates of liquid-phase diffusion. After cooling, the obtained ceramic is crushed into mi-
crometer-sized particles. Subsequently, multiple high-temperature annealing cycles are
conducted (at a temperature of approximately 80% of the melting temperature) for 40-50
h to complete the formation of the desired phase and the evaporation of the flux. Conse-
quently, the process of forming a new phase through thermal methods is time-consuming,
and it may be challenging to eliminate all substances introduced during synthesis. Nev-
ertheless, this method is the most widely used and allows for the production of a high-
quality final product with high reproducibility due to the careful adherence to technolog-
ical regulations.

There are also alternative methods of synthesis [16-19]. For example, the sol-gel
method involves the formation of molecules with the desired composition through chem-
ical reactions from precursors. These reactions are carried out in an aqueous solution of
nitrates of cations in stoichiometric proportions. Then, a lengthy multi-stage process of
removing excess elements follows, along with multiple high-temperature annealing cy-
cles to complete the formation of particle structure and size. The advantage of this method
is the ability to obtain powders with a specified particle size distribution. However, the
synthesis process is challenging to control and time-consuming.
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Exploring the possibility of synthesizing refractory dielectric materials using the
combustion method, synthesis in a burner flame [20-22] is also considered. The mixture
prepared for synthesis is blended with combustible materials and heated to the ignition
temperature of the fuel. The desired structure is formed in the high-temperature flame of
the combustible. The synthesis time takes only a few minutes, which is the primary ad-
vantage of this method. However, post-synthesis cleaning of the obtained powder from
residual combustibles is necessary.

In recent years, much attention has been given to the synthesis of refractory ceramics
using the spark plasma sintering method [23]. Large currents, representing discharges
within the material, are passed through the prepared mixture. The material rapidly melts,
leading to the formation of new phases. Substances to enhance conductivity can be added
to the mixture to increase current flow. Synthesis can be performed under high pressure
and in any atmosphere. The synthesis is completed within minutes, and it is possible to
obtain transparent ceramics. This method holds promise, and research is ongoing to ex-
plore the most optimal applications.

The influence of intense radiation fluxes during synthesis may promote the necessary
solid-state reactions between elements in the environment and enhance the efficiency of
new structure formation [24]. Exceeding certain power thresholds in radiation flux can
lead to changes in the character of exchange reactions between particles in the environ-
ment, with reactions potentially involving short-lived radiolysis products. In [25-27], it is
shown that high-power, high-energy electron fluxes can be used for synthesizing refrac-
tory dielectric materials with high efficiency.

It is established that the synthesis of ceramics from metal oxides and fluorides in the
presence of a powerful high-energy electron flux takes less than 1 s, without the use of
any synthesis-facilitating substances, and with high productivity. Further research is
needed to understand the dependence of synthesis results, the efficiency of new phase
formation, their properties, on the technological parameters of radiation synthesis, the
history of initial substances, and the limits of universality of the developed method. It is
presumed that processes related to the ionization of dielectric materials dominate during
ceramic formation. Research into the processes occurring in the mixture under the influ-
ence of a powerful ionizing radiation flux is essential.

This work presents a compilation of existing results on the synthesis of luminescent
inorganic materials based on metal oxides and fluorides and their analysis, as conducted
by the authors up to the present time.

2. Ceramic Synthesis

The radiation synthesis method is fundamentally new. At the outset of the synthesis
work, the radiation treatment modes, requirements for initial materials, and potential mu-
tual influences between the radiation processing conditions and the properties of the ini-
tial materials were completely unknown. Below, we present, describe, and discuss the
achieved results of synthesizing a group of ceramic samples differing in their physico-
chemical properties.

2.1. Ceramic Synthesis Methodology

Ceramic synthesis was achieved by directly exposing an electron beam to an initial
mixture of a specified composition at the ELV6 electron accelerator at the Budker Institute
of Nuclear Physics, Siberian Branch of the Russian Academy of Sciences. High-energy
electron beams with energies of 1.4, 2.0, and 2.5 MeV were utilized for the synthesis. The
resulting beam, extracted through a differential pumping system, exhibited a Gaussian-
shaped profile with an area of 1 cm? on the target surface. Synthesis occurred when the
threshold power density of the energy flux was exceeded. Since the penetration depth of
electrons into the target increases with their energy, the power density of the beam was
adjusted to account for changes in the absorbed energy distribution profile. For the syn-
thesis of yttrium aluminum garnet (YAG) ceramics at 1.4 MeV, the optimal electron beam
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power densities were in the range of 20-25 kW/cm?, while for 2.5 MeV, it was 37 kW/cm?
[27].

To synthesize ceramics of the required composition, a mixture of oxide and fluoride
powders was prepared in a stoichiometric ratio. To activate the process, oxide powders of
rare-earth elements and tungsten were added in quantities ranging from 0.2% to 1.0% of
the total mixture mass. Powders of various compositions, prehistory, and with different
degrees of dispersion were used. The bulk density (mass of 1 cm? of powder) ranged from
0.2 g/cm? for nanopowders to 2.5 g/cm? for crushed crystals. The mixture was loaded into
a massive copper crucible with a surface area of 10 x 5 cm? and depths of 7, 10, and 14 mm.
The crucible’s depth for the synthesis of specific ceramics was chosen to ensure the com-
plete absorption of the electron beam of a specified energy by the mixture. The thickness
of the mixture layer should exceed the linear range of penetration to prevent the crucible
material from entering the forming ceramic. The linear penetration depth (in centimeters)
is calculated from the known mass range of penetration o (g/cm?) and bulk density o
(g/cm?) according to the relationship: 1= o/p. The crucible was positioned under the accel-
erator’s exit aperture on a substantial metal table. Two different methods of radiation
treatment were used depending on the experimental goals:

1.  The electron beam was scanned at a frequency of 50 Hz in the transverse direction of
the crucible, while the crucible was moved relative to the scanning beam at a speed
of 1 cm/s. This mode is referred to as “R1” in the text.

2. The electron beam was directed at the crucible, which was shifted without scanning
at a speed of 1 cm/s relative to the electron beam. This mode is denoted as “R2.”

The total exposure time of the electron beam on the treated surface of the mixture in
the crucible was always 10 s due to the design features of the accelerator and the subject
table. To achieve equal absorbed doses using both methods, the beam power in the “R2”
mode was set to be 5 times lower than in the “R1” mode. Optimal values for the electron
beam current densities for synthesizing ceramics from the mixture of selected initial pow-
ders were determined experimentally. For all the compositions investigated in this study,
the sufficient electron beam power density with an energy of 1.4 MeV fell within the range
of 10-25 kW/cm? in the “R1” mode or 2-7 kW/cm? in the “R2” mode. When using electron
beams with energies of 2.0 and 2.5 MeV, the beam power density increased by 1.3 and 1.5
times, respectively, to achieve equal absorbed doses [27].

The synthesis of ceramics was achieved solely through the energy flux of radiation,
using only the materials of the mixture, without the addition of other materials facilitating
the process. The synthesis resulted in obtaining specimens in the form of plates with di-
mensions similar to the crucible: 10 x 5 cm? rods, as shown in Figure 1, or a series of spec-
imens in the form of solidified droplets, rods. Samples from the same series, obtained in
one experiment in one crucible, have identical structural and luminescent properties.
Since the beam had a size in the target plane of 1 cm?, each elementary surface area of the
mixture was subjected to a 1 s exposure. In mode R2, the flux magnitude in each irradiated
elementary area increased and then decreased according to a Gaussian law as the crucible
moved relative to the beam. In mode R1, to achieve the same dose of radiation, the integral
exposure time remained the same, but the radiation exposure to the elementary surface
area of the target was carried out by a series of increasing and decreasing Gaussian-shaped
envelope pulses with a duration of 2 ms and a period of 10 ms. Consequently, the synthe-
sis was accomplished in less than 2 ms.
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Figure 1. Photographs of YAG:Ce samples synthesized under the influence of an electron beam with
E=1.4MeV: (a) P=22kW/cm? R1; b,b1 P =5 kW/cm?, R2 in crucibles; (b) removed from the crucible;
(b1) traces of the impact of beams with P = 27 and 22 kW/cm?, R1 mode, on a steel plate (c1,c2).

2.2. YAG:Ce Ceramics

For the synthesis of YAG:Ce ceramics, a mixture with a stoichiometric composition
was prepared, consisting of 57 wt% Y203 and 43 wt% AlOs. Cerium oxide (Ce20s3) was
added for activation in an amount ranging from 0.2 to 2 wt% of the total weight. All initial
materials had a purity level of no less than 99.5% and were thoroughly mixed. The YAG:Ce
ceramic synthesis mixture consisted of Y203, Al2Os, Ga20s oxides, with 1 wt% Ce20s, and
a specified Al/Ga ratio. YAG:Ce ceramics were also synthesized with up to 15% substitu-
tion of yttrium by gadolinium (Gd). When using an electron beam with E = 1.4 MeV for
synthesis in the R1 mode, power density values in the range of 10-25 kW/cm? were em-
ployed. A typical appearance of YAG:Ce ceramic plates and rods in the crucible obtained
as a result of the synthesis is shown in Figure 1a,b.

When processing with an electron beam at E =1.4 MeV and P =22 kW/cm?, a ceramic
plate with dimensions of 40 x 90 x 7 mm? is formed in the crucible under condition R1.
Exposure to an electron beam with E =1.4 MeV and P =5 kW/cm? in mode R2 leads to the
formation of an YAG ceramic rod inside the mixture with an open upper surface. The rod
has a thickness of approximately 5 mm. Often, a series of ceramic samples in the form of
solidified droplets are formed in the crucible. The number of samples in one series in a
single crucible can vary from one to ten, with sizes ranging from 3 to 30 mm, depending
on the properties of the initial materials, irradiation modes, and bulk density. The samples
have a solid outer shell with a thickness of up to 2 mm and a porous structure inside. The
total weight of a series of samples in the crucible when exposed to an electron beam with
E =1.4 MeV usually ranges from 20 to 30 g. The maximum sample mass obtained under
our synthesis conditions at E =2.5 MeV was 83 g.

In the same figure, a photograph is provided showing traces of the impact on a steel
plate (c1 and c2) by a flux of electrons with E = 1.4 MeV, P =27, and 20 kW/cm?, R1. When
exposed to a flux with P =27 kW/cm?, the thin sub-millimeter layer on the surface of the
metal plate exhibits melting, whereas at 20 kW/cm?, a thin film appears. At lower P values,
only an oxidation layer forms on the plate. Thus, the response of the dielectric and metallic
materials to radiation treatment is entirely different.

The structure of the ceramics was studied using a D8 ADVANCE Bruker diffractom-
eter with a CuKa radiation source. For qualitative phase analysis and diffraction pattern
indexing, the following data from the PDF-2 database (ICDD, 2007) were used: PDF 01-
089-6659 “Yttrium Gallium Aluminum Oxide (Y3Ga2Al:012),” PDF 00-033-0040 “Alumi-
num Yttrium Oxide (AlsY3012),” PDF 01-070-1677 “Yttrium Aluminium Oxide (YAIOs),”
and PDF 00-046-1212 “Aluminum Oxide (AL:Osz).” The diffraction patterns of samples from
four typical series, namely, YAG: Ce ceramics (1 and 2) consisting of Y203, Al20s, Ga:0s
with 1 wt% Ce20s, varying in the Al**/Ga’* ratio; and YAG: Ce ceramics (3,4) with different
morphologies of the initial materials, are shown in Figure 2. The presented research re-
sults indicate that the dominant structural type for all studied samples is yttrium alumi-
num garnet (YAG). Samples 1 and 2 are single-phase. Samples 3 and 4 contain yttrium
aluminum perovskite (YAP) as a secondary phase with a content of approximately 7% and
11%, respectively.
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Figure 2. Diffraction patterns of YAG samples: (a) 1 (solid line) and 2 (dotted line); (b) 3 (solid line)
and 4 (dotted line). Reflexes belonging to accompanying phases are marked with the symbol ¢.

YAG crystallizes in the cubic symmetry, possesses an elementary I-cell, and belongs
to the space group Ia—3d. Ce?* ions partially substitute for Y*. In samples 3 and 4, Al** ions
occupy both tetrahedral and octahedral structural positions, whereas in samples 1 and 2,
the octahedral position is primarily occupied by Al**/Ga* cations in approximately a 50/50
ratio, with the tetrahedral position predominantly occupied by Al* ions in sample 1 and
Ga* ions in sample 2. Similar observations were made in [28].

Due to the difference in ionic radii between Al and Ga [29], the unit cell volume of
Y3AlGa:On2 (sample 2) significantly exceeds the volume calculated for the unit cell of
Y3AlGaOn: (sample 1). This is reflected in Figure 2, where the diffraction peaks of sample
2 are shifted towards smaller 20 angles. Samples 3 and 4 are nearly identical in their phase
composition, containing YAG and YAP in approximately the same ratio, with the unit cell
parameters for Y3AlsO12 and YAIOs being very close. It can be concluded that the phase
composition of the resulting sample depends on the composition and morphology of the
initial material.

A cycle of research on the luminescent properties of synthesized YAG: Ce ceramics
has been conducted, including photoluminescence (PL) and cathodoluminescence (CL)
spectra under stationary conditions using the Cary Eclipse spectrofluorimeter for excita-
tion and time-resolved cathodoluminescence spectra utilizing a pulsed electron accelera-
tor with an energy of 250 keV [30]. In a generalized form, the spectral-kinetic properties
of the obtained YAG: Ce ceramic are depicted in Figure 3b.

Luminescence is efficiently excited by UV radiation in the range of 350 to 450 nm.
The maximum of the broad Iuminescence band occurs at 550-560 nm when excited at A =
450 nm. In samples of synthesized YAG: Ce ceramics, the luminescence spectrum exhibits
typical characteristics of YAG: Ce phosphors with a dominant band around 550 nm and a
characteristic relaxation time of 60-65 ns.

1000 1 &
a ~ Aex=450 nm Aem=550 nm
800 Aem=550 nm : 0.1
= ©
< 600 £
& 2 0.014
Z 400 =
< 5
Z 200 =0.001
0 e
0 = i 0.0001 i
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Figure 3. Excitation, luminescence (a), and decay kinetics spectra (b) of synthesized YAG: Ce ceramics.

As evident from the presented results, the qualitative characteristics of luminescence
(spectra, dynamics of their relaxation) are similar to those known for YAG: Ce phosphors
[31,32]. In the synthesized YAG: Ce ceramic, crystallites with a structure characteristic of
YAG:Ce crystals are formed.
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2.3. Spinel

For the synthesis of MgAl:Os ceramics, a mixture with a stoichiometric composition
was prepared, consisting of 28.4% MgO and 71.6% Al20s. For the synthesis of ZnAl:O4
ceramics, the batch comprised 44.4% ZnO and 55.6% Al:0s. Oxides RE (Eu, Er) were
added for activation in an amount of 0.5% by weight. All initial materials had a purity
level of not less than 99.5% and were thoroughly mixed.

During the radiation treatment of the mixture in the crucible, a zigzag-shaped ce-
ramic plate forms across the entire area. Examples of the synthesized samples in the cru-
cible are shown in the photographs in Figure 4. The samples resemble solidified melt. The
formation of spinel ceramic samples occurs over a wide range of power densities used,
ranging from 15 to 25 kW/cm?, in the R1 mode. The samples are brittle, and their brittle-
ness decreases with an increase in power density.

Figure 4. Photographs of MgAL:QOs (a) and ZnAl0Os (b) sample synthesized at 27 kW/cm?.

The structural properties of MAS were calculated and analyzed using X’pert
highscore and Origin software (OriginPro 2018 (64 bit) SR1 b9.5.1.195). Diffractograms of
the samples of magnesium aluminate spinel, pure and cerium- and erbium-ion activated,
are presented in Figure 5.
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Figure 5. XRD spectra of MgAl:0Os spinel, pure and doped Ce and Er ions.

XRD results have shown that the synthesized MgAl:Os by radiation method have
cubic structure and are in the crystalline spinel MgAl2Os. In addition to the spinel main
phase, there are weak peaks of the phase MgO. The weak peaks of phase MgO and no
peaks related to Al2Os indicate the rather high purity of the obtained MAS. The clear dif-
fraction peaks demonstrate the good crystallinity of the synthesized MAS. The average
crystallite size for samples with various impurities is approximately 48 nm. The structural
characteristics are in good agreement with known data [33,34].

The luminescence properties of ceramic samples were investigated under various exci-
tation conditions. Photoluminescence (PL) under excitation with Aex =330 nm was measured
using an Agilent Cary Eclipse spectrofluorimeter, while cathodoluminescence (CL)
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excitation was achieved using a pulsed electron accelerator with an energy of 250 keV [35].
The spectral characteristics of the synthesized MAS luminescence are presented in Figure 6.
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Figure 6. Photoluminescence (a) and cathodoluminescence (b) images of polycrystalline spinel sam-
ples doped with rare-earth elements.

In the photoluminescence spectra (Figure 6a), an intense emission band is observed in
the UV region, along with broad emission in the “red” region of the spectrum. Under elec-
tronic excitation, the dominant emission in the spectrum is the “red” emission, both for pure
and activated spinel samples. Additionally, there are bands with maxima at around 410 and
520 nm, and their intensity depends on the type of doping impurity. The emission in the
region with Amax =380 nm may be associated with F-centers in the spinel structure. The emis-
sion band in the 700-760 nm range is attributed to oxygen vacancies. A characteristic feature
of spinel is the emission of chromium ions, which appears as a set of narrow bands in the
700 nm region [36]. As evident from the presented results, the qualitative characteristics of
luminescence are similar to well-known ones [37,38]. In this manner, in the synthesized
MgAlLOx4 ceramic, crystallites with a spinel-like structure are formed.

2.4. Fluorides

Fluorides of alkaline earth metals (MeF2) and their solid solutions have been utilized
as scintillation materials [39—41]. The synthesis of ceramics based on alkaline earth metal
fluorides (MeF>) is of interest for several reasons. The activation of crystals by multivalent
ions makes them sensitive to the effects of ionizing radiation. However, introducing the
most interesting ions for increasing sensitivity, such as W and U, is hindered by the fact
that in a fluoride environment at temperatures of 20-60 °C, these ions form volatile com-
pounds and are removed from the medium. Therefore, additives capable of retaining W
and U ions in the melt are introduced into the crucible for the synthesis of such com-
pounds. Incorporating hexavalent ions W and U into the lattice is complicated by the need
to balance the charge difference, which can be resolved by using solid solution matrices,
such as BaMgFa. Finally, the melting temperatures of MeF: are 1.5-2 times lower than
those of metal oxides. This is of interest in understanding synthesis processes in a radia-
tion field. It can be expected that at a high rate of radiation synthesis, the activator ions
will not have time to exit the ceramic formation zone [42].

Activated W ceramic samples of BaF2, MgF2, and BaMgFs were synthesized. For the
ceramic synthesis, tungsten oxide was added to the mixture in amounts of 1-2 weight
percent for activation. All initial materials had a purity level of no less than 99.5% and
were thoroughly mixed.

When using an electron beam with E = 1.4 MeV under the R1 mode, power densities in
the range of 10-20 kW/cm? were employed for synthesis. A typical appearance of activated
W ceramic samples of BaFz, MgF>, and BaMgFu synthesized under the influence of an elec-
tron beam with E =1.4 MeV and P =15 kW/cm? in the R1 mode is shown in Figure 7.
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Figure 7. Photographs of activated W samples of BaF: (a), MgF2 (b), and BaMgF (c) ceramics syn-
thesized under the influence of an electron beam with E =1.4 MeV, P =15 kW/cm?, R1.

During the radiation treatment of the mixture in the crucible, ceramic samples solid-
ify in the form of a melt. Ceramic formation occurs over a wide range of used power den-
sities from 10 to 20 kW/cm?, in the R1 mode.

The results of phase analysis of the diffractograms for the synthesized fluoride sam-
ples of Ba and Mg using a power density of P =15 kW/cm? are presented in Table 1.

Table 1. The results of studying the phase composition of magnesium fluoride samples synthesized
at a power density of 20 kW/cm?2.

Main Phase Secondary Phase
It is possible that WOs (tungsten trioxide) is present,

Mgk with an impurity phase of 2-3%
BaF: Impurity phase of 2-3%
BaMgF. Impurity phase of 2-3%

The synthesis result depends on irradiation modes and the history of the initial sub-
stances. With changes in power density, the phase composition of the synthesized samples
can undergo some variations: in MgFz2, MgO phase is detected, and in BaMgFs, BaF: is
preserved. The appearance of the MgO phase can be explained by oxidation: the synthesis
is conducted in an open atmosphere. Nevertheless, XRD results show that during radia-
tion treatment, ceramics with the mentioned phases, including complex ones, are formed.

A series of studies on the luminescent properties of W-activated samples of synthe-
sized ceramics BaF2, MgF>, BaMgFs was carried out: photoluminescence (PL) excitation
and emission spectra in stationary conditions using the SM2203 SOLAR spectrometer. In
a generalized form, the spectra are presented in Figure 8. The figures present the results
of spectral measurements of fluorescence from individual sections of the sample to
demonstrate the homogeneity of properties. The inserts in the spectra show the excitation
spectra of luminescence. The spectra highlighted in different colors in the graph (Figure
8) indicate that the spectra of the same sample from different regions are highlighted in
different colors.
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Figure 8. The FL spectra of BaMgFs (a) samples under excitation at 220 nm, as well as BaMgFs:W
(b), BaF22WOs (), and MgF2:WOs (d) samples under excitation in the 260 nm range.

Research on the spectral properties of synthesized ceramic samples has revealed two
significant differences between activated and non-activated samples. In activated ceramic
samples, the position of the luminescence band is shifted towards the longer-wavelength
region. In non-activated samples, luminescence is excited by UV radiation up to 260 nm,
while in activated samples, it extends up to 300 nm.

Kinetic decay curves were measured following excitation of cathodoluminescence
using electron beam pulses with an energy of 250 keV and a duration of 10 ns. The meas-
urement results are presented in Figure 9. In all activated ceramic samples, the appearance
of a short-lived component is observed.
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Figure 9. Kinetic decay curves of CL in ceramic samples.

The combination of the obtained research results on synthesized ceramic samples
based on alkaline earth metal fluorides allows us to draw the following conclusion: during
synthesis under the influence of intense radiation fluxes, tungsten can be successfully in-
corporated into the ceramic lattice. Within a short synthesis period, tungsten does not
have sufficient time to exit the synthesis zone and remains trapped within the lattice.

2.5. Tungstates

Tungstates (MeWOs, Me: Mg, Ca, Cd, Zn) are promising materials for use as scintil-
lation materials [43—46]. To advance our understanding of the physicochemical processes
during radiation synthesis in dielectric materials, tungstates are of interest due to the ne-
cessity to synthesize them from a mixture with significantly different melting tempera-
tures: WOs (1473 °C), ZnO (1975 °C), MgO (2570 °C), CaO (2572 °C), CdO (1559 °C).

We have successfully synthesized ceramic samples of MeWOs, where Me represents
Mg, Zn, Ca, from the following mixture compositions: MgWOs (MgO 14.7%, WO:s 85.3%);
ZnWOs (ZnO 26%, WOs 74%); CaWOs (CaO 19.5%, WOs 80.5%). After mixing, the mixture
was poured into a crucible and compacted to even out the surface. All initial materials had
a purity level of no less than 99.5% and were thoroughly mixed. For the synthesis, electron
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irradiation with E = 1.4 MeV at power densities ranging from 10 to 25 kW/cm? in R1 mode
was employed. The typical appearance of the synthesized ceramic samples after exposure
to an electron beam with E = 1.4 MeV, P = 18 kW/cm?, R1 mode, is shown in Figure 10.

Figure 10. Photographs of ceramic samples (a) ZnWOs, (b) MgWOs, (c¢) CaWOs, synthesized under
the influence of an electron beam with E =1.4 MeV, P =18 kW/cm?, R1.

In the process of synthesis, ceramic samples were formed in the shape of plates with
dimensions similar to that of a crucible. It should be emphasized that ceramic formation
occurs from a mixture composed of initial metal oxides with significantly different melt-
ing temperatures under identical conditions of radiation treatment.

The surface structure of the synthesized samples of ZnWQOs, MgWOs, and CaWOx
tungstates was investigated using a scanning electron microscope, Mira 3 (TESCAN).
Since the examined samples are dielectrics, they were coated with a conductive carbon
layer using a Quorum Q150R ES sputtering system. The investigation was conducted at
an accelerating voltage of 25 kV.

SEM images of the measured samples are presented in Figure 11. On the surface of
the ZnWOu samples, large formations of spherical shape with dimensions on the order of
180 pm, which can reach sizes of up to 600 pum, are visible. Upon increasing the image
resolution, a porous microstructure with elongated elements ranging in size from 7 to 20
um and a thickness of approximately 7 um is observed. These elements may be micro-
crystals of the synthesized material.

On the surface of the MgWOs sample, a dense compact microstructure with inclu-
sions (approximately 50 pum) and small holes (10-20 pm) is observed. With an increase in
image resolution, tightly packed microcrystals of various shapes with average sizes rang-
ing from 2 to 5 um become visible.

On the surface of the CaWOs sample, densely packed microcrystals of elongated
shape with an average length of 100 um and a width of 7 um are observed.

Figure 11. SEM images of the surface of ceramic samples (a,a’)ZnWOs, (b,b") MgWOs, and (c,c’)
CaWOu: synthesized under the influence of an electron beam with E = 1.4 MeV, P = 18 kW/cm?, R1.
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The presented results suggest the possibility of forming a crystalline structure in the
synthesized samples.

2.6. Initial Materials for the Synthesis of Metal Oxides and Fluorides

The necessity of establishing the possibility of synthesizing ceramics from the mate-
rials used for the synthesis of the aforementioned functional materials is entirely evident.
We conducted experiments on ceramic synthesis using powders of all the oxides and flu-
orides of the following metals: Y203, Al2Os, Ga203, MgO, WO, ZnO, ZrO:, MgF», BaFz. To
synthesize the powders, they were placed in crucibles, and the conditions of radiation
treatment were experimentally selected, including the mode and power density. Addi-
tionally, experiments were conducted for the synthesis of activated ceramics, where an
activator in the form of its oxide was added to the powder. The introduction of the activa-
tor allowed us to demonstrate its potential incorporation into the crystalline lattice
through luminescence techniques.

In Figure 12, photographs of ceramic samples made from the primary types of sub-
stances used in the synthesis of functional materials are presented. It was found that the
synthesis results, primarily the efficiency of converting initial materials into ceramics,
strongly depend on their prior history. We understand the prehistory not only in terms of
the quality of the chemical composition but also in terms of dispersity, the sizes and quan-
tity of particles, and their distribution by size. The available information about the ob-
tained materials was insufficient for selection. Therefore, substances with different histo-
ries were used for synthesis. Figure 12 presents the results of the radiation synthesis of
ceramic samples from the initial substances that provided the highest efficiency. More de-
tails about the dependence of synthesis efficiency on the history of the initial materials
will be discussed below.

Figure 12. Photographs of synthesized ceramic samples under the influence of a 1.4 MeV electron
beam in mode R1: Y203; Al2Os; MgO; ZrO:2 (P = 25 kW); ZnO (P = 22 kW); Ga:0s (P = 18 kW); WO:s
(P =17 kW); MgF2 (P = 15 kW).

Among all the selected initial substances used for synthesis, except for WOs, it was
possible to obtain ceramic plates with dimensions comparable to the crucible sizes. Intro-
ducing additives into the mixture to obtain activated samples in the required quantity up
to 2 wt% does not affect the synthesis results. The conditions of radiation treatment for
ceramic synthesis, particularly power density, were primarily selected through experi-
mental means.

One can draw the following conclusion from the above:

A series of experiments has been conducted to investigate the possibility of synthe-
sizing ceramics based on oxides and metal fluorides by direct exposure to high-energy
electron beams on a stoichiometric mixture.

It has been determined that under the influence of electron beams with energies in
the range of E = 1.4-2.5 MeV and power densities of P ~10-25 kW/cm?, it is possible to
form ceramics, including activated ceramics, with a crystalline structure of YAG (Y3Al5012,
YsAlGasxOrz), spinels (MgALOs, ZnAl:Os), and metal fluorides (BaF2, MgF2, BaMgF4). The
synthesis of tungstates MgWOs and ZnWO. is also achievable under these conditions.
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Under the given radiation exposure conditions, the synthesis of samples occurs at a
rate of 1 cm?/s. The synthesis time for an elementary section of ceramics from the mixture
does not exceed 2 ms.

The synthesis of ceramics is achieved without the use of any additional substances
that facilitate the process. Radiation exposure promotes efficient mixing of the mixture
components.

During radiation synthesis, it is possible to introduce ions of activators and modifiers
into the lattice, which is difficult to achieve using other methods. At high synthesis rates,
ions do not have time to leave the reaction zone.

The combination of processes in the mixture during radiation synthesis differs sig-
nificantly from those initiated by heating during thermal treatments. The synthesis of ce-
ramics from the investigated dielectric materials, which have different melting tempera-
tures, occurs within similar ranges of the applied conditions. The results of radiation ex-
posure in these materials are significantly different from those in metals.

3. The Dependence of Radiation Synthesis Efficiency on the Prior History of the
Initial Materials

Establishing the relationship between the efficiency of material synthesis and the
state and properties of the initial substances is a multifactorial task. Therefore, these stud-
ies receive significant attention. Such research is ongoing because the technologies for ob-
taining initial materials are constantly improving, and their scope is expanding.

It is evident that the requirements for the initial materials vary depending on the use
of different technologies. For instance, in thermal synthesis, the efficiency of synthesis
(time, quality) is higher when the precursor particle sizes are smaller. Smaller particle
sizes increase the likelihood of element exchange between particles. In radiative synthesis,
the formation of new structures occurs in the electron-ion plasma created by a powerful
stream of high-energy radiation. Therefore, it is necessary to investigate the dependence
of the results of radiative synthesis on the properties of the initial substances. In [28], when
studying the dependence of the efficiency of radiation synthesis on the history of the initial
material, it was found that the synthesis outcome is significantly influenced by the dis-
persed composition of the substances used for synthesis. This dependence has a greater
impact on the synthesis outcome than the degree of their purity. We conducted a series of
studies aimed at investigating the dependence of the efficiency of radiation synthesis of
ceramics based on metal oxides and fluorides on the particle sizes of the initial powders.

3.1. Experimental Assessment of Synthesis Efficiency

To discuss the dependence of synthesis results on the history of powders and radia-
tion treatment conditions, the concept of “synthesis efficiency” is proposed to be intro-
duced. By “synthesis efficiency” here and in the following context, we mean the ratio of
the mass of the obtained series of samples in one crucible in a single experiment to the
mass of the mixture in the crucible. It should be emphasized that this assessment provides
fairly valuable information for establishing the relationship between the synthesis out-
come and the conditions of radiation exposure and the history of the initial materials.
However, it is important to remember that the obtained samples may be coated with rem-
nants of the mixture in the crucible, which can sometimes be challenging to remove, espe-
cially when using the R2 mode. A layer of mixture thicker than the penetration depth of
electrons is always added to the crucible to ensure that the crucible material does not affect
the results. Finally, a portion of the mixture is dispersed in the radiation field due to the
charging of dielectric particles and rapid heating of the air in the mixture. Therefore, the
values of the synthesis reaction yield should be considered as approximate. Nevertheless,
they provide a good understanding of the efficiency of synthesis of different materials and
its dependence on the properties of the initial materials and radiation treatment modes.

Table 2 presents examples of the results of evaluating the efficiency of radiation syn-
thesis of ceramics. To date, a total of 538 experiments have been conducted for the
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synthesis of ceramics with various compositions and different initial materials. The table
primarily showcases the evaluation results of compositions with the highest synthesis ef-
ficiency. It is evident that these results can be achieved through radiation synthesis. To
provide a comparison, the evaluation results of synthesis with low values are also in-
cluded to establish the causes of the influence of the precursor’s history.

Table 2. Efficiency of radiation ceramic synthesis.

- . Yield
Conlt\lll(:ulty Sample Description POLV:; P, ‘i\;i ll)g;:t l;eg Mass Loss, % Sample({/Mixture,
o
407 AlOs F-800 26 40.53 1.8 94.9
493 Al0s nano 25 43.33 17.2 45
519 BaF (K14) 15 88.12 0.8 76
516 Mgk2 (K13) 15 42.52 0.4 99.3
485 MgO (K11) 25 26.94 5.7 90.9
486 MgO G 35 39.94 90 4.6
388 MgO MgO (1) 8 2222 1.76 20.3
397 MgO MgO (2) 8 14.19 46.65 0.0
528 WOs K12 17 95.4 4.95 77.2
439 WOs WOs (1) 24 100.38 35.02 46.1
490 Y203 25 56.01 1.3 91.9
495 ZrO2 Zr0Oz2 (2) 5 56.32 52.1 0
146 Z1O: 7102 (1) 80
474 Ga203 17 53.34 0.8 95.7
525 MgALOs: Eu ALOs (K7), MgO (K11) 25 36.58 04 99
384 MgAlLOs: Eu MgO (1), Al2Os (F-800) 25 41.31 51.9 23.1
377 MgAlL:Os: Eu MgO K11, AL:Os (F-800) 25 33.95 1.1 96.9
383 MgAl:0s Eu MgO (1), Al20s (E-800) 25 39.23 53.5 34.7
525 MgAlL:Os: Eu MgO (1), Al2Os (F-800) 25 41.31 51.9 23.1
521 BaMgFs f/la;;((ﬁ?) 15 81.57 0.5 92.8
335 Y3Als012: Ce 122003 ’ ((I?lgf‘s)) 25 352 0.7 97.8
338 YsAl:Orz: Ce ézho(igg“;; 25 33.38 322 53.02
505 Y3Als0m2: Ce ALOs (K7), Y205 (K6) 25 45.9 99.1
504 ZnAl GaOs Zn0 Gigzbif;)(w) 2 42.08 0.9 99.3
526 ZnAlL04 ZnO K9, Al20s (K7) 25 43.3 1.1 98.3
512 MgWO4 MgO (K11) 18 73.53 0.7 97.4
444 MgWO MgO (1) 15 45.72 30.3 42.20

Asnoted previously, the impact of a high-energy electron beam on the mixture in the
crucible results in the formation of a series of samples ranging from one (yielding a plate)
to 10-15. All samples within a given series exhibit similar properties [47], with differences
in synthesis efficiency not exceeding 10%. It is worth noting that synthesizing ceramics
from a mixture of the same composition and powders with the same history, under iden-
tical conditions of radiation treatment, also leads to the formation of specimens with sim-
ilar properties and an efficiency difference not exceeding 20%. The text and tables include
serial numbers for the samples according to the system used by the authors to track syn-
thesis results.

As indicated by the results presented in Table 2, there is a significant dispersion in the
values of reaction yield and mass loss. For instance, the synthesis reaction yields of MgO (2),
AlOs (nano), and ZrO: (2) ceramics range from 0% to 5%. Meanwhile, under similar radia-
tion exposure conditions, the synthesis reaction yields for MgO (K11) are 90.9%, Al2Os (F-
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800) is 94.9%, and ZrO: (1) is 80%. Based on the available information, these two groups of
materials differ in the dispersion of the initial substances used for synthesis.

We conducted studies on the morphology of Y203 powders of grades ITO/I, ITO/B, and
AlOs grades F600-F1200, as well as nanooxide, using an optical microscope puVizo (LOMO).
Microphotographs of the initial aluminum oxide powders are presented in Figure 13.

40x%

100x

Al O, AL O, Al O,
nanopowder F600 F1200

Figure 13. Microphotographs of the initial aluminum oxide powders on zoom.

The morphology of powders significantly varies. Nanopowder particles exhibit a
clearly non-crystalline appearance, typical of agglomerated nanoparticles. The particles of
F800 and F1200 powders appear as fragmented crystals with distinct fractures. The sizes
of agglomerated nanoparticles and microcrystals are comparable. Therefore, radiation
synthesis using nanoparticles is inefficient. A high synthesis efficiency is achieved when
particles with sizes of 5-10 um are used. It is worth noting that there is no such difference
in thermal synthesis. The low efficiency of radiation synthesis may be attributed to signif-
icant differences in the processes of electronic excitation decay in bulk and nanocrystals.
In nanocrystals, radiation-induced electronic excitations localize and decay on the sur-
faces of nanoparticles without producing radiolysis products.

It is hypothesized that synthesis efficiency is also low for powders of larger sizes. As
indicated in the table, the synthesis of ceramics from MgO (G) powder is extremely low.
Unfortunately, there is no information about the particle sizes for this material, but direct
observations using an optical microscope have shown the presence of a large number of
large, sub-millimeter-sized particles. Therefore, to establish the relationship between syn-
thesis efficiency, one needs to know not only the particle sizes but also the full spectrum
of particle sizes.

3.2. Dispersion of Initial Materials

To establish the validity of this assumption, we conducted a series of measurements
of the dispersion of all currently used initial materials. Measurements were performed
using the laser diffraction method with a laser particle size analyzer Shimadzu SALD-
7101. Below, we will consider the results of the dispersion study of the most commonly
used materials in the synthesis of MgO, AL:Os, Y205 powders, and the possible influence
of dispersion on the radiation synthesis of ceramics.

Figure 14 shows the results of the dispersion analysis of MgO, Al20s, and Y203 pow-
ders with different histories. The method used allows us to obtain relationships between
the quantity of particles and their volume as a function of particle size. This may provide
the opportunity to establish the nature of processes that determine the relationship be-
tween radiation efficiency and particle sizes and optimize the synthesis process by select-
ing the initial materials.
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Figure 14. Dependence of the quantity of particles and volume on their sizes in the initial powders
of MgO, Al20s, and Y20s. (Left) dispersion by volume; (right) dispersion by quantity of particles.

As can be seen from the presented measurement results of particle distribution, in all
examined powders, the distribution of particles by size in terms of volume and quantity
does not match. The volume of larger particles is usually much greater than the volume
of smaller particles. This conclusion is based not only on the data shown in the figure but
also on all 24 measured powders of MgO, Al:Os, Y203 with different histories. As seen
from Table 2, the sample’s mass is almost equal to the mass of the mixture. Therefore,
synthesis primarily occurs from the larger particles in the mixture. It has been shown ear-
lier that the efficiency of radiation synthesis is low for nanoparticles. Thus, there exists an
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optimal range of particle sizes for radiation synthesis, within which the formation of ce-
ramics is most efficient. It is evident that radiolysis of larger particles is less probable than
that of smaller ones.

Ceramics synthesis of the listed complex compositions from mixtures of MgO, AL20s,
Ga20s, Y203, ZnO, WO3, BaFz, and MgF: has been realized. As expected, the efficiency of
ceramics synthesis of yttrium aluminum garnets, spinels, tungstates, and alkali earth
metal fluorides (BaMgFs) depends on the dispersity of the initial powders in the mixture.
The ceramics selected here are wide-bandgap dielectrics with a high degree of ionic bond-
ing, where the process of electronic excitation decay into pairs of defects is efficient. The
exit of decay products beyond the particle depends on its size. Large ceramic samples with
sizes up to 10 cm? and thicknesses of 0.6-0.8 cm are obtained successfully from mixtures
of powders with grain sizes of 1-10 um. Mixtures of powders with different sizes (nano
and microparticles) result in smaller samples with significantly lower yields. For example,
the efficiency of Y3AlsO12:Ce ceramics synthesis from a mixture of Al20s (K7) and Y20s
(K6) is 99.1%, whereas from a mixture of AL:Os (nano) and Y20s (ITO-V), the efficiency is
53%. It should be noted that the efficiency of synthesis of the same ceramics from a mixture
of Al2O3 (BV) and Y203 (ITO-V) does not exceed 50%. In this mixture, the Al2Os (BV) pow-
der consists of particles with sizes of 10-50 um (Figure 14). Thus, the efficiency of
Y3Als012:Ce ceramics synthesis is maximum when using mixtures of powders with similar
dispersion.

A similar conclusion can be drawn from the comparison of the dispersion of initial
powders for the synthesis of MgAl:Os:Eu ceramics. The synthesis was performed using
two variants of the initial mixture. Aluminum oxides of grades K7 and F-800 have very
similar particle size distributions. The main volume consists of Al:Os particles with sizes
in the range of 3-12 pm. The sizes of MgO (K11) particles are in the range of 1-15 pm, and
AlOs (K7) particles are in the range of 3-12 um. The efficiency of MgAl2:Os:Eu ceramics
synthesis is 99%. From a mixture of Al-Os (F-800) powders with particle sizes ranging from
3 to 12 um and MgO (1) powders with particle sizes ranging from 0.4 to 2 um, the synthe-
sis occurs with an efficiency of 23%.

The reason for the dependence of the efficiency of ceramics synthesis of complex
compositions on particle sizes is the difference in the dispersion of the initial composi-
tions” powders. When their sizes are unequal, local non-stoichiometry may occur because
large particles are surrounded by many small ones. Effective element exchange between
such particles cannot occur in a short time. As seen from Table 2 and Figure 14, the syn-
thesis efficiency is optimal when the dispersion of the mixture components is close.

It is worth noting that efficient radiation synthesis of three-component compositions
is also possible. A high-efficiency (99.3%) synthesis of ZnAlGaOs ceramics was obtained
from a mixture of ZnO, Al:0s, and G203 powders.

This work does not consider the possible dependence of synthesis efficiency on the
purity of the initial substances. As demonstrated by the results of activated ceramics syn-
thesis, introducing activator oxides into the mixture up to concentrations of 1% does not
affect efficiency. Apparently, other possible impurities do not influence the synthesis re-
sults as much as the difference in dispersion does.

4. Energy Losses of an Electron Beam in a Material

In the modes of radiation treatment used for ceramic synthesis, the electron beam
interacts with the mixture for a short duration. The beam has a Gaussian distribution in
cross-section. Ceramic synthesis was carried out using electron beams of varying energy
and power in two different modes: R1 (with scanning) and R2 (without scanning). The
absorption of energy by the incident electrons in the material is non-uniform in depth. All
of these characteristics of radiation treatment can influence the synthesis outcome. There-
fore, a thorough analysis of the energy transfer processes from the electron beam to the
material is required.
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The energy loss of electrons with energies ranging from 0.5 to 5 MeV when passing
through matter predominantly occurs due to ionization processes. The fraction of radia-
tion losses is negligible. The mass depth of run of electrons, in close agreement with ex-
perimentally measured values, is calculated using empirical formulae [47,48]. With high
precision, it can be calculated based on known values of substance density, average num-
ber of electrons in atoms, and the average ionization potential. Modeling the passage of
electrons through a substance using the Monte Carlo method allows not only for deter-
mining the distribution of energy losses along the path of electron propagation; it also
enables a rigorous estimation of energy loss distribution in the transverse cross-section
relative to the beam propagation. Such estimations are important in cases where beams of
limited cross-section are used, for example, of Gaussian shape. It is precisely such beams
that were applied in the current study for ceramic synthesis. The high reliability and quan-
titative correspondence to experimental results are ensured by Monte Carlo calculations
using the CASINO program [49-51].

The distribution of absorbed energy in the material when exposed to a non-uniform
cross-sectional high-energy electron beam can be accurately calculated using the CASINO
V2.5 program.

4.1. Energy Loss Modeling

Figure 15 shows profiles of energy loss distribution for electrons passing through a
mixture with a bulk density of 1.2 g/cm® made of Y205 (57%) and A20s (43%) powders,
which were used for synthesizing YsAlsO12 ceramics. The calculations were performed us-
ing the Monte Carlo method for beams with Gaussian flux distribution across the cross-
section and a total of 10,000 incident electrons at energies of 1.4, 2.0, and 2.5 MeV, which
were utilized in the experiments.

1.4 MeV 2 MeV
| N B | (I |

0 3 % 3 0 3 3
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Figure 15. Energy loss distribution of electrons with E = 1.4, 2.0, 2.5 MeV in a mixture with a bulk
density of 1.2 g/cm? for the synthesis of YsAlsO1w2 ceramics. Colored lines of equal losses are pre-
sented in units relative to the losses at the center.

When an incoming beam of electrons penetrates a material, it scatters off atoms and
ions within the substance, transferring its energy to ionization and the generation of sec-
ondary electrons. As a result of these processes, the spatial structure of energy transfer
within the beam changes as it progresses through the material. A portion of the energy is
imparted to the material beyond the cross-section of the beam. Energy losses are concen-
trated along the axis of the beam. Approximately 50% of the total energy loss of the beam
occurs within the region along the beam axis, with a cross-section of 0.3-0.4 relative to the
beam’s surface area. This results in a characteristic distribution of energy losses along the
beam axis.

Figure 16a shows calculated profiles of energy loss distribution (dE/dx) of electrons
within the material as a function of depth, assuming an equal number of incident electrons
with energies of 1.4, 2.0, and 2.5 MeV. Here, energy losses of the electron beam as it passes
through the material are understood as the magnitude of losses at depth X across the
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entire region perpendicular to the beam axis. The maximum absorbed energy is found at
a certain depth from the surface, depending on the electron energies. The positions of the
peaks in the dE/dx energy loss for the beams correspond to 2.8, 3.7, and 4.6 mm for the
specified electron energies. The magnitude of energy losses at the peaks is 30-40% higher
than at the surface of the target.
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Figure 16. Profiles of energy loss distributions dE/dx (a), dE/dy (b) for electrons with energies of 1.4,
2.0, 2.5 MeV in a target, and the absorbed energy density W (c).

Figure 16b presents calculated profiles of the energy loss distribution of electrons
(dE/dy) in the direction perpendicular to the beam axis. From the results presented in Figure
15, it is evident that the profiles of dE/dy change with depth. These changes are different for
electron beams of different energies. The profiles of dE/dy shown in the figure correspond
to depths that correspond to the maximum density of absorbed energy (Wr) of the electron
beam. Here, the absorbed energy density (W) is defined as the energy loss per unit volume
of material. The dE/dy profiles coincide, indicating that under the calculation conditions
with an equal number of incident electrons, the values of Wr are the same.

Energy loss densities along the axis of the passing beam are always higher than off-
axis and exhibit a curve with a maximum. Figure 16c shows calculated profiles of the de-
pendence of W on the depth of electron penetration into a material with a specified com-
position and bulk density. These dependencies appear as curves with maxima at 1.8, 2.1,
and 2.3 mm for electrons with energies of 1.4, 2.0, and 2.5 MeV, respectively. The length
of the region (Ax) with equal absorbed energy density along the beam axis increases by a
factor of 2 on average as the electron energy increases from 1.4 to 2.5 MeV. It is worth
noting that the maximum of energy loss (dE/dx) occur at depths of 2.8, 3.7, and 4.6 mm
for energies E equal to 1.4, 2.0, and 2.5 MeV, respectively. However, the length of the re-
gion with equal absorbed energy along the beam axis increases by only 25% on average.
This is due to the expansion of the energy loss region towards the end of the range. Con-
sequently, the maximum of energy loss with depth (Figure 16a) (dE/dx) and energy loss
densities (W) (Figure 16c) do not coincide.

Clearly, regions of maximum energy loss densities should govern subsequent pro-
cesses. It is within these regions that ionization density is maximized, and the material
reaches its highest temperature. In these regions, when the energy loss exceeds a certain
threshold, the crystalline structure of yttrium and aluminum oxides transforms into yt-
trium aluminum garnet. Primarily, synthesis should take place at depths corresponding
to the maximum energy loss densities along the beam axis, not just energy loss.

With changes in the power of the electron beam (P), the distribution profile remains un-
changed, but the absolute values of energy losses (dE/dx and dE/dy) change proportionally.
Synthesis occurs in the material when the energy losses (dE/dx and dE/dy) in a specific region
of the material with coordinates X-Y exceed a certain threshold power (Pp) of the beam. The
threshold (Pp) at which synthesis can occur depends solely on the composition of the initial
mixture, i.e., the composition of the synthesized material. Synthesis may not occur at the sur-
face of the target and at great depths but rather within a depth range (AL) where energy losses
exceed the required threshold for synthesis. The depth range (AL) where synthesis can occur
increases with increasing electron energy (E). Synthesis takes place within depths where en-
ergy loss densities (W) exceed the required threshold for synthesis. As the power of the
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electron beam (P) increases, the length and diameter of the region with maximum energy
losses (W) along the beam axis increases. Therefore, synthesis can occur in a larger volume
where energy loss densities exceed the synthesis threshold (Pp).

In summary, the volumetric energy loss density undergoes significant changes in both
the longitudinal and transverse directions to the electron beam propagation in the material.
As the power density of the incident electron beam increases, energy losses proportionally
increase. In regions of maximum energy loss density, material synthesis is most likely to
occur. With higher electron beam power, the volume in which synthesis can occur increases,
with the upper limit potentially reaching the surface of the target and the lower limit ex-
tending to depths equal to the extrapolated electron range (Xc). The extrapolated range
depth is defined as the value on the depth-of-penetration axis (Xe) at which the axis inter-
sects the tangent to the energy loss curve at its descent at the inflection point of the function.
The extrapolated electron range in the mixturet for YAG:Ce ceramic synthesis (Figure 15) is
9,10, and 11 mm for electrons with energies of 1.4, 2.0, and 2.5 MeV, respectively.

4.2. Experimental Verification of Energy Loss Distribution

A research cycle was conducted to investigate the dependence of the efficiency of
YAG:Ce ceramic radiation synthesis on electron energy and beam power. The concentra-
tion of the Ce activator introduced for activation was 0.5%. Such a quantity of activator
does not affect the fundamental energy loss patterns but allows confirmation through lu-
minescent methods that Ce is incorporated into the ceramic’s crystalline structure.
YAG:Ce ceramic synthesis was performed in copper crucibles with depths of 10 or 14 mm,
exceeding the full electron range from 1.4 to 2.5 MeV, and dimensions of 50 x 100 mm?.
The ceramic synthesis was carried out in R1 and R2 modes.

Since the distribution of absorbed energy by the electron beam in the material is non-
uniform, it is necessary to define criteria for selecting irradiation conditions for a correct
comparison of synthesis results using electron beams with different energies. The maxi-
mum energy loss densities in the irradiated material region should be similar. Our previ-
ous studies have shown that when using an electron beam with E = 1.4 MeV, the synthesis
of YAG:Ce ceramics in R2 mode is successful when delivering 4 kJ/s-cm? of energy to the
central region with a bulk density of 1.2 g/cm3, which corresponds to 50% of the absorbed
energy. Such energy absorption density is achieved with a beam power of 5 kW/cm? under
the used irradiation conditions. When irradiated with electrons of higher energies, 50% of
the absorbed energy occurs in a larger volume along the beam path. Based on the study
of the dependence of absorbed energy distribution on electron energy (Figures 15 and 16),
we have shown that the electron beam power should be 1.4 times higher for electrons with
E =2.0 MeV and 1.8 times higher for electrons with E = 2.5 MeV. The adjustment of syn-
thesis modes was carried out experimentally.

Photographs of ceramic samples in crucibles synthesized under the influence of elec-
tron fluxes with E = 1.4 MeV, E = 2.5 MeV at different power densities P are shown in
Figure 17. The synthesis was carried out in the “without scanning” mode, which makes it
possible to visually compare the results of the analysis of energy losses and synthesis.

7 cm?| 5 kWicm?| 4 kW/cm?| 3 kW/cm?|2.5 kW/cm? ,

Figure 17. Photographs of ceramic samples synthesized under the exposed of electron fluxes with E
=1.4MeV (P=4-2.5kW/cm?), E=2.5MeV (P=10 and 8 kW/cm?), and traces of the impact of electron
flows with E=1.4 MeV (P=8, 10, 14 kW/cm?) on the copper plate.
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Figure 17 shows photographs of YAG: Ce ceramics samples synthesized under the
influence of electron flux with E=1.4 MeV at various power levels. The samples were syn-
thesized in a R2 mode, which visually presents the morphology of the formed samples.
The electron beam was directed along the target, and the sample was formed in the shape
of a strip against the background of the rest of the mixture.

At a power density of 7 kW/cm? against the background of the mixture, a strip of
YAG: Ce ceramics, characterized by its distinctive yellow color, was formed. Upon reduc-
ing the power density to 5-2.5 kW/cm?, the ceramics strip has become narrower.

From the provided images, it can be observed that during an exposure time of 10 s,
ceramic samples in the form of characteristic yellow YAG:Ce rods are formed in the cru-
cible by electron beams. At higher power (P), the rod-shaped samples are positioned on
or near the irradiated surface. As the power (P) decreases, the formed samples can be con-
cealed under a layer of mixture material. The depth at which the formed sample is situated
within the mixture increases with higher energy (E). This trend corresponds to the con-
clusion made earlier regarding the dependence of the position of the region of maximum
electron beam energy loss on E and P.

In the same figure, photographs of the traces of electron beam impact with E = 1.4
MeV in R2 mode on a thick copper plate are presented. In the experiment, the upper sur-
face of the plate was placed at the same distance from the accelerator’s exit aperture as the
external surface of the mixture during synthesis. The images clearly show that the width
of the impact trace in the center of the image reaches 7-10 mm, with much higher power
density at the center. At a power density (P) of 8 kW/cm?, only signs of oxidation are visible
in the image, while at 12 kW/cm?, melting of the outer surface is observed. It is worth
noting that the melting temperature of copper is 1085 °C, while the oxides being synthe-
sized, such as A20s (2044 °C) and Y203 (2410 °C), have significantly higher melting tem-
peratures. YAG:Ce ceramic synthesis, on the other hand, occurs under the same conditions
of electron beam exposure at P <4 kW/cm?, which can be explained by the differences in
the dissipation of absorbed energy between metals and dielectrics.

Another noteworthy effect is observed. In the images shown in Figure 17, it can be
seen that YAG:Ce ceramic synthesis occurs almost uniformly along the entire length of the
crucible, which is moved relative to the electron beam. The trace of the electron beam im-
pact on the copper plate has a variable width. As the plate is moved (or over time after the
start of electron beam exposure), the trace expands and then remains constant over a
longer length. This is explained by the fact that during radiation processing, the entire
copper plate heats up to a certain threshold determined by the time it takes to establish
equilibrium between the supplied and dissipated energy.

Figure 18 presents photographs of samples synthesized in R2 mode, removed from
the crucibles. The first three were completely covered by mixture material, while the last
two were open. All the samples are in the form of rods with different diameters. Sample
1 was synthesized with E = 1.4 MeV, P = 2.5 kW/cm?, 2 with E =2.0 MeV, P =4 kW/cm?,
and 3 with E = 2.5 MeV, P = 8 kW/cm?2. Sample 4 was only slightly covered by mixture
material from the top (E =2.0 MeV, P = 6 kW/cm?), and 5 was nearly completely exposed
(E=2.5MeV, P =10 kW/cm?).
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Figure 18. Photographs of YAG:Ce ceramic samples synthesized under the influence of electron
beams with different values of E and P are as follows: 1—E =1.4 MeV, P = 2.5 kW/cm?% 2—E =2.0
MeV, P=4kW/cm? 3—E=25MeV, P=8 kW/cm?* 4—E =2.0 MeV, P =6 kW/cm? 5—E =2.5 MeV, P
=10 kW/cm?.

Samples formed inside the mixture, at relatively low power density P, have a smaller
length and a porous surface. Ceramic samples that have reached the surface of the mixture
during ceramic formation have a solid continuous surface but are porous inside. It should
be noted that the bright spots in the sample photographs are traces of the mixture, which
are difficult to remove without damaging the sample.

As P decreases, the diameter of the forming sample decreases, and the solid rod turns
into a dashed one. The smallest ceramic samples, in the form of rare, dashed particles with
dimensions of approximately 3 mm in diameter and up to 10 mm in length, were obtained
when exposed to electron beams with E = 1.4 MeV, P = 1.5 kW/cm?. These samples are
loose and disintegrate under slight pressure. Nevertheless, they exhibit the characteristic
yellow color of YAG:Ce ceramics.

The experimentally obtained results of ceramic synthesis in mode R2 closely corre-
spond to the patterns described above, obtained during the modeling of energy loss pro-
cesses.

4.3. Redistribution of Absorbed Energy in the Developing Sample

As stated above, the energy deposition of high-energy electrons is unevenly distributed
within the volume of the irradiated material. The maximum absorbed energy is located at a
certain depth below the surface, depending on the electron energy. The positions of the en-
ergy loss maxima (dE/dx) for beams in the synthesis of YAG come at 2.8, 3.7, and 4.6 mm for
energies of 1.4, 2.0, and 2.5 MeV, respectively. The energy loss in the maxima is 30—40%
higher than at the surface and decreases to zero at the depth of the full range.

The energy transferred to the Irradiated material is converted into heat with non-
uniform distribution within the material. In metals, the absorbed energy is converted into
heat in less than 102 s, while in dielectric materials, including those we are studying, half
of the energy is transferred within this time, and the other half within less than 10-¢s. After
the electron beam’s impact ceases, thermal energy redistributes within the target. Heat
from the hottest regions of the target shifts towards the colder layers, eventually equaliz-
ing the temperature throughout the target [52,53].

The characteristic length of the temperature front displacement (/) during a selected
time (t) is determined by the following equation:

1

1= (L), M

pC

where A is thermal conductivity, C is specific heat capacity, and p is the material density
(of the mixture). For the YAG ceramic mixture, A = 0.15 - 0.16 W/mK [54], C = 0.59 J/gK,
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and p =1.15 g/cm?. During the 1-s synthesis, the displacement distance of the temperature
front in the dielectric powder, such as YAG, is 0.28 mm. Therefore, within 1 s of radiation
exposure, the temperature distribution remains relatively homogeneous when synthesiz-
ing a 1 cm long sample. Consequently, the resulting ceramic sample fully reflects the spa-
tial structure of the absorbed energy distribution.

In contrast, heat energy redistributes differently in metals. The thermal conductivity
of copper (401 W/mK) and steel (55 W/mK) is much higher than that of the materials used
in the synthesis of the mixture, resulting in temperature front displacements of 50 mm
and 20 mm, respectively, during the synthesis time. Thus, when electrons of the used en-
ergies (1.4-2.5 MeV) impact a copper or steel target, the temperature front can move a
significant distance, sufficient to equalize the temperature within the volume. Since the
electron penetration depth in copper and steel does not exceed 5 mm, all the heat reaches
the surface, and any visible structural disturbances are concentrated there. This explains
the difference in the formation of the radiation impact structure in ceramics and metals.
In the ceramics of metal oxides and fluorides, the formation of a bulk structure is observed,
whereas in metals at the energies of electrons employed, only surface disruption is ob-
served (Figure 17).

Radiation synthesis, as shown in Section 2, is achieved in the studied materials by
exposing the target to a flux of electrons with E = 1.4 MeV and power densities in the R1
mode ranging from 10 to 25 kW/cm? Research has shown that ceramic synthesis occurs
when the power density exceeds a characteristic threshold P. for that material. Therefore,
for each synthesized material, power densities were experimentally selected such that the
synthesis reaction yield and morphology were sufficient for conducting experiments in
the study and application of ceramics. It can be considered established that the synthesis
of YAG ceramics is achieved using power densities above 2.5 kW/cm? in the R2 mode (Fig-
ures 1 and 17) or above 12 kW/cm? in the R1 mode. Ranges have been identified within
which aluminum magnesium spinel ceramics and alkaline earth metal fluorides ceramics
are synthesized. To develop an understanding of the processes underlying radiation syn-
thesis and to address technological issues, an assessment of the P. power density values is
necessary. Estimating P. is complicated by two main factors. First, the distribution of ab-
sorbed electron energy is non-uniform within the volume, meaning that synthesis always
occurs in the region of maximum energy loss, and synthesis thresholds are non-linearly
related to the energy of the electrons used. Second, the synthesis threshold Pc may depend
on the history of the materials used for synthesis. It is necessary to experimentally demon-
strate the possible dependence of synthesis on the material’s history and understand the
reasons behind it.

To date, the following approach seems reasonable for determining P.. During syn-
thesis in the R2 mode, a rod-shaped specimen is formed in the mixture. As the power
density P decreases, the samples cross-section decreases to a certain value. Below a certain
P, the specimen becomes discontinuous, but its cross-sectional dimensions remain the
same (Figure 18). Further reduction in P does not lead to ceramic formation. This value
should be considered as the threshold.

5. Discussion

It has been experimentally demonstrated that by directly exposing a powerful flux of
high-energy electrons with energies ranging from 1.4 to 2.5 MeV and power densities up
to 40 kW/cm?, the synthesis of ceramics from powders of Mg fluorides, Ba, Al oxides, Y,
Ga, Zn, Zr, Mg, and W is possible. This synthesis also extends to ceramics with new phase
compositions, such as yttrium aluminum garnet, spinels, tungstates, and solid solutions
of alkali earth metal fluorides. It has been established that ceramic synthesis can be
achieved in all examined combinations of initial powders within the range of power den-
sities from 10 to 25 kW/cm? at E = 1.4 MeV (in “scanning” processing mode). It has been
demonstrated that ceramic synthesis can be achieved under the specified conditions from
powders with significantly different melting temperatures, ranging from 1263 °C (MgF2)
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to 2825 °C (MgO), including mixtures of powders. The synthesis of ceramics based on
metal fluorides (Tmt 1300-1400 °C), metal oxides such as YAG (Tmt 2044-2410 °C), and
MgAlLOs spinel (Tmt 2044-2825 °C) is achievable when utilizing power densities exceeding
10 kW/cm?, even though the melting temperatures of the initial materials vary.

Radiation synthesis is successfully achieved from powder mixtures with particle
sizes between 1-15 um but is less effective when using nano- or sub-millimeter-sized par-
ticles. The combination of these observed regularities does not fit within the framework
of thermal processes in radiation synthesis. It is hypothesized that ionization effects in the
irradiated materials play a dominant role in radiation synthesis. When exposed to electron
flux, the target material mix for synthesis is heated, and thermal processes contribute to
the development of radiation-induced processes.

The high-speed synthesis of materials from refractory metal oxides in the presence of
powerful fluxes of high-energy electrons suggests the existence of high-efficiency mutual
element exchange between the mixture particles for the formation of new phases. Clearly,
element exchange between crystalline particles is not possible within 1 s and is unlikely
in the liquid phase after the instant melting of all particles. Element exchange between
particles can occur within 1 s in an electron-ion plasma. It is known that relaxation times
in the created ion—electron plasma have a magnitude of approximately 1-10 ps [55].

One can hypothesize that at high excitation densities in dielectric materials, the for-
mation of radicals with high reactivity may occur, which will be capable of facilitating the
creation of new phases corresponding to the specified stoichiometric composition.

5.1. Elementary Processes

The radiation fluxes used for synthesis provide a high density of electron-hole pairs.
For example, in YAG at an electron energy of 1.4 MeV, a power density of 20 kW/cm?, an
electron range of 0.2 cm, and a forbidden bandgap width of 8 eV in the metal oxides used
for synthesis, approximately 4 x 102 electron-hole pairs are created in 1 s in 1 cm?. This
volume contains 4.7 x 10* molecules in 6 x 102 elementary cells. Thus, the concentration
of electronic excitations capable of decaying into pairs of structural defects exceeds the
number of molecules and cells by 1-2 orders of magnitude. The lifetime of electronic ex-
citations before decay is within the range of tep = 10-° to 10-1° s. Consequently, at any mo-
ment of electron flux exposure, there are approximately 10' electronic excitations within
mutual distances of about 400 nm, comparable to the sizes of micro-particles, in the mix-
ture. Therefore, there is a high probability of their localization on the surface, followed by
decay under significantly different conditions through non-radiative recombination, lead-
ing to the formation of structural defects and radicals. Primary short-lived radiation de-
fects transform into relatively long-lived pairs and radicals within the time range of 10~
to 103 s. Therefore, the concentration of radicals can reach 10 cm=3. At such a concentra-
tion, the medium under the influence of a powerful radiation flux can be considered an
ion—electron plasma. Therefore, under the described conditions of radiation processing,
the decay products of electronic excitations and radiolysis are capable of entering into
mutual reactions, leading to the formation of new structural units.

It is known that electronic excitations in alkali halide crystals readily decay into pairs
of structural defects with high efficiency. The yield of the excitation decay reaction in-
creases with temperature and can reach 0.8. High efficiency in the decay into pairs of
structural defects is also observed in crystals of alkaline earth metal fluorides. There are
grounds to expect such high yields in other dielectric materials with a high degree of ionic
bonding [55].

The processes of decay of electronic excitations into pairs of structural defects in
metal oxide crystals have not been thoroughly studied. However, the phenomenon of col-
oration, i.e., the creation of color centers, is known. Even the formation of short-lived color
centers in corundum tubes of gas discharge lamps is known. At high electron excitation
densities, their decay into structural pairs implies the decomposition of the material into
ions and radicals.
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Thus, the entire set of processes for dissipating radiation energy in dielectric materi-
als can be schematically represented (Figure 19) and described as follows: 99% of the en-
ergy of the electron flux with energies of 1.4-2.5 MeV is spent on material ionization,
where electrons transition from the valence band (VB) to the conduction band (CB). The
creation of an electron-hole pair (EHP) requires energy equal to 2-3 times the width of
the bandgap; e.g., the creation time of EHP is no more than 105 s.

Then:

Relaxation to the lowest states (eo to er) occurs with the transfer of 0.5-0.7 energy to
the lattice, and the relaxation time is less than t= 1012 s.

Decay of electronic excitations occurs, either radiative or non-radiative, into pairs of
short-lived defects (SD), for example, Frenkel pairs and radicals (er F + H). The time range
for these processes is from 1072 s to 10 s, and some of the energy is transferred to the
lattice. The decay of electronic excitations into SD pairs and their transformation into sta-
ble states is facilitated by the high temperature of the substance.

Recombination or transformation of primary pairs into stable complexes (F + H to F
+ V). The formation of new phases (NP) takes place in a time range from 10 to 107 s.
Some of the energy is transferred to the emerging phase.

Cooling of the material (transfer of energy to the surrounding medium through radi-
ation, thermal conductivity, convection) occurs over timescales longer than 1 s.

Figure 19. A schematic representation of the relaxation of excitation energy in dielectrics (at the top)
and metals (at the bottom).

In metals, electronic excitations created under the influence of high-energy radiation
disappear non-radiatively and without forming defects in timescales shorter than 102 s.
The energy released during this process is immediately transferred to the lattice, heating
the material.

Therefore, the main distinction between the energy dissipation processes of elec-
tronic excitations in dielectric and metallic materials lies in the existence of short-lived
radiolysis products in dielectric materials. In metals, there are no processes associated
with the decay of electronic excitations into pairs of defects or the formation of radicals —
mobile intermediate components capable of participating in structural transformations
during their existence.

The transformation of structural phases after exposure to a radiation flux occurs with
the heating of the irradiated material. Figure 20 schematically represents the dependence
of the amount of energy transferred to the material’s heating during the relaxation of elec-
tronic excitations and structural phase transformations. At least half of all absorbed radi-
ation energy is transferred to the lattice during the relaxation of created electronic excita-
tions to their lowest states in a time period of T = 102 s. The creation of primary short-
lived defects occurs with the transfer of a portion of the energy from relaxed electronic
excitations, excitons, to the lattice within a time period of T =10~ s. This portion can con-
stitute approximately half of the exciton’s energy. Primary defects transform into stable
radicals, which form a new phase within timescales of T = 10-? s. Transformations of stable
radicals are also possible within timescales of T =10 s.



Micromachines 2023, 14, 2193

26 of 30

10-1% 10-2 107 106 103 ts
Figure 20. Schematic representation of the transfer of excitation energy to heating in a dielectric.

When exposed to a stationary electron flux, the target must heat up over time to tem-
peratures at which thermal equilibrium is reached between the processes of heat input
and heat exchange with the surrounding environment. Under the conditions employed in
radiation synthesis, heat exchange occurs between the heated target, the charge, and the
surrounding environment, including thermal radiation, convective exchange with the air,
and heat transfer into the copper crucible. As evident from the graph (Figure 17), when
the copper plate is displaced relative to the electron beam (Mode R2) at a velocity of 1
cm/s, the width of the trace increases, but it remains unchanged after 1-2 s. Consequently,
thermal equilibrium between energy input and heat dissipation is reached within 1 s of
electron beam exposure. A similar effect occurs when irradiating the charge of synthesized
ceramics. The heating of the charge of synthesized ceramics precedes the displacement of
the beam. Therefore, synthesis takes place in an environment that has already reached a
maximum temperature. Since the efficiency of the decay of electronic excitations into
structural pairs increases with temperature, the efficiency of radiolysis also increases and
becomes constant, characteristic of the specific material.

5.2. On the Threshold of Synthesis

To implement radiation synthesis, it is necessary to create such a density of radicals
in the particles of the substances used that can facilitate the exchange of elements between
the particles. The lifetime of the radicals probably spans a wide range from 10~ to 103 s.
Therefore, the choice of the power density of the electron beam that provides a sufficient
density of radicals for synthesis can only be determined experimentally at this time.
Clearly, for each material or combination of materials, there exist characteristic thresholds
for the power density of the electron beam above which synthesis can be realized. How-
ever, estimating these synthesis threshold values is only possible under specific conditions
of radiation processing: electron energy, spatial distribution of the beam flux, irradiation
modes (with scanning or without scanning).

In the conditions we are using for high-energy electron beam impact on the synthesis
layer, there is a pronounced non-uniform distribution of absorbed energy, leading to the
creation of a non-uniform density of electronic excitations. The probability of radiation
synthesis is higher in the region of maximum electronic excitation density. In this region,
synthesis will primarily occur as the power density of the electron beam increases. As the
power density of the beam increases, this region expands (Figure 17).

Therefore, according to the presented understanding of ceramic synthesis processes
under the influence of high-energy electron beams, there should be a threshold power
density P. for each material above which the process of forming a new phase or morphol-
ogy becomes possible. Knowledge of this threshold is crucial for understanding the de-
pendence of synthesis efficiency on the energy and morphological properties of the initial
materials. At present, it seems reasonable to adopt the following approach to determine
Pc: during synthesis in the R2 mode, a rod-shaped sample is formed in the layer. As the
power density P decreases, the cross-sectional area of the sample decreases until it reaches
a certain value. Below a certain P, the sample becomes discontinuous, but the dimensions
of its cross-section remain the same (Figure 18). In the synthesis of YAG samples, the min-
imum diameter of the sample reaches 4-5 mm, with a minimum length of 10 mm. With
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further reduction in P, ceramic formation is not observed. This value should be considered
as the threshold.

6. Conclusions

The synthesis of ceramics through the direct impact of a powerful flux of high-energy
electrons on mixtures of dielectric powders with high melting temperatures has been
achieved. These powders include MgF: (1263 °C), BaF: (1368 °C), WOs (1473 °C), Ga20s
(1725 °C), ZnO (1975 °C), AL20s (2044 °C), Y205 (2410 °C), ZrO2 (2715 °C), MgO (2825 °C),
Y3Al012, YsAlGasxO12, MgALOs, ZnAl20s, MgWOs, ZnWOs, BaxMg(2x) Fs, BaxMg(2x) Fa:
W, Y3Als0mn2: Gd, Ce, Cr, Eu, Er, and MgAOu: Ce, Cr, Eu, Er. The formation of ceramics
from these compositions suggests the method’s universality. It can be asserted at this time
that radiation synthesis has produced ceramics based on YAG (Y3AlsO12), spinel (MgWOs),
and solid solution (BaMgF4) with the characteristic properties of these materials. Expand-
ing the range of synthesized materials and establishing criteria for proving the implemen-
tation of radiation ceramic synthesis are necessary.

The main properties of radiation synthesis are as follows. Synthesis is achieved:

¢  Solely through radiation energy;

e Exclusively from mixture materials;

e  Without the addition of any other materials to facilitate synthesis;
e Inlessthanls.

The high synthesis speed allows for the rapid execution of necessary improvements,
conducting series of experimental studies to optimize synthesis, which is particularly im-
portant for multi-component luminescent materials.

The set of processes enabling the radiation synthesis of dielectric and metallic mate-
rials differs. Processes in dielectric and metallic materials vary due to relaxation of excited
states after ionization by the radiation flux. It is essential to develop an understanding of
radiation-induced processes, radiolysis, structural (phase) transformations, and the for-
mation of new materials with new properties stimulated by high radiation flows.

Radiation exposure efficiently facilitates the mutual transfer of elements between
charge particles of mixture materials and the formation of a new phase with the same
morphology, as well as the introduction of additional elements from added particles (ac-
tivation). Powerful radiation exposure ensures high-efficiency mixing of particle elements
from the initial materials used.

Ceramic synthesis occurs when a certain threshold power density of the beam P« is
exceeded. Knowledge of this threshold is crucial for understanding the dependence of
synthesis efficiency on the energetic and morphological properties of the initial sub-
stances. Experimental determination of this threshold and its relationship with the history
of the initial substances is necessary.

Synthesis efficiency depends on the history of the initial materials, especially their
dispersity. The best results are obtained from powders with particle sizes ranging from 3
to 10 pum.

Samples synthesized in a powerful electron beam have a solid shell and a porous
internal structure. The structural and luminescent properties of the external and internal
layers of ceramics are not different. The presence of pores affects the transparency of sam-
ples, causing light scattering. To obtain transparent ceramics, a method to reduce porosity
needs to be found.
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