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PREFACE 
ПРЕДИСЛОВИЕ 
АЛҒЫСӨЗ 

Dear colleagues! 

Our special issue is devoted to the latest research and achievements in the field of radiation physics of 

condensed matter, reported by the authors at the 9th International Congress on Energy Fluxes and Radiation 

Effects (EFRE-2024), which was held from September 16 to 21, 2024. The International Congress EFRE-

2024 is a traditional scientific event, which is held every two years and consists of 4 major conferences with 

a half-century history. More than 600 scientists from all over the world took part in the Congress, including 

scientists from Kazakhstan who were very active. 

The field of science radiation physics of condensed matter is a rapidly developing area of research with 

significant potential for practical application: in medicine — tomography, treatment, sterilization of medical 

products, in engineering — introscopy, flaw detection, in technology — coating application, surface 

treatment, cutting, welding, spraying, synthesis, in science — information about space, structural and 

elemental analysis. Each specific application of specific materials requires in-depth studies of the nature of 

processes in materials to achieve optimal solutions. To generate radiation flows for such different 

applications, many different electrophysical installations and control devices have been and are being 

developed, ensuring the required quality of radiation exposure. For the purposes of radiation protection 

prevention, means and materials are needed to monitor the radiation situation, study radiation fields of 

different types and energies in the range from ultraviolet to infinity. The range of materials exposed to 

radiation has no boundaries. There are no and cannot be identical recommendations for each specific 

situation. Nevertheless, there are and are developing general ideas about radiation-initiated processes in 

condensed matter. The articles presented in this issue of the journal demonstrate the breadth of problems 

facing radiation physics of condensed matter. 

All submitted articles have undergone a rigorous peer review process. We hope that the submitted 

articles will make a significant contribution to the overall development of science at the global level. 

With respect, 

Doctor of Physical and Mathematical Sciences, Professor of Tomsk Polytechnic University, 

Honored Scientist of the Russian Federation 

Viktor Lisitsyn 

Уважаемые коллеги! 

Наш Специальный выпуск журнала посвящен последним исследованиям и достижениям в 

области, связанной с проблемами радиационной физики конденсированного состояния, озвученным 

авторами на очередном IX Международном конгрессе по потокам энергии и радиационным эффектам 

(EFRE–2024), проходившем в г. Томске с 16 по 21 сентября 2024 года.  

Международный конгресс EFRE–2024 представляет собой традиционное научное мероприятие, 

которое проводится с периодичностью в два года и состоит из 4-х крупных конференций, имеющих 

полувековую историю. В работе Конгресса приняли участие более 600 ученых со всего мира, в том 

числе большую активность проявили ученые из Казахстана. 

Радиационная физика конденсированного состояния является быстро развивающейся областью 

исследований со значительным потенциалом для практического применения: в медицине — томо-

графия, лечение, стерилизация медицинских препаратов; в технике — интроскопия, дефектоскопия; в 

технологиях — нанесение покрытий, обработка поверхностей, резка, сварка, распыление, синтез; в 

науке — информация о космосе, структурный и элементный анализ. 
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Каждое конкретное использование конкретных материалов требует глубоких исследований при-

роды процессов в материалах для достижения оптимальных решений. Для генерации потоков радиа-

ции столь разных применений разработано и изобретаются разнообразные электрофизические уста-

новки, приборы контроля, обеспечивающие нужное качество радиационного воздействия. В целях 

профилактики защиты от радиации необходимы средства и материалы осуществления контроля ра-

диационной обстановки, изучения полей радиации разных видов и энергий в диапазоне от ультра-

фиолета до бесконечности. Круг материалов, подвергаемых радиационному воздействию, не имеет 

границ. Недопустимы одинаковые рекомендации для каждой конкретной ситуации. Тем не менее 

есть и развиваются общие представления об инициируемых радиацией процессах в конденсирован-

ных средах.  

Представленные в настоящем выпуске журнала статьи демонстрируют широту проблем, кото-

рые стоят сегодня перед радиационной физикой конденсированного состояния. Все научные работы 

прошли строгий процесс рецензирования. Надеемся, что данные исследования внесут значительный 

вклад в общее развитие науки на мировом уровне. 

С уважением, 

доктор физико-математических наук, профессор Томского политехнического университета, 

Заслуженный деятель науки Российской Федерации 

Виктор Михайлович Лисицын 

Құрметті әріптестер! 

Біздің журналдың Арнайы шығарылымы 2024 жылдың 16-21 қыркүйегі аралығында Томск 

қаласында өткен кезекті IX Халықаралық энергия ағындары және радиациялық әсерлер конгресінде 

(EFRE–2024) көтерілген конденсацияланған күйдің радиациялық физика мәселелеріне қатысты соңғы 

зерттеулер мен жетістіктерге арналған.  

EFRE–2024 Халықаралық конгресі екі жылда бір рет өткізілетін және жарты ғасырлық тарихы 

бар 4 ірі конференциядан тұратын дәстүрлі ғылыми іс-шара. Конгресс жұмысына әлемнің түкпір-

түкпірінен 600-ден астам ғалым қатысты, оның ішінде Қазақстан ғалымдарының белсенділігі 

айрықша болды. Конденсацияланған күйдің радиациялық физикасы практикалық қолдану үшін 

айтарлықтай әлеуеті бар жылдам дамып келе жатқан зерттеу саласы. Атап айтсақ: медицинада ― 

томография, емдеу, медициналық препараттарды зарарсыздандыру; техникада ― интроскопия, 

дефектоскопия; технологияда ― жабындар, беттерді өңдеу, кесу, дәнекерлеу, шашырату, синтез; 

ғылымда — ғарыш туралы ақпарат, құрылымдық және элементтік талдауда пайдаланылады. 

Әр нақты материалды нақты пайдалануда оңтайлы шешімдерге қол жеткізу үшін 

материалдардағы процестердің табиғатын терең зерттеуді қажет етеді. Осындай әртүрлі 

қолданбалардың радиациялық ағындарын генерациялау үшін әртүрлі электрфизикалық қондырғылар, 

радиациялық әсердің қажетті сапасын қамтамасыз ететін приборлар әзірленді және жасалды. 

Радиациядан қорғаудың алдын алу үшін радиациялық жағдайды бақылауды жүзеге асырудың 

құралдары мен материалдары, ультракүлгін сәулелерден шексіздікке дейінгі диапазондағы әртүрлі 

түрлер мен энергиялардың радиациялық өрістерін зерттеу қажет. Радиациялық әсерге ұшыраған 

материалдар шеңберінің шегі жоқ. Әр нақты жағдай үшін бірдей ұсыныстар болмайды. Дегенмен, 

конденсацияланған орталарда радиация тудыратын процестер туралы жалпы түсініктер бар және 

дамып келеді. Журналдың осы санында ұсынылған мақалалар конденсацияланған күйдегі 

радиациялық физиканың алдында тұрған мәселелердің кең ауқымын және өзектілігін көрсетеді. 

Жарияланған барлық мақалалар қатаң рецензиядан өтті. Бұл зерттеулер әлемдік деңгейдегі 

ғылымның жалпы дамуына елеулі үлес қосады деп үміттенеміз. 

Құрметпен, 

физика-математика ғылымдарының докторы, Томск политехникалық университетінің профессоры, 

Ресей Федерациясының ғылымға еңбек сіңірген қайраткері 

Виктор Михайлович Лисицын 
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Dependence of the Radiation Synthesis Efficiency of 

Ceramics Based on Tungstates on the Flow Power 

Ceramic samples of monocomponent (CaO, MgO, ZnO and WO3) and two-component (ZnWO4, MgWO4, 

CaWO4) compositions were synthesized by direct impact of high-energy electron flow on the charge of stoi-

chiometric composition. Radiation synthesis of samples weighing about 50 g is realized in time of 10s with-

out the use of any additional substances to stimulate the process. Systematic studies of the dependence of ra-

diation synthesis of tungstate ceramics on the flux power density have been performed for the first time. It 

was found that the dependences of synthesis efficiency on the flux power density of monocomponent (CaO, 

MgO, ZnO and WO3) and two-component (ZnWO4, MgWO4, CaWO4) ceramic samples have the form of 

constantly increasing curves. There is a threshold above which the synthesis is realized for all synthesized 

samples. The effect of mutual influence of charge components on the efficiency of synthesis of two-

component systems was found. Synthesis of ZnWO4, MgWO4, CaWO4 ceramics is realized under the same 

conditions of radiation treatment, while the thresholds of synthesis realization of one-component samples of 

CaO, MgO and ZnO and WO3 ceramics differ significantly. It is shown that at all used modes of radiation 

treatment the formation of ceramics with the same properties are realized. This effect is due to the inhomoge-

neous distribution of electron flux energy losses in the substance. Synthesis of two-component (ZnWO4, 

MgWO4, CaWO4) ceramic samples is realized at the same power density above 1,0 kW/cm2. The radiation

synthesis of the ZnWO4, MgWO4, CaWO4 ceramics is mainly determined by tungsten oxide. 

Keywords: ceramics; metal tungstate, luminescence; radiation synthesis, X-ray diffraction spectra, EDX anal-

ysis, power density, optical properties of ceramics. 

Introduction 

Crystals and ceramics based on tungstate of alkaline-earth and rare-earth metals have found wide 

application as scintillation materials [1‒3]. These materials have high absorption capacity of radiation, are 

resistant to external factors: temperature, aggressive media. They can be used both for registration of heavy 

particles, electrons and X-ray radiation [4‒7]. 

Synthesis of these materials from metal oxides with high melting point is difficult. Moreover, the 

melting point of the main initial component, WO3 (1473 °C), differs significantly from the melting points of 

other components, such as MgO (2825 °C), ZnO (1975 °C), CaO (2572 °C). Therefore, the synthesis 

methods used, most often Czochralski and Bridgman [8‒11], are labor-intensive, time-consuming, and 

require the use of other substances to stimulate synthesis. 

https://doi.org/10.31489/2024PH4/9-19
mailto:shanar83@mail.ru
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Radiation method is promising for the synthesis of ceramics based on metal oxides, fluorides. It realized 

and described first time in [12‒14]. The radiation method showed that the impact of a powerful flow of 

electrons with an energy of 1.4, 2.5 MeV t power density up to 30 kW/cm
2
 on the charge stoichiometric 

composition is possible to form ceramics based on metal oxides, including tungstate. It is established that the 

synthesis is realized by direct impact of the electron flux on the charge in the crucible for a time less than 1 s, 

with high efficiency, without the use of any additional substances that contribute to the process. 

The present work is aimed at studying the dependence of the synthesis efficiency on the radiation ion 

treatment modes, in particular, on the power density of the electron flux falling on the charge. 

Experimental 

Radiation synthesis of ceramics was realized by direct impact of a powerful flow of high-energy elec-

trons on the charge. The synthesis of materials was carried out by direct electron beam irradiation using the 

ELV6 electron accelerator at the facility UNU Stand ELV-6 of Budker Institute of Nuclear Physics, of the 

Siberian Branch of the Russian Academy of Sciences Novosibirsk, Russian Federation. The ELV-6 electron 

accelerator provides generation of electron flux with energies in the range from 1.4 to 2.5 MeV and power up 

to 100 kW. The electron beam output through the differential pumping system has a Gaussian distribution in 

cross-section. In our experiments, the beam area on the charge surface in the crucible was 1 cm
2
. A scanning 

system was used for obtaining large area samples. The beam was scanned at a frequency of 50 Hz across the 

mixture surface in the transverse direction of a crucible with a width of 5 cm and a length of 10 cm. The cru-

cible was displaced relative to the scanning beam at a speed of 1 cm/s for the entire length of the crucible. 

Each elementary section of the charge in the crucible was exposed to the radiation flux for 1 s. The total time 

of exposure of the electron flux to the treated surface of the charge in the crucible was always 10 s. The syn-

thesis of ceramics was realized only due to the energy of the radiation flux, only from the charge materials, 

without additives of other materials facilitating the process. 

Measurements of dispersity of initial powders used for synthesis of initial powders for obtaining ceram-

ic samples were carried out by laser diffraction method using a laser particle size analyzer Shimadzu SALD-

7101. 

The X-ray diffraction patterns were obtained using a Bruker D8 ADVANCE (AXS, Berlin, Germany) 

diffractometer equipped with a scintillation detector. 

The luminescence of the synthesized samples (luminescence excitation spectra and luminescence spec-

tra) were measured using a Cary 5000 UV-Vis-NIR spectrophotometer. 

Results and Discussion 

Mixtures of WO3, MgO, ZnO, CaO starting powders in stoichiometric ratio were prepared for synthesis. 

All the starting powders were obtained from Hebei Suoyi New Material Technology Co., Ltd, had a purity 

degree of at least 99,95 %. 

It was shown in [15] that the results of radiation synthesis are largely determined by the prehistory of 

the starting materials, not only their purity but also their particle size distribution. All starting materials have 

significantly different melting temperatures [16]. In this connection, we investigated the particle size distri-

bution and performed radiation synthesis of each of the starting materials prior to the synthesis of multicom-

ponent ceramics. 

The results of the particle size distribution study are shown in Figure 1. The figures show the distribu-

tion of particles in the used powders in the form of dependence of the number of particles on their size and 

dependence of the volume of the particles. 

There are two groups of particles with sizes from 0,01 to 1 μm and from 1 μm to 50 μm for all powders. 

The number of small particles is dominant, but in the total volume of powders their volume is much smaller. 

Therefore, the synthesis result should be determined mainly by the number of the large particles. The ratio 

between the number of small and large particles in powders of different composition differs. As follows from 

the presented results, the distributions of large particles of ZnO and MgO overlap with the distribution of 

WO3 particles. The size distribution range of large CaO particles is much wider than that of WO3. We can 

expect a difference in the efficiency of synthesis of ceramics of tungstates of these two groups: a large dif-

ference in the size of the initial particles may appear in the express synthesis due to the existence of local 

non-stoichiometry [14]. 

The starting materials for the synthesis of two-component metal tungstate ceramics have significantly 

different melting points: WO3 (1473 °C), MgO (2825 °C), ZnO (1975 °C), CaO (2572 °C), which can affect 
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the efficiency of their synthesis [17]. However, for radiation synthesis, ionization processes play a dominant 

role in the formation of a new structure from the initial ones, while thermal processes contribute to their effi-

ciency. It seems necessary to study the efficiency of radiation synthesis of ceramics of starting materials. We 

have carried out a series of studies of the dependence of the synthesis of ceramics from starting materials on 

the power density of the radiation flux. The charge for synthesis was simply initial powders of WO3, ZnO, 

MgO, CaO. Radiation treatment of the charge was carried out under the conditions mentioned above in the 

“without scanning” mode. The dependence of the morphology of synthesized samples on the modes of radia-

tion exposure and electron flux power density is shown in Figure 2. 

Figure 1. Particle number and volume distribution of the used powders 

Figure 2 shows photos of ceramic samples from the initial materials. The value of power density is in-

dicated in the figures. As follows from the presented photos for monocomponent ceramic samples, the de-

pendence of the synthesis result on the electron flux power density is clearly visible. Especially clearly this 

dependence is seen on the example of WO3 and ZnO. This dependence is less pronounced in the synthesis of 
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CaO ceramics. Synthesized MgO ceramics has high power densities, but the ceramic samples are formed 

under the surface of the charge, because the bulk density of the MgO charge (ρ=0.5 g/cm
3
) is much less than 

WO3 (ρ=2.6 g/cm
3
) and ZnO (ρ=1.1 g/cm

3
). WO3 and ZnO differ significantly from MgO and CaO in melt-

ing temperatures. For CaO, a picture of a sample obtained using the “with scanning” mode is given as an ex-

ample. The synthesis of ceramics from the whole charge in the crucible is realized in this mode. According-

ly, in order to fulfill the equality of absorbed energy in both modes, the power density in the “with scanning” 

mode is increased by a factor of 5. 

Figure 2. Dependence of morphology of synthesized samples on radiation exposure 

modes-electron flux power density 

Quantitative dependences of synthesis efficiency on power density in the studied monocomponent 

compositions are shown in Figure 3. Synthesis efficiency in this work is understood as the weight of the syn-

thesized sample. Such characterization of the process seems to be quite justified: the charge volume in our 

work is always the same using the same crucibles. 

Figure 3.Dependence of ceramic synthesis efficiency from used initial 

monocomponent compositions on power density 

WO3 WO3 WO

3

WO3

MgO MgO MgO MgO 

ZnO ZnO ZnO ZnO 

CaO CaO CaO CaO 
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2
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The synthesis of WO3 and ZnO ceramics is realized when the power density exceeds 1‒1.5 kW/cm
2
,

whereas for the synthesis of MgO and CaO ceramics, power densities above 2.5 kW/cm
2
 are required. 

We consider that it is necessary to emphasize the following. To determine the weight of the synthesized 

sample using the “without scanning” mode, the sample is removed from the crucible and cleaned from the 

charge adhering to it. This procedure is easily realized when the charge is treated with high power radiation 

fluxes. It is impossible to clean the completely porous sample from the charge at low power densities. There-

fore, the initial points on the dependences are determined with some error. Nevertheless, the full dependence 

quite unambiguously indicates that the threshold for the realization of the synthesis of WO3 and ZnO ceram-

ics is lower than that of MgO and CaO. It is necessary to pay attention to the existence of a constant growth 

of the sample weight at high power density. The growth of the sample weight is due to the increase of the 

sample area, as it is clearly seen for WO3 and ZnO. The growth of the bandwidth of the formed ceramics is 

due to the fact that the electron beam has a Gaussian distribution. As the integral power of the beam increas-

es, the width of its impact region increases with exceeding the threshold for synthesis, as can be seen from 

Figure 2 

A charge was prepared from the above described monocomponent metal oxides and radiation synthesis 

was performed. The charge was prepared from oxide powders in stoichiometric ratio. Table 1 describes the 

compositions prepared for synthesis, radiation treatment modes used for synthesis, electron flux power densi-

ty. The sample number means the serial number of the experiment according to the accounting system adopt-

ed by the authors. The masses of the charge in the crucible and the yield of the synthesis reaction are also 

given. Here, the yield of the synthesis reaction is understood as the ratio of the mass of the sample to the 

mass of the charge used. The synthesis was carried out in the “scanning” mode. 

T a b l e  1 

Composition of synthesized ceramics when treated with 1.4 MeV electron flow 

Sample, № Sample description P, kW/cm
2
 Мs, g Output, % 

623 ZnWO4 (ZnO 26 %), (WO3 74 %) 15 64,63 91,29 

624 MgWO4 (MgO 14,8 %), (WO3 85,2 %) 15 47,31 97,17 

625 CaWO4 (CaO 19,5 %), (WO3 (80,5 %) 15 39,46 73,28 

627 ZnWO4 (ZnO 26 %), (WO3 74 %) 15 62,56 93,36 

738 MgWO4 (MgO 14,8 %), (WO3 85,2 %) 18 36,99 98,8 

718* ZnWO4 (ZnO 26 %),(WO3 74 %) 22 86,62 90,0 
*Note ‒ 718 was obtained at an electron beam energy of 2.5 MeV.

Figure 4 shows photos of samples of synthesized ceramics in standard crucibles with internal dimen-

sions of 100x50 mm. 

Figure 4. Photos of samples of synthesized ceramics ZnWO4, MgWO4, CaWO4 

The samples have the form of plates similar to solidified molten mass, about 5 mm thick, with a porous 

structure inside. Not the entire volume of the charge is involved in the synthesis of ceramics. They use three 

types of crucibles differing in depth: 7, 10 and 14 mm. For each experiment, differing in the composition of 

the synthesized ceramics, its bulk density, and electron energy, the one is chosen at which the electrons of 

the beam will be completely absorbed by the charge. Otherwise, atoms (ions) from the crucible will be intro-

duced into the formed ceramics. Therefore, there always remains a layer of unused charge under the formed 

ceramics. Part of the charge may disappear during radiation treatment, atomized due to charging of particles 

by the electron beam. This process can be significant at low mass of dielectric particles of initial substances. 

We take into account in determining the yield of the synthesis reaction the existence of residues of the charge 

in the crucible and atomization during radiation treatment. 

MgWO4 CaWO4 

623 

ZnWO4 

624 625 
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As can be seen in Table 1, the yield of the synthesis reaction in all samples synthesized in the “with 

scanning” mode has a value ranging from 73 % to 98 %. Two reasons for this difference are possible. CaO 

(2572 °C) has a melting point higher than ZnO (1975 °C) and WO3 (1473 °C). But MgO (2825 °C) also has a 

melting point higher than ZnO and WO3. Another factor that differentiates the starting materials is the differ-

ence in particle size distribution. In the dispersion spectra (Fig. 1), the number and volume of particles with 

sizes above 10 μmare are much larger in CaO than in WO3, MgO and ZnO. It seems to us that this character-

istic can determines the difference in the yields of the material synthesis reaction. Nevertheless, we do not 

deny the influence of the difference in melting temperatures on the synthesis process. 

Studies of the dependence of the synthesis efficiency of ZnWO4, MgWO4, CaWO4 ceramics in the 

“without scanning” mode were performed, as well as for monocomponent compositions shown in Figure 3. 

The results of the studies are presented in Table 2 and Figure 5. The weight of CaWO4, MgWO4, ZnWO4 

tungstate ceramics samples was measured during synthesis without scanning at different electron beam pow-

er densities with E=1.4 MeV. 

T a b l e  2 

Efficiency of synthesis of tungstate ceramics 

Power P, kW Weight of CaWO4, g Weight of MgWO4, g Weight of ZnWO4, g 

1,5 8,74 11,07 9,57 

2 12,97 14,55 13,47 

3 16,88 18,26 20,14 

Weight dependence of CaWO4, MgWO4 and ZnWO4 tungstate ceramics during synthesis without 

scanning at different electron beam power densities with E=1.4 MeV. 

Figure 5. Weight dependence of CaWO4, MgWO4, ZnWO4 tungsten ceramics on electron flux power density 

As follows from the presented results, synthesis in all investigated samples of multicomponent ceramics 

is realized at the same regimes of radiation treatment. We emphasize that ceramics of monocomponent sam-

ples is realized at different regimes for CaO, MgO, WO3 and ZnO. Note that equal conditions of electron 

beam energy losses during radiation treatment in the “without scanning” mode, for example 1.5 kW/cm
2
, 

corresponds to 7‒85 kW/cm
2
 in the “with scanning” mode. 

The structure of synthesized samples of ZnWO4, CaWO4 ceramics was studied by X-ray diffraction us-

ing a Bruker D8 ADVANCE diffractometer (AXS, Berlin, Germany) equipped with a scintillation detector 

in step-scan mode over a diffraction angle range of 10 to 90° 2θ and CuKα radiation as the source. Details of 

the research methodology and analysis are described in [15]. 

The results of the X-ray powder diffraction investigation are presented in Table 3. The qualitative phase 

analysis and indexing of the diffraction patterns utilized the data from the PDF-2 database (ICDD, 2007) as 

follows: 

- PDF 01-088-0251 “Zinc tungsten oxide (ZnWO4)”, symmetry — monoclinic lattice, space group —

P2/c (#13), a = 4.6926 Å, b = 5.7213 Å, c = 4.9281 Å, β = 90.632 °. 
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- PDF 01-072-0257 “Calcium tungsten oxide (CaWO4)”, symmetry — body-centered tetragonal lattice,

space group — I41/a (#88), a = 5.243 Å, c = 11.376 Å. 

- PDF 01-072-0677 “Tungsten oxide (WO3)”, symmetry — monoclinic lattice, space group — P21/n

(#14), a = 7.306 Å, b = 7.54 Å, c = 7.692 Å, β = 90.881 °. 

T a b l e  3 

The results of the phase composition investigation 

Sample Phase Degree of crystallinity Crystallite size Refined unit cell 

parameters 

ZnWO4 ZnWO4 99.9 (±5) % 131 (±15) nm P2/c, 

a = 4.689(4) Å, 

b = 5.716(7) Å,  

c = 4.925(3) Å, 

β = 90.6(1) °, 

V = 132.0(1) Å
3
 

CaWO4 CaWO4 

(~86 %) 

99.9 (±5) % 167 (±35) nm I41/a, 

a = 5.243(2) Å, 

c = 11.371(4) Å, 

V = 312.5(2) Å
3
 

WO3 

(~14 %) 

114 (±28) nm P21/n, 

a = 7.311(2) Å, 

b = 7.532(2) Å,  

c = 7.694(2) Å, 

β = 90.8(1) °, 

V = 423.6(1) Å
3
 

The results of the study of MgWO4 ceramics are not presented due to the absence of complete data on 

this material in our database [18]. As can be seen from the results presented in the table, during radiation 

synthesis in the samples ceramics formed crystalline phase in the form of crystallites with sizes of 

100‒170 nm. The dominant phase is ZnWO4, CaWO4 ceramics, with WO3 as the accompanying phase [19]. 

The main functional characteristic of metal tungstates is luminescence and its properties [20]. Excita-

tion and luminescence spectra were measured for ZnWO4, MgWO4, CaWO4 ceramics samples [21]. The ex-

citation and photoluminescence spectra were measured on a SM-2203 Solar spectrofluorimeter. Figure 6 

shows the excitation and luminescence spectra of ZnWO4, MgWO4, CaWO4. 
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Figure 5. Excitation (top) and luminescence (bottom) spectra of ZnWO4, MgWO4, CaWO4, respectively 
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In ZnWO4 ceramics luminescence is excited by UV radiation from 230 to 320 nm, in 

MgWO4230‒250 nm, in CaWO4 230‒260 nm [22]. The luminescence maxima occur in ZnWO4 at 500 nm, in 

MgWO4, at 460 nm, in CaWO4 at 460 nm. In general, the spectral characteristics of photoluminescence cor-

respond to those known for crystalline materials [23]. 

Conclusion 

For the first time, systematic studies of the dependence of radiation synthesis of tungstate ceramics on 

the conditions of radiation treatment have been performed. The dependence of synthesis efficiency on the 

power density of high-energy electron flux of monocomponent (CaO, MgO, ZnO and WO3) and two-

component (ZnWO4, MgWO4, CaWO4) ceramic samples has been established. It is shown that these depend-

ences have the form of continuously increasing curves. Nevertheless, for all synthesized samples there is a 

threshold above which the synthesis is realized. The knowledge of thresholds and dependence on the electron 

flux power density allows us to choose the optimal conditions for the synthesis realization and contributes to 

the development of ideas about the processes in the charge in the radiation field that ensure the formation of 

ceramics. 

The effect of the mutual influence of charge components on the synthesis efficiency of two-component 

systems is of interest. Synthesis of ZnWO4, MgWO4, CaWO4 ceramics is realized under the same conditions 

of radiation treatment, while the thresholds for the synthesis of single-component CaO, MgO, ZnO and WO3 

ceramics samples differ significantly. 

It is shown that at all used modes of radiation treatment the formation of ceramics with the same prop-

erties are realized. This effect is due to the inhomogeneous distribution of electron flux energy losses in the 

substance. 
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Вольфрамат негізіндегі керамиканың радиациялық синтезінің 

тиімділігінің ағын қуатына тәуелділігі 

Монокомпонентті (CaO, MgO, ZnOжәнеWO3) және екікомпонентті (ZnWO4, MgWO4, CaWO4) 

композициялардың керамикалық үлгілері стехиометриялық құрамның шихтасына жоғары энергиялы 

электрон дарағының тікелей әсері арқылы синтезделді. Салмағы шамамен 50 г болатын үлгілердің 

радиациялық синтезі процесті ынталандыру үшін кез келген қосымша заттарды қолданбай 10 с уақыт 

ішінде жүзеге асырылады. Алғаш рет вольфрамат керамикасының радиациялық синтезінің ағын 

қуатының тығыздығына тәуелділігі туралы жүйелі зерттеулер жүргізілді. Синтез тиімділігінің 

біркомпонентті (CaO, MgO, ZnO және WO3) және екікомпонентті (ZnWO4, MgWO4, CaWO4) керамика 

үлгілерінің ағынының тығыздығына тәуелділігі үнемі өсіп келе жатқан қисықтар түрінде 

болатындығы анықталды. Барлық синтезделген үлгілер үшін шекті мән бар, оның үстінде синтез 

жүзеге асырылады. Екікомпонентті жүйелердің синтезінің тиімділігіне шихта компоненттерінің өзара 

әсерінің әсері анықталды. ZnWO4, MgWO4, CaWO4 керамикасының синтезі бірдей жағдайларда, 

радиациялық өңдеуде жүзеге асырылады, ал CaO, MgO және ZnO және WO3 керамикасының 
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біркомпонентті үлгілерін синтездеу шектері айтарлықтай ерекшеленеді. Радиациялық өңдеудің 

барлық қолданылған режимдерінде бірдей қасиеттері бар керамиканың қалыптасуы жүзеге 

асырылатындығы көрсетілген. Бұл әсер заттағы электрондар ағынының энергия шығынының 

гетерогенді таралуына байланысты. 

Кілт сөздер: керамика, металлвольфраматы, люминесценция, радиациялық синтез, рентген 

дифракциясының спектрлері, EDX-талдау, қуат тығыздығы, керамиканың оптикалық қасиеттері. 

Г.К. Алпысова, Ж.К. Бакиева, И.П. Денисов, Е.В. Канева, Е.В. Домаров, А.К. Тусупбекова 

Зависимость эффективности радиационного синтеза керамики 

на основе вольфраматов от мощности потока 

Синтезированы образцы керамики монокомпонентных (CaO, MgO, ZnO и WO3) и двухкомпонентных 

(ZnWO4, MgWO4, CaWO4) составов посредством прямого воздействия потока высокоэнергетических 

электронов на шихту стехиометрического состава. Радиационный синтез образцов весом около 50 г 

реализуется за время 10 с без использования любых дополнительных веществ для стимуляции про-

цесса. Впервые выполнены систематические исследования зависимости радиационного синтеза кера-

мики вольфраматов от плотности мощности потока. Установлено, что зависимости эффективности 

синтеза от плотности мощности потока монокомпонентных (CaO, MgO, ZnO и WO3) и двухкомпо-

нентных (ZnWO4, MgWO4, CaWO4) образцов керамики имеют вид постоянно нарастающих кривых. 

Для всех синтезированных образцов имеет место наличие порога, выше которого синтез реализуется. 

Обнаружен эффект взаимного влияния компонентов шихты на эффективность синтеза двухкомпо-

нентных систем. Синтез ZnWO4, MgWO4, CaWO4 керамики реализуется при одинаковых условиях, 

радиационной обработке, тогда как пороги реализации синтеза однокомпонентных образцов керамики 

CaO, MgO и ZnO и WO3, существенно различаются. Показано, что при всех использованных режимах 

радиационной обработки реализуется формирование керамики с одинаковыми свойствами. Обуслов-

лен этот эффект неоднородным распределением потерь энергии потока электронов в веществе. 

Ключевые слова: керамика, вольфрамат металла, люминесценция, радиационный синтез, спектры 

рентгеновской дифракции, EDX-анализ, плотность мощности, оптические свойства керамики. 
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Electron beam oscillations in ELV-type accelerators, 

their diagnostics and suppression method 

In the article a method for diagnosing electron beam oscillations in ELV-type accelerators associated with the 

penetration of a transverse magnetic field from the primary and secondary windings into the accelerating tube 

was described. A method for suppressing these oscillations was developed and tested using the ELV-8 accel-

erator with an extraction device capable of extract a focused electron beam into the atmosphere. After sup-

pressing the oscillations, it was possible to extract a focused electron beam with a power of 100 kW into the 

atmosphere and increase the service life of the diaphragms. 

Keywords: electron accelerator, ELV, focused electron beam, electron beam oscillations, electron beam oscil-

lation suppression method, electron beam oscillation diagnostics. 

Introduction 

In ELV-type accelerators, there are electron beam oscillations associated with the penetration of the 

transverse magnetic field into the accelerating tube from the primary and secondary windings of the accelera-

tor, since the accelerating tube is located inside these windings and may be non-coaxial or tilted due to the 

accelerator design. For accelerators with an extraction device with a foil, these oscillations are not critical. 

Since in this case the electron beam passes through a diaphragm with an opening diameter of 50 mm, and 

then is extraction into the atmosphere through a titanium foil and unfolds in the length of the foil by 

1500 mm and in the width by 70 mm [1]. However, for ELV accelerators that are capable of extracting a fo-

cused electron beam into the atmosphere, beam oscillations lead to the destruction of the diaphragms in the 

differential vacuum pumping system. Their destruction leads to a deterioration in the vacuum in the acceler-

ating tube, which is unacceptable [2, 3]. 

Therefore, we needed to diagnose these oscillations and propose a solution to suppress them in order to 

increase the service life of the diaphragms. 

Shot description construction of the accelerator capable of extraction a focused electron beam into the at-

mosphere 

The general appearance of the ELV accelerator capable of extraction a focused electron beam into the 

atmosphere (Fig. 1). The primary winding and rectifier sections, which contain the secondary winding of the 

accelerator, are located inside the high-pressure vessel filled with SF6 gas. The number of sections ranges 

from 20 to 68 pieces, depending on the required energy of the accelerator. The operating frequency of the 

accelerator can be from 400 Hz to 800 Hz. An alternating voltage with the operating frequency is induced in 

the windings of the sections, which is subsequently rectified using a voltage doubling circuit. The total volt-

age of the column of rectifier sections is applied to the accelerating tube. 

In this particular case, the ELV-8 accelerator with 68 sections and an operating frequency of 438 Hz 

was used, the operating energy range of this accelerator is from 1.4-2.5 MeV, the maximum beam current is 

50 mA and the maximum beam power is 100 kW. 

https://doi.org/10.31489/2024PH4/20-26
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Figure 1. General view of the ELV accelerator capable of extraction a focused electron beam into the atmosphere 

The optical diagram of the extraction device (Fig. 2) [2]. 

The lens L1 is located directly at the lower end of the accelerating tube. After passing the lens L1, the 

beam is focused to pass the diaphragm D6 with a diameter of 12 mm, a length of 100 mm, and the diaphragm 

D5, which is a tube with a diameter of 10 mm and a length of 200 mm. The diaphragms separate the stages 

of the differential pumping system. To guide the beam along the axis of the diaphragms, there are correction 

coils C1, C2, C3. 

Figure 2. Optical diagram of the output device: D0 — Additional stage with a hole diameters of 5 mm; 

D1, D2, D3, D4 — diaphragms with holes diameters of 2.5; 3; 4 and 4.5 mm respectively; 

D5 — water-cooled diaphragm with hole diameter of 10 mm and a length of 200 mm; 

D6 — water-cooled diaphragm with hole diameter of 12 mm and a length of 100 mm; 

C1, C2, C3 — correction coils; L1, L2 — focusing electromagnetic lenses 
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The size of the holes in the diaphragms is set in accordance with the calculated value of the beam enve-

lope. For these hole diameters, air leakages were calculated and pumps for the differential pumping system 

were selected, which provide the ability to obtain a pressure difference from atmospheric outside the extrac-

tion device to 10
-6

 Torr in the accelerating tube. The lens and correction coils are located outside the vacuum 

chamber. Diaphragm D5 is cooled with water through a tube sealed into the diaphragm housing and is de-

signed to remove a power of about 1-1.5 kW. Diaphragms D1, D2, D3, D4 are cooled due to direct contact 

with the copper water-cooled extraction device. Cooling of the housing allows removing a power of up to 1-

2 kW, provided that each of the four diaphragms accepts a power of up to 0.5 kW. The detailed design of the 

exhaust device is described in other papers [2‒4]. 

Electron beam oscillation diagnostic method 

To analyze the oscillations of the electron beam and suppress these oscillations, as well as the correct 

passage of the electron beam along the axis of the output device, the circuit shown in Figure 3 was used. 

Figure 3. Oscillation suppression circuit: TA1 — current transformer; TV1 — voltage transformer; 

C — anti-oscillation coils; R1, R2, R3, R4 — measuring resistances; 

ID1 — total signal of current of diaphragms D0, D1, D2, D3, D4, caused by electrons deflecting from the axis; 

ID5 — signal of current of diaphragm D5, caused by electrons deflecting from the axis; 

ID6 — signal of current of diaphragm D6, caused by electrons deflecting from the axis; ID4 — target current. 
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Diaphragms D6, D5 and the box body are isolated from the ground by means of caprolon flanges. The 

signals of the electron beam current deposition on the diaphragms and the box are measured from resistors 

R3, R2 and R1 (Fig. 3) (ID6 — electron beam current deposition on diaphragm D6, ID5 — electron beam 

current deposition on diaphragm D5, ID1 — total electron beam current deposition on diaphragms D0, D1, 

D2, D3, D4). It is not possible to separately monitor the current of each of the diaphragms D0, D1, D2, D3 

and D4, since they have electrical contact with the body of the extraction device. 

Before starting the work on the accelerator to develop the technologies using the beam, it was necessary 

to receive the beam extract into the atmosphere onto the target. This target is a four-angel pyramid. The bot-

tom of the pyramid is cooled with water, and the sidewalls protect the surrounding objects from scattered 

electrons and ozone. Ozone is evacuating through an opening in the pyramid into the ventilation. The entire 

pyramid and water-cooled targets are isolated from the ground via a resistor R4 = 86 Ohm (Fig. 3). Thus, 

using an oscilloscope in real time, we can diagnose the electron beam received by the target. 

During the accelerator operation, electron beam oscillations were detected due to the penetration of the 

transverse magnetic field from the primary and secondary windings of the accelerator, since the accelerator 

tube is located inside these windings and may be misaligned or tilted due to the accelerator design. The beam 

current signal from the target is shown in Figure 4 

Figure. 4. Oscillogram of the target current signal, with a beam current of I0 = 15 mA and a beam energy of E = 2.5 

MeV. The green beam is the total target current. The zero for the green signal on the oscillogram is located at the top; 

∆I = 2.3 mA is the value of the target current decrease. Peak 1 and 2 are the decrease in the total target current associat-

ed with the electron beam touching the opposite sides of the diaphragm holes. 

From the oscillogram (Fig. 4) it is evident that the maximum ratio ∆I/I0 = 2.3 mA/15 mA = 0.15, and 

the period between peaks 1 and 2 is 1.14 ms or 876 Hz — this corresponds to the double frequency of the 

supply voltage to the primary winding. With this frequency, the electron beam touches the diaphragms and 

the target current decreases by the value of the diaphragm touch current. The double frequency is obtained 

due to the electron beam touching two sides of the diaphragms. In this case, the integral beam current touch 

the diaphragms are ID6 = 0 μA, ID5 = 20 μA, ID1 = 600 μA. The total power of the beam deposited on the 

diaphragms D0, D1, D2, D3, D4 is 1.5 kW, further increase in the beam current will lead to the destruction 

of these diaphragms, it is necessary to release an electron beam into the atmosphere with a value of 40 mA. 

Therefore, it is necessary to reduce beam oscillations. 
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Method of suppressing electron beam oscillations 

To suppress electron beam oscillations, standard correction coils used in serial ELV accelerators were 

used. These coils “C” (Fig. 3) will be referred to as anti-oscillation coils in the future. They are located be-

low the focusing lens L1. Anti-oscillation coils are capable of moving the electron beam in two coordinates 

“X” and “Y”, which are located at 90
0
 relatives to each other. Voltage signals supplied to the coils “Ux” and 

“Uy” were measured using an oscilloscope directly on the coils themselves. The total resistance of the coils 

at a frequency of 438 Hz was 73 Ohm along the coordinates “X” and “Y”. 

The coils were pre-calibrated using the D6 diaphragm by touching the electron beam at a level of 

100 μA [2]. The calibration of this coil was 123 mA/mm, for beam energy of 2.5 MeV. 

For complete compensation of electron beam oscillations, it is necessary to suppress the resulting com-

ponent of the transverse magnetic field. The phase of this transverse magnetic field is determined by the 

phases of the primary and secondary windings, and the phases of these windings are shifted between each 

other. As a feedback, a total correcting signal is fed to the anti-oscillation coils: the current of the primary 

winding from the current transformer TA1 and the voltage of the primary winding from the step-down volt-

age transformer TV1. Summation and adjustment of these signals is carried out using laboratory autotrans-

formers. This made it possible not only to change the amplitude of the current of the anti-oscillation coils, 

but also to change their phase along the coordinates “X” and “Y”. 

Figure 5. Oscillogram of beam oscillation suppression using current and voltage signals of the primary winding 

of the accelerator at beam energy of 2.5 MeV and beam current of 15 mA. The green beam is the total targetcurrent, 

which corresponds to 15 mA. The yellow beam is the current in the anti-oscillation coil along the “X” coordinate, 

the amplitude is 60 mA. The blue beam is the current in the anti-oscillation coil along the “Y”coordinate, 

the amplitude is 55 mA. 

The oscillogram of electron beam oscillation suppression using primary winding current and primary 

winding voltage signals is shown in Figure 5. It is evident from the oscillogram that we managed to suppress 

oscillations to the noise level. In this case, the amplitudes of the currents in the anti-oscillation coils along 

the “X” and “Y” coordinates are approximately the same and are 60 mA and 55 mA, respectively, and the 

phases are shifted between themselves by 120
0
. Taking into account the calibration of the anti-oscillation 

coils, the electron beam has oscillations in the D6 diaphragm along the “X” coordinate of ∆x = ±0.48 mm, 

and along the “Y” coordinate of ∆y = ±0.44 mm. The beam current deposition on the diaphragms has de-

creased dramatically and is ID6 = 0 μA, ID5 = 0 μA, ID1 = 20 μA 

Conclusions 

By means of beam oscillation suppression, it was possible to extract an electron beam with a power of 

100 kW with minimal touch of beam current the diaphragms. At an energy of 2.5 MeV and a beam current of 
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40 mA, the current touch the diaphragms was ID6 = 0 μA, ID5 = 30 μA, ID1 = 50 μA. Due to this, the ser-

vice life of the diaphragms increased. 
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ЭЛВ типті үдеткіштердегі электронды сәуленің тербелісі, 

олардың диагностикасы және басу әдісі 

Мақалада көлденең магнит өрісінің бастапқы және қайталама орамалардан үдеткіш түтікке енуіне 

байланысты ЭЛВ типті үдеткіштердегі электронды сәуленің тербелістерін диагностикалау әдісі 

сипатталған. Бұл тербелістерді басу әдісі атмосфераға фокусталған электронды сәулені жеткізуге 

қабілетті сору құрылғысы бар ЭЛВ-8 үдеткішінің мысалында әзірленді және сыналды. Тербелістерді 

басқаннан кейін атмосфераға қуаты 100 квт фокусталған электронды сәулені шығаруға және 

диафрагмалардың қызмет ету мерзімін ұзартуға мүмкіндік туды. 

Кілт сөздер: электронды үдеткіш, ЭЛВ, фокусталған электронды сәуле, электронды сәуленің 

тербелісі, электронды сәуленің тербелісін басу әдісі, электронды сәуленің тербелісін диагностикалау. 

Е.В. Домаров, Д.С. Воробьев, Ю.И. Голубенко, А.И. Корчагин, Н.К. Куксанов, 

Р.А. Салимов, С.Н. Фадеев, В.Г. Черепков, И.К. Чакин 

Колебания электронного пучка в ускорителях типа ЭЛВ, 

их диагностика и метод подавления 

В статье описан метод диагностики колебаний электронного пучка в ускорителях типа ЭЛВ, связан-

ный с проникновением в ускорительную трубку поперечного магнитного поля от первичной и вто-

ричной обмоток. Был разработан и испытан метод подавления этих колебаний на примере ускорителя 

ЭЛВ–8 с выпускным устройством, способным выводить сфокусированный электронный пучок в ат-

мосферу. После подавления колебаний удалось выпустить сфокусированный электронный пучок 

мощностью 100 кВт в атмосферу и увеличить ресурс диафрагм. 

Ключевые слова: ускоритель электронов, ЭЛВ, сфокусированный электронный пучок, колебания 

электронного пучка, метод подавления колебаний электронного пучка, диагностика колебаний элек-

тронного пучка. 
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Synthesis of oxide ceramics in a beam of fast electrons 

The development of technology for obtaining high-entropy ceramic materials opens up new possibilities for 

obtaining new heat-shielding materials. In this work, such a material is synthesized using aluminum-yttrium 

garnet. The effect of rapid synthesis of high-entropy ceramics within a few seconds was achieved by using an 

unconventional method of heating the initial mixture of powder reagents with a powerful beam of high-

energy electrons. The initial mixture of Y2O3, Yb2O3, Lu2O3, Eu2O3, Er2O3, Al2O3 oxides in a stoichiometric 

ratio was subjected to a short-term action of a powerful beam of fast electrons under atmospheric conditions. 

During the radiation exposure, the powder mixture underwent melting, which led to the synthesis of high-

entropy ceramics (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12. It was found that the melt has the form of drops with a 

large number of pores. The efficiency of mixture melting depends mainly on the irradiation modes and to a 

lesser extent on the modes of preliminary mechanical treatment of the mixture. A necessary condition for syn-

thesis is melting of the powder mixture. 

Keywords: high-entropy ceramics, thermal barrier coatings, synthesis, electron beams. 

Introduction 

Ceramics are the most promising material for creating thermal barrier coatings (TBC). Such outstanding 

parameters as high melting point, high mechanical strength, resistance to aggressive environments, the abil-

ity to vary the coefficient of linear expansion depending on the composition most fully meet the require-

ments for TBC. The use of simple oxides as TBC is limited due to their high thermal conductivity, the pres-

ence of phase transformations and a tendency to destruction at high temperatures. Aluminum-ytterbium gar-

net (Yb3Al5O12) is free from the listed disadvantages inherent in simple oxides. This material is a promising 

candidate for their replacement. However, it is not without disadvantages such as a relatively low coefficient 

of thermal expansion and high thermal conductivity. One of the ways to improve these characteristics is to 

create a high-entropy ceramic (HEC) material based on aluminum-ytterbium garnet. At present, the HEC of 

the composition (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 is considered as a material capable of improving the proper-

ties of Yb3Al5O12. In [1, 2], it is shown that this HEC is promising for obtaining TBC. The characteristics of 

HECs can be varied over a wide range by selecting their composition. The emergence of HECs is largely due 

to the successful development of the technology for obtaining high-entropy alloys [3, 4]. Recently, a large 

number of types of HECs for various purposes have been created. For example, in [5], the production of 

(Ti0.2V0.2Nb0.2Mo0.2W0.2)Si with high hardness (11.8 ± 0.4 GPa) and elastic modulus (387.2 ± 46.8 GPa) is 

reported. This material demonstrated excellent wear resistance compared to traditional single-phase ceram-

ics. In [6], it is reported about the creation of a high-temperature ceramic of the composition 

(Yb0.2Tm0.2Lu0.2Sc0.2Gd0.2)2Si2O7 for TBC. This material exhibits a surprisingly low thermal conductivity 

(1.146 W m
-1

 K
-1

 at 1100 ℃), which is even about 45.85 % lower than that of the most widely used YSZ 

TBC material at 1000 ℃. Seven types of thermal barrier coating materials (high-entropy rare earth tantalates 

5RETaO4 , RE= Nd, Sm, Eu, Gd, Dy, Ho, Y, Eu, Tm, Y) were synthesized in [7]. It was also shown there 

that (Nd0.2Dy0.2Ho0.2Y0.2Eu0.2)TaO4 ceramics have low thermal conductivity and a suitable coefficient of 

thermal expansion. The methods for synthesizing HECs are diverse. In [5], HEC was obtained by spark 

plasma sintering, and in [6, 7], by solid-phase synthesis. In [8], HEC (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 was 

obtained by combining combustion synthesis and sintering at ultra-high pressure. In [9], zirconate rare earth 

ceramic powders with high entropy and low thermal conductivity were obtained by a one-pot synthesis 

method. In [10], HEC (La1/7Nd1/7Sm1/7Eu1/7Gd1/7Dy1/7Ho1/7)2Zr2O7 was obtained by reactive spark plasma 

sintering. In [11], a dense oxide HEC (La0.2Y0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 with a relative density of 93.7 % was 

https://doi.org/10.31489/2024/PH4/27-34
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synthesized using the cold isostatic pressing method in combination with the pressureless sintering method. 

This ceramic is intended for the creation of TBC. 

All known methods of HECs synthesis are characterized by high temperatures, durations and their im-

plementation requires special efforts to obtain a given phase composition of the resulting material. In this 

regard, a new method based on the treatment of a powder mixture of the initial components with a powerful 

beam of fast electrons (PBFE) is of great interest for the synthesis of HEC. The high efficiency of this meth-

od is confirmed by data on the synthesis of phosphors [12‒14], zirconium corundum [15]. A feature of this 

method is the radiation heating of the powder mixture of the initial oxides to the melting temperature with 

simultaneous ionization of the mixture components by high-energy (more than 1 MeV) electrons. In this 

case, the synthesis of ceramics in the liquid phase occurs at an enormous speed. Ionization contributes to the 

acceleration of synthesis. Its stimulating effect on the synthesis of a number of ceramic materials has been 

convincingly proven in [11, 16‒20]. To date, it has been established that synthesis under the influence of 

PBFE occurs in a short time with high efficiency, provided that the melting temperature of at least one of the 

components of the initial powder mixture is reached [15]. At the same time, the influence of sample prepara-

tion, in particular the modes of preliminary mechanical treatment, the parameters of the electron beam, espe-

cially its energy, is practically not presented in the literature. 

In this work, the synthesis of HEC (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 was carried out by heating the initial 

powder mixture with a PBFE. The regularities of melt formation depending on the conditions of mechanical 

treatment of the initial powder mixture of oxides and the parameters of the electron beam during irradiation 

and the influence of all the listed factors on the efficiency of melt formation were established. 

Materials and experimental methods 

Commercial powders of Y2O3, Yb2O3, Lu2O3, Eu2O3, Er2O3, Al2O3 (HK MOS-INTERNATIONAL 

COMPANY LIMITED, China), the purity of which was 99.9 %, were taken in accordance with the stoi-

chiometric ratio: 3Y2O3 + 3Yb2O3 + 3Lu2O3 + 3Eu2O3 + 3 Er2O3 + 25Al2O3 = 

10(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12. The powders were thoroughly mixed by the wet method in a planetary 

mill. Two processing modes were used — 500 rpm, mixing time 30 minutes (mixture 1) and 300 rpm, mix-

ing time 90 minutes (mixture 2). The dried powder mixture was poured into the volume of a massive copper 

cuvette and exposed to PBFE. The value of the mass thickness was selected depending on the magnitude of 

the accelerating voltage, based on the condition of complete absorption of electrons in the volume of the 

powder mixture. Electron processing was carried out on an electron accelerator (Unique scientific installa-

tion “ELV-6 Stand”, INP SB RAS, Novosibirsk) at an accelerating voltage of 1.4 MeV, 2 MeV and 2.5 

MeV. The efficiency of synthesis was determined by the ratio of the mass of the synthesized ceramic product 

to the mass of the powder poured into the cuvette for subsequent electron processing. During irradiation, the 

cuvette was moved in the plane of incidence of the electron beam with the help of a movable table at speeds 

of 1 cm/s and 0.5 cm/s. In all cases, the beam was scanned at a frequency of 50 Hz across the width of the 

recess in the cuvette. Scanning electron microscopy (SEM) was carried out on a TESCAN VEGA 3 SBU 

electron microscope (TESCAN, Czech Republic) equipped with an OXFORD X-Max 50 attachment for X-

ray fluorescence energy dispersive analysis (EDS) with a Si/Li crystal detector. X-ray phase analysis (XRD) 

of the initial powder mixture and the synthesized ceramic product was carried out on an X’TRA X-ray 

diffractometer (ARL, Switzerland). 

Results and Discussion 

Figure 1 shows photographs of the powder mixture of the initial oxides before processing (Fig. 1 a) and 

after processing with PBFE with an energy of U=1.4 MeV (Fig. 1 b), 2 MeV (Fig. 1 c) and 2.5 MeV 

(Fig. 1 d). 
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Figure 1. Effect of beam energy on melting results: 

a — initial powder mixture: b — U=1.4 MeV; c — U=2.0 MeV; d — U=2.5 MeV. Beam current I=12 mA 

It is evident from Figure 1 that as the accelerating voltage increases, the size of the droplets of the syn-

thesized HEC (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 increases. The characteristic decrease in the droplet size in 

each case as they move under the beam is explained by the end effect of energy accumulation. Regardless of 

the value of U, the droplets are a highly porous product (Fig. 2). The pore size increases as U increases. 

Figure 2. Optical images of transverse cleavages of droplets of synthesized HEC (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 at 

different values of accelerating voltage 

The influence of mechanical treatment of the powder mixture of the initial oxides and the PBFE param-

eters, as well as the speed of movement of the cuvette with the powder mixture under the beam, are illustrat-

ed by the optical images of the synthesized HEC, presented in Figure 3. The PBFE parameters provided the 

same amount of input power. From the examination of Figure 3 it is evident that mechanical treatment af-

fects the average size of the HEC droplet product. In this case, droplet formation strongly depends on the 

speed of movement of the cuvette with the powder mixture under the beam. The amount of powder product 

that did not participate in the formation of ceramic droplets, i.e. the efficiency of synthesis, depends on these 

same parameters. 
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Figure 3. The influence of electron beam parameters (a, b — U=2 MeV, I=4 mA, 

V=0.5 cm/s, c, d — U=1.4 MeV, I=12 mA, V=1.0 cm/s) and mechanical treatment 

(a, c — mixture 1; b, d — mixture 2) on the formation of melt droplets 

According to SEM data (Fig. 4), the outer surface of the ceramic droplets has a structured appearance with a small 

number of through pores (Fig. 4 a). The surface of the internal large pores in the volume of the droplet has a layered 

appearance with clearly defined boundaries (Fig. 4 b). On the transverse cleavage of the droplet, the crystalline structure 

is not traced in the interpore space, but the structure itself has a characteristic block appearance (Fig. 4 c). 

Figure 4. SEM image of a drop of synthesized HEC (U=2 MeV, I=12 mA): 

a — outer surface; b — inner pore surface; c — transverse cleavage surface 

Weight measurements showed that the melt formation efficiency weakly depends on the conditions of 

mechanical processing of the initial powder mixture of oxides. At the same time, the efficiency significantly 

depends on the value of U and the electron beam current (Fig. 5). According to the data in Figure 6, the 

highest melting efficiency is achieved at U = 2 MeV. 
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Figure 5. Dependences of the melting efficiency of mixture 1 and mixture  

2 at an accelerating beam voltage of 1.4 MeV and 2 MeV on the beam current 

Figure 6. Effect of electron energy on the melting efficiency of powder mixture 

2 at a beam current of 12 mA and a feed speed of 1 cm/s 

Regardless of the mechanical processing conditions of the initial powder mixture and the PBFE pro-

cessing modes, the melt droplets are HEC (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12. This is evidenced by the XRD 

data presented in Figure 7. 
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Figure 7. Diffraction patterns of the initial powder mixture of oxides and the high-entropy ceramic product 

(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 synthesized in a powerful beam of fast electrons 

Conclusions 

It is shown that short-term treatment of the powder mixture of Y2O3, Yb2O3, Lu2O3, Eu2O3, Er2O3, 

Al2O3 oxides with a powerful beam of fast electrons leads to the synthesis of HEC 

(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12. A necessary condition for the synthesis is melting of the powder mixture. 

Melting leads to the formation of a highly porous ceramic product mainly in the form of drops. Preliminary 

mechanical treatment of the powder mixture has little effect on the melting process. The melting efficiency 

mainly depends on the electron energy, beam current and the speed of movement of the cuvette with the 

powder mixture under the beam. Regardless of the modes, the droplet ceramic product formed is high-

entropy ceramics. Thus, treatment in a powerful beam of fast electrons is a new promising method for the 

synthesis of high-entropy ceramic materials. 

Acknowledgments 

This work was supported by the Russian Science Foundation [grant No. 23-79-00014]. 

References 

1 Chen H., Zhao Z., Xiang H.,  Liu J., & Zhou Y. (2020). High entropy (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12: A novel high 

temperature stable thermal barrier material. Journal of Materials Science and Technology, 48, 57‒62, 

https://doi.org/10.1016/j.jmst.2020.01.056. 

2 Wang K., Zhu J., Wang H.,  Zhou Y., & He J. (2022). Air plasma-sprayed high-entropy 

(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 coating with high thermal protection performance. Journal of Advanced Ceramics, 11(10), 

1571‒1582, https://doi.org/10.1007/s40145-022-0630-2. 

3 Tsuru T., Han S., Matsuura S., George E.P., & Inui H. (2024). Intrinsic factors responsible for brittle versus ductile nature of 

refractory high-entropy alloys. Nature Communications, 15(1), 1706, https://doi.org/10.1038/s41467-024-45639-8. 

4 Chen Z.W., Li J., Ou P., Singh C.V., & Jiang Q. (2024). Unusual Sabatier principle on high entropy alloy catalysts for hy-

drogen evolution reactions. Nature Communications, 15(1), 359, https://doi.org/10.1038/s41467-023-44261-4. 

5 Li J., Chen S., Fan H.,  Zhou Y., & Zhang Y. (2024). High-entropy (Ti0.2V0.2Nb0.2Mo0.2W0.2)Si2 with excellent high-

temperature wear resistance. Journal of the American Ceramic Society, 107(4), 2750‒2764, https://doi.org/10.1111/jace.19592.  

6 Wei F., Zhang D., Liu Y.,  Zhang X., & Wang Y. (2024). Novel (Yb0.2Tm0.2Lu0.2Sc0.2Gd0.2)2Si2O7: exploring its potential for 

comprehensive performance in environmental barrier coatings. Journal of the European Ceramic Society, 44(4), 2512‒2521, 

https://doi.org/10.1016/j.jeurceramsoc.2023.11.025. 

7 Zhang Y., Zhu J., Zou H.,  Wang H., & He J. (2024). Effect of lattice distortion on thermal conduction behavior in a novel 

high-entropy rare-earth tantalates. Journal of Alloys and Compounds, 976, 172942, https://doi.org/10.1016/j.jallcom.2023.172942. 

https://doi.org/10.1038/s41467-024-45639-8
https://doi.org/10.1038/s41467-023-44261-4


Synthesis of oxide ceramics in… 

Серия «Физика». 2024, 29, 4(116) 33 

8 Lin M., Wu Z., Zou J.,  Ji W., & Fu Z. (2024). Fully dense nanocrystalline (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 high-entropy ce-

ramics fabricated under ultra-high pressure. Open Ceramics, 17, 100552, https://doi.org/10.1016/j.oceram.2024.100552. 

9 Lan Y., Cui J., Dai B., Yu L., & Xu Y. (2024). One pot synthesis of high entropy rare earth zirconate ceramics with low 

thermal conductivity for high performance thermal-barrier coatings, Materials Science and Engineering: B, 301, 117186, 

https://doi.org/10.1016/j.mseb.2024.117186. 

10 Teng Z., Wang P., Zeng, S., Tan. Y., & Peng S. (2024). Reactive spark plasma sintering of high-entropy 

(La1/7Nd1/7Sm1/7Eu1/7Gd1/7Dy1/7Ho1/7)2Zr2O7 pyrochlore ceramic. Ceramics International, 50(4), 6892‒6897, 

https://doi.org/10.1016/j.ceramint.2023.12.035. 

11 Fu S., Jia Z., Wan D., & Bao Y. (2024). Synthesis, microstructure and thermophysical properties of 

(La0.2Y0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 high-entropy oxide ceramic. Ceramics International, 50(3), 5510‒5515, 

https://doi.org/10.1016/j.ceramint.2023.11.306. 

12 Karipbayev Zh.T., Lisitsyn V.M., Mussakhanov D.A., Alpyssova G.K., Popov A.I., Polisadova, E.F., Elsts E., Akilbekov 

A.T., Kukenova A.B., Kemere M., Sarakovskis A., & Lushchik A. (2020). Time-resolved luminescence of YAG: Ce and YAGG: Ce

ceramics prepared by electron beam assisted synthesis. Nuclear Instruments and Methods in Physics Research, Section B: Beam

Interactions with Materials and Atoms, 479, 222‒228, https://doi.org/10.1016/j.nimb.2020.06.046.

13 Lisitsyn V.M., Lisitsyna L.A., Golkovskii M.G., Musakhanov D.A., & Ermolaev A.V. (2021). Formation of luminescing 

high-temperature ceramics upon exposure to powerful high-energy electron flux. Russian Physics Journal, 63(7), 1615‒1621, 

https://doi.org/10.1007/s11182-021-02213-9. 

14 Karipbaeyev Z., Polisadova E., Ermolaev A., Lisitsyn V., Alpyssova G., Mussakhanov D., Kukenova A., & Abil Z. (2020). 

Dependence of the efficiency electron beam assisted synthesis of YAG: Ce ceramics on the power density of the electron flow. Pro-

ceedings — 2020 7th International Congress on Energy Fluxes and Radiation Effects, EFRE, 892, 

https://doi.org/10.1109/EFRE47760.2020.9242038. 

15 Ghyngazov S.A., Vasil’ev I.P., Boltueva V.A., & Vlasov V.A. (2023). Synthesis of technical ceramics in a beam of fast elec-

trons. Russian Physics Journal, 66(4), 391–397, https://doi.org/10.1007/s11182-023-02952-x. 

16 Surzhikov A.P., Nikolaev E.V., Lysenko E.N., Nikolaeva S.A., Karabekova D.Z., & Ghyngazov A.S. (2020). Formation of 

Microstructure of Lithium-Titanium Ferrite during its Synthesis in a 2.4 MeV Electron Beam. Russian Physics Journal, 63(5), 894-

897, https://doi.org/10.1007/s11182-020-02114-3. 

17 Kostishin V.G., Shakirzyanov R.I., Nalogin A.G., Shcherbakov S.V., Isaev I.M., Nemirovich M.A., Mikhailenko M.A., 

Korobeinikov M.V., Mezentseva M.P., & Salogub D.V. (2021). Electrical and Dielectric Properties of Yttrium–Iron Ferrite Garnet 

Polycrystals Grown by the Radiation–Thermal Sintering Technology. Physics of the Solid State, 63(3), 435, 

https://doi.org/10.1134/S1063783421030094. 

18 Isaev I.M., Shcherbakov S.V., Kostishin V.G., Nalogin A.G., Mokljak V.V., Ostafijchuk B.K., Alekseev A.A., 

Korovushkin V.V., Belokon’ E.A., Kalinyuk M.V., Mihaylenko M.A., Korobeynikov M.V., Bryazgin A.A., & Salogub D.V. (2019). 

Peculiarities of the crystal structure and texture of isotropic and anisotropic polycrystalline hexagonal ferrites BaFe12O19 synthesized 

by radiation-thermal sintering. Russian Microelectronics, 48(8), 531‒544, https://doi.org/10.1134/S1063739719080079. 

19 Lysenko E.N., Vlasov V.A., Surzhikov A.P., & Ghyngazov S.A. (2023). Magnetization and curie point of LiZn ferrite syn-

thesized by electron beam heating of mechanically activated reagents, Russian Physics Journal, 65(11), 1886‒1892, 

https://doi.org/10.1007/s11182-023-02847-x. 

20 Lysenko E.N., Vlasov V.A., Nikolaev E.V., Surzhikov A.P., & Korobeynikov M.V. (2023). Microstructure and magnetiza-

tion study of Li and Li–Zn ferrites synthesized by an electron beam. Materials Chemistry and Physics, 302, 127722, 

https://doi.org/10.1016/j.matchemphys.2023.127722. 

С.А. Гынгазов, В.А. Болтуева, И.П. Васильев 

Жылдам электрондар шоғырындағы оксидті керамиканың синтезі 

Жоғары энтропиялы керамикалық материалдарды алу технологиясының дамуы жаңа жылудан 

қорғайтын материалдарды алудың жаңа мүмкіндіктерін ашады. Мақалада  мұндай материал алюми-

ний-иттрий гар-торының көмегімен синтезделеді. Бірнеше секунд ішінде жоғары энтропиялы 

керамиканың жылдам синтезінің әсері ұнтақ реагенттерінің бастапқы қоспасын жоғары энергиялы 

электрондардың қуатты шоғымен қыздырудың дәстүрлі емес әдісін қолдану арқылы қол жеткізілді. 

Y2O3, Yb2O3, Lu2O3, Eu2O3, Er2O3, Al2O3 оксидтерінің бастапқы қоспасы стехиометриялық 

қатынаста атмосфералық жағдайларда жылдам электрондардың қуатты шоғының қысқа мерзімді 

әсеріне ұшырады. Радиациялық әсер ету кезінде ұнтақ қоспасы балқудан өтті, бұл жоғары 

энтропиялық керамиканың (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 синтезіне әкелді. Балқыманың 

кеуектері көп тамшылар түрінде болатыны анықталды. Қоспаны балқытудың тиімділігі негізінен 

сәулелену режимдеріне және аз дәрежеде қоспаны алдын ала механикалық өңдеу режимдеріне байла-

нысты. Синтездің қажетті шарты ұнтақ қоспасын балқыту болып табылады. 

Кілт сөздер: жоғары энтропиялы керамика, термиялық тосқауыл жабындары, синтез, электронды 

сәулелер.  
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С.А. Гынгазов, В.А. Болтуева, И.П. Васильев 

Синтез оксидной керамики в пучке быстрых электронов 

Разработка технологии получения высокоэнтропийных керамических материалов открывает новые 

возможности для получения новых теплозащитных материалов. В статье такой материал синтезиро-

ван с использованием алюмоиттриевого граната. Эффект быстрого синтеза высокоэнтропийной кера-

мики в течение нескольких секунд был достигнут за счет использования нетрадиционного метода на-

грева исходной смеси порошковых реагентов мощным пучком высокоэнергетических электронов. Ис-

ходная смесь оксидов Y2O3, Yb2O3, Lu2O3, Eu2O3, Er2O3, Al2O3 в стехиометрическом соотношении 

подвергалась кратковременному воздействию мощного пучка быстрых электронов в атмосферных ус-

ловиях. В процессе радиационного воздействия порошковая смесь претерпевала плавление, что при-

водило к синтезу высокоэнтропийной керамики (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12. Установлено, 

что расплав имеет вид капель с большим количеством пор. Эффективность плавления смеси зависит в 

основном от режимов облучения и в меньшей степени от режимов предварительной механической об-

работки смеси. Необходимым условием синтеза является плавление порошковой смеси. 

Ключевые слова: высокоэнтропийная керамика, теплозащитные покрытия, синтез, электронные пучки. 
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Efficiency of liquid-phase synthesis of ceramic materials under the influence 

of an electron beam with high penetrating power 

The research conducted during of last few years showed the advantages of the method of producing of the 

luminescence ceramic materials as well as the other purposes ceramics with using of electron beam with high 

penetrating power. In this technology, an industrial accelerator generates the beam and then it enters the at-

mosphere throw the hole of small diameter. The accelerating voltage of the electrons is regulated in the range 

of 1.4 — 2.5 MV, which, in combination with the high beam power, allows for a volumetric effect on the 

powder material, producing its melting in about 1 s, with virtually no contact between the melt and the walls 

of the crucible in which the initial batch is placed. The paper proposes a method for calculating the energy ef-

ficiency of a beam during the synthesis of two-component oxide ceramics. The measurements show that the 

beam efficiency is on average about 50 %, and in many cases exceeds 80 %, regardless of the melting tem-

perature of the synthesized ceramics and the heat required to heat and melt it. 

Keywords: high voltage electron beam, electron beam output into the atmosphere, electron beam melting, re-

lease of beam energy in substances, oxide ceramics synthesis, efficiency of the ceramics synthesis. 

1. Introduction

The development of ceramic materials for a specific industry primarily involves synthesis from powder 

raw materials. The currently used synthesis methods have disadvantages such as long process duration, 

changes in the stoichiometric composition of the starting components during the synthesis process (ceramic 

synthesis method), low purity of the synthesized product (co-precipitation method, SHS method), etc. A new 

method for synthesizing ceramic materials makes it possible to eliminate these shortcomings by activating 

heating of the initial powder reaction mixtures with a powerful beam of fast electrons. In this method, elec-

trons with energy of more than 1 MeV carry out volumetric heating of the reaction mixture in a short time, 

ensuring, in addition to a high synthesis rate, high chemical purity, and preservation of the stoichiometric 

composition and phase homogeneity of the synthesized ceramic materials. These characteristics are especial-

ly important in obtaining phosphors [1, 2] and high entropy ceramics, in particular heat-protective ones for 

creating thermal barrier coating [3] and perovskite structure [4, 5] for solar energetics. 

The parameters of electron beams achieved by modern accelerators are sufficient to heat practically any 

substance in air to the melting point in a time not exceeding a second. This makes possible to carry out the 

synthesis of ceramic materials in a fast electrons beam under conditions of achieving a liquid-phase state in 

the reaction mixture. In this case, the efficiency of the synthesis of ceramic materials is the highest, because 

in the liquid phase the mass transfer in the mixture of reagents is most intense. The combination of high pen-

etrating ability and high beam power allows for the production of ceramic materials with a productivity of 

20 kg/h and higher. In a number of works carried out in recent years, V.M. Lisitsyn and co-authors showed 

that the express synthesis of luminescent ceramics is successfully implemented under conditions of heating 

the reaction mixture with a powerful beam of fast electrons [6‒9]. V.M. Lisitsyn and co-authors beside lumi-

nescent ceramics obtained other purpose ceramic materials. Using this method, S.A. Ghyngazov and co-

authors synthesized high-entropy ceramic alloys. The last mentioned works conclude that issues of optimiz-

ing the conditions of radiation heating should be the subject of special studies. 

The aim of this work is to relate the physical characteristics of ceramic powders with the required pa-

rameters of their electron beam irradiation modes to achieve the liquid phase of the original powders. The 

numerical estimates were based on the fact that ceramic powder is a weakly heat-conducting medium, there-

fore the volumetric heat supply to the material, realized during electron beam processing, will be close to 

adiabatic. The authors compared two experimental values: the heat required to heat and melt the material 

according to thermodynamic data and the heat calculated using the irradiation parameters based on the 

known distribution of the energy release of the electron beam in the material depending on the depth of its 

penetration. Since this study represents an initial step in obtaining numerical characteristics of the process, it 

https://doi.org/10.31489/2024PH4/35-45
mailto:golkovski@mail.ru
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presents the results only for two-component systems. Another reason for choosing only two-component sys-

tems is the availability of data on the temperature dependences of enthalpies. 

We characterize the energy efficiency of synthesis by a value called beam efficiency, which is under-

stood as the ratio of the energies mentioned above: the energy required to heat and melt the volume of the 

initial powder material that has passed into a liquid state, and the energy actually introduced into this vol-

ume. This coefficient is denoted below by the letter . When calculating the beam efficiency , the authors 

assumed that when an electron beam impacts the powder, the role of radiation effects is negligible, and that 

the synthesis of ceramics occurs in the liquid phase. If it turns out that radiation plays a significant role in the 

synthesis, the no-radiation-effect approach is still useful for identifying its contribution. 

2. Equipment and experimental procedure

The work was carried out at the Budker Institute of Nuclear Physics of the Siberian Branch of the Rus-

sian Academy of Sciences on the “UNU Stand ELV-6” facility. An Industrial accelerator generated a dc cur-

rent electron beam with an accelerating voltage set in the range of 1.4 — 2.5 MeV. The beam is released into 

the atmosphere through a 2 mm diameter hole. The distance from the beam release hole to the surface of the 

material being processed was 9 cm. During the experiments, the values of the electron energy (accelerating 

voltage) E and the beam current I were established, and the beam power was determined by their product. 

The beam has a Gaussian distribution of the power flux density in its cross-section. Its Gaussian diameter at 

a distance of 9 cm from the outlet is approximately 12 mm for electron energy of 1.4 MeV, 10 mm for ener-

gy of 2 MeV and 9 mm for energy of 2.5 MeV. Electron beam processing was performed with or without 

beam scanning. The scanning frequency was 50 Hz. The initial powder was placed in a rectangular massive 

copper crucible. The internal space of the crucible, where the powder was placed, had dimensions of 

50x100xH mm, where the depth H was selected based on the penetrating ability of the beam and the bulk 

density of the material placed in the crucible and took values of 7, 10 or 14 mm. Initially, the beam was di-

rected to the target to set the required parameters. Then the crucible began to move under the beam, moving 

along its length perpendicular to the beam scanning direction at a speed of 1 cm/s. In the beam scanning 

mode, the entire surface of the powder placed in the crucible was processed, for which the scanning span was 

set equal to the crucible width l=5 cm. In the non-scanning mode, a processed track with a width comparable 

to the beam diameter was formed in the material layer. 

During the experiments, a parameter called the mass thickness of the processed material  was moni-

tored. It was determined by the formula: 

m

S
 , (1) 

where m is the mass of the material in the crucible, S is the area of its bottom. Three types of mass m were 

recorded: the mass of the material before irradiation, the mass of the contents of the crucible after irradiation, 

and the mass of the ceramics synthesized because of irradiation. Accordingly, three mass thicknesses were 

recorded: 1, 2 and melt. Obviously, the mass thickness of ceramics makes sense and was determined only 

in scanning modes. 

3. Calculation formulas

3.1. Definition of the term beam efficiency in this paper 

As stated in the Introduction, by beam efficiency  we mean the ratio of the heat required to melt the 

synthesized volume of ceramics to the heat introduced by the beam into this volume. The value of  can be 

determined by the formula: 

, (2) 

where hmelt is the energy required to heat 1 g of material from room temperature to the melting point and then 

melt it at this temperature, wmelt is the value of energy actually introduced in 1 g of molten material. 

The heat required to melt ceramic powders was determined based on thermodynamic databases [10, 11, 

12] as the difference between the enthalpies of the molten material at the melting temperature and the mate-

rial in the initial state at room temperature according to the formula:

melt

melt

h

w
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, (3) 

where Hliq(Tпл) and Hsol(300К) are molar enthalpies of material at liquid state at melting temperature and sol-

id state at room temperature, M is molar mass in g. The amount of energy expended per 1 g of ceramics wmelt 

is determined based on the parameters of the irradiation mode and the known distributions of energy release 

by electrons according to the depth of their penetration into the material. 

3.2. Calculation of expended beam energy wmelt. 

As was indicated in Section 2, the beam has a non-uniform Gaussian distribution of the power flux den-

sity in its cross-section. Its Gaussian diameter is comparable to the depth of beam penetration into the pow-

der material. However, when scanning the beam with simultaneous movement of the crucible in the direction 

perpendicular to the scanning, we obtain a large surface area, almost simultaneously processed by the beam. 

The distribution of energy released inside the material will be close to that which would be observed from a 

wide beam with a uniform distribution of the power flux density over the area of its cross-section. The size 

of this cross-section in the scanning direction coincides with the scanning span, i.e. is equal to approximately 

5 beam diameters. In the direction perpendicular to scanning, it is equal to at least 2...3 beam diameters, 

since due to the poor thermal conductivity of the ceramic powder, the heat is retained in the volume where it 

was introduced for a noticeable time. During this time, the crucible has time to move several beam diame-

ters. Based on the above, the beam can be considered wide, with a uniform distribution of the power flow 

over its cross-section and dimensions that are many times greater than the depth of its penetration. The prob-

lem of energy loss distribution in the material for such beams can be considered one-dimensional. 

For wide beams, the distribution of energy release by accelerated electrons by the depth of their pene-

tration into the material depending on the initial electron energy E and the composition of the material has 

been studied many times. T. Tabata et al. presented these results in analytical form in a number of works, in 

particular [13, 14]. Figure 1 presents the distributions constructed on the basis on the indicated works for 

some characteristic modes for which measurements were performed in this work. The ordinate axis of the 

distributions shows the mass thickness of the material z in g/cm
2
, measured from the powder surface. The 

abscissa axis shows the derivative of the electron energy E (in MeV) with respect to z. The 
  

dE

dz
 value 

characterizes the intensity of energy losses by electrons in the material and is measured accordingly in 

. In the graphs in Figure 1, to the left of the vertical axis, after the chemical formulas of the 

processed substances, the initial energies of electrons in MeV are given in brackets in the second position. 

The presented distributions can only be used to calculate the energy release inside materials during beam 

scanning processing. They are not applicable to narrow beam processing without scanning. 

If the ceramic synthesis occurs in a certain layer of powder from depth z1 to z2, the mass thickness of 

the melt is equal to melt= z2-z1. The energy loss per electron in MeV when passing from layer z1 to layer z2 

will be
2

1

z

z

dE
dz

dz . The beam power released between layers with coordinates z1 and z2 is equal to

2

1

z

z

dE
P dz I

dz
  , where I is the beam current. The mass of ceramics melted in 1 s is equal to meltlv, where

melt is the mass thickness of the melted ceramics, l is the width of the scanning, v is the speed of movement

of the crucible under the beam. Dividing the power spent on melting the ceramics by the mass of the ceram-

ics obtained in 1 s gives the beam energy consumption per unit mass of the ceramics:
2

1

z

z mid
melt

melt

dE dEdz I I
dz dz

w
l v l v

   
 

 
  


, (4) 

where 
mid

dE

dz

 
 
 

is the average value of the intensity of energy loss by each electron in the region 

between z1 and z2. 

300liq пл sol

melt

H T H K
h
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Figure 1. Distributions of electron energy losses as a function of mass thickness, normalized to one electron. 

The distributions represent the characteristic modes given in Table 1 

In Figure 1, as an example, the vertical lines indicate the values of z1 and z2 for samples synthesized 

from Al2O3 and WO3 powders. For a sample of WO3, z1=0. The horizontal lines for these samples indicate 

the average values of the intensity of energy losses. In the case where the mass thickness of the melt layer 

melt approaches or exceeds the mass thickness of beam penetration, the energy expended on melting will be

equal to the entire energy introduced by the beam, since the absorption of the beam energy will occur entire-

ly in the melt. Then the entire beam power P, with the exception of the power carried away by reflected elec-

trons and bremsstrahlung, will be introduced into the melt and the efficiency can be written using a simpler

formula, representing wmelt as

1

1
melt

melt

Pt
w

m


, (5) 

and beam efficiency in this case will be equal: 

1
1

melt melth m

Pt



, (6) 

where P is the beam power;  is the beam reflection coefficient by power, the reflection coefficient  depends 

on the composition of the substance and is close to 0.1; t is the time it takes for the crucible to pass under the 

beam, in the experiments it is equal to 10 s; hmelt is the energy required to heat and melt 1 g of material; mmelt 

is the mass of the melt. 

If the mass thickness of the melt is noticeably less than the beam penetration depth, formula (4) must be 

used, since (6) will give underestimated beam efficiency values. 

When conducting experiments without scanning, the beam cannot be considered wide. The calculation 

of the expended energy according to (4), using the distribution for wide beams, is incorrect. However, for-

mula (6) remains valid, since it does not use the distribution of energy losses by depth. It is only necessary 

that the condition of exceeding the mass thickness of the powder fill compared to the beam penetration depth 

be met. In addition, it should be borne in mind that in threshold modes without scanning, at low powers cor-

responding to the beginning of the melt appearance, formula (6) will give underestimated values of the beam 

efficiency. 
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4. Results and Discussion

During the work, a synthesis was carried out and the beam efficiency was calculated for several dozen 

samples from different materials with and without beam scanning under different irradiation parameters. In 

order to reduce the volume of the article, the authors selected 11 characteristic modes with scanning (Ta-

ble 1) and 7 modes without scanning (Table 2) for analysis. The samples in the tables are arranged in order 

of increasing energy hmelt required for their heating and melting. Figure 2 shows the appearance of some 

samples from Table 1, Figure 3 — from Table 2. 

4.1. Modes with scanning of the beam. 

It should be noted that the data on the modes for Y2O3, Al2O3 (405), MgF2, BaF2 presented in Table 1 

are quite reliable, since they have been confirmed by 4–8 experiments under similar conditions for each of 

the substances. The first column of Table 1 indicates the powder material and (in brackets) their marking 

according to the laboratory classification. Remaining columns use the following designations: 

Tпл — melting point of the material; 

hmelt — the energy required to heat and melt 1 g of material (see (3)); 

E — energy (accelerating voltage) of beam electrons; 

P — beam power; 

Powder scattering — loss of mass of crucible contents during irradiation in %; 

2 — mass thickness of the crucible contents after irradiation (melt + remaining powder);

melt — mass thickness of the melt;

— beam efficiency coefficient calculated according to (2).

T a b l e  1

Processing modes with scanning of the beam 

Composi-

tion and 

marking of 

powder 

Tпл, 

C

hmelt, 

kJ/g 

E, 

MeV 

P, 

kW 

Powder 

scatter, 

% 

2,

g/cm
2
 

melt,

g/cm
2

Beam effi-

ciency,  

BaF2 (520) 1368 0.905 1.4 16 0.5 % 1.55 1.52 0.53 

WO3 (438) 1472 0.935 1.4 16 3.4 % 1.74 1.45 0.56 

WO3 (439 1472 0.935 2.5 24 35 % 1.31 0.93 0.24 

MgF2 (516) 1263 0.942 1.4 15 0.4 % 0.85 0.84 0.27 

Ga2O3 (474) 1807 1.75 1.4 17 0.8 % 1.06 1.06 0.61 

SiO2 (sand) 1600 1.87 2 17 1.4 % 1.01 0.59 0.42 

Y2O3 (490) 2439 2.05 1.4 25 1.3 % 1.11 1.03 0.47 

Al2O3 (816) 2054 3.5 1.4 10 0.1 % 0.94 0.26 0.84 

Al2O3 (413) 2054 3.5 1.4 26 0.8 % 0.98 0.88 0.61 

Al2O3 

(sand) 
2054 3.5 2 24 0.1 % 1.02 0.78 0.63 

MgO (485) 2832 5.66 1.4 25 5.7 % 0.51 0.49 0.63 

Appearance of synthesized ceramics in the modes with beam scanning. Figure 2 a and b show the “bor-

derline” mode, in which the synthesis of ceramics in the thickness of the material under the surface of the 

powder is just beginning. As a result, in the Al2O3 (816) mode, a thin plate was formed lying under a layer 

of powder. During the cleaning process, it broke into separate fragments. Figure 2b shows them joined in 

their original form. The remaining photos show samples with the melt reaching the surface of the powder. 

After solidification, the melt is either flat drops that can merge to form plates (Fig. 2 c), or merged rollers 

oriented along the beam scanning direction (Fig. 2 d), or thickened plates with smooth surfaces (Fig. 2 e, f, 

h). Fig. 2 g, h shows a sample obtained from coarse-dispersed material in the form of quartz sand of tech-

nical purity with a particle size of up to 500 µm. As can be seen from Table 1, the large particle size is not a 

factor that significantly reduces the beam efficiency. 

Beam efficiency in the modes with scanning of electron beam. In their calculations, the authors assumed 

that the synthesis of ceramics occurs in a layer of a certain thickness. In most cases, the melt is formed from 
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the surface of the powder bed z1=0 to a certain depth, z=melt. This situation is observed for all samples pre-

sented in Table 1, with the exception of the Al2O3 (816) sample (Fig. 2 a, b). As indicated in section 3.2, in 

the graphs of Figure 1, as an example, for samples of Al2O3 (816) and WO3 (438) the melt boundaries and 

average values of electron energy losses in the melt thickness  are indicated. The 

melt thickness of the WO3 (438) sample significantly exceeds the beam penetration depth. This means that 

heat transfer from the beam-heating zone to the underlying melt layers occurred due to convection in the 

melt. 

a) Al2O3 (816), appearance after irradiation,

2=0.94 g/cm2

b) Al2O3 (816), melt=0.26 g/cm2

c) Ga2O3 (474), 2=1.06 g/cm2 d) MgO (485), 2=0.51 g/cm2

e) MgF2 (516), 2=0.85 g/cm2 f) Y2O3 (490), 2=1.03 g/cm2

g) SiO2 before treatment sand, 2=1.01 g/cm2 h) SiO2 after treatment sand, melt=0.59 g/cm2

Figure 2. Appearance of samples after scanning beam treatment: 

a, c, d, e, f — appearance of samples after irradiation, b — fragments of synthesized plate of Al2O3 (816), 

g — SiO2 sand before treatment and h — ceramic plate synthesized from it, raised above the crucible 
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In a number of modes, low electron beam efficiency is observed, down to 0.2. Such modes usually oc-

cur under the following circumstances: 

 The mass thickness of the initial powder is noticeably less than the beam penetration depth, due to

which the melt reach the bottom of the crucible, and a noticeable part of the heat leaks into the thick-walled 

copper bottom of the crucible. 

 The beam power exceeds that required to melt the powder placed in the crucible. For example, in the

MgF2 (516) mode, the surface density of the introduced energy required to melt the powder should be 

0.84g/cm
2
0.942kJ/g=0.79kJ/cm

2
. Taking into account the beam efficiency, for example, 0.5, this value can 

increase to 1.6 kJ/cm
2
. In reality, the specific energy introduced was 15kW/5cm

2
/s = 3kJ/cm

2
, which resulted 

in the melt touching the bottom of the crucible (Fig. 2e). 

 There is observed a noticeable scattering of the original powder during the irradiation process, for

example, in the WO3 mode (439). The reasons for the scattering have not been precisely determined. These 

may include: the presence of volatile impurities in the powder, which can cause both the powder to fly apart 

and small droplets of melt to splash; the nano-sized range of powder particles; electrification of powder par-

ticles when irradiated with electrons. Due to their low bulk density, nano-sized powders cannot be placed in 

a crucible with sufficient mass thickness. In addition, the thickness of the nanopowder contains a large vol-

ume of air, which, when heated, expands and can cause the powder to scatter. The acceptable powder particle 

size is 5‒500 µm. The influence of electrification has not been confirmed, since high efficiency modes are 

observed on some high-purity dielectric powders (see modes with Al2O3 and MgO in Table 1). In the case of 

the WO3 (439) sample, the reason for the large spread and low efficiency could have been the combination of 

an excess (at least 2 times greater than necessary) beam power with an increased penetration depth. In the 

photo of this sample after irradiation (not included in the article), one can see the scattering of powder and 

small drops of melt beyond the crucible. 

4.2. Processing modes without beam scanning. 

In Table 2 which presents the characteristic modes without beam scanning (track modes), the following 

designations are used: 

hmelt — the energy required to heat and melt 1 g of material (see (3)); 

P — beam power; 

E — energy (accelerating voltage) of beam electrons; 

mmelt — mass of sintered (molten) material in a crucible; 

Powder scattering — the loss of powder mass during irradiation in g; 

2 — mass thickness of the crucible contents after beam processing;

1 — efficiency coefficient (6), in the calculation of which the expended energy (5) is defined as the to-

tal energy introduced by the beam minus the energy reflected from the surface of the material. 

T a b l e  2

Processing modes without scanning of the beam 

Composition 

and marking of 

powder 

Tпл, 

C

hmelt, 

kJ/g 

P, 

kW 

E, 

MeV 

mmelt, 

g 

Powder 

scatter, 

g 

2,

g/cm
2

Beam effi-

ciency 

1

BaF2 (518) 1368 0.905 4 1.4 22.29 1.24 1.69 0.64 

WO3 (437) 1472 0.935 4 1.4 25.63 0.49 1.6 0.82 

MgF2 (515) 1263 0.942 4 1.4 19.09 0.13 0.92 0.46 

Ga2O3 (473) 1807 1.75 4 1.4 15.25 0.21 1.1 0.75 

Y2O3 (489) 2439 2.05 4 1.4 10.24 0.42 1.18 0.61 

ZnO (468) 1977 2.15 4 1.4 12.39 0.62 0.50 0.75 

Al2O3 (405) 2054 3.5 4 1.4 9.43 0.24 0.82 0.85 

MgO (484) 2832 5.66 7 1.4 9.79 0.2 0.58 0.82 
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a) Ga2O3 (473), 2=1.1 g/cm2, =0.75 b) Y2O3 (489), 2=1.18 g/cm2, =0.61

c) ZnO (468), 2=0.50 g/cm2, =0.75 d) MgO (484), 2=0.58 g/cm2, =0.82

e) Al2O3 (405), 2=0.82 g/cm2, =0.85 f) WO3 (437), 2=1.6 g/cm2, =0.82

Figure 3. Appearance of samples after processing without beam scanning (in track mode) 

All modes in Table 2, with the exception of ZnO (468), Al2O3 (405) and MgO (484), are performed on 
the same materials as the modes in Table 1, so that when comparing modes with and without scanning, the 

material influence factor is excluded. Comparison of the efficiency of  and 1 in Table 1 and Table 2 shows 
that the energy input efficiency in modes without scanning is higher. This seems strange and requires a sepa-
rate discussion. 

The beam is non-uniform in cross section. The maximum power flux density is realized near the beam 
axis. As you move away from the axis, it decreases approximately according to Gauss's law. The movement 
of the material under a stationary beam leads to the formation of a melting track in it. The power flux density 
at some distance from the beam axis is already insufficient to melt the material. That is, part of the beam 
power is spent on heating the edges of the track without melting them. When scanning the beam, the power 
flux density is averaged across the scanning area and the edge zones of the beam contribute to the averaged 
power flux density, as a result of which the entire beam power is utilized and, it would seem, the efficiency 
during scanning should be higher. 

In practice, we observe the opposite picture. The explanation seems to be as follows: In the non-
scanning mode, the maximum beam energy is released on the axis of the melting track on some depth under 
the surface of treated material. In the region of maximum energy release, the beam overheats the melt above 
the melting temperature. Due to convection and thermal conductivity inside the melt, the temperature spreads 
from the central region of the melt to the periphery, heats it, and powder particles are drawn into the zone of 
overheated melt and in turn melt. Thus, the size of the melt zone becomes larger than the zone heated by the 
beam to the melting temperature. In modes with scanning, the situation is different. Thermal insulation is 
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worse. Either plates or large drops are formed. They come into contact with the powder mainly only from 
below. The relative amount of peripheral powder entering the overheated zone of the melt is less. 

Conclusions 

1. Accelerated synthesis of ceramics under the influence of an electron beam for two-component oxides

can be explained by the formation of a liquid phase according to an equilibrium thermodynamic mechanism 

without taking into account radiation effects. The energy introduced by the electron beam is more than 

enough to melt the powder material. 

2. The method for producing ceramics using an electron beam with MeV-range electron energy is char-

acterized by high beam energy efficiency, which is expressed through the beam efficiency coefficient  pro-

posed in this work. Its average value, regardless of the energy required to melt the material and the melting 

temperature, exceeds 50 %, and in some cases, the beam efficiency exceeds 80 %. 

3. For most of the studied substances, the loss of powder mass during the synthesis process does not

exceed several percent. 

4. Efficiency values less than one third are observed in the following cases:

 during processing, significant powder dispersion occurs;

 the selected beam power significantly exceeds that required to melt the material placed in the cruci-

ble; 

 the mass thickness of the initial powder layer is less than the mass thickness of the beam penetration.
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М.Г. Голковский, И.П. Денисов, С.А. Гынгазов, И.П. Васильев,
 
 И.К. Чакин 

Жоғары ену қабілеті бар электронды сәуленің әсерінен керамикалық 

материалдардың сұйық фазалық синтезінің тиімділігі 

Соңғы бірнеше жылда жүргізілген зерттеулер люминесцентті керамикалық материалдарды, сондай-ақ 

жоғары ену қабілеті бар электронды сәулені қолданатын басқа мақсаттағы керамиканы алу әдісінің 

артықшылықтарын көрсетті. Сәулені өнеркәсіптік электронды үдеткіш жасайды және атмосфераға 

шағын диаметрлі тесік арқылы шығарылады. Электрондардың үдеткіш кернеуі 1,4 – 2,5 МВ диапазо-

нында реттеледі, бұл сәуленің жоғары қуатымен бірге ұнтақ материалға көлемдік әсер етуге мүмкіндік 

береді, оны шамамен 1 с уақыт ішінде балқытады, яғни балқыманың бастапқы шихта орналасқан ти-

гель қабырғаларымен жанасуынсыз. Жұмыста екі компонентті оксидті керамиканы синтездеу кезінде 

сәуленің энергетикалық тиімділігін есептеу әдісі ұсынылған. Сәуленің тиімділігі синтезделген 

керамиканың балқу температурасына және оны қыздыру мен балқыту үшін қажет жылуға қарамастан, 

орташа есеппен 50% құрайды және көптеген жағдайларда 80%-дан асады. 

Кілт сөздер: жоғары вольтты электронды сәуле, электронды сәулені атмосфераға шығару, электронды 

сәулені балқыту, заттардағы сәулелік энергияны бөлу, оксидті керамика синтезі, керамика синтезінің 

тиімділігі. 

М.Г. Голковский, И.П. Денисов, С.А. Гынгазов, И.П. Васильев,
 
И.К. Чакин 

КПД жидкофазного синтеза керамических материалов под воздействием 

электронного пучка с высокой проникающей способностью 

Проведённые в последние несколько лет исследования показали преимущества метода получения 

люминесцентных керамических материалов, а также керамик другого назначения с применением 

электронного пучка с высокой проникающей способностью. Пучок генерируется промышленным ус-

корителем электронов и выпускается в атмосферу через отверстие малого диаметра. Ускоряющее на-

пряжение электронов регулируется в диапазоне 1,4–2,5 МВ, что в сочетании с высокой мощностью 

пучка позволяет оказывать объёмное воздействие на порошковый материал, производя его расплавле-

ние за время около 1 с, практически без соприкосновения расплава со стенками тигля, в который по-

мещается исходная шихта. В статье предложен способ расчёта энергетического КПД воздействия 

пучка при синтезе двухкомпонентных оксидных керамик. Показано, что КПД пучка в среднем состав-

ляет около 50 %, а во многих случаях превышает 80 %, вне зависимости от температуры плавления 

синтезируемой керамики и тепла, необходимого для её нагрева и расплавления. 

Ключевые слова: высоковольтный электронный пучок, вывод электронного пучка в атмосферу, элек-

тронно-лучевая плавка, выделение энергии пучка в веществах, синтез оксидной керамики, КПД син-

теза керамики. 

References 

1 Lv, Xiang et al. (2024). Recent progress on modulating luminescence thermal quenching properties of bi3+-activated phos-
phors. Inorganic Chemistry Frontiers, 11(6), 1668–1682. https://doi.org/10.1039/d3qi02588h. 

2 Haider, Asif Ali, et al. (2023). Advances in reversible luminescence modification and applications of inorganic phosphors 
based on Chromism reaction. Advanced Optical Materials, 12(5). https://doi.org/10.1002/adom.202302265. 

3 Zhou, Ming et al. (2024). Reaction mechanisms of (re0.2nd0.2sm0.2eu0.2gd0.2)2zr2o7 (re = la or YB) under Cao-MgO-
Al2O3-SiO2 (cmas) attack. Journal of the European Ceramic Society, 44(6), 4055–4063. 
https://doi.org/10.1016/j.jeurceramsoc.2024.01.014. 

4 Li, Xudong et al. (2023). Enhanced redox electrocatalysis in high-entropy perovskite fluorides by tailoring D–P hybridiza-
tion. Nano-Micro Letters, 16(1). https://doi.org/10.1007/s40820-023-01275-3. 

5 Wang, Yuhao et al. (2023). High‐entropy perovskites for Energy Conversion and storage: Design, synthesis, and potential 
applications. Small Methods, 7(4). https://doi.org/10.1002/smtd.202201138. 

6 Lisitsyn, Victor, et al. (2023). Radiation synthesis of high-temperature wide-bandgap ceramics. Micromachines, 14(12), 
2193. https://doi.org/10.3390/mi14122193. 

7 Lisitsyn, Victor et al. (2023). The optimization of Radiation Synthesis Modes for YAG: CE Ceramics. Materials, 16(8), 
3158. https://doi.org/10.3390/ma16083158. 

8 Lisitsyn, Victor et al. (2023). Express synthesis of YAG: CE ceramics in the high-energy electrons flow field. Materials, 
16(3), 1057, https://doi.org/10.3390/ma16031057. 



Efficiency of liquid-phase synthesis… 

Серия «Физика». 2024, 29, 4(116) 45 

9 Ghyngazov, S.A. et al. (2023). Synthesis of technical ceramics in a beam of fast electrons. Russian Physics Journal, 66(4), 
391–397, https://doi.org/10.1007/s11182-023-02952-x. 

10 NIST Chemistry Webbook, SRD 69. Chemical Formula Search. Retrieved from webbook.nist.gov/chemistry/form-ser/. Ac-
cessed 16 Oct. 2024. 

11 Glushko, V. (Ed.), Gurvich, L. & et al. (1978, 1979, 1981, 1982). Termodinamicheskie svoistva individualnykh veshchestv: 
Spravochnoe izdanie: [V 4-kh tomakh], 3-e izdanie [Thermodynamic Properties of Individual Substances. Reference Edition in 4 
Volumes, 3rd Edition]. Moscow [in Russian].  

12 Termodinamicheskie svoistva individualnykh veshchestv: Spravochnoe izdanie. Tom 5 (online versiia) [Thermodynamic 
Properties of Individual Substances. Reference Edition Volume 5, online version]. Retrieved from https://www.chem.msu.su/rus/tsiv/ 
[in Russian].  

13 Tabata, Tatsuo et al. (1998). An algorithm for depth–dose curves of electrons fitted to Monte Carlo data. Radiation Physics 
and Chemistry, 53(3), 205–215. https://doi.org/10.1016/s0969-806x(98)00102-9. 

14 Tabata, Tatsuo et al. (1994). Energy deposition through radiative processes in absorbers irradiated by electron beams. Nucle-
ar Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 93(4), 447–456. 
https://doi.org/10.1016/0168-583x(94)95633-2. 

Information about the authors 

Golkovski M.G. (corresponding author) — Candidate of physical and mathematical sciences, Senior 

researcher, Budker Institute of Nuclear Physics, Academician Lavrentiev avenue, 11, Novosibirsk, Russia, 

e-mail: golkovski@mail.ru. ORCID ID: https://orcid.org/0000-0003-4399-444X

Denisov I.P. — Candidate of physical and mathematical sciences, Senior researcher, National Research 

Tomsk Polytechnic University, Lenin avenue 30, Tomsk, Russia; e-mail: dip@tpu.ru 

Ghyngazov S.A. — Doctor of technical sciences, Professor, Leading Researcher, National Research 

Tomsk Polytechnic University, Lenin avenue 30, Tomsk, Russia, e-mail: ghyngazov@tpu.ru. 

https://orcid.org/0000-0002-2524-9238 

Vasil’ev I.P. — Candidate of technical science, Senior researcher, National Research 

Tomsk Polytechnic University, Lenin avenue 30, Tomsk, Russia, e-mail: zarkvon@tpu.ru. 

https://orcid.org/0000-0002-4077-7012 

Chakin I.K. — Research Engineer, Budker Institute of Nuclear Physics, 

Academician Lavrentiev avenue, 11, Novosibirsk, Russia, e-mail: chak_in2003@bk.ru 

ORCID ID: https://orcid.org/0000-0003-0529-2017 

https://www.chem.msu.su/rus/tsiv/
mailto:golkovski@mail.ru
https://orcid.org/0000-0003-4399-444X
mailto:dip@tpu.ru
mailto:ghyngazov@tpu.ru
https://orcid.org/0000-0002-2524-9238
https://orcid.org/0000-0002-4077-7012
mailto:chak_in2003@bk.ru
https://orcid.org/0000-0003-0529-2017


46 Вестник Карагандинского университета 

Article
https://doi.org/10.31489/2024PH4/46-53 Received: 21.06.2024 

UDC 536-12; 544.454.2 Accepted: 19.08.2024 

A.V. Kalenskii
*
, A.A. Zvekov, A.P. Borovikova, E.V. Galkina, P.O. Vinodiktov

Kemerovo State University, Kemerovo, Russia 

(*Corresponding author’s e-mail: kalenskyav@gmail.com)

The laser initiation of energetic materials doped with metal nanoparticles having oxide 

shell explosive decomposition 

The work is devoted to the development of the model describing laser initiation composite materials being an 

explosive matrix with metal nanoparticles covered with oxide shell. The model considers the oxide shell as a 

dielectric that does not absorb light. The example of aluminum nanoparticles covered with alumina is the 

main one in the paper. The model describes the thermal transfer in the system metal core-oxide shell-

explosive material, exothermic decomposition of the explosive considered as a one-step reaction with Arrhe-

nius dependence on the rate on temperature, and light absorption of the core-shell interface. The model is 

written as a system of the equations and respective computer program is developed. The semi-quantitative 

analysis of the model using the typical thickness of the heated layer of the matrix is performed. It is shown 

that the radius of the nanoparticle heated most is proportional to the thickness of the heated layer of the ex-

plosive matrix as in the previous versions of the model though the coefficient depends on the oxide shell 

thickness. The numerical analysis is done. The dependencies of critical energy density on the oxide shell 

thickness at constant nanoparticle’s radius and on the radius at constant shell thickness are calculated. The 

dependence on radius shows the existence of the optimal particle minimizing the critical energy density 

whose radius depends on the shell thickness. 

Keywords: laser initiation, thermal explosion, hot-spot model, core-shell nanoparticles, energetic materials. 

Introduction 

The development of laser initiation approaches of explosive decomposition is essential for safety in-

creasing in the explosives’ utilization as well as for ecology risks and technological catastrophes minimiza-

tion. One of the solution steps of this relevant task is the development of explosive blends selectively sensi-

ble to laser impact. The decreasing of neodymium laser pulse critical energy density of pentaerythritol 

tetranitrate (PETN) explosion in one hundred times was achieved earlier by mixing the explosive with alu-

minum nanoparticles [1]. The significant influence (13 times) of the oxide shell of the nanoparticles on the 

critical energy density of the PETN initiation was discovered in [2]. The respective model was suggested 

in [3]. 

The optic detonators based on primary explosives such as silver azide have not been applied extensively 

as they show low thresholds not only to laser impact but also to heat and electric stimulus. Another ways of 

the problem solution are development of optic detonators based on the high-energy metal complexes with 

nitrogen-rich ligands [4, 5] or application of secondary explosives which critical energy density of the laser 

impact was diminished with some additives. The sensibilization of the transparent secondary explosives was 

done with metal nanoparticles introduced in small quantities (about 1 %) in the works [1, 6, 7]. Significant 

decreasing in the critical energy density of the laser pulse appears due to both effective linear absorption co-

efficient increasing [8] and heating of just nanoparticles and thin layer of the explosive around it that is a 

negligible part of the sample. For that reason, the minimal energy density of secondary explosive PETN laser 

initiation with aluminum [6, 7], nickel and cobalt [9, 10] is about 1 J/cm
2
 at the main wavelength of the neo-

dymium laser. The perspectives of gold nanoparticles with diameter 60 nm showing maximum of the plas-

mon resonance band at 532 nm as a sensibilizing additive to hexogen comparing to carbon particles of soot 

and nanotubes was pointed out in [11]. Several papers were devoted to changing of the nanoparticles’ shape 

aiming at fitting the plasmon absorption band to the wavelength of the commercially available continuous-

wave lasers [12‒15]. The sensibilization of 1,1-diamino-2,2-dinitroethene with gold nanorods was performed 

in [12] that made it possible to initiate them with continuous-wave laser at 808 nm and power 8 W with 

reaching the pressure of 1.5 GPa at the rear side of the charge which is enough for the typically secondary 

explosives’ detonation initiation. The additive of black carbon leads to initiation threshold of 17 W in similar 

conditions [13]. The application of gold-copper alloy additives in the nano-stars shape allows one to initiate 

https://doi.org/10.31489/2024PH4/46-53
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hexogen with continuous-wave laser irradiation at power 41 W which is 6 times lower than for pure hex-

ogen [14]. Silver nano-plates of various shapes (round, triangle, and cracked triangles) utilization showed 

that the cracked triangles are the most efficient as hexogen sensibilizing additives though the absorption 

spectra of the samples are close [15]. 

The micro hot-spot conception of the thermal explosion based on the light absorption by metal nanopar-

ticles in the explosive’s volume was suggested in [16] for silver and lead azides. The relevance of the optic 

detonators using secondary explosives linked with safety issues attracted researchers to this model. The hot-

spot model applied to secondary explosives initiation was formulated in [1, 8, 10, 17] with phase transitions 

and optical properties of the composites taking into account. As a result, the most of experimental data on the 

laser pulse initiation of explosives found qualitative and partly quantitative explanation, including the de-

pendence of the critical energy density on the pulse duration. A few new effects were predicted and discov-

ered afterwards such as dependence of the initiation threshold on the laser wavelength, radius and mass frac-

tion of the sensibilizing nanoparticles. The dielectric shell of the nanoparticles was included in the hot-spot 

model in [3] where its influence on the optic and thermal properties was discussed. The calculation of ab-

sorption and scattering efficiency factors of the nanoparticles with metal core-dielectric shell structure was 

performed. The maximum temperatures of the core-shell particles heated in the inert medium were calculated 

varying the nanoparticle’s radius. It was shown that oxide shell changes drastically the optic properties of the 

nanoparticle. The further research into hot-spot model is relevant due to their fundamental significance in the 

point of mechanisms of laser initiation understanding and practice linked with optic detonators’ composition 

optimization. 

The aim of the present work is research into laser initiation regularities of PETN taking into account ox-

ide shell of the aluminum sensibilizing nanoparticle. The main task is to perform the kinetic analysis of the 

composites PETN/Al/Al2O3 laser initiation model at variation of the both nanoparticle’s radius and shell 

thickness in the wide range. The model is analyzed for the practically important case of composite PETN-

aluminum nanoparticles. The dependence of the critical energy density on this composite on the oxide con-

tent in the nanoparticle was studied experimentally earlier [2]. 

The hot-spot model of laser initiation in the case of core-shell nanoparticles 

The differential equations of the hot-spot model in the core-shell particle case are as follows [3]: 
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where lower index 0 marks the shell, М marks the core, α is thermal diffusivity, с is volumic heat capacity, n 

is the content of the unreacted explosive substance, k0 is preexponential factor, E is activation energy, Q is 

heat released at decomposition of 1 cm
3
 of the explosive substance, R is nanopartciles radius, r is radius of 

the core. The metal core absorbs light in the core of core-shell particles case. The energy absorbed is con-

sumed on heating the core then the shell is heated and only after it the heat is transferred to the surrounding 

explosive’s layer initiating its decomposition. 

Thus, on the boundaries shell-explosive and core-shell respective boundary conditions arise making 

contrast to initial micro hot-spot model: 
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The calculations were done using parameters from [1‒3]. The temporal dependence of the function J 

was taken in the normal distribution shape according to the pulse shape of the experimentally used la-

sers [10]. It is reasonable to get rid of one of the parameters counting time from the pulse maximum and 

starting calculation earlier (3): 

 , (3) 

 

where ki determines the pulse duration at the half width according to the expression . The val-

ue of absorption efficiency  determines the intensity of light interaction with nanoparticle and we dis-

cussed it thoroughly in [18, 19]. 

Results and discussion 

An important task in the model analysis is determination of the nanoparticle’s radius heated by the laser 

pulse to maximum temperature neglecting the explosive’s decomposition. Denoting 
1

3c

c
 as K in the case of 

micro hot-spot model this radius is proportional to the matrix heated layer thickness Rm=Kh, where 

2 ih k  , while the maximum temperature augmentation takes form: 
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A similar analysis was performed in the case of the core-shell particles. The estimation of the maximum 

heating temperature in the case of particle having oxide shell with thickness (R — r) we will use the ration of 

nanoparticles and core radii Z=R/r. The expression for temperature augmentation can be written as follows: 
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The particles with the most pronounced temperature increasing are determined applying maximum con-

ditions: 
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It can be deduced from (5) that the radius of the most heated nanoparticle Rm does not depend on the 

pulse energy density but depends on pulse duration which presents through the thickness of the matrix heated 

layer h. For that reason, we calculated the dependence of the maximum temperature of the heated nanoparti-

cle in the inert matrix with PETN parameters on the radius at different pulse durations. The results are shown 

in Figures 1 and 2 at the pulse duration 14 and 20 ns respectively. The energy density values were 25, 50, 

and 75 mJ/cm2. The ration of core and nanoparticle radii was 0.75. The range of radii was taken rather wide, 

so the value of Rm fell in it. The self-accelerating mode of the reaction was excluded due to taking preexpo-

nential factor equal to 0. 
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At the energy density value 25 mJ/cm
2
 the maximum temperature increases from 437 to 604 K when 

radius increases from 10 to 60 nm and is decreased to 565 K as the radius gets to 120 nm. When the energy 

density increases to 50 J/cm
2
, the maximum temperature of the nanopartilces increases to 538 K for 10 nm 

and 909 K for 60 nm, while it becomes equal to 835, if the radius is 120 nm. If the energy density is 75 J/cm
2
 

the respective maximum temperatures for 10, 60 and 120 nm particle radii are 710, 1213 and 1102 K. The 

augmentation of temperature is proportional to the energy density of the pulse. The most heated particle has 

radius 60 nm in this case. 

 

Figure 1. Calculated dependencies of the maximum tem-

perature of the aluminum nanoparticles heated in PETN on 

its radius at r/R=0.75 and pulse duration 14 ns. 

 

Figure 2. Calculated dependencies of the maximum tem-

perature of the aluminum nanoparticles heated in PETN on 

its radius at r/R=0.75 and pulse duration 20 ns. 

Figure 2 shows similar dependencies of maximum temperature of the aluminum nanoparticle at the 

pulse duration 20 ns. Other conditions are the same. The maximum temperature of the particle heated with 

20 ns pulse and energy density 25 J/cm
2
 is 555 K when radius is 71.8 nm. The temperature decreases for both 

smaller and bigger particles reaching 399 K at 10 nm and 536 at 120 nm. The maximum temperatures for 

energy density 75 J/cm
2
 for 10, 71.8, and 120 nm are 600, 1064, and 1010 K. Thus the maximum heating 

temperature is achieved at the definite radius of the nanoparticle dependent on the pulse duration and inde-

pendent on its energy or power density. 

We analyzed thoroughly the temperature distributions in the heating of aluminum nanoparticles covered 

with alumina in the PETN matrix at the minimal pulse energy density provided explosive decomposition. 

The temperature distribution arising at the energy density 137 mJ/cm
2
 in the case of nanoparticle’s radius 

50 nm with core radius 35 nm and shell thickness 15 nm are presented in Figure 3. The moments of time 

counted from the pulse maximum are shown on the legend; they correspond to the slow temperature evolu-

tion in the reaction hot-spot linked with reaction energy releasing and heat transfer competition [20]. 

 

 
Figure 3. Temperature distributions in PETN at the 

time moments shown on the legend in the PETN lay-

er surrounding the nanoparticle with radius 50 nm 

(35 nm core and 15 shell thickness) 

 
Figure 4. Temperature distributions in PETN 

surrounding nanoparticle with radius 75 nm 

(50 nm core and 25 nm shell) at the time momonts 

shown in the legend 
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The maximum temperature 1145.1 K is observed on the boundary oxide shell- PETN (50 nm) and the 

hot-spot thickness is estimated as 2.6 nm at the time 9 ns when the pulse intensity is only 0.318 % of the 

maximal one. We determined here the hot-area as the part of the PETN matrix where the second derivative is 

negative as it has to be positive inside the matrix in the case of exothermic reaction absence. Further at time 

17 ns the temperature maximum increases to 1155.8 K while the hot layer is widened to 8.8 nm. The pulse 

intensity at 17 ns is 0.0168 % of the maximum one. Then at 18 ns the temperature on the alumina shell — 

PETN boundary increases to 1170 K; the hot layer thickness increases to 12.5 nm. It is essential that heat 

evolving in the exothermal reaction forms temperature maximum leading to explosive decomposition. 

Figure 4 shows the temperature distributions in PETN matrix in the case of nanoparticle with radius 

75 nm (50 nm core radius and 15 nm shell thickness) in the case of energy density 104.17 mJ/cm
2
. The tem-

perature on the boundary decreases slightly between 23 and 24 ns. At the same time the layer of the heated 

PETN widens, so the temperature gradient decreases. For that reason at time moment 24 ns the heating from 

the exothermal decomposition reaction overcomes the heat transferring from the hot layer and the tempera-

ture increasing begins. The temperature jumps rapidly at the time moment 24.8 ns counting from the pulse 

maximum evidencing the beginning of the explosive decomposition at the given energy density of the pulse. 

Thus, the analysis of temperature field evolution in the system PETN — aluminum nanoparticle with 

alumina shell varying the energy density of the laser pulse gives one an opportunity to estimate the critical 

energy density. 

The method of the explosive decomposition critical parameters calculation in the case of the composites 

PETN — aluminum nanoparticles covered with alumina is close to used earlier [20]. In the case of interest 

one needs to take into account the thermal transfer in the oxide shell. The developed computer program cal-

culated critical energy density Hc at given nanoparticle’s radius, radius of the core, shell thickness, and pulse 

duration. The results are presented in Figure 5 as dependencies of critical energy density of the PETN explo-

sive decomposition on the nanoparticlers’ shell thickness at the definite radii of the nanoparticles in the radi-

us range from 15 to 70 nm and shell thickness range from 0 to 30 nm. The calculations were done in the as-

sumption of the absorption cross section equality to the geometrical one.  

 

 

 

Figure 5. The calculated dependencies of laser pulse criti-

cal energy density of PETN- Al/Al2О3 explosive decompo-

sition on the oxide shell thickness at definite nanoparticles’ 

radii presented on the legend 

Figure 6. The calculated dependencies Hc(R) for 

unoxidized aluminum nanoparticles and with oxide shell 

thickness shown on the legend 

The dependencies (Fig. 5) show the increasing of critical energy density when the thickness of the oxide 

shell increases. It means that the function extremum lays at the zero thickness of the oxide shell minimizing 

the critical energy density. On the other hand, if one presents the calculation results as dependencies of criti-

cal energy density on the nanoparticles’ radius at definite oxide shell thickness the minimum points ap-

pear (Fig. 6). Thus, as for original hot-spot model of laser initiation in the model taking into account the ox-

ide shell discussed the radius of the most heated nanoparticle (or the optimal radius) appears, but it becomes 

a function of the thickness of the oxide shell. The dependencies in Figure 6 are of the same type showing the 

decreasing in the critical energy density from 15 nm to the minimal point and then increasing. The minimum 

position is a function of the oxide shell thickness; the thickness increasing leads to the optimal radius of the 

nanoparticle rising. 
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This trend could be also found from the equation (5). The minimum positions (minimal Hc and respec-

tive R values) at several shell thickness values are presented in Table. The optimal radius of the metal nano-

particle existing in terms of the model could be determined in two ways: (i) one is able to find the radius of 

the most heated nanoparticle in the under-threshold mode; (ii) one can calculate the dependence of critical 

energy density on the nanoparticle’s radius and find its minimum. The existence of the optimal radius of the 

nanoparticle providing the minimal energy density other conditions are the same is inherited in the model 

taking into account the oxide shell from the initial model of the entirely metallic particles. As in the model a 

new parameter appears that is shell thickness, it is not surprising that optimal radius becomes its function. 

The optimal radius increases when the oxide shell becomes thicker, for instance, when the shell thickness 

increase from 0 to 10 nm the optimal radius increases in 1.5 times. 

T a b l e  

Minimum coordinates on the critical energy dependence on the nanopartciles  

radius at fixed oxide shell thickness values 

L, нм 0  3   5  7  10  

Hc, mJ/cm
2
 58,7 67,3 71,2 75,1 80,8 

Rm, nm 66,18 68,08 79,71 86,27 96 

 

Conclusion 

The model describing the laser initiation of explosive linked with radiative heating of metal nanoparti-

cle with oxide shell in the explosive matrix was developed and analyzed. We showed that the optimal radius 

of the nanoparticle providing the minimum threshold of the ignition depends on the oxide shell thickness. 

The model is a new step towards application of the hot-spot theory to real explosive-metal nanopartilces 

composites. The optical properties will be incorporated in the future which will make it possible to compare 

the calculation results with the experimental one. 

This research was funded by the Ministry of Science, Higher Education and Youth Policy of Kuzbass 

(agreement No. 5 dated Nov.11, 2022). 
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А.А. Звеков, А.В. Каленский, А.П. Боровикова, Е.В. Галкина, П.О. Винодиктов 

Оксидті қабықшаның жарылғыш ыдырауы бар металл нанобөлшектерімен 

легирленген энергетикалық материалдардың лазерлік инициациясы 

Мақала лазерлік инициациялық композициялық материалдардың оксидті қабықпен қапталған металл 

нанобөлшектері бар жарылғыш матрица болуын сипаттайтын модельді әзірлеуге арналған. Модельде 

оксид қабығын жарықты сіңірмейтін диэлектрик ретінде қарастырады. Негізгі нәтижелер алюминий 

оксидімен қапталған алюминий нанобөлшектеріне арналған. Модель шеңберінде «металл ядросы–

оксидті қабық–жарылғыш зат» жүйесіндегі жылу беру процестері, Аррениус температурасына 

тәуелділікпен бірінші ретті реакция ретінде модельденген жарылғыш заттың экзотермиялық ыдырауы 

және «ядро–қабық» шекарасындағы сәулеленуді сіңіру зерттелген. Модель дифференциалдық 

теңдеулер жүйесі түрінде жазылып, сандық орындауға арналған компьютерлік бағдарлама жасалған. 

Модельдің жартылай сандық талдауы сәулелену импульсінің әрекеті кезінде қыздырылған 

матрицалық қабаттың сипаттамалық қалыңдығын пайдалана отырып жүргізілді. Ең жоғары 

температураға жеткен нанобөлшектің радиусы қыздырылған матрицалық қабаттың қалыңдығына 

пропорционал болатыны көрсетілген, бұл модельдің алдыңғы нұсқасына сәйкес келеді, бірақ 

пропорционалдық коэффициенті оксид қабықшасының қалыңдығына байланысты. Модельге сандық 

талдау жасалды. Инициация энергиясының критикалық тығыздығының нанобөлшектің тұрақты 

радиусындағы оксид қабығының қалыңдығына және қабықтың тұрақты қалыңдығындағы нанобөлшек 

радиусына тәуелділігі есептеледі. Радиусқа тәуелділік минималды инициация шегіне әкелетін 

оңтайлы нанобөлшектің болуын көрсетеді. Оңтайлы нанобөлшектің радиусы қабықтың қалыңдығына 

байланысты. 

Кілт сөздер: лазерлік инициация, термиялық жарылыс, ыстық нүкте моделі, ядро қабықшасының 

нанобөлшектері, энергетикалық материалдар. 
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А.А. Звеков, А.В. Каленский, А.П. Боровикова, Е.В. Галкина, П.О. Винодиктов 

Закономерности лазерного инициирования взрыва 

энергетических материалов, допированных наночастицами  

Статья посвящена развитию модели лазерного инициирования взрыва композитных материалов, 

представляющих собой матрицу взрывчатого вещества, содержащую наночастицы металлов с оксид-

ной оболочкой. В рамках модели оксидная оболочка рассмотрена как диэлектрик прозрачный для ла-

зерного излучения. Основные результаты представлены для наночастиц алюминия, покрытых окси-

дом алюминия. В рамках модели изучены процессы теплопереноса в системе «металлическое ядро–

оксидная оболочка–взрывчатое вещество», экзотермическое разложение взрывчатого вещества, моде-

лируемое как реакция первого порядка с Аррениусовской температурной зависимостью, и поглоще-

ние излучения на границе «ядро–оболочка». Модель записана в виде системы дифференциальных 

уравнений, и разработана компьютерная программа для численной реализации. Выполнен полуколи-

чественный анализ модели с использованием величины характерной толщины слоя прогретой матри-

цы за время действия импульса излучения. Показано, что радиус наночастицы, достигающей наи-

большей температуры, пропорционален толщине прогретого слоя матрицы, что согласуется с преды-

дущим вариантом модели, однако коэффициент пропорциональности зависит от толщины оксидной 

оболочки. Проведен численный анализ модели. Рассчитаны зависимости критической плотности 

энергии инициирования от толщины оксидной оболочки при постоянном радиусе наночастицы и ра-

диуса наночастицы при постоянной толщине оболочки. Зависимость от радиуса свидетельствует о 

существовании оптимальной наночастицы, приводящей к минимальному порогу инициирования. Ра-

диус оптимальной наночастицы зависит от толщины оболочки.  

Ключевые слова: лазерное инициирование, тепловой взрыв, микроочаговая модель, наночастицы, яд-

ро–оболочка, энергетические материалы. 

 

Information about the authors 

Alexander Kalenskii (corresponding author) — Doctor of physical and math science, Head of the De-

partment of Solid State Chemistry and Material Science, Kemerovo State University, Krasnaya st., 6, 

650000, Kemerovo, Russia; e-mail: kalenskyav@gmail.com; https://orcid.org/0000-0002-6658-0787 

Alexander Zvekov — Doctor of physical and math science, Professor, Department of Solid State 

Chemistry and Material Science, Kemerovo State University, Krasnaya st., 6, 650000, Kemerovo, Russia; 

e-mail: zvekovaa@gmail.com, https://orcid.org/0000-0002-2941-9783 

Anastasia Borovikova — Candidate of physical and math science, Head of Scientific and Innovation 

Office, Kemerovo State University, Krasnaya st., 6, 650000, Kemerovo, Russia; e-mail: science@kemsu.ru, 

https://orcid.org/0000-0002-4987-3406 

Elena Galkina — Candidate of physical and math science, Tutor, Department of Solid State Chemistry 

and Material Science, Kemerovo State University, Krasnaya st., 6, 650000, Kemerovo, Russia; 

e-mail: keltrilla@gmail.com 

Pavel Vinodiktov — 2
nd

 year PhD student, Kemerovo State University, Krasnaya st., 6, 650000, 

Kemerovo, Russia; e-mail: vinodiktovpavel@yandex.ru 

mailto:kalenskyav@gmail.com
mailto:zvekovaa@gmail.com
mailto:hipnose_4u@mail.ru


54 Вестник Карагандинского университета 

Article
https://doi.org/10.31489/2024PH4/54-59 Received: 20.05.2024 

UDC 535.376 Accepted: 27.07.2024 

A.A. Karnaukhova
*
, V.Y. Yakovlev

Tomsk Polytechnic University, Tomsk, Russia 

(*Corresponding authors e-mail: meleshko@tpu.ru) 

Cathodoluminescence properties of oxide and fluoride ceramics synthesized 

in the field of high-energy electrons flux 

Traditionally, the synthesis of refractory ceramics is a complex and time-consuming process. Some time ago, 

a new, much faster method was proposed — the method of synthesis of luminescent ceramics in the field of a 

powerful flux of high-energy electrons. In the synthesis of multicomponent oxide phosphors, it is not an easy 

task to determine the dependencies of the properties of the resulting material on the composition of the raw 

mixture and the modes of the synthesis process. In this regard, it seems logical to study the properties of ce-

ramics made by radiation synthesis from simple oxides, which are components of more complex phosphors. 

An investigation of the spectral and kinetic patterns of cathodoluminescence of ceramic samples of metal ox-

ides (Ga2O3, Al2O3, Y2O3) and fluorides (MgF2, BaF2) obtained by radiation synthesis method was carried 

out. The paper presents an analysis of the cathodoluminescence spectra of the studied samples with the allo-

cation of elementary bands, conclusions about the dynamics of luminescence decay are made. The obtained 

results are compared with the known data on single crystal samples. It is shown that, unlike oxide ceramics, 

the spectral characteristics of MgF2 and BaF2 ceramic samples show good agreement with the data on single 

crystals of these compounds. 

Keywords: oxide ceramics, fluoride ceramics, cathodoluminescence, radiation synthesis, spectra, time resolu-

tion, Ga2O3, Al2O3, Y2O3. 

Introduction 

YAG ceramics with activators is a promising material, including for use as phosphors for LEDs. The 

synthesis of refractory ceramics is a complex and time-consuming process. Some time ago, in the works of 

V.M. Lisitsyn [1, 2], another, much faster method was proposed — the method of synthesis of luminescent

ceramics in the field of a powerful high-energy electron flux. The samples for this work were synthesized by

direct exposure of the raw materials to an electron beam with an energy of 1.4 MeV and a power density of

20 kW/cm
2
, in the mode of scanning electron beam. Each section of the surface of the synthesized substances

was exposed to a radiation beam for about 1 s. The total exposure time of the supplied electron beam to the

crucible was 10 s. The ELV-6 accelerator at the Institute of Nuclear Physics of the Siberian Branch of the

Russian Academy of Sciences was used for synthesis [1].

The synthesis of oxide ceramics using a fundamentally new technology requires a comprehensive study 

of the properties of this ceramic. In the synthesis of multicomponent oxide phosphors, it is not an easy task to 

determine the dependencies of the properties of the resulting material on the composition of the raw mixture 

and the modes of the synthesis process. In this regard, it seems logical to study the properties of ceramics 

made by radiation synthesis from simple oxides, which are components of more complex phosphors. The 

purpose of this work is to study the spectral and kinetic patterns of cathodoluminescence (CL) of ceramic 

samples of metal oxides and fluorides obtained by radiation synthesis method and compare the results ob-

tained with known data on single crystal samples. 

Experimental 

Ceramic samples of metal oxides (Ga2O3, Al2O3, Y2O3), including those with an admixture of 0.5 wt.% 

Ce2O3, and metal fluorides (MgF2, BaF2) synthesized by the radiation method were used for research [1]. It 

should be noted that the samples of oxide ceramics obtained by radiation synthesis, unlike monocrystalline 

samples, are mechanically fragile glassy formations. Whereas the strength of fluoride ceramic samples is 

significantly higher and comparable to monocrystalline samples. 

CL of the samples was excited by an electron beam with a duration t1/2 = 10 ns, an average electron en-

ergy in a pulse of 250 keV and an energy density of 0.05 J/cm
2
. Measurements of the spectral and kinetic 

https://doi.org/10.31489/2024PH4/54-59
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characteristics of CL were carried out using an MDR-3 monochromator, a FEU-106 photomultiplier and a 

LECROY WR6030A oscilloscope with a time resolution of 7 ns. 

Results and Discussion 

1. Spectra and kinetics of Ga2O3 CL 

The spectrum of Ga2O3 CL, recorded at the time of the maximum of the luminescence flash, is repre-

sented by a wide band in the region of 2.5 — 4 eV with a maximum of about 3.4 eV. Figure 1 shows the 

spectrum taken at the moment of the maximum luminescence pulse and 200 ns after. The type of the CL de-

cay curve at 3.44 eV is shown in Figure 2. It can be seen that the decay of Ga2O3 CL occurs according to a 

non-elementary law. The curve has a fast exponential component with a characteristic decay time of 40 ns, as 

well as a slow hyperbolic one: 
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The spectrum of the fast component obtained from the total spectrum (Fig. 3) can be decomposed into 

two Gaussian bands peaking at 3.05 and 3.45 eV with a width of 0.47 eV. Bands similar in position were 

observed by the authors of [3] in single crystals of β-Ga2O3 under continuous electron irradiation and were 

associated with the luminescence of point defects. 

 

 

Figure 3. Spectrum of a fast component of Ga2O3 CL decay. 

Dots — experimental data, solid lines — fitting by Gaussian curves. 

 

  

Figure 1. CL spectrum of Ga2O3 sample: 1 — taken at 

amplitude value of a pulse, 2 — in 200 ns. 

Figure 2. Decay curve of Ga2O3 CL at 3.44 eV. 
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2. Spectra and kinetics of Al2O3 CL 

As for the Al2O3 ceramic samples, their spectral and kinetic parameters are difficult to reconcile with 

the data on single crystals. During the study, we measured the CL spectra of Al2O3 and Al2O3: Ce 0.5 % 

samples in the range of 1.3 — 5.3 eV. As can be seen from the data in Figure 4, the most intense glow is ob-

served in the UV region and represents a wide band. Elementary bands with peaks at about 5 eV and 4.3 eV 

can be distinguished in it, and in samples with an admixture of Ce2O3, an additional band appears at 3.4 eV. 

The band at 4.3 eV was previously observed during irradiation of α-Al2O3 with heavy ions [4], but its nature 

has not been clearly determined. It has been suggested that diffusion-controlled tunnel recombination of self-

trapped hole is possible. 

 

Figure 4. CL spectra of Al2O3 (1) and Al2O3: Ce 0,5 % (2) samples. 

3. Spectra and kinetics of Y2O3 CL 

The spectral and kinetic characteristics of Y2O3 and Y2O3 with the addition of 0.5 wt % Ce2O3 CL were 

measured. In general, their spectra, registered by the amplitude values of the flash, are similar (see Figures 5 

and 6) and represent a wide band in the region of 2.5 — 4.5 eV, however, the glow of Y2O3 with cerium de-

cays much faster. By the time 500 ns after the maximum of the CL pulse, the intensity values are so small 

that they could not be registered (Figю 6, curve 2). The spectra of the slow and fast decay components of the 

Y2O3 sample CL can be described well by bands with parameters Emax = 2.92 eV, FWHM = 0.86 eV and Emax 

= 3.5 eV, FWHM = 0.89 eV, respectively. In the CL spectrum of the Y2O3: Ce sample there is only a band at 

3.5 eV with FWHM = 0.89 eV. 

It should also be noted that the intensity of the emission of the sample containing cerium was more than 

10 times lower than that of the sample without cerium. That is, the doping of Y2O3 with cerium led to a gen-

eral decrease in the yield of CL and a decrease in the contribution of relatively long processes associated 

with the conversion of excitation energy. 

 

  

Figure 5. CL spectra of Y2O3. 1 — taken by amplitude 

values of a pulse, 2 — in 500 ns, 3 — spectrum of a fast 

component, 4 — fitting by a sum of Gaussian curves. 

Figure 6. CL spectra of Y2O3: Ce 0,5 %. 1 — taken  

by amplitude values of a pulse, 2 — in 500 ns, 

3 — fitting by a Gaussian curve. 
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4. Spectra and kinetics of MgF2 и BaF2 CL 

Figure 7 shows the results of MgF2 and BaF2 ceramic samples CL spectra measurement. In the MgF2 

spectrum, registered in the 2–4 eV region by peak values of CL pulse, a band at 3 eV with a width of 0.33 eV 

prevails, in the BaF2 spectrum in the 2–5 eV region, a band at 4.2 eV with a width of 0.86 eV stands out. The 

shape and position of the spectra are in good agreement with the data of [5], the authors of which associate 

these bands with the radiative recombination of self-trapped excitons. 

Thus, unlike oxide ceramics, the spectral characteristics of MgF2 and BaF2 ceramic samples show good 

agreement with the data on single crystals of these compounds. This suggests that in compounds with an ion-

ic bond, regardless of their structure (ceramics or single crystal), the short-range order is largely preserved 

and similar centers of luminescence are formed. 

 

 

Figure 7. CL spectra of MgF2 (а) and BaF2 (б) samples. 1 — experimental data, 2 — fitting. 

Conclusions 

The study of the spectral and kinetic patterns of the CL of ceramic samples of metal oxides and fluo-

rides obtained by radiation synthesis showed that all studied compounds have a maximum of the CL spec-

trum in the range of 3‒5 eV. Decay of Ga2O3 CL occurs according to a non-elementary law. There is a fast 

exponential component and a slow hyperbolic one in the pulse. Moreover, the spectrum of the fast compo-

nent can be decomposed into two bands (3.05 and 3.45 eV) close in position to those observed by the authors 

of [3] in single crystals of β-Ga2O3 under continuous electron irradiation and associated with the lumines-

cence of point defects. 

In the spectra of Al2O3 CL, elementary bands with maxima at 5 eV and 4.3 eV can be distinguished, and 

in samples doped with Ce2O3 an additional peak at 3.4 eV, which was observed earlier when irradiated with 

α- Al2O3 with heavy ions. Its origin has not been definitively determined. 

The spectra of Y2O3 CL without and with a dopant of Ce2O3 are similar, but the luminescence of Y2O3: 

Ce decays much faster and the intensity of this emission is significantly reduced. That is, the introduction of 

cerium into Y2O3 leads to an overall decrease in the yield of CL and a decrease in the contribution of rela-

tively long processes associated with the conversion of excitation energy. 

The spectra of MgF2 and BaF2 ceramic samples show good agreement with the data on single crystals 

of these compounds, unlike oxide ceramics. This indicates that in compounds with an ionic bond, regardless 

of their structure (ceramics or single crystal), the short-range order is largely preserved and similar centers of 

luminescence are formed. 
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А.А. Карнаухова, В.Ю. Яковлев 

Жоғары энергиялы электрондар ағыны саласында синтезделген оксидті  

және фторлы керамиканың катодолюминесценция қасиеттері 

Дәстүр бойынша отқа төзімді керамиканың синтезі күрделі және көп уақытты қажет ететін процесс. 

Біраз уақыт бұрын жаңа, әлдеқайда жылдам әдіс ― жоғары энергиялы электрондардың қуатты ағыны 

саласындағы люминесцентті керамиканы синтездеу әдісі ұсынылды. Көп компонентті оксидті 

фосфорларды синтездеу кезінде алынған материалдың қасиеттерінің шикізат қоспасының құрамына 

және синтез процесінің режимдеріне тәуелділігін анықтау оңай шаруа емес. Осыған байланысты 

күрделі фосфорлардың құрамдас бөліктері болып табылатын қарапайым оксидтерден радиациялық 

синтез арқылы жасалған керамиканың қасиеттерін зерттеу қисынды болып көрінеді. Жұмыста 

радиациялық синтез әдісімен алынған металл оксидтерінің (Ga2O3, Al2O3, Y2O3) және фторидтердің 

(MgF2, BaF2) керамикалық үлгілерінің катодолюминесценциясының спектрлік және кинетикалық 

заңдылықтарына зерттеу жүргізілді. Люминесценция импульсі 250 кэВ болатын электрондардың 

орташа энергиясы бар электрондар шоғырымен қозғалды. Спектрлер мен люминесценция 

кинетикасын тіркеу үшін 7 нс уақыт ажыратымдылығы бар импульстік спектрометрия әдісі 

қолданылды. Авторлар зерттелген үлгілердің катодолюминесценция спектрлеріне қарапайым 

жолақтарды бөліп көрсете отырып, жеке жолақтардағы люминесценцияның әлсіреу динамикасы 

туралы қорытынды жасайды. Алынған нәтижелерді монокристалды үлгілер бойынша белгілі 

деректермен салыстыру жүргізілді. Оксидті керамикадан айырмашылығы, MgF2 және BaF2 

керамикалық үлгілерінің спектрлік сипаттамалары осы қосылыстардың монокристалдары туралы 

мәліметтермен жақсы үйлесетіндігін көрсетеді. 

Кілт сөздер: оксидті керамика, фторлы керамика, катодолюминесценция, радиациялы синтез, 

спектрлер, уақыт ажыратымдылығы, Ga2O3, Al2O3, Y2O3. 

 

 

А.А. Карнаухова, В.Ю. Яковлев 

Свойства катодолюминесценции оксидной и фторидной керамики, 

синтезированной в поле потока высокоэнергетических электронов 

Традиционно синтез тугоплавкой керамики является сложным и долгим процессом. Некоторое время 

назад был предложен новый, намного более быстрый метод — метод синтеза люминесцентной кера-

мики в поле мощного потока высокоэнергетических электронов. Синтез оксидной керамики по прин-

ципиально новой технологии требует всестороннего изучения свойств этой керамики. При синтезе 

многокомпонентных оксидных люминофоров непростой задачей является определение зависимостей 

свойств получаемого материала от состава исходного сырья, режимов процесса синтеза. Образцы для 

данной работы были синтезированы путем прямого воздействия на сырье электронного пучка. В ра-

боте исследовались закономерности катодолюминесценции образцов керамики оксидов металлов 

(Ga2O3, Al2O3, Y2O3) и фторидов металлов (MgF2, BaF2), синтезированной радиационным методом. 

Люминесценция возбуждалась пучком электронов со средней энергией электронов в импульсе 250 

кэВ. Для регистрации спектров и кинетик люминесценции использовался метод импульсной спектро-

метрии с временным разрешением 7 нс. Авторами представлен анализ спектров катодолюминесцен-

ции изученных образцов с выделением элементарных полос, сделаны заключения о динамике затуха-

ния люминесценции в отдельных полосах. Проведено сравнение полученных результатов с известны-
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ми данными по монокристаллическим образцам. Показано, что, в отличие от оксидной керамики, 

спектральные характеристики образцов керамик MgF2, BaF2 показывают хорошее соответствие с дан-

ными по монокристаллам этих соединений. 

Kлючевые слова: оксидная керамика, фторидная керамика, катодолюминесценция, радиационный 

синтез, спектры, временное разрешение, Ga2O3, Al2O3, Y2O3. 
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Final ion formation and energy reemission upon a cascade decay 

of single vacancies in the K and L electron shells of atomic platinum 

Cascade decay of single vacancies in 1s, 2s, 2p1/2, and 2p3/2 subshells of an isolated platinum atom are simu-

lated by the method of construction and analysis of the cascade decay trees. The yields of final ions and the 

spectra of cascade electrons and photons are calculated. Mean charges of the final ions formed as a result of 

the cascade decays of 1s, 2s, 2p1/2, and 2p3/2 vacancies in the platinum atom are 7.75, 9.82, 7.80, and 7.95, re-

spectively. The energies stored in final cascade ions, and the energies reemitted with cascade electrons and 

photons are calculated for the decays of each initial inner-shell vacancy. In the case of decay of vacancies in 

the 2s, 2p1/2, and 2p3/2 subshells, most of the energy initially acquired by the atom during the creation of an 

initial inner-shell vacancy is re-emitted by Auger and Coster–Kronig cascade electrons. In the case of 1s va-

cancy decay, most of the energy is carried away by cascade photons, predominantly KL. The prospects of us-

ing platinum-based agents as radiosensitizers in photon activation therapy of cancer are discussed. 

Keywords: platinum, vacancy cascade, decay tree, ion yields, cascade energy reemission, radiosensitization, 

Auger therapy, photon activation therapy. 

 

Introduction 

Creation of an inner-shell vacancy in an atom produces a high-energy excited state which then decays 

through a sequence of radiative and non-radiative transitions into terminal (often highly charged) stable ionic 

states [1–4]. Cascade decay of vacancies, also called vacancy cascades, is a fundamental atomic process oc-

curring whenever an inner-shell vacancy is created. The energy acquired by the atom upon ionization is 

reemitted into the environment with numerous cascade electrons and photons. This circumstance makes it 

possible to use heavy bio-neutral atoms as radiosensitizers in photon activation therapy (PAT) of malignant 

tumors [5, 6]. Radiosensitizers are the agents introduced into the tumor prior to irradiation in order to in-

crease the damage to cancer cells. 

Radiosensitization effect is two-fold. In the first place, due to large photoionization cross sections of the 

high-Z radiosensitizing atoms, the absorption of energy from an incident ionizing radiation beam is localized 

in the tumor, so less harm is made to healthy tissues. What is important, the energy absorbed by a 

radiosensitizing atom does not stay with it, a large portion of the absorbed energy is reemitted with cascade-

produced electrons and photons into surrounding tissues causing direct and indirect damage to cancer cells’ 

DNA. Energy reemission following inner-shell ionization has been studied in iron [7], gold [8], silver [9, 10] 

and iodine [11] atoms by theoretical cascade simulations. 

Platinum is a popular radiosensitizer introduced into tumors within chemical compounds or in nanopar-

ticles. It is often contained in chemotherapeutic drugs; a PAT using chemotherapeutic radiosensitizers is 

called chemoradiotherapy (CRT) [12, 13]. 

In this work we study the cascade decays of single 1s, 2s, 2p1/2, and 2p3/2 vacancies in an isolated plati-

num atom by straightforward construction of the cascade decay trees. The yields of final cascade ions, and 

energies a) stored in final ions, b) reemitted with cascade-produced electrons, and c) reemitted with cascade-

produced photons are calculated. The prospects of using platinum atoms as radiosensitizers are discussed. 

Theory 

To simulate the cascade decay of vacancies, we use the method of construction and analysis of decay 

trees described in detail in [14, 15]. A brief review of the method is given in this Section. 

A cascade decay tree consists of branching points and branches connecting them. The branching points 

are ionic configurations — an initial inner-shell-vacancy one, and those appearing during the cascade transi-

tions. The branches of the decay tree are the cascade transitions — radiative with the emission of photons, 

and non-radiative (Auger, Coster–Kronig, super-Coster–Kronig) with the emission of electrons. 

https://doi.org/10.31489/2024PH4/60-67
mailto:agk@rgups.ru
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Cascade decay trees for specific initial inner-shell vacancy states were built as follows. Let C
(0)

 be the 

starting branching point of the tree, i.e. the initial configuration with a single inner-shell vacancy. It decays 

into lower-in-energy ionic states which form a set of the first-decay-step configurations 
(1){ }iC . Some of the 

configurations 
(1)

iC  can still have inner vacancies and can decay further. Their decays form a second-decay-

step set of configurations (2){ }jC , etc. The tree is completely built when after the n
th
 decay step none of the 

configurations 
( ){ }n

kC  can decay further having vacancies only in the uppermost subshells. The decay trees 

for the cascades with deep vacancies in heavy atoms are very complex. This is illustrated in Table 1 which 

lists the number of different ionic configurations appearing after each decay step during the cascade decay of 

single vacancies in 1s, 2s, 2p1/2, and 2p3/2 subshells of the platinum atom. One can see that the number of de-

cay steps reaches 23, and tens of thousands of different ionic configurations can appear after several con-

secutive decay steps. The bottom line of Table 1 shows the total numbers of branches in the decay trees; they 

amount to tens of millions. 

T a b l e  1  

Numbers of different ionic configurations appearing after each decay step during the cascade relaxation of single 

vacancies in 1s, 2s, 2p1/2 and 2p3/2 subshells of an isolated platinum atom, and total numbers of branches (Nbr) in 

respective decay trees 

Decay step 1s 2s 2p1/2 2p3/2 

1 177 166 153 144 

2 1333 1051 950 873 

3 5878 4582 3876 3528 

4 15079 13374 9695 8477 

5 23506 24503 14633 12152 

6 27077 31099 16699 13260 

7 26766 32711 16009 12554 

8 23855 30353 13629 10554 

9 19298 25360 10407 7819 

10 14288 19345 7111 5198 

11 9606 13319 4438 3166 

12 6000 8515 2673 1923 

13 3624 5164 1686 1289 

14 2096 3220 1223 956 

15 1418 2163 914 693 

16 1006 1593 641 459 

17 705 1184 393 281 

18 447 791 222 138 

19 242 469 97 61 

20 110 248 32 18 

21 39 109 5  

22  28   

23  2   

Nbr 2.12E7 1.962E7 8.222E6 5.902E6 

 

The cascade decay tree can be built if for each branching point 
( )m

iC  relative probabilities of all allowed 

transitions into lower-in-energy ionic states ( 1)m

jC   are known. These relative probabilities, also known as 

branching ratios, are calculated with 

 

( ) ( 1)

( ) ( 1)

( ) ( 1)

( )
( )

( )

m m

i jm m

i j m m

i k

k

C C
C C

C C







 
  

 
, (1) 

where  are partial transition widths which in atomic units coincide with the probabilities of transitions 

per unit time. The summation is performed over all energy- and symmetry-allowed radiative and non-

radiative transition from 
( )m

iC . Partial transition widths were calculated using the radial parts of bound- and 
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continuous-state atomic wave functions calculated in Pauli–Fock (PF) approximation [16]. They were calcu-

lated for single-vacancy ions, and then modified so as to take into account actual electron configurations of 

decaying ions as described in [14, 15]. 

Mean energies of cascade transitions Ci  Cf are calculated using mean total PF energies Ei and Ef of 

initial and final ionic configurations of the transitions. If the multiplets of Ci and Cf overlapped, only the 

transitions between the multiplet components allowed by the energy conservation law were considered when 

calculating mean transition energies and partial transition widths. The multiplets of ionic configurations were 

simulated with Gaussian probability density distributions using the methods of global characteristics of spec-

tra [17, 18]. 

In a decay tree, all terminal configurations are those of final ion states with specific ion charges. Let 

{Ci(q)} be the set of terminal ionic states in a +q charge state found in the decay tree. The probability to dis-

cover an atom in a specific charge state +q (ion yield) is the sum of probabilities to get from C
(0)

 to each 

Ci(q) through all possible decay pathways: 

 (0)

(0)

pathway

pathways

( ) ( ( ))iC
i

P q P C C q  
.

 (2) 

In its turn, the probability of getting from C
(0)

 to Ci(q) along a given pathway is a product of the branch-

ing ratios of all the transitions throughout the pathway: 

 (0) (0) (1) (1) (2) ( 2) ( 1) ( 1)

pathway( ( )) ( ) ( )... ( ) ( ( ))n n n n

i a a b p r r iP C C q C C C C C C C C q          
.
 (3) 

Mean final ion charges upon decays of initial single-vacancy states C
(0)

 are calculated with 

 (0) (0) ( )
C C

q

q qP q
.

 (4) 

The spectra of electrons and photons produced by the cascade relaxation of an inner-shell-vacancy con-

figuration C
(0)

 are the probabilities of emission of electrons (0)

el ( )
C

P i  and photons (0)

phot ( )
C

P k  against respective 

electron (0)

el ( )
C

E i  and photon (0)

phot ( )
C

E k  energies: 

 (0) (0) (0) (0) (0) (0)

el el el phot phot phot{ ( ), ( )}, { ( ), ( )}
C C C C C C

Sp E i P i Sp E k P k 
.
 (5) 

In the above notations, i and k number spectral components, i.e. cascade transitions during the cascade 

relaxation of C
(0)

. Probability of any cascade transition P(Ci  Cf) is the product of the probability of the 

initial-state configuration Ci to appear, and the transition branching ratio: 

 ( ) ( ) ( )i f i i fP C C P C C C   
.
 (6) 

The appearance probabilities P(Ci) are calculated in the same way as the probabilities to discover the 

configurations of final ions, see (2), (3). 

Upon nlj ionization, the atom acquires the energy in ( )jE nl  equal to the threshold ionization energy of 

the nlj orbital. We split the acquired energy in ( )jE nl  into the following redistribution channels: a) mean en-

ergy stored in final cascade ions ion ( )jE nl , b) mean energy reemitted with cascade electrons el

out ( )jE nl , and 

c) mean energy reemitted with cascade photons phot

out ( )jE nl . el

out ( )jE nl  and phot

out ( )jE nl  are calculated using 

electron and photon spectra emitted upon the decay of respective single-vacancy states (0) 1

jC nl : 

 1 1 1 1

el el el phot phot phot

out out( ) ( ) ( ),    ( ) ( ) ( )
j j j j

j jnl nl nl nl
i k

E nl P i E i E nl P k E k     
.

 (7) 

Evidently, 

 ion el phot

in out out( ) ( ) ( ) ( )j j j jE nl E nl E nl E nl  
.
 (8) 

Note that when a cascade relaxation of an atom happens within an organism tissue as in the case of 

PAT, the energy of the cascade ions ion ( )jE nl  will be also eventually deposited to the environment via ions 

neutralization. 

Results and Discussion 

Calculated final ion yields (ion charge spectra) upon the decay of 1s, 2s, 2p1/2 and 2p3/2 initial single va-

cancies in the platinum atom are shown in Figure 1. Mean final ion charges are given in respective panels. 

One can see that quite large degree of cascade ionization can be reached: the ions with charges up to +18 are 
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produced. Mean final ion charges are also large, e.g. in the case of the 2s vacancy relaxation mean ion charge 

is 9.82. 

Note that the charge spectra upon the decay of 1s, 2p1/2 and 2p3/2 vacancies are very much alike. This is 

because the main channels of the first-step decay of the 1s vacancy are the radiative transitions into 2p1/2 and 

2p3/2 states with the emission of KL23 (K12) photons. According to our calculations, a combined branching 

ratio of this transition is 0.78, and the decay trees for 2p1/2 and 2p3/2 initial vacancies do not differ much. In 

the case of the initial 2s vacancy, the cascade is more complex. Its decay tree contains additional L1L23N and 

L1L23O Coster–Kronig branches causing additional emission of electrons. The charge spectra of the cascades 

in platinum are very  much the same as those of the cascades in gold. The latter are discussed in detail in 

ref. [19]. 

 

 

Figure 1. Final ion yields upon the cascade decay of single 1s, 2s, 2p1/2 and 2p3/2 vacancies in atomic Pt 

As an example, Figure 2 shows the spectra of electrons and photons emitted during the cascade decay 

of the 1s vacancy in the platinum atom. A typical feature of all the deep-initial-vacancy cascade spectra is 

their complex multicomponent structure caused by the fact that the cascade transitions occur in a multitude 

of different multivacancy ionic configurations. 

 

 

Figure 2. Spectra of electrons and photons emitted during the cascade decay of 1s vacancy 

in an isolated Pt atom. Energy bin is 1 eV 
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Table 2 shows calculated energies acquired by the platinum atom on ionization of its 1s, 2s, 2p1/2 and 

2p3/2 subshells, and the energies stored in final cascade ions and reemitted with cascade electron and photons 

after cascade relaxation of vacancies. Also shown in the Table are relative weights of energy redistribution 

channels (in parentheses). It is seen from Table 2 that upon K and L ionization of Pt, only a small portion of 

the acquired energy rests with the platinum ions. Most of the energy is reemitted into the environment by 

cascade electrons and photons. Energy reemitted by electrons is the principal energy redistribution channel in 

the case of L ionizations making 59 to 66 % of the acquired energy. In the case of 1s ionization, most of the 

energy is carried away by cascade photons, predominantly KL23. 

To be able to draw conclusions about the role of cascade electrons and photons in PAT, it is necessary 

to analyze their mean free paths in organism tissues. Most effective in causing damage to tumor cells will be 

the particles with small inelastic free paths in the organism tissue medium. They will depose their energy to 

tumor cells in the nearest vicinity of the emitting atom, and with large doses. The particles with large free 

paths will spread their energy in larger volumes and with smaller doses. 

T a b l e  2  

Energies acquired upon nlj ionization of atomic platinum in ( )jE nl , energies stored in final platinum ions 

ion ( )jE nl , and energies reemitted with cascade electrons 
el

out ( )jE nl  and cascade photons 
phot

out ( )jE nl  

 
nlj 

in ( )jE nl , eV 
ion ( )jE nl , eV 

el

out ( )jE nl , eV 
phot

out ( )jE nl , eV 

1s 78814 614 (0.8 %)* 7827 (10.0 %) 70373 (89.2 %) 

2s 13917 939 (6.8 %) 9039 (65.0 %) 3939 (28.2 %) 

2p1/2 13236 534 (6.8 %) 7762 (58.7 %) 4939 (37.3 %) 

2p3/2 11492 525 (4.6 %) 7621 (66.3 %) 3346 (29.1 %) 
*Note ‒ Relative weights of energy redistribution channels 

 

Figure 3 shows mean inelastic free paths of electrons and photons in liquid water calculated in [8]. Wa-

ter is a commonly accepted simulation of organism tissues. As seen from Figures 3 and 4, mean inelastic free 

paths of cascade electrons are rather small; they are three to four orders of magnitude less than typical cell 

size, it is shown in Figure 4 with horizontal lines. This means that all the cascade electrons will contribute to 

the PAT effect. As for photons, their free paths in most cases are by orders of magnitude greater than the cell 

size which makes them hardly effective in PAT. Only a small portion of emitted cascade photons have free 

paths smaller than the cell size. Proportions of the energy reemitted with such PAT-prospective photons are 

0.2 %, 2.5 %, 1.4 % and 1.7 % in 1s- 2s- 2p1/2- and 2p3/2-cascades, respectively. 

 

 

Figure 5. Electron and photon inelastic free paths in water calculated in [8]. 
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The studies on cascade energy reemission in gold [8], silver [9, 10] and iodine [11] atoms have shown 

that photoelectrons can also contribute to the PAT effect giving contribution to the emitted energy compara-

ble to that from cascade electrons. Although we did not address the role of photoelectrons in this study, we 

believe that in the case of platinum, they will give considerable contribution to the PAT effect, too. 

Conclusions 

The method of construction and analysis of the decay trees is applied to simulate cascade decay of sin-

gle 1s, 2s, 2p1/2 and 2p3/2 vacancies in an isolated platinum atom. Final ion charge spectra and the spectra of 

cascade electrons and photons are calculated. It is shown that most of the energy acquired by the atom upon 

ionization is reemitted by cascade electrons and photons. All the cascade electrons having rather short inelas-

tic mean free paths are effective in photon activation therapy of cancer when platinum is used as a 

radiosensitizing agent. Only a small portion of cascade photons is PAT effective. 
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Ақырлы иондардың түзілуі және платина атомының K және L электронды 

қабықшаларындағы жалғыз бос орындардың каскадты ыдырауы кезінде 

энергияның қайта шығарылуы 

Каскадты ыдырау ағаштарын құру және талдау әдісімен оқшауланған платина атомының 1s, 2s, 2p1/2 

және 2p3/2 ішкі қабықшаларындағы бір жұмыс орындарының каскадты ыдырауын модельдеу 

жүргізілді. Соңғы иондардың шығуы және каскадты электрондар мен фотондардың спектрлері 

есептеледі. PT атомындағы 1s, 2s, 2p1/2 және 2p3/2 қуыстарының каскадты ыдырауынан пайда болған 

соңғы иондардың орташа зарядтары сәйкесінше 7,75, 9,82, 7,80 және 7,95 құрайды. Әрбір бастапқы 

ішкі қуыстың ыдырауы үшін соңғы каскадты иондарда жинақталған энергия және каскадты электрон-

дар мен фотондар қайта шығаратын энергия есептеледі. 2s, 2p1/2 және 2p3/2 ішкі қабықшаларындағы 

бос орындар ыдыраған жағдайда, бастапқы ішкі қуысты жасау кезінде атом қабылдаған энергияның 

көп бөлігі каскадтың Оже және Костер–Крониговски электрондары арқылы қайта бөлінеді. 1s-бос ор-

ны ыдыраған кезде энергияның көп бөлігі каскадты фотондармен, негізінен K, L арқылы тасымалда-

нады. Қатерлі ісіктің фотонды активтендіру терапиясында радиосенсибилизатор ретінде платина 

негізіндегі препараттарды қолдану перспективалары талқыланды. 

Кілт сөздер: платина, жұмыс каскады, ыдырау ағашы, ион өнімділігі, каскадтан энергияны қайта 

шығару, радиосенсибилизация, Оже терапиясы, фотонды белсендіру терапиясы. 

 

А.Г. Кочур, А.П. Чайников, А.И. Дуденко, В.П. Левицкая 

Образование конечных ионов и переизлучение энергии 

при каскадном распаде одиночных вакансий 

в K и L электронных оболочках атома платины 

Методом построения и анализа деревьев каскадного распада проведено моделирование каскадных 

распадов одиночных вакансий в 1s, 2s, 2p1/2 и 2p3/2 подоболочках изолированного атома платины. Рас-

считаны выходы конечных ионов и спектры каскадных электронов и фотонов. Средние заряды конеч-

ных ионов, образующихся в результате каскадных распадов 1s, 2s, 2p1/2 и 2p3/2 вакансий в атоме Pt, 

равны 7,75; 9,82; 7,80 и 7,95 соответственно. Для распадов каждой исходной внутренней вакансии 

рассчитаны энергии, запасенные в конечных каскадных ионах, и энергии, переизлученные с каскад-

ными электронами и фотонами. В случае распада вакансий в подоболочках 2s, 2p1/2 и 2p3/2 большая 

часть энергии, первоначально полученной атомом при создании начальной внутренней вакансии, пе-

реизлучается каскадными Оже и Костер-Крониговскими электронами. При распаде 1s-вакансии 

большая часть энергии уносится каскадными фотонами, преимущественно K, L. Обсуждены перспек-

тивы использования препаратов на основе платины в качестве радиосенсибилизаторов в фотонно-

активационной терапии рака. 

Ключевые слова: платина, каскад вакансий, дерево распада, выходы ионов, каскадное переизлучение 

энергии, радиосенсибилизация, Оже терапия, фотонно-активационная терапия. 
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50’th anniversary of Industrial ELV Accelerators 

The article highlights the 50-year development of ELV electron beam accelerators at the Budker Institute of 

Nuclear Physics for industrial applications. ELV accelerators are used primarily for radiation modification of 

polymers, such as cable insulation, and are known for their high reliability, ease of use, and adaptability to 

various industrial needs. The evolution of these accelerators is traced from early models with 20 kW power to 

modern versions reaching up to 100 kW, and even a unique 400 kW machine. The article also discusses the 

integration of automated systems and specialized equipment that enhance the efficiency and quality of radia-

tion-chemical processes. Applications include a wide range of industries, from telecommunications to nuclear 

power, where reliability under harsh conditions is essential. Despite past challenges, such as economic disrup-

tions, the production of ELV accelerators continues to thrive, with over 220 units delivered worldwide. The 

institute is focused on advancing these technologies to meet future demands. 

Keywords: ELV accelerators, electron accelerators, industrial accelerators, cross-linking. 

Introduction 

Since 1971, the Budker Institute of Nuclear Physics, Siberian Branch of the Russian Academy of Sci-

ences (BINP SB RAS), has been developing and producing ELV-type electron beam accelerators for use in 

industrial and research radiation technology installations. ELV-type accelerators are built using standardized 

systems and components, allowing cost-effective customization to meet specific customer requirements, such 

as energy range, electron beam power, beam window length, and so on. The design and circuit solutions pro-

vide for long-term, continuous, round-the-clock operation under industrial conditions. The distinct qualities 

of ELV accelerators include simplicity of design, ease of operation, and high reliability. 

Status 

Recently, it marked 50 years since the final testing of the ELV-1 accelerator as part of the interdepart-

mental commission program at the Experimental Plant of the All-Union Research Institute of Cable Industry 

in Podolsk. The commission was formed by the Ministry of Electrical Industry and included nine representa-

tives: accelerator specialists (BINP and the Efremov Institute), the cable industry (VNIICP), radiation tech-

nology experts (VNIIRT and NPO PLASTIK), and the Ministry of General Engineering. 

As a result of these tests, the commission recommended the accelerator for industrial use and mass pro-

duction. The BINP immediately began fulfilling an order for 15 accelerators for the Ministry of Electrical 

Industry’s enterprises. Today, the institute offers a series of ELV electron accelerators, covering an energy 

range from 0.3 to 4 MeV, with beam currents of up to 100 mA and a maximum power of up to 100 kW. The 

ELV accelerator is the most mass-produced and popular domestic accelerator. Since 1974, over 220 ma-

chines have been manufactured and delivered, with 120 of them still in operation. The oldest one installed 

abroad has been in the Czech Republic since 1980. We also work with partners in South Korea and China. 

It's worth noting that the Moscow Electromechanical Plant named after Vladimir Ilyich also produced ELV 

accelerators, but production was halted due to economic collapse, although several units were still made. 

The energy range of the ELV family now covers from 0.3 to 4 MeV. The electron beam power reaches 

100 kW, and there is a unique machine with a beam output power of 400 kW. It should be noted that the 

power of the first accelerators was only 20 kW, while today's 100 kW meets consumer demands, and there is 

no sharp increase in power expected. Figure 1 shows a diagram of a typical ELV, and Figure 2 depicts the 

most popular ELV-8 accelerator in China [1‒3]. 

https://doi.org/10.31489/2024PH4/68-73
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Applications 

ELV accelerators are used in almost all radiation-chemical technological processes, but mainly for the 

radiation modification of various polymer products: cable insulation, heat-shrinkable tapes and tubes, the 

production of foam polyethylene, and more. The quality of the radiation treatment depends on both the ac-

celerator itself and the technological equipment: systems for transporting products under the electron beam 

in the irradiation zone, take-up and pay-off devices, synchronization between the accelerator and the trans-

portation equipment. 

 

  

Figure 1. Common design of ELV accelrators Figure 2. ELV-8 accelerator 

The use of electron beam technology has enabled the production of a wide range of cables, wires, and 

heat-shrinkable products for various markets: power plants, telecommunications, electronics, the oil and gas, 

nuclear power plants, submarines, aviation, and railway transport. These industries require high reliability 

during installation and operation under harsh conditions and unusual situations. Therefore, great attention is 

given to improving productivity and the quality of electron beam processing. 

Additionally, the accelerator and technological equipment are integrated into automated synchronized 

complexes. These complexes ensure impeccable quality of radiation modification across a wide range of en-

ergies and product types, as shown in Figures 3 and 4. Within the automated complex, it is possible to con-

trol both the accelerator via signals from the technological line and the technological line via signals from the 

accelerator. The interaction protocol between the accelerator and technological equipment is compatible with 

all technologies and equipment produced by various companies. Figure 5 shows the complex's control panel, 

and Figure 6 shows the produced products. In an automated complex, the operator does not need to be at the 

control panel. Process parameters are controlled automatically, and the operator can monitor them from vari-

ous points in the technology hall without approaching the equipment. The time remaining before changing 

the processed reel is displayed on the control panel. 

Key features of ELV accelerators: 

- High beam power across a wide energy range, indicating high productivity of electron beam pro-

cessing. 

- High efficiency in converting electrical energy to accelerated electron beam energy. The efficiency 

ranges from 70 % to 90 %, depending on the power. 

- ELV accelerators operate stably with energy and current fluctuations not exceeding +/-3 %. 
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- Simple control procedures due to an automated control system. This allows synchronization of accel-

erator operation with technological equipment, and the accelerator can be part of a fully automated techno-

logical line. 

- The control system includes a comprehensive set of hardware and software covering all accelerator 

nodes requiring operational control, monitoring, and diagnostics. 

- The accelerator itself has a simple design and high reliability. 

 

 

Figure 3. Extraction device with four-side 

irradiation system equipped 

 

Figure 4. Irradiation line in the South Korea 

company LG cable 

In collaboration with EBTech (Electron Beam Technologies, South Korea), we developed a mobile 

ELV accelerator variant that can be moved along a track. This machine is housed in a trailer and equipped 

with local radiation protection. It can perform electron beam processing of liquids, gases, and bulk materials. 

It is shown in Figure 7. The energy of this accelerator is up to 650 keV, with a power of up to 30 kW. It has 

been transported within Korea and sent to Saudi Arabia, and returned after conducting experiments. 

Together with the same company, a full-scale electron beam processing installation for dyeing 

wastewater was developed. It used an accelerator with a 400 kW beam power. The reaction chamber is 

shown in Figure 8. This accelerator uses 3 acceleration tubes and three output devices [3]. 

 

 

Figure 5. External status screen in the Podolsk cable plant 

 

Figure 6. Irradiated production  (India) 

Beam extraction to the atmosphere through an aperture 

A.M. Budker was an advocate for using accelerators in various sectors. He correctly believed that ac-

celerator applications extend beyond radiation-chemical processes for polymer material modification. The 

thermal impact of a powerful focused electron beam can be utilized in metallurgical processes, cutting, weld-

ing, and working with inorganic materials. To release the focused beam into the atmosphere, an output de-

vice with a multi-stage differential pumping system is used. The electron beam is focused by magnetic 

lenses, and apertures are installed in its crossover for beam passage [3]. 
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Continuous vacuum pumps evacuate gas entering through the apertures. Using a series of such cham-

bers, the pressure is gradually reduced from atmospheric to the working pressure of the accelerating device. 

At the output of the device, the beam size does not exceed 1-1.5 mm, allowing a beam power density of 

106 W/cm² or higher with 100 kW beam power. Figure 9 shows the glow of the concentrated beam released 

into the atmosphere. The decrease in brightness with distance from the output aperture is due to beam scat-

tering in the air. Three versions of atmospheric beam release have been developed and produced: one for a 

magnetic focusing tube, one for a large-aperture tube, and one for adiabatically compressed electron beam 

output with up to 1 A current and 500 kW power [3, 4]. 

 

  

Figure 7. Russia-SouthKoreateam in front 

of trailer with accelerator inside 

Figure 8. Waste water treatment room  

in the dying center. Daegu, South Korea 

At the BINP, numerous successful experiments have been conducted on various materials (metals and 

alloys, rocks, ceramics, plastics, etc.) using the focused electron beam released into gas at atmospheric pres-

sure. The beam has been released into both air and protective atmospheres (argon, helium). However, this 

beam release system has not found widespread application in industrial processes. Subsequently, this setup 

received the status of a unique scientific installation (USI). Currently, numerous experiments are being con-

ducted with this accelerator, equipped with a focused beam atmospheric release system, in collaboration with 

various Soviet, Russian, and foreign organizations. These experiments include developing technological 

modes and obtaining valuable scientific results in steel hardening (including coating wear-resistant layers on 

copper plates for continuous steel casting), various radiation-thermal processes in solid-state chemistry (in-

cluding technology for producing inexpensive high-activity ammonia synthesis catalysts from catalyst pro-

duction waste), and developing high-performance methods for producing metal and oxide nanopowders by 

direct evaporation from melts, as well as other high-temperature technological processes [5]. 

 

Figure 9. Electron beam extracted into the atmosphere  
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Conclusions 

For more than 50 years, the Budker Institute of Nuclear Physics in Novosibirsk has been developing 

ELV industrial electron accelerators, which have found widespread use both in Russia and abroad. These 

accelerators have gained recognition for their high reliability, ease of maintenance, and adaptability to a wide 

range of technologies. Nevertheless, the institute continues to develop new types of ELV accelerators and 

modify existing models. The main goal of this activity is to be ready for future demands for accelerators with 

higher parameters, should new breakthrough technologies arise. 
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ЭЛВ үдеткішіне 50 жыл 

Мақалада Г.И. Будкер атындағы Ядролық физика институтының ЭЛВ өнеркәсіптік электронды 

үдеткіштерінің елу жылдық дамуы баяндалады. Негізінен ЭЛВ үдеткіштері полимерлерді 

радиациялық модификациялау үшін қолданылады (кабельді оқшаулау және т.б.) және жоғары 

сенімділігімен, пайдаланудың қарапайымдылығымен және әртүрлі өндірістік қажеттіліктерге 

бейімделуімен танымал. Бұл үдеткіштердің эволюциясы 20 кВт-тың алғашқы модельдерінен 100 кВт-

қа дейін жететін заманауи нұсқаларға, тіпті 400 кВт-қа дейінгі бірегей машинаға дейін байқалады. Ав-

торлар радиациялық-химиялық процестердің тиімділігі мен сапасын арттыратын автоматтандырылған 

жүйелер мен мамандандырылған жабдықтардың интеграциясын талқылайды. Қолдану салалары теле-

коммуникациядан бастап ядролық энергетикаға дейінгі салалардың кең ауқымын қамтиды, яғни 

мұнда қатал жағдайларда сенімділік өте маңызды. Экономикалық тоқырау сияқты бұрынғы 

мәселелерге қарамастан, ЭЛВ үдеткіш өндірісінің өркендеуі жалғасуда, бүкіл әлем бойынша 220-дан 

астам қондырғы қойылды. Институт болашақ қажеттіліктерді қанағаттандыру үшін осы технология-

ларды ілгерілетуге бағытталған. 

Кілт сөздер: ЭЛВ үдеткіштері, электронды үдеткіштер, өнеркәсіптік үдеткіштер, біріктіру. 
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50 лет ускорителям ЭЛВ 

В статье освещается пятьдесят лет разработки промышленных ускорителей электронов ЭЛВ в Инсти-

туте ядерной физики имени Г.И. Будкера. В основном ускорители ЭЛВ используются для радиацион-

ной модификации полимеров (кабельная изоляция и пр.), и известны своей высокой надежностью, 

простотой использования и адаптивностью к различным промышленным потребностям. Эволюция 

этих ускорителей прослеживается от ранних моделей мощностью 20 кВт до современных версий, дос-

тигающих мощности до 100 кВт, и даже уникальной машины мощностью 400 кВт. Авторами обсуж-

дается интеграция автоматизированных систем и специализированного оборудования, которые повы-

шают эффективность и качество радиационно-химических процессов. Области применения включают 

широкий спектр отраслей промышленности, от телекоммуникаций до ядерной энергетики, где надеж-

ность в суровых условиях имеет решающее значение. Несмотря на прошлые проблемы, такие как эко-
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номические потрясения, производство ускорителей ELV продолжает процветать, по всему миру по-

ставлено более 220 единиц. Институт сосредоточен на продвижении этих технологий для удовлетво-

рения будущих потребностей. 

Ключевые слова: ускорители ЭЛВ, ускорители электронов, промышленные ускорители, сшивка. 
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Method for Effective Increasing the Decomposition Rate 

of Ammonium Perchlorate in Solid Rocket Fuel 

Ammonium perchlorate (AP) is a common oxidizer in solid rocket propellants. For devices, the most im-

portant parameter of which is the speed of movement, the key correlation is between the jet thrust and the 

combustion rate of fuels and, consequently, the rate of thermal decomposition of the AP. To increase the de-

composition rate of AP, fuel, aluminum powder, is used in the form of nanoparticles. The aim of this work is 

to identify the decomposition mechanism of AP molecules under conditions where aluminum nanoparticles, 

in addition to acting as a fuel, also act as catalysts for the decomposition of AP. The result of spraying alumi-

num nanoparticles into multiple nanoclusters in the fuel combustion zone due to the melting of nanoparticle 

cores and the destruction of aluminum oxide shells is considered. In this case, aluminum nanoclusters become 

sources of terahertz (THz) radiation. Since the frequencies of vibrational and rotational oscillations in AP 

molecules are in the THz range, irradiation of AP molecules with THz photons promotes their decomposition. 

It is proposed to use emission of THz photons by aluminum nanoclusters, increasing its intensity by introduc-

ing 3d impurities into aluminum, which increase the density of electron states near the Fermi level of alumi-

num. 

Keywords: aluminum nanoparticle, ammonium perchlorate, catalysis, nanocluster, terahertz. 

Introduction 

Improving the performance of solid rocket fuel by reducing the particle size scale of the oxidizer, am-

monium perchlorate (AP) NH4ClO4 [1], and the fuel, dispersed aluminum [2], from the micrometric to the 

nanometric level has been the subject of research over the last decade. One of the main goals of the research 

was to find a way to effectively increase the rate of thermal decomposition of AP in fuel in order to increase 

jet thrust. 

Of particular value are studies on the dispersion of aluminum nanoparticles into nanoclusters in the fuel 

combustion zone [3–6] — as a result of melting of the nanoparticle core, rupture of the oxide shell on them, 

and splashing of molten aluminum due to high internal pressure in the molten core. Nanoclusters are frag-

ments of molten aluminum nanoparticles several nanometers in size. These works [3–6] suggest that in the 

fuel combustion zone, in addition to accelerating the decomposition of AP due to the grinding of aluminum 

nanoparticles (increasing the area of interaction of aluminum with the oxidizer), aluminum nanoclusters be-

come sources of spontaneous terahertz (THz) radiation, which can be used to accelerate the decomposition of 

AP molecules. Although there is insufficient data on the absorption spectra of AP in the THz range, and the 

available information is contradictory and fragmentary, it is still known that the frequencies of the lattice vi-

brations of the NH4ClO4 crystal and the rotation of the NH4
+
 ion in the crystal [7–10] lie in the THz range.

Spontaneous emission of THz photons by aluminum nanoclusters 

The physical mechanism of THz photon emission by an aluminum nanocluster is illustrated in Figure 1, 

where a Fermi electron with momentum pF absorbs a vibrational mode (longitudinal phonon) with momen-

tum q
*
vm propagating along the nanocluster diameter D. An excited electron with momentum s moves along

a chord H, Figure 1(a). In the energy–momentum space, this process is illustrated in Figure 1(b), where the 

paraboloid is the dispersion surface of electrons, and the cone-shaped bells are the dispersion surfaces of 

longitudinal phonons. Relevant formulas to Figure 1 and numerical values of the parameters: s = [2m·(EF 

+Evm)]
1/2

; γ = arccos[(2m·Evm + q*vm
2
)/(2s·q*vm)]; Fermi energy in Al: EF = 11.7 eV [11; 51]; energy of dom-

inant longitudinal phonons in Al: Evm ≈ 34.8 meV; magnitude of the momentum of dominant longitudinal

phonons in Al: q*vm ≈ 1.2 10
–19

 g cm s
–1

; with these parameters, the angle γ = 71°.

The excited electron, due to the Coulomb interaction with the positive aluminum ions, could induce a 

secondary longitudinal phonon with a momentum collinear to the momentum s; and this would be a way of 

https://doi.org/10.31489/2024PH4/74-82
mailto:altair1964@yandex.ru
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relaxation of the excited electron. However, in nanoclusters smaller than the electron mean free path, this 

mechanism is impossible, and relaxation occurs through photon emission. Other reasons that take into ac-

count the confinement of electrons and longitudinal phonons in nanoclusters are the following. 

The first reason conditioning the emission is the difference in the quantization steps of momenta of lon-

gitudinal phonons propagating along the nanocluster’s diameter D and the chord H, equal to h/D and h/H, 

respectively (here h is Planck's constant). Consequently, the steps of energy quantization for these two direc-

tions of phonon propagation also do not coincide. Due to the mismatch of quantized energy levels, the ener-

gy transfer from the excited electron to the secondary phonon is impossible (indeed, the Fermi electron re-

ceived energy from the primary phonon quantized with a certain step, and it cannot generate a secondary 

phonon, energy of which would be quantized with a different step). 

Figure 1. Absorption of a vibrational mode (longitudinal phonon) with momentum q*vm by a Fermi electron 

with momentum pF in an aluminum nanocluster. The excited electron with momentum s moves along the chord H. 

Another reason that excludes the excitation of a secondary phonon and, therefore, favors the emission 

of a photon is the following. As the nanoparticle diameter decreases, the gap between the energy levels of 

longitudinal phonons for the direction of propagation along the vector s increases, and eventually a situation 

may arise where the gap exceeds the full width at half maximum of the peak of the longitudinal phonon en-

ergy distribution FWHML. Figure 2 shows the threshold state at which the energy step of vibration modes in 

a nanocluster ΔEvmH, propagating along the chord H with momentum s, exceeds the value of FWHML. As a 

result, the energy level of the excited electron “hangs” between the levels of longitudinal phonons for the s 

direction: there are no levels to which the electron could transfer its energy. Consequently, the electron will 

relax, scattering at the boundary of the nanocluster, with the emission of a photon (the electron cannot leave 

the nanoparticle, since its energy is less than the work function of the electron in aluminum, ≈4.25 eV [11; 

364]). 

For the direction “along the chord H”, the quantization steps of vibrational modes in momentum and 

energy are equal, respectively, to h/H and ΔEvmH≈ v
*

L·(h/H), where v
*
L is the propagation velocity of longi-

tudinal phonons with energies within the FWHML region. The value of the velocity v
*
L is less than the nom-

inal speed of sound in aluminum vL = 6.5 10
5
 cm s

–1
 due to the curvature of the dispersion curve of longitu-

dinal phonons near the boundary of the Brillouin zone, where the energies of longitudinal phonons corre-

sponding to the FWHML are located. 

Obviously, the gap between energy levels must take into account the consequence of Heisenberg's un-

certainty principle. As a criterion for “complete divergence” of phonon levels, a situation was chosen in 

which two adjacent energy levels moved apart by an amount exceeding the FWHML, taking into account the 

uncertainty in the energy of the levels. Such a threshold situation is shown in Figure 2, where the value of 

δEvmH is calculated taking into account the Heisenberg uncertainty relation for the phonon momentum and 

coordinate, δEvmH≥ v
*
L·h/(2πH). The inequality that determines the corresponding threshold chord length

(such that at shorter chord lengths intense photon emission occurs) is as follows: 
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Figure 2. The threshold state at which the energy step of vibrational modes in a nanocluster ΔEvmH,  

propagating along the chord H with momentum s, exceeds the FWHML value for the energy distribution 

of longitudinal phonons in an aluminum nanocluster. 

ΔEvmH>FWHML + (δEvmH/2) + (δEvmH/2) ≥ FWHML + v
*

L·h/(2πH) (1)

Substituting the value ΔEvmH ≈ v
*
L·(h/H) into the left-hand side of inequality (1), we obtain:

v
*
L·(h/H) >FWHML + v

*
L·(h/2πH)

or H <[1 –·(1/2π)]·v
*
L·(h/FWHML). (2)

If this inequality is satisfied, excited electrons will not be able to relax with the excitation of secondary 

phonons — they will emit photons. In this case, the energies of the emitted photons will correspond to the 

THz range, since the energies of the dominant primary phonons belong to the THz energy region: in alumi-

num, the FWHML region of the longitudinal phonon energy distribution lies in the band ≈31–38 meV [12], 

that is, in the frequency range ≈7.5–9 THz. 

It should be noted that so-called two-phonon processes can take place: an excited electron, if it cannot 

excite a secondary phonon with an energy exactly equal to the energy acquired Е1 from the primary phonon, 

can excite a secondary phonon of lower energy Е2, and transfer the difference in the energies of the primary 

and secondary phonons ΔE =Е1 — Е2 to the electron [13]. And the electron will not be able to relax with the 

excitation of the phonon and emits a photon. Then the region of frequencies generated by the nanocluster 

will expand and, possibly, cover a sufficient part of the phonon spectrum in the AP molecule. 

Substituting the numerical values of the quantities (v
*
L ≈4,7·10

5
 cm s

–1
; FWHML ≈7.9 meV) into ine-

quality (2), we obtain an estimate of the chord lengths for which the vibration mode levels diverge by an en-

ergy gap ΔEvmH>FWHML: H< 2.1 nm. 

Let the “threshold” chord of length H0 = 2.1 nm be the chord of minimum length of all chords that form 

an angle of γ = 71° with the nanocluster diameter; it contacts the nanocluster diameter on its surface. Then 

the “threshold” diameter of the nanocluster D0 = H0/cos γ = 6.45 nm. Aluminum nanoclusters are smaller 

than D0 will be the most intense sources of THz photons. 

Let ΔED≈ v
*
L·(h/D) be the energy step for longitudinal phonons traveling along the diameter of the

nanocluster. The greater the stacking multiplicity of the energy step ΔED within the FWHML width (for ex-

ample, with an increase in the nanocluster diameter D), that is, the greater the value of (FWHML/ΔED), the 

higher the probability of superposition of the energy level extended to δEvmH on the energy level of the pri-

mary phonon, which will lead to relaxation of the excited electron with the generation of a secondary phonon 

(with the energy of the primary phonon). And the lower the intensity of spontaneous emission of photons, 

and the lower the catalytic activity of the nanocluster. 

Method for increasing the intensity of THz photon emission by aluminum nanoclusters 

Spontaneous emission of THz photons by aluminum nanoclusters can be used to accelerate the decom-

position of AP molecules. To do this, it is necessary to use nanoparticles of aluminum containing impurity 

atoms of the so-called 3d-metals, elements of the 4
th
 row of the Periodic Table: V, Cr, Mn. In such systems, 

the energies of the electron d-levels of impurity atoms are located near the Fermi level of aluminum, due to 

which the density of states of Fermi electrons increases significantly. The use of nanoparticles from the Al-
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V, Al-Cr and Al-Mn systems would make it possible to obtain in the nanoclusters of these systems increased 

numbers of electrons participating in the processes of absorption of longitudinal phonons and emission of 

THz photons, due to which it would be possible to increase the intensity of irradiation of AP molecules with 

THz radiation and accelerate their decomposition. 

Figure 3 shows a summary picture of the density of states of electrons in aluminum with impurities of 

3d elements (based on the results of works [14–19]). The energy axis shows the position of the Fermi level 

EF for the intermetallic compound FeAl. 

Figure 3. Summary picture of the locations of Fermi levels (indicated by arrows) in intermetallic compounds 

of Al and 3d metals on the distribution of the electron density of states by energy 

(based on the results of works [14–19]). 

Figure 4. Change in the direct current specific electrical conductivity of Al when impurities are introduced into it [20]. 

The feasibility of the proposed approach is confirmed by data on the behavior of the specific electrical 

conductivity of aluminum when introducing even a small amount of impurities of V, Cr and Mn (~ 1–4 

mass.%) [20] (Fig. 4). 

From Figure 4 it is evident that with impurities of ~1 mass.% V or Cr the conductivity of Al decreases 

by approximately 2 times; this means that the mean free path of electrons lmfp also decreases by 2 times. For 

bulk aluminum, lmfp ≈ 18.9 nm [21]. This means that for aluminum with 1 mass% V or Cr, the electron mean 

free path is lmfp ≈ 9.45 nm. Approximately the same length lmfp ≈ 9 nm will be for aluminum with 
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2 mass.% Mn. Therefore, if the size of aluminum nanoclusters-splashes containing such concentrations of 

impurity atoms of V, Cr or Mn is less than 9 nm, then they will emit THz photons and become catalysts for 

the decomposition of AP molecules. A rough estimate of the size of aluminum nanoclusters-splashes ob-

tained as a result of dispersion of melts of 20–120 nm nanoparticles is known [3, 4]: 5–10 nm. Aluminum 5–

10 nm nanoclusters with an unoxidized surface are already produced in the form of polymer nanocomposites 

(the binder is hydroxyl-terminated polybutadiene (HTPB) containing aluminum nanoclusters grown in situ) 

and demonstrate a high combustion rate, more than five times higher than that of conventional ALEX alumi-

num nanopowders [22]. 

The concept of in situ nanocluster formation in polymer nanocomposites [23], in principle, also in-

cludes the idea of obtaining nanoclusters-splashes of molten aluminum in situ — in the combustion zone, in 

already burning fuel, with fuel from a mixture of a polymer binder and aluminum nanoparticles, and an oxi-

dizer, AP. 

Unfortunately, we were unable to find data on the absorption of HTPB in the THz frequency range. 

One of the possible ways to further increase the intensity of spontaneous emission of THz photons by 

nanoclusters is the use of f-element impurity atoms in aluminum instead of 3d impurities. So-called electron 

systems with “heavy fermions” are known [24, 25], characterized by a very high density of states of f-

electrons near the Fermi level — more significant than in the case of using 3d-element impurities, for exam-

ple, the compound CeAl3. It seems appropriate to conduct studies of the decomposition rate of ammonium 

perchlorate using dispersed aluminum in the form of a mixture of nanoparticles of ordinary aluminum and 

CeAl3 nanoparticles with a variation in the composition of the mixture. 

Discussion 

How to implement the approach using aluminum nanoparticles with 3d metal impurities? There are in-

dustrially produced aluminum alloys with an impurity element Mn (“alloying component”), of which the 

АМц1 alloy (Table), containing a sufficient amount of manganese, appears to be a promising alloy. This al-

loy could become a raw material for the production of nanoparticles. 

T a b l e  1

Composition of industrial aluminum alloys 

lloy brand 
Alloying components, mass% 

Al Cu Mg Mn 

AMts [20] Base of the alloy – – 1.0–1.6 

AMts1 [26] Same ? ? 2.0–4.5 

MM [20] Same – 0.2–0.5 1.0–1.4 

AMg6 [20] Same – 5.8–6.8 0.5–0.8 

D16 [20] Same 3.8–4.9 1.2–1.8 0.3–0.9 

From Table 2 [26] it can be seen that, compared to other 3d metals, the solubility of Mn in Al is in-

creased. Nanoparticles of aluminum intermetallic compounds could be produced from alloys obtained by the 

method of self-propagating high-temperature synthesis of aluminides [27–30] or by the method of exploding 

wires from the AMts1 alloy — this method of industrial production of metal nanopowders has been mas-

tered [31]. 

Conclusions 

Recently, the concept of forming nanoparticles in situ — directly in the matrix or binder — has been 

developed in the development of polymer composites. It has also found application in the production of pol-

ymer fuel in the form of 5–10 nm aluminum nanoclusters grown in situ in a polymer binder, hydroxyl-

terminated polybutadiene (HTPB). 

In this paper, it is proposed to develop this concept to obtain nanoclusters-splashes of molten aluminum 

containing impurity atoms of V, Cr or Mn, in situ — in burning fuel, with a fuel consisting of a polymer 

binder (hydroxyl-terminated polybutadiene) and 100–120 nm nanoparticles of Al-V, Al-Cr or Al-Mn inter-

metallic compounds, and an oxidizer (ammonium perchlorate). 
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T a b l e  2

Maximum solubility of a number of 3d metals in aluminum [27] 

System 
Maximum solubility, mass.% 

Equilibrium solubility Nonequilibrium solubility 

Al-Ti 0.24 0.35 

Al-Cr 0.77 5.7 

Al-Mn 1.82 10.2 

Al-Fe 0.052 0.2 

It has been shown that nanoclusters of aluminum containing impurity atoms of V, Cr or Mn, smaller 

than 9 nm in size, can become sources of terahertz radiation and contribute to the acceleration of the decom-

position of ammonium perchlorate molecules in solid rocket fuel. This should result in increased jet thrust. 

A promising development is the study of the decomposition rate of ammonium perchlorate using dis-

persed aluminum in the form of a mixture of nanoparticles of ordinary aluminum and nanoparticles of 

CeAl3– with a variation in the composition of the mixture. 
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К.А. Молдосанов, В.М. Лелевкин 

Қатты ракета отынында аммоний перхлоратының 

ыдырау жылдамдығын тиімді арттыру әдісі 

Аммоний перхлораты (АП) қатты зымыран отындарында кең таралған тотықтырғыш. Ең маңызды 

параметрі қозғалыс жылдамдығы болып табылатын құрылғылар үшін негізгі корреляция ағынның 

күші мен жанармайдың жану жылдамдығы, демек, АП термиялық ыдырау жылдамдығы арасында бо-

лады. АП ыдырау жылдамдығын арттыру үшін отын, алюминий ұнтағы, нанобөлшек түрінде 

қолданылады. Жұмыстың мақсаты алюминий нанобөлшектері отын ретінде әрекет етумен қатар, АП 

ыдырауының катализаторы ретінде де әрекет ететін жағдайларда АП молекулаларының ыдырау 

механизмін анықтау. Алюминий нанобөлшектерін нанобөлшектердің өзектерінің балқуына және 

алюминий оксидінің қабықшаларының бұзылуына байланысты жанармай жану аймағындағы көптеген 

нанокластерлерге шашырату нәтижесі қарастырылады. Бұл жағдайда алюминий нанокластерлері те-

рагерц (ТГц) сәулелену көздеріне айналады. АП молекулаларындағы тербеліс және айналу 

тербелістерінің жиіліктері ТГц диапазонында болғандықтан, ТГц фотондарымен АП 

молекулаларының сәулеленуі олардың ыдырауына ықпал етеді. Алюминийдің Ферми деңгейіне 

жақын электрон күйлерінің тығыздығын арттыратын алюминийге 3d-қоспаларды енгізу арқылы оның 

қарқындылығын арттыра отырып, алюминий нанокластерлерінің ТГц фотондарының эмиссиясын 

пайдалану ұсынылады. 

Кілт сөздер: алюминий нанобөлшегі, аммоний перхлораты, катализ, нанокластер, терагерц. 
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К.А. Молдосанов, В.М. Лелевкин 

Способ эффективного повышения скорости разложения 

перхлората аммония в твердом ракетном топливе 

Перхлорат аммония (ПХА) — распространенный окислитель в твердых ракетных топливах. Для уст-

ройств, важнейшей характеристикой которых является скорость движения, ключевая корреляция — 

между реактивной тягой и скоростью горения топлив и, следовательно, скоростью термического раз-

ложения ПХА. Для повышения скорости разложения ПХА, горючее, порошок алюминия, применяют 

в виде наночастиц. Цель этой работы — выявление механизма разложения молекул ПХА в условиях, 

когда наночастицы алюминия, помимо выполнения роли горючего, являются и катализаторами раз-

ложения ПХА. Рассматривается результат распыления наночастиц алюминия на множество нанокла-

стеров в зоне горения топлива из-за плавления ядер наночастиц и разрушения оболочек оксида алю-

миния. При этом нанокластеры алюминия становятся источниками спонтанного терагерцевого (ТГц) 

излучения. Поскольку частоты колебательных и вращательных осцилляций в молекулах ПХА нахо-

дятся в ТГц диапазоне, облучение молекул ПХА ТГц фотонами способствует их разложению, так как 

вынужденные осцилляции молекул ослабляют внутримолекулярные связи. Авторами предложено ис-

пользовать спонтанную эмиссию ТГц фотонов нанокластерами алюминия, повысив её интенсивность 

путём внедрения в алюминий 3d-примесей, повышающих плотность состояний электронов вблизи 

уровня Ферми алюминия. 

Ключевые слова: катализ, нанокластер, наночастица алюминия, перхлорат аммония, терагерц. 
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Synthesis, luminescent and dosimetric properties 

of ultrafine oxide ceramics for high-dose dosimetry of ionizing radiation 

Thermoluminescent and dosimetric properties of ultrafine alumina and zirconia ceramics exposed to high-

dose pulsed electron beam (130 keV, 1.5 kGy per one pulse) were studied. To synthesize ceramics with dif-

ferent sizes of crystallites, the authors sintered nanopowder compacts in air in an electric furnace at T=700-

1700 оС, and exposed them to high-energy electrons (1.4 MeV) with high power density. It was found that ce-

ramics annealing at Т>1000 оС greatly increases crystallite sizes, which correlates with a significant growth 

of intensity of thermoluminescent peaks. Maximum thermoluminescent response is present in the ceramics 

that were obtained with an electron-beam method. This is due to formation of radiation-induced trapping and 

luminescence centers during synthesis. Analysis of dose dependences of thermoluminescence of the irradiated 

-Al2O3 и ZrO2 ceramics showed that these dependences are predominantly sublinear. Unlike their single-

crystalline modifications, alumina-based ceramics have anomalous fading, which value increases as crystal-

lites grow in size. The presence of the intensive isolated peak of thermoluminescence and sublinear character

of the majority of dose dependences prove usability of the oxide ceramics synthesized in this work for meas-

uring high doses of pulsed electron beams (unities-tens of kGy). Alumina-based ceramics require correction

of thermoluminescent response by a fading value.

Keywords: aluminum oxide, zirconium oxide, ultrafine ceramics, thermoluminescence, electron-beam synthe-

sis, crystallite size, dose characteristics, fading. 

Introduction 

Phosphors based on wide-gap oxide dielectrics (Al2O3, MgO, BeO, ZrO2, etc.) have found applications 

in different fields of science and engineering. Many of them are used in micro-, nano-, and opto-electronic 

devices [1‒3], in measuring devices for different physical quantities, for instance in scintillators and lumi-

nescent dosimeters [4, 5]. Nanostructured modifications of oxide materials, e.g. ultrafine ceramics with 

50‒500 nm nanoparticles, are a separate class of oxide materials. 

Nanostructured phosphors have a number of characteristics which make mechanisms of formation of 

their luminescent properties under radiation significantly different from those of single-crystalline materials. 

Due to efficient annihilation of radiation defects on the boundaries of nanoparticles, nanomaterials are more 

radiation-resistant than the current bulk analogs [6] and retain their characteristics when exposed to intensive 

radiation. They can be used as dielectric integrated-circuit substrates which are employed at NPPs and in 

space, and as vacuum windows, lenses, mirrors for plasma diagnostics in fusion energy. Nanostructured ce-

ramics are promising materials for high-dose (over 10 Gy) dosimetry of ionizing radiations, which relies on 

the effects of thermoluminescence (TL) and optically stimulated luminescence [4]. High doses of ionizing 

radiations are currently used in radiation technologies and academic research to sterilize food and medical 

instruments, purify sewage water, in brachytherapy, to modify properties of composite materials, metals and 

alloys, as well as for spectroscopy of intrinsic and impurity defects in semi-conductors and dielectrics [7]. 

High radiation resistance results in less effective generation of radiation defects in the exposed ultrafine 

ceramics with smaller grain size, which significantly affects the fundamental TL characteristics of the mate-

rials. The latter include TL response (the intensity of the maximum of TL peak and its light sum under expo-

sure to a “test” dose), its dependence on the dose of ionizing radiation (dose characteristic), and the loss of 

the accumulated light sum while stored (fading). Possible applications of the material in TL dosimetry de-

pend on these characteristics, since this requires high TL response, dose characteristic that is the closest to 

the linear one, and low fading. Thus, determining mechanisms of dose effects (formation of TL response in 

the studied phosphor, its dependence on a dose and storage time) is an important academic and practical task. 

https://doi.org/10.31489/2024PH4/83-91
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The purpose of this work is to synthesize and study the features and mechanisms of the processes of 

formation of luminescent and dosimetric properties in irradiated ultrafine ceramics based on wide-gap oxide 

dielectrics. 

Experimental 

Ultrafine ceramics of aluminum and zirconium oxides were studied in the paper. They were produced 

by using two methods from nanopowders (PLASMOTERM, Moscow, Russia) with 60‒120 nm crystallites 

and impurity concentrations not higher than 0.5 ppm. The first method was based on annealing of the com-

pacts which had been made by cold uniaxial pressing of the nanopowders under 100‒120 MPa. The com-

pacts were 5 mm in diameter and 1 mm thick. The compacts were annealed in air in muffle furnace General 

Therm LHT 04.1800 (S). The annealing temperature was varied within the range of Т=700-1700 
о
С to 

change the sizes of nanoparticles. 

Alongside with the traditional method of sintering ceramics by annealing them in a furnace, another 

method was used — electron-beam synthesis [8]. This method employs sintering of powders in the field of 

high-power flux of high-energy electrons (1.4 MeV) for less than 1 s. In the method not only heat processes, 

but also ionization ones are very important in synthesizing ceramics in a beam of fast electrons. These pro-

cesses cause electron excitations to split into primary products of radiolysis and reactions between them. 

X-ray diffraction analysis of the samples was carried out with Rigaku MiniFlex 600 diffractometer. To 

excite TL, the samples were exposed to pulsed electron beams (130 keV, 2 ns, 60 А cm
–2

) from RADAN-

EXPERT accelerator. The electron energy was much lower than the threshold energy for defect formation in 

the oxides (400 keV and higher) [9]. When such exposure is used, only changes in charge state of the present 

trapping and luminescence centers are observed. The exposure dose was varied by changing a number of 

pulses during irradiation. One pulse gave the value of the 1.5 kGy absorbed dose. TL curves of the ceramic 

samples were measured in the 50‒400 
о
С range at linear heating rate of 2 K s

 –1
. FEU-130 photomultiplier 

tube (the maximum spectral sensitivity at 400‒420 nm) was used to register TL. 

Results and Discussion 

Phase compositions of alumina and zirconia ceramics annealed at different temperatures were deter-

mined with X-ray diffraction analysis. The results show that all the samples of Al2O3 completely (100 %) 

consist of alpha-phase [10]. Zirconia ceramics entirely consist of monoclinic phase [11]. In addition, as the 

annealing temperature grows, the phase compositions of the ceramics do not change. 

Scherrer equation was used to find the dependence of the crystallite size on ceramics annealing temper-

ature on the base of analysis of half-width of diffraction reflections. In addition, results of SEM-image analy-

sis were used [10]. The obtained dependences are shown in Figure 1. It can be seen that the crystallite sizes 

started growing when the annealing temperature increased above 1300 
о
С in Al2O3 samples. In the ceramics

annealed at the maximum temperature (1700 
о
С), a mean grain size could not be determined due to almost 

complete absence of grain structure in the SEM-image of the sample surface. No significant changes in the 

crystallite sizes were observed in ZrO2 ceramics annealed at Т=700-1000 
о
С. Further increasing annealing

temperature makes the grain grow to the value of order of 500 nm. 
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Figure 1. Dependence of the crystallite size in alumina and zirconia ceramics on the annealing temperature 
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Scherrer equation was also used to find the crystallite size in ZrO2 ceramics synthesized with the elec-

tron-beam method. The resulting value (order of 100 nm) is nearly the same as the size of crystallites in the 

precursor powder taking into account the measurement error. In the samples synthesized in a flux of fast 

electrons, in spite of high temperatures, efficiency of crystallization significantly decreases in comparison 

with that of the samples traditionally annealed in furnace. Due to this fact, the initial size of crystallites is 

retained. This can be explained by a much shorter period of sintering of nanopowder in a fast electron beam, 

which is typical of other radiation methods of ceramic synthesis [12]. 

TL curves of alumina ceramics obtained at different annealing temperatures are shown in Figure 2a. It 

can be seen that all TL curves feature an isolated peak at 170 
о
С. It is noteworthy that this peak is close in the 

temperature position to the dosimetric TL peak in anion-defective α-Al2O3 single crystals which are used in 

TL dosimetry [13]. 
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Figure 2. TL curves of α-Al2O3 ceramics annealed at different temperatures 

and exposed to a pulsed electron beam with 15 kGy dose (a) and dependence 

of TL peak intensity at 170 оС on the crystallite size (b) 

Figure 2b shows dependence of TL peak intensity at 170 
о
С on the crystallite size. As it can be seen, 

growing grain size increases TL intensity. The most intensive rise of the intensity is observed when the crys-

tallite are larger than 500 nm. 

Figure 3а features TL curves of ZrO2 ceramics exposed to a test dose of a pulsed electron beam 

(15 kGy). TL peak at 120 
о
С is seen in all the samples. A less intensive peak at 210 

о
С is also found in the 

ceramics synthesized with the electron-beam method. Figure 3b shows a dependence of the TL maximum 

intensity in the peak at 120 
о
С on the crystallite size. It can be seen that growing grain size increases TL in-

tensity like in the alumina-based ceramics. The fastest growth is observed when the crystallites are bigger 

than 350 nm. The maximum TL intensity in the 120 
о
С peak is found in the ceramics synthesized with the 

electron-beam method. This can be due to formation of radiation defects during the synthesis. The defects 

are either charge carrier traps or luminescence centers.  
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Figure 3. TL curves of ZrO2 ceramics synthesized under different conditions, after exposure to a test dose of a pulsed 

electron beam (15 kGy) (a) and dependence of TL peak intensity at 120 
о
С on the crystallite size (b) 

The effect of TL response drop with decreasing crystallite size had been observed earlier by other au-

thors [14‒16]. Ref. [17], which reviews literature data, shows that the reported effect is a common character-

istic for many TL materials. Physical nature of the effect of dropping TL yield with decreasing crystallite 

size has not been well grounded yet and requires further studies. Increasing possibility of non-radiative tran-

sitions when nanoparticles lessen in size due to, for instance, localized transitions of electrons and holes be-

tween trapping and luminescence centers may be one of the reasons for the reported effect. Other possible 

causes of TL intensity drop may include decreasing concentration of traps, growing of the surface-to-volume 

ratio with decreasing crystallite size [17]. 

We studied dose dependences of TL intensity of dosimetric peaks of the ceramics (at 170 
о
С for alumi-

num oxide and at 120 
о
С for zirconium oxide). The obtained dependences were approximated with linear 

functions in different ranges of the changing dose. Slope angles of the dependences were values of non-

linearity coefficient k. Approximation results are given in Table. 

T a b l e

Approximation results of dose dependences of TL peaks in the ceramics synthesized under different conditions 

No. Type of samples Dose range, kGy Non-linearity coefficient 

1 Al2O3 (1700 
o
C) 1.5-15 1.0 

2 Al2O3 (1700 
o
C) 15-75 0.3 

3 Al2O3 (1600 
o
C) 1.5-150 0.49 

4 Al2O3 (1500 
o
C) 1.5-15 0.62 

5 Al2O3 (1500 
o
C) 15-150 0.22 

6 Al2O3 (1400 
o
C) 1.5-7.5 0.58 

7 Al2O3 (1400 
o
C) 7.5-45 0.34 

8 ZrO2 (electron-beam synthesis) 1.5-7.5 0.84 

9 ZrO2 (1700 °C) 1.5-15 0.79 

10 ZrO2 (1600 °C) 1.5-15 0.51 

11 ZrO2 (1500 °C) 1.5-15 0.49 

12 ZrO2 (1400 °C) 1.5-7.5 0.89 

It can be seen that the majority of dose dependences are sublinear (k<1), the only exception is Al2O3 ce-

ramics synthesized at 1700 
о
С. In these ceramics, TL dependence on the dose is close to a linear one (k=1) in 

the 1.5‒15 kGy range. The maximum range of the registered doses in which k=const is found in the alumina 

samples that were synthesized at 1600 
о
С. In these samples k=0.49 when the dose is changed by two orders 

of magnitude (from 1.5 to 150 kGy). It is noteworthy that according to the data from Table, there is not any 

noticeable correlation of non-linear coefficients and crystallite sizes in the ceramics under study. Sublinear 

character of dose dependences may be due to the competition in trapping charge carriers between different 

defects [18, 19]. The presence of such defects is more likely in nanostructured materials in comparison with 

bulk analogs. 
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In addition, we studied TL fading in alumina and zirconia ceramics. The samples were irradiated at 

room temperature with a 15 kGy dose and kept at this temperature in darkness for a set period of time. After 

this, the remaining TL was measured. The results show that unlike single-crystalline aluminum oxide, the 

samples of Al2O3 ceramics have significant fading. Maximum losses of dosimetric information (up to 60 % 

for one hour) are observed in the samples with the largest size of the grains annealed at 1600 
о
С. When the 

annealing temperature and nanoparticle size decrease, fading becomes less pronounced. At Т=1400 
о
С, its 

value does not exceed 30 % per hour (Fig. 4). 
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Figure 4. Fading of TL peak at 170 
о
С of α-Al2O3 ceramics synthesized by annealing at different temperatures

Examples of both decreasing fading when nanoparticle sizes grow and increasing one are available in 

literature [15, 16]. The effect of quantum tunneling may be a reason for anomalous TL fading in the sam-

ples [20]. In [20], computer simulation of the effect showed that both decrease and increase in intensity of 

tunneling recombination with growing grain size is possible at certain parameters of the nanomaterial 

(nanocrystal radius, tunneling length, initial mean distance between electrons and positive ions). Moreover, 

the intensity rise may serve as a reason for TL fading growth when crystallites become bigger in size, as it 

was observed in our experiments (Fig. 4). 

Unlike alumina ceramics, noticeable decrease in TL intensity in the peak at 120 
о
С is not observed 

when the exposed ceramic ZrO2 samples are kept for one hour. While its value accidentally changes within 

10‒15 %, which is comparable with an exposure dose error. The absence of anomalous fading may imply an 

insignificant role of quantum-mechanical tunneling and localized transitions of charge carriers in the for-

mation of TL at 120 
о
С in the studied ZrO2 ceramics.

Conclusions 

In this work, samples of α-Al2O3 and monoclinic ZrO2 ceramics were obtained by static annealing of 

nanopowder compacts. The samples were synthesized in air in a 700‒1700 
о
С temperature range. Scanning 

electron microscopy and X-ray diffraction analysis were used to find that high-temperature annealing does 

not affect phase composition. However, it results in a significant growth of crystallite sizes. In ZrO2 ceramics 

synthesized with the electron-beam method, the nanoparticle size is almost the same as the size of crystallites 

in the initial nanopowder. It was revealed that intensities of TL peaks grow with increasing grain size in the 

studied samples. 

Dose dependences of TL in the samples of the ultrafine ceramics are predominantly sublinear. For alu-

minum oxide ceramics, unlike single crystals, the effect of anomalous TL fading which is presumably due to 

the presence of tunneling recombination and localized transitions typical of nanostructured materials was 

determined. Moreover, the value of anomalous TL fading increases with growing crystallite sizes. 

The obtained sublinear dose dependences of TL show that the synthesized oxide ceramics are promising 

materials for TL dosimetry of high-dose (1‒100 kGy) pulsed electron beams, which are used in radiation 

technologies and academic research. For aluminum oxide ceramics, due to significant TL fading, dosimetric 
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information should be read out immediately after the end of exposure or special methods for correction of the 

readings from TL detectors should be used. 

Acknowledgments 

This work was supported by the Minobrnauki of Russia Federation, research project no. 

FEUZ-2023-0014 

References 

1 Dobrovinskaya E.R. Sapphire: material, manufacturing, applications / E.R. Dobrovinskaya, L.A. Lytvynov, V. Pishchik. — 

Springer Science & Business Media, 2009. — 493 p. DOI: 10.1007/978-0-387-85695-7 

2 O’Connor R. Degradation and breakdown characteristics of thin MgO dielectric layers / R. O’Connor, G. Hughes, P. Casey, 

S.B. Newcomb // Journal of Applied Physics. — 2010. — Vol. 107, No. 2. — P. 024501. DOI: 10.1063/1.3265434 

3 Yum J.H. A study of highly crystalline novel beryllium oxide film using atomic layer deposition / J.H. Yum, T. Akyol, 

M. Lei, D.A. Ferrer, T.W. Hudnall, M. Downer, C.W. Bielawski, G. Bersuker, J.C. Lee, S.K. Banerjee // Journal of Crystal Growth.

— 2011. — Vol. 334, No. 1. — P. 126‒133. — DOI: 10.1016/j.jcrysgro.2011.08.040

4 Yukihara E.G. Optically stimulated luminescence: fundamentals and applications / E.G. Yukihara, S.W.S. McKeever. — 

John Wiley & Sons, 2011. — 384 p. DOI:10.1002/9780470977064 

5 Kato T. Optical, scintillation and dosimeter properties of MgO transparent ceramic and single crystal / T. Kato, G. Okada, 

T. Yanagida // Ceramics International. — 2016. — Vol. 42, No. 5. — С. 5617‒5622. DOI: 10.1016/j.ceramint.2015.12.070

6 Andrievskii R.A. Radiation stability of nanomaterials / R.A. Andrievskii // Nanotechnologies in Russia. — 2011. — Vol. 6,

No. 5. — P. 357‒369. DOI: 10.1134/s1995078011030037 

7 Mehnert R. Electron beams in research and technology / R. Mehnert // Nuclear Instruments and Methods in Physics Research 

Section B: Beam Interactions with Materials and Atoms. — 1995. — Vol. 105, No. 1‒4. — P. 348‒358. DOI: 10.1016/0168-

583X(95)00634-6 

8 Lisitsyn, V. The Optimization of Radiation Synthesis Modes for YAG: Ce Ceramics / V. Lisitsyn, D. Mussakhanov, 

A. Tulegenova, E. Kaneva, L. Lisitsyna, M. Golkovski, A. Zhunusbekov // Materials. — 2023. — Vol. 16, No. 8. — P. 3158. DOI:

10.3390/ma16083158

9 Kotomin E.A. Radiation-induced point defects in simple oxides / E.A. Kotomin, A.I. Popov // Nuclear Instruments and 

Methods in Physics Research Section B: Beam Interactions with Materials and Atoms. — 1998. — Vol. 141, No. 1‒4. — P. 1‒15. 

DOI: 10.1016/S0168-583X(98)00079-2 

10 Nikiforov S.V. The effect of annealing tem-perature on the change in the structure, luminescent and dosimetric properties of 

ultrafine α-Al2O3 ceramics / S.V. Nikiforov, D.V. Ananchenko, G.R. Ramazanova, T.V. Shtang, A.V. Ishchenko, G.A. Yakovlev // 

Radiation Measurements. — 2023. — Vol. 166. — P. 106981. DOI: 10.1016/j.radmeas.2023.106981 

11 Nikiforov S. Thermoluminescent and Dosimetric Properties of Zirconium Dioxide Ceramics Irradiated with High Doses of 

Pulsed Electron Beam / S. Nikiforov, A. Dauletbekova, M. Gerasimov, Y. Kasatkina, O. Denisova, V. Lisitsyn, M. Golkovski, 

A. Akylbekova, A. -D. Bazarbek, A. Akilbekov, A.I. Popov // Crystals. — 2023. — Vol. 13, No. 11. — P. 1585. DOI:

10.3390/cryst13111585

12 Ghyngazov S.A. Radiation-Thermal Sintering of Zirconia Powder Compacts Under Conditions of Bilateral Heating Using 

Beams of Low-Energy Electrons / S.A. Ghyngazov, T.S. Frangulyan, A.V. Chernyavskii, A.K. Goreev, E.P. Naiden // Russian 

Physics Journal. — 2015. — Vol. 58, No. 2. — P. 188–191. DOI: 10.1007/s11182-015-0480-2 

13 Akselrod M.S. Highly Sensitive Thermoluminescent Anion-Defect Alpha-Al2O3: C Single Crystal Detectors / M.S. Akselrod, 

V.S. Kortov, D.J. Kravetsky, V.I. Gotlib // Radiation Protection Dosimetry. — 1990. — Vol. 33, No. 1‒4. — P. 119–122. DOI:

10.1093/rpd/33.1-4.119

14 Salah N. Thermoluminescence of nanocrystalline LiF: Mg, Cu, P / N. Salah, P.D. Sahare, A.A. Rupasov // Journal of 

Luminescence. — 2007. — Vol. 124. — P. 357–364. DOI: 10.1016/j.jlumin.2006.04.004 

15 Aboelezz E. Nano-barium–strontium sulfate as a new thermoluminescence dosimeter / E. Aboelezz, M.A. Sharaf, 

G.M. Hassan, A. El-Khodary // Journal of Luminescence. — 2015. — Vol. 166. — P. 156‒161. DOI: 10.1016/j.jlumin.2015.05.026

16 Altunal V. Effect of sintering temperature on dosimetric properties of BeO ceramic pellets synthesized using precipitation

method / V. Altunal, V. Guckan, A. Ozdemir, A. Sotelo, Z. Yegingil // Nuclear Instruments and Methods in Physics Research B. — 

2019. — Vol. 441. — P. 46–55. DOI: 10.1016/j.nimb.2018.12.036 

17 Tsoutsoumanos E. Nanostructured TLDs: Studying the impact of crystalline size on the Thermoluminescence glow-curve 

shape and electron trapping parameters / E. Tsoutsoumanos, M. Saleh, P.G. Konstantinidis, V. Altunal, P.D. Sahare, Z. Yengigil, 

T. Karakasidis, G. Kitis, G.S. Polymeris // Radiat. Phys. Chem. — 2023. — Vol. 212. — P. 111067. DOI:

10.1016/j.radphyschem.2023.111067

18 Lawless J.L. Sublinear dose dependence of thermoluminescence and optically stimulated lumines-cence prior to the approach 

to saturation level / J.L. Lawless, R. Chen, V. Pagonis // Radiation Measurements. — 2009. — Vol. 44. — P. 606‒610. DOI: 

10.1016/j.radmeas.2009.03.003 

https://doi.org/10.1007/978-0-387-85695-7
https://doi.org/10.1063/1.3265434
https://doi.org/10.1016/j.jcrysgro.2011.08.040
https://doi.org/10.1016/j.ceramint.2015.12.070
https://doi.org/10.3390/ma16083158


Synthesis, luminescent and dosimetric… 

Серия «Физика». 2024, 29, 4(116) 89 

19 Nikiforov S.V. Sublinear dose dependence of thermoluminescence as a result of competi-tion between electron and hole 

trapping centers / S.V. Nikiforov, V. Pagonis, A.S. Merezhnikov // Radiation Measurements. — 2017. — Vol. 105. — P. 54‒61. 

DOI: 10.1016/j.radmeas.2017.08.003 

20 Pagonis V. The effect of crystal size on tunneling phenomena in luminescent nano-dosimetric materials / V. Pagonis, 

S. Bernier, F.M.S. Vieira, S. Steele // Nuclear Instruments and Methods in Physics Research B. — 2017. — Vol. 412. — P. 198–206.

DOI: 10.1016/j.nimb.2017.09.016

21 

С.В. Никифоров, Д.В. Ананченко, Т.В. Штанг, А.Ф. Никифоров, 

В.М. Лисицин, М.Г. Голковский 

Иондаушы сәулеленудің жоғары дозалы дозиметриясына арналған аса жұқа 

оксидті керамиканың синтезі, люминесцентті және дозиметриялық қасиеттері 

Жоғары дозалы импульсті электронды сәулемен (130 кВ, импульсқа 1,5 кГр) сәулеленген алюминий 

және цирконий оксидтеріне негізделген ультра жұқа керамиканың термолюминесценттік және 

дозиметрлік қасиеттері зерттелді. Кристаллит өлшемдері әртүрлі керамикаларды синтездеу үшін 

наноұнтақтардан жасалған компакттарды ауада Т = 700-1700 °C температурада электр пешінде 

агломерациялау, сондай-ақ оларды жоғары қуат тығыздығы бар жоғары энергиялы электрондармен 

(1,4 МэВ) сәулелендіру қолданылды. Керамиканың T>1000 °C күйдіруі термолюминесценттік 

шыңдардың қарқындылығының айтарлықтай өсуімен корреляциялық кристаллиттер мөлшерінің 

айтарлықтай ұлғаюына әкелетіні анықталды. Электрондық сәуле әдісімен өндірілген керамика 

максималды термолюминесценттік реакцияға ие, бұл синтез кезінде радиацияның әсерінен түсіру 

және люминесценция орталықтарының пайда болуымен байланысты. Сәулеленген a-Al2O3 және ZrO2 

керамикасының термолюминесценциясының дозаға тәуелділіктерін талдау олардың басым 

сублинарлық сипатын анықтады. Алюминий оксиді негізіндегі керамика үшін, монокристалды 

модификациядан айырмашылығы, кристаллит өлшемі ұлғайған сайын шамасы арта түсетін аномальды 

термолюминесцентті федингтің болуы анықталды. Интенсивті оқшауланған термолюминесценция 

шыңының болуы және көптеген дозаға тәуелділіктердің субсызықтық сипаты импульстік электронды 

сәулелердің жоғары дозаларын (бірнешеден ондаған кГр) өлшеу үшін осы жұмыста синтезделген 

оксид керамикасының болашағын дәлелдейді. Бұл жағдайда алюминий оксиді негізіндегі керамика 

үшін фединг мөлшеріне термолюминесцентті реакцияны түзету қажет. 

Кілт сөздер: алюминий оксиді, цирконий оксиді, ультра жұқа керамика, термолюминесценция, 

электронды сәуленің синтезі, кристаллит мөлшері, доза сипаттамалары, фединг. 

С.В. Никифоров, Д.В. Ананченко, Т.В. Штанг, А.Ф. Никифоров, 

В.М. Лисицин, М.Г. Голковский 

Синтез, люминесцентные и дозиметрические свойства сверхтонкой оксидной 

керамики для высокодозной дозиметрии ионизирующего излучения 

Исследованы термолюминесцентные и дозиметрические свойства ультрадисперсных керамик на ос-

нове оксидов алюминия и циркония, облученных высокодозным импульсным электронным пучком 

(130 кэВ, 1,5 кГр на один импульс). Для синтеза керамик с различным размером кристаллитов исполь-

зовалось спекание компактов, изготовленных из нанопорошков, на воздухе в электрической печи при 

Т=700–1700 оС, а также их облучение высокоэнергетическими электронами (1,4 МэВ) с высокой 

плотностью мощности. Установлено, что отжиг керамик при Т>1000 оС приводит к существенному 

росту размера кристаллитов, что коррелирует со значительным увеличением интенсивности термо-

люминесцентных пиков. Максимальным термолюминесцентным откликом обладают керамики, полу-

ченные электронно-лучевым методом, что связано с образованием радиационно-индуцированных 

центров захвата и свечения при синтезе. Анализ дозовых зависимостей термолюминесценции облу-

ченных керамик α-Al2O3 и ZrO2 выявил их преимущественно сублинейный характер. Для керамик на 

основе оксида алюминия, в отличие от монокристаллической модификации, установлено наличие 

аномального термолюминесцентного фединга, величина которого увеличивается с ростом размера 

кристаллитов. Наличие интенсивного изолированного пика термолюминесценции и сублинейный ха-

рактер большинства дозовых зависимостей доказывают перспективность синтезированных в настоя-

щей работе оксидных керамик для измерения высоких доз импульсных электронных пучков (единиц 

— десятки кГр). При этом для керамик на основе оксида алюминия требуется коррекция термолюми-

несцентного отклика на величину фединга. 

Ключевые слова: оксид алюминия, оксид циркония, сверхтонкая керамика, термолюминесценция, 

электронно-лучевой синтез, размер кристаллитов, дозовые характеристики, фединг. 
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Obtaining and studying the luminescent properties of zinc oxide 

synthesized in a stream of high-energy electrons 

For the first time, zinc oxide samples were obtained by a method based on irradiation of nominally pure zinc 

with a stream of high-energy electrons with an energy of 1.4 MeV and a power density of 7 kW/cm2 in at-

mospheric air. The morphology of the synthesized substance was studied by transmission electron and optical 

microscopy. Particles of ultrafine zinc oxide in the form of needles were found at a distance (1‒3) cm from 

the irradiation zone, with average lengths and diameters of 150 and 10 nm, respectively. Ultrafine samples are 

characterized by the presence of a hexagonal wurtzite structure. By optical microscopy, ZnO whisker micro-

structures with a diameter of ~ 1 μm and a length of 50‒100 μm were detected in the irradiation zone. The 

photoluminescence spectrum of all samples is represented by one narrow exciton band with a maximum at λ 

= 380 nm and a decay time of τ ˂ 13 ns in the absence of other bands due to intrinsic and impurity defects, 

which indicates the high crystalline perfection of the synthesized crystals. 

Keywords: zinc oxide, radiation synthesis, nano- and microstructures, transmission electron microscopy, pho-

toluminescence. 

Introduction 

Adding Zinc oxide is of scientific and practical interest due to its unique properties: wide band gap 

(~ 3.3 eV at 300 K), high exciton binding energy (60 MeV) and high radiation resistance. In this regard, 

ZnO-based materials synthesized by various methods are of interest for the creation of UV light-emitting 

devices, registration of gamma quanta and X-ray radiation [1‒3]. Recently, special attention has been paid to 

highly dispersed forms of ZnO nanocrystals and thin films. Due to their improved physical and chemical 

properties, nanostructures have become attractive materials in the field of nanoelectronics, optoelectronics, 

energy and biomedicine [4‒6]. Zinc oxide is a promising material for the creation of semiconductor lasers in 

the UV and blue ranges operating at room temperature [7]. Various methods are used to produce thin films of 

zinc oxide and nanostructures of other materials: molecular beam epitaxy, hydrothermal, pulsed laser spray-

ing, magnetron deposition, chemical vapor deposition [8‒11]. The literature data indicate a strong influence 

of the synthesis method and the presence of impurities on the luminescent characteristics of zinc oxide 

nanocrystals. Special attention is paid to the development of high-performance, economical and safe tech-

nologies for the production of nanopowders, thin films and multicomponent ceramics, which include electron 

beam and laser [11, 12]. The purpose of this work is to elucidate the possibility of radiation synthesis of ZnO 

nanocrystals using a powerful electron beam with energy of 1.4 MeV and a power density of 6‒10 kW/cm
2
 

released into the air at atmospheric pressure. 

Experimental 

For the synthesis of ZnO, samples of pure (99.9 %) zinc in the form of granules were used, which were 

placed in specially prepared cells in a copper plate (crucible), measuring 40×100×10 mm, with a diameter of 

8 mm and a depth of 4 mm and irradiated with an electron flux with an energy of 1.4 MeV and a power den-

sity of (6‒10) kW/cm
2
 generated by the ELV-6 accelerator (BINP, Novosibirsk). The crucible moved at a 

speed of 1 cm/s relative to an electron beam with a cross section of 1 cm
2
. Thus, the surface of Zn was irradi-

ated for 1 s. The characteristics of products deposited on a copper substrate were studied by transmission 

electron microscopy (TEM) on a JEOL JEM-2100F electron microscope by employees of the Scientific and 

Educational Innovation Center “Nanomaterials and Nanotechnology” TPU (ESNPT). 

In addition to TEM, luminescent analysis of the synthesized material was applied. The source of excita-

tion of pulsed photoluminescence (PPL) was a nitrogen laser (λ = 337.1 nm; τ = 10 ns). The PPL spectra and 

luminescence kinetics were recorded using the “point–by-point spectrum” method using the MDR-23 

monochromator, PMTs -84 and the Tektronix DPO-3034 oscilloscope. 

https://doi.org/10.31489/2024PH4/92-97
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Results and Discussion 

Zinc irradiation led to the formation of a white powder located both on the irradiated zinc surface 

(Fig. 1, a, zone 1) and on the surface of the copper plate (Fig. 1, a-b, zone 2), at a distance of up to 10 mm 

from the irradiation zone. 

Figure 1, a-b. Photographs of a white powder formed on the surface of Zn (zone 1) 

and on the surface of a copper plate at a distance of up to 10 mm from the irradiation zone (zone 2). 

Zone 2 was formed as a result of the effect of the supply ventilation air flow on the evaporation prod-

ucts formed near the irradiated zinc surface. The powder layer formed away from the irradiation zone 

(zone 2) was easily removed by mechanical cleaning, while the white layer, tens to hundreds of microns 

thick, formed on the irradiated zinc surface (zone 1) had good adhesion. At the periphery of the copper cy-

lindrical cell, a thicker layer was formed (Fig. 1, b, zone 3), in the form of a roller. 

Filamentous formations (whiskers) with a diameter of 1 μm and a length of 50‒100 microns were found 

inside the copper cell after irradiation with an electron beam on the surface of microcrystals (Fig. 2, a-b) 

Figure 2, a-b. Image of an ensemble of filamentous structures formed on the surface of microcrystals 

synthesized inside a copper cell. 

Figure 3a shows a high-resolution photograph (HRTEM image) of white powder nanocrystals formed 

on the surface of a copper plate at a distance of 10 mm from the irradiation zone, and Figure 3b shows an 

electronogram (SEAD image) on which several diffraction rings are observed. 



V.I. Oleshko, Zixuan Li

94 Вестник Карагандинского университета 

Figure 3 a — TEM — image of ultrafine ZnO powder; b — electron diffraction from the same region. 

The calculation of the rings radii (r) and the corresponding interplanar distances d (Å) is given in Table. 

and indicates that the white powder is zinc oxide with a hexagonal wurtzite structure. 

T a b l e

Calculation of the radius of the rings and the corresponding interplanar distances 

No. 1/2r 1/r r d(Å) h k l 

1 7.0588 3.5294 0.284 2.84 1 0 0 

2 7.647 3.5294 0.2615 2.61 0 0 2 

3 8.0672 4.033 0.2479 2.47 1 0 1 

4 10.420 5.210 0.191 1.91 1 0 2 

5 12.268 6.134 0.163 1.63 1 1 0 

The analysis of synthesized ZnO was additionally carried out by the luminescent method. The PPL 

spectrum and the kinetics of luminescence of zinc oxide are shown in Figure 4, a, b. 

Figure 4. a — PPL spectrum; b — photoluminescence kinetics of synthesized ZnO 

It can be seen that in the PPL spectrum there is one exciton band with a maximum at λ =380 nm with a 

decay time of τ ≤ 13 ns in the absence of other bands due to intrinsic and impurity defects, which indicates 

the high crystalline perfection of the synthesized nanocrystals. 

The revealed features of the process of formation of ZnO filamentous structures correspond to the mod-

el representation of the classical Vapor–liquid–solid (VLS) mechanism by Givargizov-Chernov [13]. Ac-

cording to the model, the process of forming filamentous structures begins with the formation of an ensemble 
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of metal droplets, in this case zinc, whose molecules condense on a copper substrate. Subsequently, oxygen 

vapor molecules from atmospheric air enter the drop, where they react with zinc and form a supersaturated 

liquid solution. Zinc oxide crystals fall out of the solution. A similar mechanism of growth of filamentous 

crystals was observed earlier by the authors of [14] when growing CdS on a SiC substrate. 
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В.И. Олешко, Цзысюань Ли 

Жоғары энергиялы электрондар ағынында синтезделген 

мырыш оксидінің люминесцентті қасиеттерін алу және зерттеу 

Алғаш рет мырыш оксидінің сынамалары номиналды таза мырышты атмосфералық ауада энергиясы 

1,4 Мэв және қуат тығыздығы 7 квт/см2 жоғары энергиялы электрондар ағынымен сәулелендіруге 

негізделген әдіспен алынды. Синтезделген заттың морфологиясы трансмиссиялық электронды және 

оптикалық микроскопия арқылы зерттелді. Инелер түріндегі ультра жұқа мырыш оксидінің 

бөлшектері сәулелену аймағынан (1-3) см қашықтықта, орташа ұзындығы мен диаметрі сәйкесінше 

150 және 10 нм болатын. Ультра жұқа үлгілер алтыбұрышты вурцит құрылымының болуымен сипат-

талады. Оптикалық микроскопия арқылы сәулелену аймағында диаметрі ~ 1 мкм және ұзындығы 50-

100 мкм болатын ZnO вискерлі микроқұрылымдары анықталды. Барлық үлгілердің фотолюминесцен-

ция спектрі максимумы λ = 380 нм және ыдырау уақыты τ болатын бір тар экситон диапазонымен 

ұсынылған. τ ˂ 13  нс ішкі және қоспалық ақауларға байланысты басқа жолақтар болмаған кезде, бұл 

синтезделген кристалдардың жоғары кристалды жетілуін көрсетеді. 

Кілт сөздер: мырыш оксиді, радиациялық синтез, нано- және микроқұрылымдар, трансмиссиялық 

электронды микроскопия, фотолюминесценция. 

В.И. Олешко, Цзысюань Ли 

Получение и изучение люминесцентных свойств оксида цинка, 

синтезированного в потоке электронов высокой энергии 

Впервые получены образцы оксида цинка методом, основанным на облучении номинально чистого 

цинка потоком высокоэнергетических электронов с энергией 1,4 МэВ и плотностью мощности 7 

кВт/см2 в атмосферном воздухе. Морфология синтезированного вещества исследовалась методами 

просвечивающей электронной и оптической микроскопии. На расстоянии (1–3) см от зоны облучения 

обнаружены частицы ультрадисперсного оксида цинка в форме игл, средние значения длины и диа-

метров составляют 150 и 10 нм соответственно. Для ультрадисперсных образцов характерно наличие 

гексагональной вюрцит структуры. Методом оптической микроскопии в зоне облучения обнаружены 

вискерные микроструктуры ZnO диаметром ~ 1 мкм и длиной 50–100 мкм. Спектр фотолюминесцен-

ции всех образцов представлен одной узкой экситонной полосой с максимумом при λ=380 нм и вре-

менем затухания τ ˂ 13 нс при отсутствии других полос, обусловленных собственными и примесными 

дефектами, что свидетельствует о высоком кристаллическом совершенстве синтезированных кристал-

лов. 

Ключевые слова: оксид цинка, радиационный синтез, нано- и микроструктуры, просвечивающая элек-

тронная микроскопия, фотолюминесценция. 
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Сlarification of the state diagram of “Metal 1-Metal 2” 

systems by analyzing the “cloud” of data of combustion parameters 

of “Metal 1-Metal 2-Nitrogen” SHS systems 

The combustion of the “Metal 1 — Metal 2 — Nitrogen” systems in the layer-by-layer mode of self-

propagating high-temperature synthesis was studied. A large amount of experimental data was obtained by 

changing the initial synthesis parameters. As a result, a “cloud” of data was obtained, and not a single curve. 

Since self-consistency of many factors that ensure the propagation of the combustion wave occurs in this sys-

tem, the structure of the “cloud” of data obeys strict laws characteristic of dissipative structures of 

nonequilibrium nonlinear systems. Variations in the initial data made it possible to obtain changes in the 

combustion parameters in a wide range. The combustion parameters reflect the properties of the solid-liquid 

medium that is formed in the chemical reaction zone in the combustion wave. The combustion temperature is 

between the “liquidus” and “solidus” temperatures of the corresponding “Metal 1-Metal 2” binary phase dia-

grams, where titanium, molybdenum, tungsten, and aluminum were used as the Metal. The resulting data 

“clouds” were compared with the corresponding phase diagrams of state. 

It has been established that the shape and outline of the “cloud” of date for combustion parameters coincide 

with the shape and outline of the region bounded by the liquidus and solidus lines of the binary phase dia-

grams of the state “Metal 1 — Metal 2”. Clarification in the phase diagrams of state has been carried out. The 

other arrangement of the liquidus and solidus lines on the melting diagrams of aluminum-tungsten and alumi-

num-titanium is proposed. 

Keywords: self-propagating high-temperature synthesis, degree of conversion, phase diagram, nitrides, data 

“cloud”, nonequilibrium system. 

Introduction 

The development of modern technology is associated with the development and production of materials 
that are able to operate in various extreme conditions. One of such materials are compounds of metals with 
nitrogen. Of important interest are metal nitrides, which have many useful properties, such as dielectric, sem-
iconductor, chemical stability in various aggressive environments and other specific properties. 

These properties of materials allow their use for products in microelectronics, laser technology, to work 
in contact with metal melts at high temperatures. Ternary systems “Metal 1-Metal 2-Nitrogen” exhibit 
unique properties characteristic of metals and ceramics [1‒4]. Some compounds based on ternary systems 
belong to MAX-phases with a special layered nanolaminate structure, which allows them to exhibit both me-
tallic and ceramic properties [5‒7]. 

Self-propagating high-temperature synthesis (SHS) is a method for the production of metal nitrides, 
which makes it possible to obtain materials with the necessary different properties [2, 3]. However, the 
mechanism of formation of these compounds in the combustion wave is not fully understood, as well as the 
state diagrams of the systems used, which makes this work relevant. 

The peculiarity of filtration synthesis is in the strong dependence of the composition of products and 
combustion parameters on pressure, composition of the gas medium, on the diameter of the briquette, its 
permeability. The way of gas reagent entering the combustion zone is important: spontaneous filtration (in 
which the combustion zone plays the role of a pump that sucks gas). The afterburning process also plays an 
important role in filtration synthesis. Due to the high temperatures that develop in the combustion zone, it 
can happen that the combustion temperature exceeds the melting point of the fusion products. The intermedi-
ates melt and the permeability of the sample is reduced. The gaseous reactant saturates only the layers of the 
sample on the surface by reaction diffusion, while the inner part of the sample often remains underreacted 
[8‒10]. The nature of the temperature interval between the solidus temperature and the liquidus temperature 
(Liquidus-Solidus “L-S”) affects the mode of combustion, the completeness of conversion, the maximum 
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temperature and the rate of combustion in this case. LS-melt means a two-phase suspension that occurs in the 
Liquidus-Solidus temperature interval (“L-S”). 

It was noted in [10] that it is possible to construct a hypothetical diagram of state of the “Ti-Me-B” ter-
nary system through the analysis of combustion parameters of the “Ti-Me-B” ternary system. Both in [10] 
and in this paper the idea that combustion parameters reflect the properties of the solid-liquid medium 
formed in the chemical reaction zone of the combustion wave, with the combustion temperature lying be-
tween the temperatures “L” and “S” of the corresponding double phase diagrams “Metal 1 — Metal 2”. By 
changing the initial synthesis parameters (composition, density, dispersity of powders, etc.), the properties of 
the medium (viscosity, the size of solid particles in suspension, the rate of nitrogen supply, etc.) also change. 

For filtration combustion of three-component systems, such variation of initial parameters results in a 
“cloud” of data rather than a separate curve of dependence. The self-consistency of many factors in the sys-
tem that provide propagation of the combustion wave occurs, and the structure of the data “cloud” obeys 
strict laws that are characteristic for dissipative structures of nonequilibrium linear systems. Different proper-
ties of the environment cause different types of formation of intermediate, unstable nitrides. Nanoscale sus-
pension particles are the centers of chemical reactions of nitriding in a solid-liquid medium in which nitrogen 
is continuously supplied [9‒14]. 

In [7, 13], devoted to the filtration combustion of a mixture of two metals in nitrogen, it was noted that 
all combustion parameters at appropriate scales are located within the “L-S” region of the melting diagram 
“Metal 1 — Metal 2”. The task arose to check to what extent the envelopes of the “cloud” lines of these 
combustion parameters of the ternary system “Metal 1 — Metal — Nitrogen” repeat the course of the 
liquidus and solidus lines of the double system “Metal 1 — Metal 2”. The systems “Ti-W” and “Ti-Mo”, 
having accurately constructed phase diagrams in coordinates “temperature-composition”, were chosen for 
verification. “Ti-Al” and “W-Al” were chosen as the diagrams that need to clarify the positions of the 
liquidus and solidus lines. 

Experimental 

Metal powders were used as initial components for synthesis: titanium of PTM grade; aluminum of 
ASD-4 grade of technical purity; finely dispersed molybdenum and tungsten (less than 10 μm). Gaseous ni-
trogen of high purity with oxygen content less than 0,001 % was used. The mixture of powders in the amount 
of 16 g was poured into cylindrical cups with a diameter of 20 mm and a height of more than 30 mm. The 
cups were made of well-permeable filter paper. Combustion was initiated by a tungsten spiral through an 
igniting tablet. The composition of the tablet was selected so that a combustion wave with a maximum tem-
perature between the “L” and “S” temperature of the systems was formed. The cups were placed on a special 
stand, which was transferred to the reactor, which was a constant pressure unit with a volume of 3 liters. A 
constant nitrogen pressure of 20 atm was maintained in the reactor. 

The amount of nitrogen assimilated during combustion was determined by weighing the sample before 
and after combustion with an accuracy of ±0.005 g. The maximum combustion temperature was measured by 
the thermocouple method using tungsten-rhenium thermocouples. The temperature data were recorded using 
a computer in the form of thermograms. Diffractograms were taken from the final synthesized combustion 
products on a “Drone-2” apparatus. 

The completeness of conversion was determined as follows. For the case where the leading component 
is titanium, the completeness of transformation was calculated as the ratio of the percentage-weight content 
of nitrogen in titanium mononitrides of the final product to the percentage-weight content of nitrogen in stoi-
chiometric titanium mononitride TiN1,00: 

'Ti=[Nc100 %/(Nc+Tic)]/22,63 %.

Similarly, for the case where the leading component in the combustion wave is aluminum: 

''Al=[Nc100 %/(Nc+Alc)]/34,17 %.

Here Nc is the amount of assimilated nitrogen (in grams) during SHS synthesis (calculated by weighing 

the sample before and after combustion with an accuracy of ±0.005 g), Tic and Alc are the amounts of titani-

um and aluminum in the initial mixture (in grams, respectively). 

The difference between ηTi and ηAl is determined by the different stoichiometric nitrogen content: in ti-

tanium mononitride — 22.63 % wt. % and in aluminum mononitride — 34.17 % wt. %, and by the different 

contents of titanium and aluminum in the initial mixture. If both aluminum and titanium are nitrided to form 

mononitrides simultaneously, the completeness of the transformation is calculated by the following formula: 

''' = [Nc100 %/(Nc+Tic)]/22,63 % + [Nc100 %/(Nc+Alc)]/34,17 % or
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''' = [Nc4,419/(Nc+Tic)] + [Nc2,926/(Nc+Alc)] or

'''TiN+AlN='+''.

Here α and β are the fraction of titanium and aluminum in the mixture, respectively. In arriving at this 

formula, we were guided by the fact that titanium and aluminum have almost equal enthalpies and nitrogen is 

distributed between them according to the initial composition. 

Results and Discussion 

The limiting factor in filtration combustion is the problem of gas delivery to the nitriding reaction site. 
The porosity structure of the medium is of great importance for the kinetics. If a large amount of liquid ap-
pears in the reaction zone, combustion stops due to the impossibility of gas penetration to the reaction site. In 
such cases, inert additives are used to lower the combustion temperature. 

The composition of the synthesized product depends on the initial ratio of components. Up to 40 weight 
% Ti the product consists of aluminum mononitride, Al3Ti phase and pure aluminum. The diffractograms 
record clear, well-formed AlN peaks. In the range of 40 to 60 weight % Ti, the following are found: alumi-
num mononitride, titanium mononitride, TiAl phase and pure aluminum. At the ratio from 60 weight%Ti and 
above in the synthesized product are found: titanium mononitride, Ti3Al phase, αTi, and also, here are found 
small peaks of MAH phases Ti2AlN, Ti4AlN3. The diffractogram shows high broadened peaks, from which 
peaks of titanium mononitride, Ti3Al, αTi intermetallide with aluminum dissolved in it, emerge. Any traces 
of aluminum mononitride are absent [7]. 

An equilibrium suspension consisting of particles of solid solutions or compounds is formed when two 
different metals are heated above the solidus temperature. A vortex motion that entrains nitrogen gas and 
delivers it to the reaction site is easily formed in such a heterogeneous medium at high temperatures. In this 
case, the melt in any quantity is not an obstacle to the penetration of gas to the reaction centers, which are 
solid particles in the “L-S”-melt. 

Figure 1, а shows two combined diagrams: a part of the phase diagram “Mo-Ti” and a “cloud” of values 
of the degree of conversion η. It can be seen that the enveloping “cloud” completely repeats the solidus and 
liquidus lines. Inside the cloud, the η data are located along the lines that repeat the course of the liquidus 
curve. Figure 1, b shows the superposition of the state diagram for the “W-Ti” systems and the “cloud” of η 
data taken from the combustion analysis of the “W-Ti-N” system. The lower envelope coincided exactly 
with the course of the solidus line. The upper envelope partially coincided with the liquidus line, the rest of 
the data repeat its course. Complete filling of the “L-S” space did not occur, apparently, solid suspension 
particles of the required size were not formed at high combustion temperatures [13‒16]. 

“Cloud” data of maximum combustion temperatures (Tmax) are plotted on the fusibility diagram of the 
“Mo-Ti” system (Fig. 2, a). The presence of two “clouds” of Tmax data can be seen. The lower cloud com-
pletely coincides with the “L-S” space. The second cloud, which is located above the “L” line, is the result of 
“flare afterburning”, when the gaseous part of the product, consisting of suboxides, burns in the form of 
flares, outside the combustion wave [9]. The data inside the second “cloud” also lie on curves repeating the 
course of the liquidus line. Figure 2, b shows a “cloud” of combustion rate (Uc) data. If the combustion rate 
(Uc) data are plotted in a mirror-hyperbolic reflection, this “cloud” of data coincides completely with the “L-
S” region, as does the transformation completeness (η) data. This suggests that the relationship between the 
combustion rate (Uс) and the degree of transformation (η) is proportional to ~1/1-η, in contrast to the cases 
of single metal combustion in nitrogen, for which this relationship is defined as ~1/η [12]. 

a  b 

Fig. 1. a — Combined melting diagram of “Ti-Mo” with “cloud” data of the degree of conversion η, 

b — Combined melting diagram of “Ti-W” with “cloud” data of the degree of conversion η. 
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 a  b 

Fig. 2. a — Combined melting diagram of “Ti-Mo” with “clouds” of maximum temperature (Tmax) data, 

b — “Cloud” of combustion velocity (Uc) data for the “Ti-Mo-N” system. 

All analyses of the combined graphs allowed us to assume a more correct position of the liquidus line, 

peritectic horizontals and solidus lines for the phase diagrams of state of the systems “Al-Ti” and “Al-W”. 

Experimental data of completeness of transformation (η) for these systems in certain concentration limits 

were located in the regions of known diagrams, where there is no solid-liquid melting zone, which according 

to the assumed mechanism of phase formation in the combustion wave cannot be. Therefore, we propose 

another variant of the melting diagram section, which is shown in Figure 3 (a, b) and Figure 4. 

а b 

Fig. 3. “Al-Ti” combined melting diagram with “cloud” of degree of transformation data (η): a) known; b) proposed. 

Fig. 4. “Al-W” fusibility diagram with “cloud” of conversion degree data (η): curve 1 — known, curve 2 — proposed. 
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The proposed changes result in a diagram with the presence of a high-temperature phase β-Al3Ti, in ad-

dition to α-Al3Ti, for the “Ti-Al” system. The modified melting diagram of “W-Al” differs from the previous 

one by the shift of the liquidus line towards increasing Al concentration starting from the temperature 

~1310 ºC. 

Conclusions 

A different arrangement of liquidus and solidus lines in the melting diagrams of “W-Al” and “Ti-Al” is 

proposed. It is shown that the shape and outline of “clouds” of these combustion parameters of SHS system 

“Metal 1 — Metal — Nitrogen” repeat the area of the zone between “L” and “S” of double diagrams “Metal 

1 — Metal 2”. 

It is revealed that the relationship between UG and η for “Metal 1 — Metal — Nitrogen” SHS systems 

is determined by the formula: Uc~1/1-η (or η~1/1/1-Uc). 
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O.A. Шкода 

«Металл 1–металл 2–азот» СВС жүйелерінің жану параметрлері 

туралы деректердің «бұлтын» талдау арқылы «металл 1-металл 2» 

жүйелерінің балқыту диаграммасын нақтылау мүмкіндігі туралы 

«Металл 1–металл 2–азот» жүйелеріне өздігінен таралатын жоғары температуралық синтездің қабат-

қабат режимінде жануы бойынша зерттеу жүргізілді. Бастапқы синтез параметрлерін өзгерту арқылы 

тәжірибелік мәліметтердің үлкен көлемі алынды. Құрамы, тығыздығы, ұнтақтардың дисперсиясы 

және басқалары сияқты синтездің бастапқы параметрлерін өзгерту арқылы ортаның қасиеттері де 

өзгереді, мысалы, тұтқырлық, суспензиядағы қатты бөлшектердің мөлшері, азотпен қамтамасыз ету 

жылдамдығы және т.б. Үш компонентті жүйелерді фильтрациялық жану үшін аталған бастапқы 

параметрлерді өзгерту нәтижесінде жеке қисық емес, деректердің «бұлты» алынды. Бұл жүйеде жану 

толқынының таралуын қамтамасыз ететін көптеген факторлардың өзіндік сәйкестігі болғандықтан, 

деректер «бұлтының» құрылымы тепе-теңдіксіз сызықты емес жүйелердің диссипативті 

құрылымдарына тән қатаң заңдарға бағынады. Бастапқы деректердің өзгеруі жану параметрлерінің 

кең ауқымдағы өзгерістерін алуға мүмкіндік берді. Жану параметрлері жану толқынындағы химиялық 

реакциялар аймағында түзілетін қатты-сұйық ортаның қасиеттерін көрсетеді. Бұл жағдайда жану 

температурасы титан, молибден, вольфрам және алюминий металдар ретінде пайдаланылған «металл 

1-металл 2» сәйкес қос фазалы диаграммаларының «сұйықтық» және «қатты» температуралары

арасында болады. Алынған деректер «бұлттары» сәйкес фазалық диаграммалармен салыстырылды.

Бұл жану параметрлерінің «бұлтының» пішіні мен контуры «металл 1-металл 2» күйінің қос фазалық

диаграммаларының ликвидус және солидус сызықтарымен шектелген аймақтың пішіні мен

контурымен сәйкес келетіні анықталды. Фазалық диаграммалар нақтыланды. Алюминий-вольфрам

және алюминий-титан балқитын диаграммаларындағы ликвидус пен солидус сызықтарының басқаша

орналасуы ұсынылды. Өздігінен таралатын жоғары температуралық синтездің қабат-қабат

режиміндегі «металл 1-металл 2-азот» жүйелері үшін жану жылдамдығы мен конверсия дәрежесі

арасындағы байланыс формуласы анықталды.

Кілт сөздер: өздігінен таралатын жоғары температуралық синтез, түрлену дәрежесі, фазалық 

диаграмма, нитридтер, деректер бұлты, тепе-теңдік емес жүйе. 

O.A. Шкода 

О возможности уточнения диаграммы плавкости 

систем «мeталл 1–мeталл 2» через анализ «облака» данных 

параметров горения СВС систем «мeталл 1–мeтал 2–азот» 

Проведено исследование горения систем «металл 1–металл 2–азот» в послойном режиме самораспро-

страняющегося высокотемпературного синтеза. Меняя начальные параметры синтеза, получено 

большое количество экспериментальных данных. Варьируя начальные параметры синтеза, такие как 

состав, плотность, дисперсность порошков и другие, меняются и свойства среды, такие как вязкость, 

размер твердых частиц в суспензии, скорость поступления азота и т.д. Для фильтрационного горения 

трёхкомпонентных систем в результате варьирования перечисленных исходных параметров получено 

«облако» данных, а не отдельно взятая кривая. Поскольку в этой системе происходит самосогласова-

ние многих факторов, обеспечивающих распространение волны горения, то строение «облака» дан-

ных подчиняется строгим законам, характерным для диссипативних структур неравновесных нели-

нейных систем. Вариации исходных данных позволили получить изменения в параметрах горения в 

большом диапазоне. Параметры горения отражают свойства твердожидкой среды, которая образуется 

в зоне химических реакций в волне горения. Температура горения при этом находится между темпе-

ратурами «ликвидус» и «солидус» соответствующих двойных фазовых диаграмм «мeталл 1–металл 

2», где в качестве мeталла использовались титан, молибден, вольфрам, алюминий. Полученные «обла-

ка» данных были сопоставлены с соответствующими фазовыми диаграммами состояния. Установле-

но, что форма и очертание «облака» данных параметров горения совпадают с формой и очертанием 

области, ограниченной линиями ликвидус и солидус двойных фазовых диаграмм состояния «мeталл 

1–металл 2». Проведено уточнение в фазовых диаграммах состояния. Предложено иное расположение 

линий ликвидус и солидус в диаграммах плавкости «алюминий–вольфрам» и «алюминий–титан». Оп-

ределена формула соотношения между скоростью горения и степенью превращения для систем «ме-

талл 1–металл 2–азот» при послойном режиме самораспространяющегося высокотемпературного син-

теза. 

Ключевые слова: самораспространяющийся высокотемпературный синтез, степень превращения, диа-

грамма состояния, нитриды, «облако» данных, неравновесная система. 
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Fast particles and metal vapors from electrodes with small radii 

of curvature during nanosecond discharges in gases 

In gaps with a non-uniform electric field, the high electric fields (>1 MV/cm) are achieved with a short volt-

age pulse front, which are enhanced by the accumulation of positive ions at the cathode and the formation of 

plasma. Based on the known experimental and theoretical studies of vacuum discharge, we hypothesized that 

the mechanism of destructive mechanical stresses in the surface layer of electrodes should also take place 

during nanosecond breakdown in gases. In this paper, the radiation of diffuse discharge plasma formed be-

tween two electrodes with a small radius of curvature was investigated when the discharge gaps were filled 

with air, nitrogen, argon, and helium at atmospheric pressure. With a nanosecond voltage pulse duration and 

energy inputs into the gas of <1 mJ/cm3, the tracks of particles emitted from bright spots on the electrodes, 

including those at a right angle to their surface, were recorded. It is shown that the length of the tracks de-

pends on the polarity of the electrode and that at low energy inputs in the air the tracks end with a brighter 

glow region. It is established that the greatest radiation intensity during discharges in four different gases (air, 

nitrogen, argon and helium) are found in tracks that are formed in the air. From this result, as well as from the 

recorded duration of track glow pulses in hundreds of microseconds, it follows that the increase in the bright-

ness of the radiation of the ends of the tracks during propagation in the air is determined by the heating of the 

electrode material during the interaction of the emitted particles with oxygen. 

Keywords: tip-to-tip gap, nanosecond pulses, diffuse discharge, particle tracks. 

Introduction 

It is known that erosion of the electrode surface occurs during the formation of bright spots on the elec-

trodes due to explosive emission of electrons as a result of breakdown processes [1]. The formation of craters 

on the cathode surface in vacuum and gas-filled gaps has been recorded in many studies, see, for example 

[1‒3] and references in these publications. During nanosecond discharges in gaps filled with various gases, 

damage on the cathode surface, including crater-shaped damage, in the region of bright spots before a spark 

channel formation is also observed [4‒6]. Erosion of the electrode surface is explained by the heating of 

microheterogeneities due to an increase in current density in local areas to the melting temperature and rapid 

(explosive) evaporation of these microheterogeneities [1]. As a result, a cloud of dense plasma is formed on 

the surface of the electrodes with negative polarity before formation of a spark channel. In works [7, 8], de-

voted to the study of the mechanism of vacuum breakdown at high electric field strengths, it was established 

that one of the reasons limiting the electrical strength of a vacuum insulation is the effect of a strong electric 

field on the mechanical properties of the electrode surface. Calculations carried out in [8] showed that even 

in the unheated region, the size of which significantly exceeds the size of the explosive emission center, the 

cathode material is also exposed to destructive mechanical stresses. In this case, the primary appearance of 

the cathode spot during discharge in a vacuum and the formation of plasma near the electrode surface lead to 

multiple local destructions of its relatively smooth surface, including those at the periphery of the cathode 

spot. 

Based on experimental and theoretical studies of breakdown in a vacuum, described by the authors of 

articles [7, 8]), in works [9, 10] it was suggested that the mechanism associated with the occurrence of de-

structive mechanical stresses should also take place during nanosecond breakdown in gases between elec-

trodes with a small radius of curvature. Photographing the discharge with a high (up to 1.7 μm) spatial reso-

lution in [9, 10] showed that thin luminous tracks (TLT) of particles appear in the interelectrode gap in both 

spark and diffuse discharges, moving along various trajectories. Shooting with a highly sensitive ICCD cam-

era made it possible to establish that particles at a minimum distance from the electrodes are recorded with a 

delay of more than 1 μs, and their speed depends on the track diameter and is as high as ~ 40 m/s [9‒11]. 

This speed is significantly less than the plasma expansion speed during explosive emission in a vacuum 

(~ 20 km/s), as well as the speed of a liquid metal jet at the cathode (~ 0.4 km/s) [12]. 

https://doi.org/10.31489/2024PH4/105-113
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The results obtained in [9‒11] aroused great interest and showed the need to continue studying the con-

ditions for the appearance of TLT from electrodes. Attention to the observation of tracks is due to the lack of 

data on the registration of TLT during nanosecond diffuse discharges in a non-uniform electric field, see, for 

example, [13‒17]. Note that during a spark discharge, a number of studies reported observation of the scat-

tering of particles from the electrodes [8, 18], as well as the production of small-sized particles [19]. In addi-

tion, in [20], it was shown that tip erosion is observed during a corona discharge during generation of a series 

of Trichel pulses. 

The aim of this work to study possibility of the appearance of tracks and define their shape under the 

conditions of a diffuse discharge in air, nitrogen, argon and helium, formed with small energy inputs. 

Experimental setup and methods 

The studies were performed using setup similar to that described in [9‒11]. Schematic diagram of the 

setup is shown in Figure 1. 

Figure 1. Block diagram of the experimental setup for studying particle tracks. 

Voltage pulses from various high-voltage generators (HV), which are described in detail in [21], were 

fed to the input of the discharge chamber transmission line via a coaxial cable. The generators had positive or 

negative polarity. Minimum energy inputs into the discharge plasma were achieved using a positive polarity 

generator GIN-10 with a voltage pulse duration τ0.5 ≈ 1 ns (FWHM) and its rise time of τ0.1–0.9 ≈ 0.7 ns. The 

amplitude of the incident voltage wave in the transmission line was 11.6 kV. The energy in the pulse did not 

exceed 1.2 mJ. In the idle mode, the voltage across the gap doubled. Oscillograms of the incident and re-

flected from the gap waves of the voltage pulses and current through the gap are shown in Figure 2. 
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Figure 2. Oscillograms of the pulses of the incident and reflected voltage wave, as well as the current through 

the gap of the total and capacitive (dashed line). 
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The wave impedance of the transmission line with a built-in shunt was 75 Ohm. The resistance of the 

shunt was 8.7 mOhm. This shunt made it possible to record voltage waves incident on the gap and reflected 

from it, as well as to restore the voltage pulses reflected from the generator. The current through the gap was 

measured by a current shunt assembled from thin-film SMD resistors (Vishay Intertechnology), which was 

installed near the grounded electrode. The shunt resistance was 30 mOhm. 

The radiative characteristics of the nanosecond discharge were recorded from the area between the elec-

trodes, which were made from sections of sewing needles with a base diameter of 0.75 mm. The length of 

the needles was ~ 5.5 mm, and the rounding radii were ≈ 35 μm. Due to the low energy in the voltage pulse, 

the shape of the electrodes did not change significantly from pulse to pulse. We have not used before this 

generator to study particle tracks. The gap between the needles was 4 mm. Due to the lack of matching of the 

resistances of the gas-discharge, generator and transmission line, voltage pulses were reflected from the gap 

and from the generator. As a result, voltage pulses reflected from the generator returned to the gap with the 

opposite polarity. When using the GIN-10 generator, this delay was 22 ns. The main part of the energy was 

usually deposited in the discharge plasma during the first voltage pulse from the generator. Similar excitation 

modes of the diffuse discharge with other generators are described in detail in [9‒11]. 

Waveforms of the incident wave of voltage and current pulses through the gap from the GIN-50-1 gen-

erator with the pulse duration of 13 ns are shown in Figure 3. 

Figure 3. Waveforms of the voltage pulse on the gap and the current through the gap. 

Generator GIN-50-1. Rectangles C1, C2, C3 and C4 show the time of photographing the discharge plasma 

on different channels of the ICCD camera. 

The maximum voltage pulse amplitude at the idle reached 50 kV. The maximum energy input into the 

discharge plasma during the first incident pulse were achieved due to the increase in the voltage pulse dura-

tion with this generator. The positive polarity voltage pulse duration of this generator at half-height was 

τ0.5 ≈ 13 ns and its front was τ0.1–0.9 ≈ 4 ns. 

The signals from the shunts were recorded by a Tektronix MSO64B oscilloscope (8 GHz, sampling fre-

quency 20 samples/ns). The discharge plasma glow images were taken with a Canon EOS 2000D SLR cam-

era (24.7 MP pixel count, 22.3×14.9 mm matrix size, 3.72 µm pixel size), which was equipped with a K2 

DistaMax long-focus microscope (Infinity Photo-Optical Company) with a CF-3 lens. The microscope in this 

configuration provided a magnification of 3.56 with a maximum resolution of 1.7 µm. The camera exposure 

time was usually 0.5 s, and the sensitivity was 40000 ISO. In addition, a four-frame ICCD camera HSFC 

PRO with frame duration of 3 ns was used to photograph the discharge. This ICCD camera and generators 

could be switched on with an accuracy of about 10 ps. This made it possible to record changes in the plasma 

glow during the discharge over a time of tens of picoseconds. The shaded rectangles show the switching time 

of individual frames of the ICCD camera are shown in Figure 3. An HR2000+ES spectrometer with a 13 
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light guide (range 200–1150 nm; optical resolution ≈ 0.9 nm) with a known spectral sensitivity was used to 

measure the discharge emission spectra. The discharge chamber had two side windows made of KU-1. Pho-

tographing the discharge and measuring the emission spectra were carried out in the absence of extraneous 

lighting. 

The gas discharge chamber was evacuated by a forevacuum pump and filled with atmospheric air with a 

relative humidity of 23 %, or nitrogen, argon, helium. The studies were carried out at a pressure of 

≈ 760 Torr. 

Results and Discussion 

With the GIN-10 generator, the studies of discharge glow in air, nitrogen, argon and helium were car-

ried out at minimum energy inputs, which in our conditions were determined by the short duration of the 

voltage pulse (~ 1 ns at half-height) and its amplitude (~ 11.6 kV in the incident wave). In addition, similarly 

to [9‒11], the studies were carried out at energy inputs with higher energy inputs by 5 times or more with the 

GIN-50-1 generator and generators providing negative polarity of the voltage pulses. Breakdown of the gap 

filled with air, nitrogen or argon at pressure of 760 Torr with the GIN-10 generator was usually observed at a 

voltage pulse amplitude close to the maximum. Due to short rise time duration of the voltage pulse, a peak of 

the capacitive current was stably evident on the oscillogram of the current through the gap, which exceeded 

in its amplitude the conduction current, Figure 2. The energy, deposited into the gas in the first voltage pulse 

from the generator, in air was about 0.5 mJ and changed slightly (~ 10 %) from pulse to pulse. 

As is known, before the breakdown of the gas-filled gap, the idle mode is realized, the resistance of the 

discharge plasma decreases due to development of the ionization processes in the gas. If forming a diffuse 

discharge with optimal voltage on the gap, a matched mode can be realized for some time, in which the 

plasma resistance in the gap is equal to the resistance of the generator transmission line. However, in the case 

of nanosecond voltage pulse, the process of matched energy input usually takes only a part of the voltage 

pulse duration. For these reasons, it is impossible to achieve complete matching of the discharge plasma re-

sistance and the GIN-10 generator impedance. Figure 2 shows oscillograms of voltage and current pulses in 

the gap filled with atmospheric air, which consisted of capacitive current and conduction current. Photo-

graphs of the discharge plasma glow in air and nitrogen under conditions of track appearance at low energy 

inputs are shown in Figure 4 and Figure 5, respectively. 

Figure 4. Photographs of the integral discharge glow in air, obtained for one voltage pulse 

for two different switches of the GIN-10 generator, (a) and (b). HV — high-voltage electrode, 

TLT — thin luminous tracks, DD diffuse discharge, GND — grounded electrode. 

The discharge mode with the formation of a diffuse discharge and TLT in air for two different voltage 

pulses is shown in Figure 4. Tracks are visible at both electrodes, and the TLT with the greatest length were 

recorded at the grounded electrode, which had a negative polarity when arriving the first voltage pulse. A 

feature of the glow of tracks in air at low energy inputs was the greatest intensity at their end. When the en-

ergy inputs are increased to >5 mJ, see also works [9‒11], most tracks in air and argon had approximately the 

same glow brightness along their length. 

When the discharge was formed in nitrogen or in helium, in contrast to the discharge in air, the intensity 

of the track radiation was maximum at the bright spots on the electrodes and slowly decreased with distance 

from the spots, see Figure 5. 
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Figure 5. Photographs of the integral discharge glow in nitrogen, obtained for one voltage pulse 

of the GIN-10 generator. HV — high-voltage electrode, TLT — thin luminous tracks, GND — grounded electrode. 

Moreover, the TLT in nitrogen had higher glow brightness than in helium, but lower than in air. It was 

not possible to register particle tracks in argon with the GIN-10 generator. However, TLT were observed 

with the GIN-50-1 generator at higher energy inputs and in [9] with the GIN-55-01 generator, when the gas 

pressure was decreased. 

The dynamics of the formation of a diffuse discharge before the gap is closed by a spark channel is 

shown in Figure 6. 

Figure 6. Images of the discharge in air obtained with the ICCD camera for the first voltage pulse from the GIN-50-1 

generator, which is shown in Figure 3, where individual frames of the ICCD camera are shown as shaded rectangles. 

HV is the high-voltage electrode, GND is the grounded electrode. 

The dynamics of the formation of the first spherical streamers is described in detail in [22, 23]. Figure 6 

demonstrates the appearance of the first spherical streamer at the high-voltage electrode. Then the second 

streamer is formed at the grounded electrode. The streamers collide, and a diffuse discharge is formed in the 

gap, see frame C3, as well as the integral photographs in Figure 4 and Figure 5. When the voltage pulse dura-

tion and (or) its amplitude are increased, spark leaders grow from the electrodes. In this case, see frame C4, it 

can close the gap and forms a spark channel as expected, see, for example, [6, 9]). 
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As expected with HR2000+ES spectrometer, the bands of the second positive system (2
+
) of molecular 

nitrogen dominated in the emission spectra during diffuse discharge stage in air and nitrogen, which is due to 

the high electric field strength across the gap during its breakdown by the voltage pulse with sub-nanosecond 

rise timed. The spectral density of the radiation energy of the main bands of the 2
+
 nitrogen system was sev-

eral orders of magnitude greater than that of the bands of the first positive (1
+
) nitrogen system. It was not 

possible to register the emission spectra of the TLTs under these conditions. The difficulties in registering 

the emission spectra of the tracks can be explained by their thermal nature and, accordingly, by the large 

width of the emission spectra of the TLT. The emission of tracks during the expansion of particles from the 

electrodes is also affected by the high temperature of the bright plasma spots on the electrodes. These spots 

are known to be formed due to the explosive emission of electrons [1]. It follows from the data obtained that 

both processes take place during the heating of the particles that form the tracks. In nitrogen, see Figure 5, 

and helium, the brightness of the tracks decreased with distance from the electrodes, while in air it was max-

imal at the end of the tracks, see Figure 4. Apparently, particles from the electrodes can also be heated during 

collisions with molecules and gas atoms, but this process is less effective. 

The studies performed support the hypothesis put forward in [9, 10]. The observed TLTs are traces of 

hot metal particles that fly out of the electrode surface in the area of its contact with dense plasma. Initially, 

plasma is formed during heating and thermal explosion of microinhomogeneities due to an increase in the 

current density in these places. The plasma created strengthens the electric field on the electrode surface. 

When the energy input is low, the tracks were found to have a greater length when initiated from an elec-

trode with negative polarity. Note, that in our experiments the greatest electric field strength was achieved on 

the high-voltage electrode upon arrival of the first pulse from the generator. The grounded electrode was sur-

rounded by the walls of the discharge chamber, which weakened the electric field at the tip, see Figure 1. 

However, the tracks were mainly generated from this electrode and spread over large distances. 

Conclusions 

In this paper, we study the formation of thin luminous tracks in the gap with electrodes having a small 

radius of curvature in diffuse discharge in air, nitrogen, argon, helium at low energy inputs into the gas. It 

was found that TLTs are formed mainly from the negative polarity electrode and their length becomes short-

er with decreasing energy inputs into the discharge plasma. It was shown that the ends of the tracks have the 

greatest brightness in air, which can be explained by their additional heating during the oxidation of particles 

that start from the electrodes. The intensity of track radiation in nitrogen and helium is maximal near bright 

spots on the electrodes and decreases with distance from them, which indicates a decrease in the temperature 

of the particles, forming the tracks. TLTs in discharge in argon could not be registered, when energy input is 

low. 

This research was performed within the framework of the State assignment of the IHCE SB RAS, pro-

ject No. FWRM-2021-0014. 
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В.Ф. Тарасенко, Д.В. Белоплотов, Д.А. Сорокин, А.Н. Панченко 

Газдардағы наносекундтық разрядтар кезінде қисықтық радиусы 

аз электродтардан жылдам бөлшектер мен металл булары 

Біркелкі емес электр өрісі бар саңылауларда жоғары электр өрістеріне (>1 МВ/см) қысқа кернеу 

импульсі арқылы қол жеткізіледі, олар катодта оң иондардың жиналуымен және плазманың 

түзілуімен күшейеді. Вакуумдық разрядтың белгілі эксперименттік және теориялық зерттеулеріне 

сүйене отырып, біз электродтардың беткі қабатындағы деструктивті механикалық кернеулердің 

механизмі газдардың наносекундтық ыдырауы кезінде де жүруі керек деген болжам жасадық. 

Мақалада атмосфералық қысым кезінде разрядтық саңылаулар ауамен, азотпен, аргонмен және ге-

лиймен толтырылған кезде қисықтық радиусы аз екі электрод арасында пайда болған диффузиялық 

разрядты плазманың сәулеленуі зерттелді. Наносекундтық кернеу импульсінің ұзақтығы және газға 

түсетін энергия мөлшері <1 мдж/см3 болған кезде электродтардағы жарқын дақтардан, соның ішінде 

олардың бетіне тік бұрышта орналасқан бөлшектердің іздері тіркелді. Жолдардың ұзындығы 

электродтың полярлығына байланысты екендігі және ауадағы төмен энергия кірістері кезінде жолдар 

жарқыраған аймақпен аяқталатыны көрсетілген. Төрт түрлі газдағы (ауа, азот, аргон және гелий) раз-

https://doi.org/10.3390/surfaces6020014
https://doi.org/10.1016/j.apenergy.2022.119892
https://iopscience.iop.org/article/10.1088/1361-6595/ad085c/meta
https://doi.org/10.1080/02786820490247632
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рядтар кезінде сәулеленудің ең жоғары қарқындылығы ауада түзілетін жолдарда болатыны 

анықталды. Осы нәтижеден, сондай-ақ жүздеген микросекундтық тректердің жарқыл 

импульстарының тіркелген ұзақтығынан ауада таралу кезінде трек ұштарының сәулелену 

жарықтығының жоғарылауы ұшатын бөлшектердің оттегімен әрекеттесуі кезінде электрод 

материалының қызуымен анықталады. 

Кілт сөздер: ұшынан ұшына дейінгі саңылау, наносекундтық импульстар, диффузиялық разряд, 

бөлшектердің іздері. 

В.Ф. Тарасенко, Д.В. Белоплотов, Д.А. Сорокин, А.Н. Панченко 

Быстрые частицы и пары металлов с электродов, имеющих 

малые радиусы кривизны, при наносекундных разрядах в газах 

В промежутках с неоднородным электрическим полем при коротком фронте импульса напряжения 

достигаются высокие электрические поля (>1 MV/cm), которые усиливаются за счёт накопления у ка-

тода положительных ионов и образования плазмы. На основании известных экспериментальных и 

теоретических исследований вакуумного разряда нами было высказано предположение, что механизм 

разрушающих механических напряжений в поверхностном слое электродов должен иметь место и при 

наносекундном пробое в газах. В статье при заполнении разрядных промежутков воздухом, азотом, 

аргоном и гелием атмосферного давления исследовано излучение плазмы диффузного разряда, фор-

мируемой между двумя электродами с малым радиусом кривизны. При наносекундной длительности 

импульса напряжения и энерговкладах в газ <1 mJ/cm3 зарегистрированы треки частиц, вылетающих 

из ярких пятен на электродах, в том числе под прямым углом к их поверхности. Показано, что длина 

треков зависит от полярности электрода, и, что при малых энерговкладах в воздухе треки заканчива-

ются более яркой областью свечения. Установлено, что наибольшую интенсивность излучения при 

разрядах в четырёх различных газах (воздух, азот, аргон и гелий) имеют треки, которые формируются 

в воздухе. Из этого результата, а также из зарегистрированной длительности импульсов свечения тре-

ков в сотни микросекунд следует, что усиление яркости излучения окончаний треков при распростра-

нении в воздухе определяется нагревом материала электрода при взаимодействии вылетающих частиц 

с кислородом. 

Ключевые слова: промежуток остриё–остриё, диффузный разряд, треки частиц. 
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Spectral Characteristics of Photoluminescence Synthesized 

in the Field of Radiation YAGG Phosphors with Different Al/Ga Ratio 

In the study the results of luminescence spectra investigating and excitation of ceramics luminescence with 

different Al/Ga ratios, synthesized by irradiating a mixture of initial materials with different prehistories were 

presented. Mixtures of oxides powders with stoichiometric composition corresponding to Y3AlxGa5-xO12: Ce, 

where x ranged from 0 to 5, were prepared for synthesis. All initial materials had a purity of no less than ana-

lytical grade. The synthesis was carried out under the influence of an electron beam with an energy of 

1.4 MeV and a power density of 20 kW/cm2. The yield of the synthesis reaction, the ratio of the sample mass 

to the mixture, was 90‒95 %. Research has shown that decreasing the Al/Ga ratio results in a shift of the lu-

minescence band towards the short-wavelength region of the spectrum. Additionally, the excitation spectrum 

changes. As the Al/Ga ratio decreases, the excitation band shifts towards the long-wavelength region around 

350 nm. The characteristics of luminescence are influenced by the prehistory of the initial materials. 

Keywords: Al/Ga ratio; luminescence; radiation synthesis; high-energy electron beam. 

 

Introduction 

Materials based on metal oxides have found wide application in electronics, photonics, optics, laser 

technology, dosimetry [1‒4] due to the variety of functional properties possible for practical use. They are 

used in the form of crystals, ceramics, films, powders. Most often these materials are complex in composi-

tion. Materials are characterized by high resistance of their functional properties to external influences: tem-

perature, radiation, and aggressive media. The range of such materials is very wide and continues to grow. 

The main obstacle in expanding the range of possible applications is the complexity of their synthesis. 

The most widespread method is thermal synthesis, using which many materials with a variety of functional 

properties have been obtained [5]. However, the thermal synthesis methods of refractory materials are com-

plicated, characterized by the duration of the process, as a rule of thumb for a few dozen hours. This restrains 

the possibility of expanding the range of materials, optimization of processes in order to increase the main 

functional characteristics. Less common are such synthesis methods as sol-gel [6], co-precipitation [7] and 

similar [8]. The main disadvantage of all these methods is the duration of the process, the need to use addi-

tional substances to facilitate synthesis, which must be discarded at the final stages of synthesis. 

Combustion, flame heating methods allow to accelerate the synthesis process considerably [9, 10]. 

However, they require complicated procedures for purification from additionally introduced substances. The 

methods of pulse flame sintering [11, 12], which have been spreading in recent years, are universal, fast, but 

do not exclude the necessity of purification from additionally used substances. It is difficult to obtain volu-

minous materials with these methods. 

The radiation method of synthesis by direct impact of powerful flux of high-energy electrons on the 

mixture of stoichiometric composition seems promising. The method was first implemented in 2017 [13, 14]. 

Radiation method allows to provide synthesis of ceramics in time less than 1 s without using any substances 

to facilitate the process. The main features and examples of synthesis are described in [15‒17]. 

At present, in the formation period of the radiation synthesis method, it is urgent to prove the possibility 

of its implementation for obtaining multicomponent materials from powders of refractory monocomponent 

metal oxides. The confirmation of obtaining such a material can be the correspondence of its properties to 

the obtained materials properties by other methods. The synthesis of activated yttrium-aluminium-gallium 

garnets (YAGG), whose structural and luminescent properties are well studied, is of interest. The present 

work involves the synthesis of YAGG: Ce ceramics under different modes of radiation exposure, the study of 

https://doi.org/10.31489/2024PH4/114-122
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luminescent properties and comparison with the available information on the properties of materials of simi-

lar composition were obtained by other methods used. 

Ceramic synthesis 

The synthesis of ceramics was carried out by direct impact of a powerful electron beam with an energy 

of 1.4 MeV on the mixture in a massive copper crucible using the UNU ‘Stand ELV-6’ of the INP SB RAS. 

The synthesis of Y3(AlxGa1-x)5O12: Ce ceramics with different Al/Ga ratios in the composition was carried 

out by electron fluxes with the energy of 1.4 MeV. The electron beam had a diameter at the mixture surface 

of 1 cm, scanned in the transverse direction of the crucible with an amplitude of 5 cm and a frequency of 

50 Hz. During synthesis, the crucible with internal dimensions of 10x5 cm
2 

was stretched relative to the 

scanning electron beam at a speed of 1cm/s. As a result of synthesis in the crucible samples were formed in 

the form of plates with the crucible dimensions. The total time of electron flux impact on the mixture treated 

surface of crucible was 10s. The synthesis of ceramics was realized only due to the radiation energy flux, 

only from the mixture materials, without additives of other materials facilitating the process. 

Powder mixtures of Y2O3, Al2O3, Ga2O3 oxides in stoichiometric ratio were prepared for synthesis, 

Ce2O3 was added for activation in the amount of 0.5 % from the total mass of the mixture. All the initial 

powders were obtained from Hebei Suoyi New Material Technology Co., Ltd. (K1, K6, K7, K8) and 

Chemreactiv (F800, ITO). The mixtures compositions are shown in Table 1. The activator was added in the 

amount of 0.5 % of the mixture mass of the main components. The initial powders had purity degree not 

lower than 99.95, close distribution of particle sizes of powders. Sample numbers in the table means their 

number in the accounting system adopted by the authors. All experiments of ceramics synthesis were carried 

out using electron fluxes with energy 1.4 MeV, power density 20kW/cm
2
. 

T a b l e  1  

Description of samples and initial mixture composition 

№ 

 
Sample, Initial mixture composition description 

Yield% 

Weight Мm / Мo 

630 Y3Al5O12: Ce- Al2O3(43 %) (F800), Y2O3(57 %)(ИТО), Се2O3 (0.5 %)(К1) 90,1 

631 
Y3Al4GaO12: Ce — Al2O3 (32 %) (F800), Y2O3 (53 %)(ИТО), Ga2O3 

(15 %)(К8), Се2O3 (0.5 %)(К1) 
94,5 

632 
Y3Al3Ga2O12: Ce- Al2O3 (28.5 %) (F800), Y2O3 (50 %)(ИТО), Ga2O3 

(27.5 %)(К8), Се2O3 (0.5 %)(К1) 
96,6 

633 
Y3Al2Ga3O12: Ce-Al2O3 (14 %) (F800), Y2O3 (47 %)(ИТО), Ga2O3 

(39 %)(К8), Се2O3 (0.5 %)(К1) 
97,4 

634 
Y3Al1Ga4O12: Ce -Al2O3 (6.7 %) (F800), Y2O3 (44.3 %)(ИТО), Ga2O3 

(49 %)(К8), Се2O3 (0.5 %)(К1) 
97,4 

635 Y3Ga5 O12: Ce -Y2O3 (42 %)(ИТО), Ga2O3 (58 %)(К8), Се2O3 (0.5 %)(К1) 97,7 

636 
Y3Al5O12: Ce -Al2O3 (43 %) (К7), Y2O3 (57 %)(К6), Се2O3 (0.5 %)(К1), 

Се2O3 (0.5 %)(К1) 
96,5 

637 
Y3 Al4GaO12: Ce -Al2O3 (32 %)(К7), Y2O3 (53 %)(К6), Ga2O3 (15 %) (К8), 

Се2O3 (0.5 %)(К1) 
96,3 

638 
Y3Al3Ga2O12: Ce- Al2O3(К7) (28.5 %) (К7), Y2O3 (50 %)(К6), Ga2O3 

(27.5 %)(К8), Се2O3 (0.5 %)(К1) 
96,3 

639 
Y3Al2Ga3O12: Ce -Al2O3 (14 %)(К7), Y2O3 (47 %)(К6), Ga2O3 (39 %)(К8), 

Се2O3 (0.5 %)(К1) 
97,2 

640 
Y3AlGa4 O12: Ce -Al2O3 (6.7 %)(К7) (К7), Y2O3 (44.3 %)(К6), Ga2O3 

(49 %)(К8), Се2O3 (0.5 %)(К1) 
96,6 

641 Y3Ga5 O12: Ce+ Y2O3 (42 %)(К6), Ga2O3 (58 %)(К8), Се2O3 (0.5 %)(К1) 94,4 

 

As shown in the table, the synthesis was carried out using initial materials from different manufacturers 

to check the validity of obtained samples. 

Figure 1 shows photos of typical synthesized samples in crucibles. Y3Al5O12: Ce ceramics have a char-

acteristic bright yellow color. The color changes when Ga is introduced instead of Al. 

Y3 Al3Ga2O12: Ce- Al2O3 (28.5 %) (F800), Y2O3 (50 %)(IТО), Ga2O3 (27.5 %), Се2O3 (0.5 %)(К1) 

Y3 Al3Ga2O12: Ce- Al2O3(К7) (28.5 %) (К7), Y2O3 (50 %)(К6), Ga2O3 (27.5 %), — Се2O3 (0.5 %)(К1) 
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Figure 1. Photo of typical synthesized samples in crucibles 

Table 1 shows the values of synthesis reaction yield. In this article we understand the synthesis reaction 

yield as the ratio of the synthesized sample mass to the mass of the mixture used. The mass of the obtained 

ceramic samples is in the range of 44‒58 g. One of the reasons for the difference may be the poorly con-

trolled process of pressing the mixture in the crucible during its leveling before synthesis and the crucibles 

size used. The mixture amount in the crucible was such that the electron flux did not reach the crucible bot-

tom. The remainder of the mixture could be used in further experiments. It should be emphasized that to date 

the authors have succeeded in selecting initial materials that provide ceramics with a high yield of 90 to 

97 %. 

Spectral properties of luminescence 

Excitation and luminescence spectra were measured using a Cary 5000 UV-Vis-NIR spectrophotome-

ter. The measurements were performed as follows. Three small ceramic samples were spun off from different 

areas of each synthesized plate. The excitation and luminescence spectra of each were measured. In the 

measurements, the excitation flux was directed to the outer surface of the sample, which was facing the in-

coming electron flux during synthesis. Each sample was then crushed mechanically to powder. The powders 

were poured into cuvettes, and the excitation and luminescence spectra of each were measured. An example 

of excitation and luminescence spectra measurements results is shown in Figure 2. The excitation (a) and 

luminescence (b) spectra of ceramics (630-1, 630-2, 630-3) and their powders (630P-1, 630P-2, 630P-3) are 

shown. The difference in the luminescence spectra of the ceramic samples and their powders is clearly visi-

ble. The difference of luminescence spectra of samples of the same ceramics taken from one and the same 

plate, ceramics and complete coincidence of spectra of powders from them draws attention. 
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Figure 2. Excitation spectra (a) of ceramics (630-1, 630-2, 630-3) 

and their powders (630P-1, 630P-2, 630P-3) and luminescence (b). 

Clearly, the powders exhibit averaged characteristics of the excitation and luminescence spectra of the 

entire sample material. The excitation of ceramic samples by UV radiation occurs only in the near-surface 

Y3Al5O12:Ce Y3Al3Ga2O12:Ce Y3Al1Ga4O12:Ce 

Y3Al5O12:Ce Y3Al4GaO12:Ce Y3Al2Ga3O12:Ce 
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region. Therefore, the contribution of surface luminescence to the integral is minimal. Considering this, only 

the results of the spectral characteristics of the powdered materials are presented below. 

In Figure 3, the excitation spectra of luminescence at the maxima of the luminescence bands and the 

luminescence spectra under UV excitation at 340 and 445 nm for the powders from samples 632 and 638 are 

presented. The ceramic samples 632 and 638 have the same composition: Y₃Al₃Ga₂O₁₂: Ce, but were syn-

thesized from initial materials with different histories. Sample 632 was synthesized from powders of Al₂O₃ 
(F800), Y₂O₃ (ITO), Ga₂O₃ (K8), and Ce₂O₃ (0.5 %) (K1). Sample 638 was synthesized from powders of 

Al₂O₃ (F800), Y₂O₃ (ITO), Ga₂O₃ (K8), and Ce₂O₃ (0.5%) (K1). Sample 638 was synthesized from pow-

ders of Al₂O₃ (K7), Y₂O₃ (50%) (K6), Ga₂O₃ (K8), and Ce₂O₃ (0.5%) (K1). The results of the measure-

ments show that the origin of the selected initial powders for synthesis does not affect the position of the lu-

minescence spectra bands. 
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Figure 3. Excitation (a) and luminescence (b, c) spectra of powders 632 and 638 

Note that the excitation and luminescence spectra of the powders do not depend on the part of the plate 

from which the sample was taken for measurements. This means that the luminescent properties are uniform 

throughout the entire plate. We emphasize that this conclusion holds well for all studies of 12 ceramic com-

positions. 

Figure 4 shows the luminescence spectra of powders from ceramics 630‒634 and 636‒540 upon excita-

tion by UV radiation in the region of 450, 350 and 220 nm. The luminescence spectra of ceramics 635 and 

641 are not shown. Their luminescence is weak and could not be measured correctly by the spectrophotome-

ter used. The luminescence of the powders clearly depends on the Al/Ga ratio in the composition. With a 

change in this ratio, a shift in the luminescence band and its shape occurs. 
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Figure 4. Luminescence spectra of powders from ceramics 630‒634 and 636‒540 upon excitation 

by UV radiation in the region of 450, 350 and 220 nm 

Quantitative comparison of spectral characteristics: band positions and their half-widths are summa-

rized in Table 2. We have intentionally provided this extensive information in table form, but not in the 

compact form of graphs. We believe that quantitative information in table form is more important. 

T a b l e  2  

Spectral characteristics of luminescence 

Initial materials for 

synthesis 

ITO, F800, K1 K6, K7, K1 

No. Sample 630 631 632 633 634 636 637 638 639 640 

Ratio Al/Ga 5/0 4/1 3/2 2/3 1/4 5/0 4/1 3/2 2/3 1/4 

λex=450 nm λem nm 521 501 516 521 525 540 540 534 529 517 

      0,416 0,444 0,331 0,313 0,321 0,375 0,368 0,356 0,35 0,412 

λex=340 nm λem nm 543 525 530 529 525 537 540 532 530 510 

      0,382 0,389 0,306 0,296 0,314 0,363 0,356 0,466 0,328 0,404 

λex=220 nm λem nm 549 535 534 - 535 - 541 537 - 535 

      0,381 0,375 0,29  0,389  0,354 0,288  0,245 
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It follows from the results presented in Figure 4 and Table 2 that with a change in the Al/Ga ratio in the 

ceramic composition, there is a shift in the band position and in their half-width. It is significant that the 

bandshapes and their position generally do not depend on the wavelength of UV excitation. We emphasize 

that the studies results of the luminescence spectra dependence on the Al/Ga ratio in the ceramic composition 

are in good agreement with the regularities obtained in [18] in the crystals grown study by the thermal meth-

od. This means that the ceramic samples obtained by us by the radiation express method from Y2O3, Al2O3, 

Ga2O3, Ce2O3 powders have the same crystalline structure as those obtained by the thermal method. 

For luminescent materials, not only qualitative and spectral properties are important. Information on 

quantitative properties is no less necessary: the value of the luminescence flux. The most correct way to as-

sess this value are measurements of energetic (or light) brightness. Brightness is the value of the radiation 

flux from a unit of the emitter surface in a single solid angle. 

The luminescence brightness of the phosphor depends on the excitation conditions and the direction of 

measurement. However, with an unchanged mutual arrangement of all excitation sources, sample, brightness 

meter and unchanged excitation modes, it is possible to measure the relative brightness of a series of sam-

ples. Moreover, it can be shown that when these conditions are met, the brightness of the surfaces when 

changing the spectra in the range of 520‒545 nm, the measurement error does not exceed 5‒7 %. When the 

specified conditions are met, the brightness of the powder surfaces is proportional to the luminous fluxes of 

the samples. 

During photoexcitation, the brightness value reflects the probability of energy transfer to the lumines-

cence center. In the study of luminescence dependence YAGG: Ce ceramics on the Al/Ga ratio in its ceramic 

composition, relative brightness measurements are of interest. 

To measure relative brightness values, a stand was created based on the CS-200 brightness meter with a 

constant mutual placement of all stand elements. Samples in cuvettes were placed strictly in the same place. 

Measurements of relative brightness values of samples were performed relative to the brightness of the SDL 

4000 phosphor. Standard LED modules with radiation in the range of 450 and 340 nm were used as excita-

tion sources. 

Measurement results of relative brightness values Lотн = Lcer/LSDL, where Lcer, LSDL — brightness of the 

ceramics and the standard are shown in Figure 5 in the form of histograms. 
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Figure 5. Dependence of relative brightness of ceramic samples on Al/Ga ratio 

The dependence of the relative brightness of ceramic samples on the Al/Ga ratio under excitation in the 

450 nm region qualitatively corresponds to the regularity given in [18]. With a decrease in the Al/Ga ratio, 

the width of the forbidden band decreases 5d the level of the Ce ion appears near the bottom of the conduc-

tion zone, passes into the conduction zone. The probability of radiative transition decreases sharply [19]. 

The difference of this pattern from that measured under excitation by radiation in the 340 nm region 

seems unexpected. Among the most probable reasons, in our opinion, is the following. The two excitation 
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bands at λmac=460 and 340 nm are due to transitions 4F5/2→5D0, 5D1, the broad luminescence band at 

λmac=520 and 580 nm is due to transitions 5D0→4F5/2, 4F7/2 in Ce ions [20]. It is known that modification 

(so doping) affects the electronic structure of the luminescence centers [21, 22]. The position of 5d levels 

relative to 4f and cleavage changes with the change in the structure of the environment [23]. This manifests 

itself in a change in the appearance of the excitation and luminescence spectra and possibly leads to a change 

in the probability of radiative transitions. 

Conclusion 

We emphasize that the study results of the luminescence spectra dependence on the Al/Ga ratio in the 

composition of ceramics correspond well to the regularities obtained in [Zorenko, 2012 or 2014] when study-

ing crystals grown by the thermal method. This indicates that the ceramic samples obtained by the radiation 

express method have the same crystal structure as the crystals grown by traditional thermal approaches. The-

se results confirm the versatility and reliability of the radiation method of synthesis, opening new horizons 

for further research in the field of luminescence and creation of high-quality materials. 
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A.T. Тулегенова, Г.Ж. Ногайбекова, И.А. Сайдазимов, С.С. Вильчинская, A.A. Мархабаева 

Әр түрлі Al/Ga қатынасы бар YAGG сәулелену өрісінде синтезделген 

люминофордың фотолюминесценциясының спектрлік сипаттамалары 

Мақалада әртүрлі бастапқы материалдардың қоспасын сәулелендіру арқылы синтезделген әртүрлі 

Al/Ga қатынасы бар керамиканың люминесценция және қозу спектрлерін зерттеу нәтижелері 

келтірілген. Синтез үшін Y3AlxGa5-xO12: Ce стехиометриялық құрамы бар оксид ұнтақтарының 

қоспалары дайындалды, мұндағы x 0-ден 5-ке дейін өзгереді. Барлық бастапқы материалдар 

аналитикалық материалдардан төмен емес тазалыққа ие болды. Синтез энергиясы 1,4 МэВ және қуат 

тығыздығы 20 кВт/см2 болатын электронды сәуленің әсерінен жүргізілді. Синтез реакциясының 

шығымы ― үлгінің массасының қоспаның массасына қатынасы ― 90–95% құрады. Зерттеулер 

көрсеткендей, Al/Ga қатынасының төмендеуі люминесценция жолағының спектрдің қысқа толқынды 

аймағына ауысуына әкеледі. Сонымен қатар, қозу спектрі де өзгереді. Al/Ga қатынасы төмендеген 

кезде қозу жолағы шамамен 350 нм ұзын толқынды аймаққа ауысады. Люминесценцияның сипатта-

маларына бастапқы материалдардың тарихы әсер етеді. 

Кілт сөздер: Al/Ga қатынасы, люминесценция, радиациялық синтез, жоғары энергиялы электронды 

сәуле. 

 

A.T. Тулегенова, Г.Ж. Ногайбекова, И.А. Сайдазимов, С.С. Вильчинская, A.A. Мархабаева 

Спектральные характеристики фотолюминесценции 

синтезированных в поле радиации YAGG люминофоров 

с различным соотношением Al/Ga 

В статье представлены результаты исследования спектров люминесценции и возбуждения люминес-

ценции керамики с различным соотношением Al/Ga, синтезированной путем облучения смеси исход-

ных материалов с различной предысторией. Для синтеза были подготовлены смеси порошков оксидов 

со стехиометрическим составом, соответствующим Y3AlxGa5-xO12: Ce, где x варьируется от 0 до 5. Все 

исходные материалы имели чистоту не ниже аналитической. Синтез проводился под воздействием 

электронного пучка с энергией 1,4 МэВ и плотностью мощности 20 кВт/см2. Выход реакции синтеза 

— отношение массы образца к массе смеси — составил 90–95 %. Исследования показали, что умень-

шение соотношения Al/Ga приводит к смещению полосы люминесценции в коротковолновую область 

спектра. Кроме того, изменяется спектр возбуждения. При уменьшении соотношения Al/Ga полоса 

возбуждения смещается в длинноволновую область около 350 нм. На характеристики люминесценции 

влияет предыстория исходных материалов. 
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Non-linear optic properties of colloids prepared by metal targets’ 

laser ablation in dimethylsulfoxide 

A set of colloids on the base of aluminum, nickel, and zinc was prepared by their targets’ ablation in 

dimethylsulfoxide medium. The samples were characterized with UV-vis spectroscopy, transmission electron 

microscopy, and dynamic light scattering methods. The substantial non-linear attenuation was observed with 

z-scan techniques using pulsed neodymium laser (532 nm, 14 ns). The transmittance of the samples diminish-

es when the light intensity increases. The photoacoustic signal amplitude rises with the energy density in-

creasing according to the sublinear law. The dependencies of the attenuation linear coefficient and pressure

generation efficiency on the pulse energy density were described with power laws with a threshold of the ef-

fect and the parameters were estimated. We found out that the dependencies’ parameters change when the

colloids were diluted. The pear pressure was determined using ferrocene as a calibration standard. It is shown

that the values of peak pressure could not be explained in terms of thermal expansion of the substance. The

results are discussed in terms of the non-linear attenuation mechanism concerned on the substance evapora-

tion leading to vapor bubbles formation around the nanoparticles.

Keywords: ablation, dimethylsulfoxide, non-linear light attenuation, photoacoustic spectroscopy, laser irradia-

tion. 

Introduction 

Non-linear light attenuation poses an important place among the non-linear optics phenomena because 

it can be used in the intensity selection devices. Colloid metals and systems based on them performs signifi-

cant dependence of the transmittance on the energy density of the pulsed [1] or power density of the continu-

ous wave laser irradiation [2]. Numerous results were obtained in that way that make it possible to solve ap-

plied problems. 

Silver nanoparticles were obtained by metal target in ethanol ablation and their influence on the 

curcumin dye fluorescence and nonlinear light absorption was studied [3]. The authors found out that fluo-

rescence intensity increases linearly and normalized transmittance in focus decreases almost linearly with 

silver nanoparticles concentration increasing while the fluorescence decay time remains unchanged. The sil-

ver nanoparticles coated with silica are able to shift the nonlinear attenuation of methylene blue depending 

on the dye to nanoparticles concentrations ratio [4]. At low ratio the bleaching is observed changed to ab-

sorption increasing at the high ones. The effect is discussed as increasing in the triplet state absorption cross 

section of the dye. Gold and platinum nanoparticles were prepared with laser ablation synthesis as well as the 

respective bimetallic nanoparticles with laser molding of nanoparticles [5]. These nanoparticles show signifi-

cant non-linear absorption and refraction and they are heated efficiently with stationary laser at the wave-

length 403 nm. The silver coated gold nanoparticles were synthesized in [6] by metals reduction with Jatoba 

extract. The light absorption of prepared colloid was tested with thermal lens techniques. The boron- Anti-

mony -europium glasses containing silver nanoparticles whose non-linear absorption and refraction coeffi-

cients are linearly dependent on silver content were prepared in [7]. It was shown in [8] that commercial sil-

ver and zinc nanopartciles performs significant non-linear light attenuation at the wavelength 1550 nm. 

At the same time, the definite mechanisms of non-linear attenuation of light remain unclear in many 

cases that lead to insufficiently predictable results when the sample parameters are changed. The concentra-

tion of metal nanoparticles influence is seldom discussed as well as the effects accompanying the non-linear 

attenuation of laser beams. Thermalization always accompanies the absorption of laser irradiation [9], so 

their study as photoacoustic effect [10] or themal lensing [6] can give essential information on the absorption 

features. 

The aim of the work is to study the non-linear light attenuation and accompanying effects in the model 

metal colloids prepared with laser ablation method. 

https://doi.org/10.31489/2024PH4/123-132
mailto:aazvekov@yandex.ru
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The main tasks are: 

1. Preparation of the colloids on the aluminum, nickel, and zinc base with ablation method.

2. Research into optic characteristics and photoacoustic response of these colloids varying the laser light

intensity and solution concentration.

3. Results description with empiric models and discussion.

We used ablation products of aluminum, zinc, and nickel in dimethylsulfoxide (DMSO) as experimental

samples. The methods of noble metal nanoparticles synthesis with ablation under the layer of water or organ-

ic solvents are descried in [10‒12]. Aluminum nanoparticles formed by metal ablation in chloroform and 

carbon tetrachloride showing pronounced non-linear attenuation were prepared in [13]. One of the problems 

in the ablation under solvent layer approach is byproducts formation. Utilization of solvents less reactive 

than water is one of the ways to inhibit formation of the oxides. Increasing in viscosity of the solvent hiders 

the sedimentation. From that point of view, utilization of DMSO which is more viscose than water is able to 

be beneficial in the products properties. At the same time DMSO decomposition could give additional by-

products such as carbon [14], sulfides or oxides. Silver sulfide forms in the case of silver ablation in DMSO, 

for instance [15]. 

Experimental section 

Synthesis of the nanoparticles, z-scan and photoacoustic measurements were done with YAG-Nd laser 

Solar LQ929 operated in the Q-switch mode with pulse duration full width at half maximum 14 ns. A round 

8 mm aperture was used for cutting the peripheral part of the beam central part of the beam, so the intensity 

fallen on the sample was almost uniform in the spot. 

Colloids were synthesized by pulsed irradiation with main wavelength of YAG-Nd laser of metal tar-

gets sink in DMSO in a beaker. The pulses frequency was 10 Hz. The solvent was agitated with magnetic 

stirrer during the irradiation. Horizontal laser beam was focused on the vertical target with a lens having fo-

cus length 5 cm so the spark at the target surface was pronounced. The energy of the beam was taken as 

50 mJ initially with subsequent increasing as the turbidity of the solution hindered the ablation. The beaker 

was placed on the table with variable height which allowed us to shift the point of the beam action on the 

target surface. The turbid yellow-to-gray colloid solution formed as a result of laser pulsed irradiation of the 

target. Aluminum concentration estimated by the target mass losses was 196 μg/ml. Tough partial sedimenta-

tion of the solid was observed after the storage the colloid could be homogenized with ultrasonification. The 

colloidal products of zinc and nickel targets were prepared the same way. The concentration of metals in 

DMSO were estimated at 102 μg/ml and 100 μg/ml in the cases of zinc and nickel respectively. The 

photoacoustic and dynamic light scattering measurements were conducted with colloids diluted 12.5 times 

that did not suffer from sedimentation. 

The samples were characterized with transmission electron microscopy (TEM) using electron micro-

scope JEOL-2100. Dynamic light scattering was done with Malvern Zetasizer Nano ZS (Malvern Instru-

ments). The UV-vis spectra of the colloids were measured with the spectrophotometer Shimadzu UV-3600. 

The photoacoustic effect and laser beam attenuation by colloid ablation products was studied on the fa-

cility based on YAG-Nd laser operating in the Q-switch mode (pulse duration 14 ns, wavelength 532 nm). 

The cuvette filled with colloid solution was placed on the stage that could be moved along the optical rail. In 

the case of photoacoustic measurements the cuvette thickness was 2 cm and the sample was situated at the 

lens focus (f=25 см). The beam diameter in the focal plane was estimated at 485 μm. The pulse energy varied 

with the neutral light filters placed on the beam path. The photoacoustic signal was measured with a sensor 

on the PZT ceramics whose aluminum “acoustic delay” sinks in the colloid from the top at the center or near 

the front glass of the cuvette. The voltage generated by the acoustic sensor when it received the acoustic 

wave was transferred to the resistance of the oscilloscope. We used ferrocene solution in DMSO (5 mg/ml) 

as a standard. 

The photoacoustic signals were processed as follows. The noises were eliminated with the moving av-

erage approach. This method has an essential drawback that is diminishing of the maximum and minimum 

values in the absolute scale. For that reason, we approximated the signal near these points with parabolic 

functions determining the extreme values. The dispersion and confidence interval at the confidence probabil-

ity level 95 % were calculated for each extreme value. 

The non-linear attenuation was studied with open aperture z-scan method using the same facility by 

moving the sample stage along the optic rail. We did not dilute the colloidal solutions in the case using the 

cuvette with sample thickness 1 cm. The energy of the laser pulse was determined with OPHIR Photonics 
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detector. The beam radius at the sample surface was determined by the spot diameter left on the photofilm 

situated in front of the cuvette. The radii were approximated with Raleigh equation; the radius in the focus 

was estimated as 263 μm and the confocal distance as 1.43 cm. The measurements of the transmittance and 

photoacoustic signal were done 5 times for each conditions used. 

Results 

TEM images of the aluminum and nickel ablation products in DMSO show metal nanoparticles free or 

covered by substance with lower density (Fig. 1). 

Figure 1. TEM images of aluminum (a), nickel (b), and zinc (c) colloid ablation products in DMSO. 

In the aluminum case small particles with interplane distance about 0.6 nm were found, which is close 

to interplane distance for one of the carbon forms [16]. TEM images of sinc ablation products show agglom-

erates of extremely fine nanoparticles. 

The optical attenuation spectra of the systems studied are presented in Figure 2 (cuvette thickness was 

1 cm). 

Figure 2. Attenuation spectra of zinc (1), nickel (2) and aluminum (3 diluted 10 times), and ferrocene in DMSO 
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The significant background level in the high wavelength area is observed that can be linked with carbon 

particles formation of metal particles covered with carbon shell [14]. The sulfide formation, spectrum of 

which is affected significantly by the stochiometry [17], while absorption maximum is situated near 

300 nm [18], is possible in the zinc case. Nickel can also produce sulfides and oxides as ablation byproducts. 

The dynamic light scattering results are presented in Table 1. 

T a b l e  1

Particle sized determined with dynamic light scattering 

№ Target Particles size, nm 

By I Rel. peak area, % By N Rel. peak area, % 

1 Zn 1.1±0.4 

340±210 

18.0 

82.0 

0.8±0.2 100 

Zn 

(US) 

500±100 100 480±110 100 

2 Ni 170±36 

500±100 

4.6 

95.4 

164±39 

460±100 

16.1 

83.9 

Ni 

(US) 

265±80 

530±500 

97.4 

2.6 

240±80 100.0 

3 Al 58±11 

200±50 

12.3 

87.7 

47±10 

190±50 

96.9 

3.1 

The aluminum ablation products are nanoparticles with typical diameter 47 nm and their agglomerates 

of the size about 190 nm. The dymanic aggregation or sedimentation were not found in the aluminum abla-

tion products’ case. Zinc ablation products have typical size 1 nm, though these small particles are strongly 

agglomerated. The agglomerate size in the nickel case is 460 nm. Both zinc and nickel ablation products ag-

glomeration extent is changed by ultrasonification that evidences the unstability of these colloids. 

Figure 3. The trasmittance dependence of aluminum (a), nickel (b), and zinc (c) colloid ablation products 

on the pulse energy density measured for initial samples in 1 cm cuvette (1) and diluted  

in 12.5 times in 2 cm cuvette (3) with their approximation (2, 4). 

Figure 3 presents the transmittance of the colloids of the laser beam at the wavelength 532 nm versus its 

energy density. The energy density was corrected by the beam reflectance at the cuvette wall taking into ac-

count. The data were measured with z-scan method and as additional information found in the photoacoustic 
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experiments. The increasing in the laser pulse energy density makes the transmittance decrease for both three 

systems studied. We assumed the power law dependence of the attenuation linear coefficient on the energy 

density with some effect threshold Hc one arrives at the following equation for transmittance: 
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where μ0 is the attenuation linear coefficient in the Beer’s law range (linear range), n is the power value, and 

H is incident energy density. Using the following transmittance dependence on the energy density was de-

rived: 
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(2) 

where H0 = Hinc·(1 — ρcell) is energy density on the front boundary of the sample which is the incident one 

corrected by the cell wall reflection (ρcell≈10 %). 

The approximation results are shown in Figure 3 at the sample thickness 1 cm (initial concentration) 

with solid lines. The respective variable parameters are presented in Table 2. In the aluminum ablation prod-

uct case the attenuation coefficient in the Beer’s law range found with spectrophotometrical approach and 

extrapolated in the z-scan measurements coincide. The spectrophotometry gives 1.9 higher the linear attenua-

tion coefficient in the Beer’s limit than z-scan results’ extrapolations in the nickel case, while for zinc abla-

tion products the difference is about 5 %. This discrepancy evidences the instability of the colloids and 

changing of their properties during the storage, agreeing with the conclusion of the ultrasonification influ-

ence on the average aggregates size estimated with dynamic light scattering. 

The transmission coefficients of the colloid ablation products 12.5 times diluted in the cuvette with 

2 cm thickness are shown in Figure 3. These results were obtained along with the photoacoustic data, so the 

linear range was not reached, as the photoacoustic signal was too low in it. For that reason, the linear atten-

uation coefficient in the Beer’s range was taken as the determined in the z-scan measurement divided by the 

dilution coefficient. The approximated dependencies are presented as dashed curves in Figure 3; the respec-

tive parameters determined could be found in Table 2. The comparison of the parameters determined in z-

scan and photoacoustic experiments revealed that the critical energy density of the non-linear attenuation 

decreases by order of magnitude and power n decreases in 2-3 times for diluted solutions. The power n is a 

strong parameter, while critical energy density depends on the linear absorption coefficient in the Beer’s 

range. The colloid ablation products of nickel and zinc targets are rather instable, so the critical energy densi-

ties for such colloids could vary in 0.5‒2 times. Nonetheless, the conclusion on the critical energy density 

diminishing after the dilution is valid for every system studied. 

The typical photoacoustic signal read with an oscilloscope is shown in Figure 4. The nickel target abla-

tion product was used when this curve was measured; the sensor was situated in front of the cuvette; the en-

ergy density was 0.47 J/cm
2
. 

Figure 4. The typical photoacoustic signal 



A.A. Zvekov, A.V. Kalenskii et al. 

128 Вестник Карагандинского университета 

The first maximum on the photoacoustic curve is concerned on the compression wave due to the sub-

stance expansion in the irradiated zone. The maximum amplitude is linked with the linear absorption coeffi-

cient and energy density of the pulse. The ferrocene does not luminescence at all, so the thermal yield in its 

case is 1, and pressure amplitude could be estimated as (3): 
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where μa = 0.48 cm
-1

 is linear absorption coefficient of the ferrocene solution, l is cuvette thickness (2 cm), a

is effective layer thickness forming the pressure wave influencing the sensor, w is radius of the laser beam at 

the cuvette center, cp = 2.15 J/(cm
3
К) is volumic heat capacity of DMSO, ρ =1.0955 g/cm

3
 is density of

DMSO, β = 8.8·10
-4

 K
-1

 is thermal expansion coefficient of DMSO [19]. The starting integration point was 

taken as 0, or (l — a)/2, or (l — a) depending on the sensor position at the front, center or rear point of the 

cuvette. 

The photoacoustic signals measured at the lowest energy density value for ferrocene solution locating 

the sensor at the front, center, rear points of the cuvette gave us valuer of a parameter. The respective ampli-

tudes were 1.36, 1.63, and 1.04 mV that gives the area value a= 1.1 cm at the experimental ferrocene solu-

tion linear absorption coefficient 0.48 cm
-1

. 

The amplitude of the photoacoustic signal dependences on the energy density of the laser pulse at the 

sensor position in the front and center points of the cuvette are shown in Figure 5. 

Figure 5. The photoacoustic signal amplitude dependence on the pulse energy density in the cases of ferrocene (a) and 

colloid ablation products of aluminum (b), nickel (c), and zinc (d) targets. On the “a” part 1 is experiment and 2 is linear 

approximation, while on others 1 and 2 are experimental data and 3 and 4 are approximation using model (5). 

The dependence is linear up to 1 J/cm
2
 in the ferrocene case. The sublinear character at higher energy 

densities arises due to optical breakdown on the bubbles and uncontrolled impurities. The photoacoustic sig-

nal amplitude dependence on the energy density is substantially sublinear in the cases of colloid obtained 



Non-linear optic properties of colloids prepared… 

Серия «Физика». 2024, 29, 4(116) 129 

with metal targets’ ablation in the entire studied range. The linear type of the dependence at low energy den-

sities allowed us to estimate the calibration coefficient linking pressure and signal amplitudes at 

101 kPa/mV. 

We approximated the photoacoustic signal amplitude in the studied colloids case as: 
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Equation (4) assumes that the transformation of the laser energy into the pressure wave has the efficien-

cy η. The transformation is sensible in the range with a width only. In the linear range η = const. We as-

sumed, that the efficiency is a power function of the energy density in the attenuation becomes non-linear (H 

> Hc)   m
bb HH


 , where Hb is “basic” energy density value taken as 0.2 J/cm

2
, so η = ηb, if H = Hc.

The linear absorption range is not reached in the case of photoacoustic measurements; the energy densi-

ty falling inside the cuvette is described with the lowest part of the formula (2). Having taken the integral in 

(4) one gets:
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The approximation results of the experimental dependencies of photoacoustic response amplitude on 

energy density of the laser pulse are shown in Figure 5; the approximation parameters are presented 

in Table 2. 
T a b l e  2

Approximation parameters for μ(H) and η(H) dependencies 

sample source μ, cm
-1

 (spectrophotometry) 
z-scan photoacoustics 

μ, cm
-1

 n Hc, mJ/cm
2

n Hc, mJ/cm
2

ηb, cm
-1

m 

Al 1.37 1.34 1.79 288 0.47 22.9 9.71 0.94 

Ni 0.692 0.379 1.41 336 0.39 1.21 4.06 0.75 

Zn 0.811 0.849 0.902 241 0.47 14.3 4.39 0.91 

Discussion 

The experimental dependencies of the transmittance on the pulse energy density in the case of colloid 

ablation products evidence the substantially non-linear light attenuation. The simple model based on the en-

ergetic threshold describes the results well (Fig. 3). An interesting feature is this threshold decreasing as a 

dilution result. The power value in the respective law is not a positive integer number, which decreases with 

dilution. The dependence of the equation (1) parameters on the colloid concentration observed cannot arise if 

the laser light absorption centers act independently. The threshold of non-linear attenuation Hc decreasing 

after dilution is reasonable if the interaction becomes weaker with the distance between centers increasing. 

One discerns the influences of the optic properties and absorbed energy transformation. The efficiency 

parameter could be written as η(H) = μaγ. In the case of solids thermal expansion the dimensionless parame-

ter γ is known as Grüneisen parameter that can be estimated as ps cc  2 . The respective value for DMSO is 

0.99 [19] which is close to typical value about 1 for most of the substances. In the low energy density range 

the value of η is higher than 1. For instance, at H =150 mJ/cm
2
 the efficiency value is 12.7, 5.04, and 

5.70 cm
-1

 for colloid obtained with aluminum, zinc, and nickel targets’ ablation respectively. Estimating the 

linear absorption coefficient roughly as the attenuation one, we may estimate the respective values for γ as 

39, 22, and 23 respectively for the same samples. The attenuation is the sum of absorption and scattering 

processes, so real γ should be even higher. So high values could be reached, if the substance undergoes phase 

transitions accompanied by significant expansion, such as evaporation and sublimation. These considerations 

agree with the parameters Hc and n of the equation (1) decreasing after dilution. The decreasing in concentra-

tion means increasing of the average solvent volume containing one light absorbing center. The typical 

acoustic relaxation time of the excited area is w/cs ≈ 160 ns, which is an order of magnitude higher than the 
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pulse duration. On the other hand, estimating the typical concentration of nanoparticles using average diame-

ter, one founds the acoustic relaxation time between nanoparticles about 1 ns. Thus, the irradiation zone can-

not increase its volume significantly during the pulse, so pressure increasing due to gases formation has to be 

linked with the respective solvent contraction. In the pressure range experimentally estimated the 12.5 times 

dilution has led to pressure drop in the system 12.5 times at the same gas phase volume. The pressure in-

creasing shifts the evaporation and sublimation equilibrium toward the condensed phase formation. This 

way, the decreasing in Hc after dilution agrees with the phase transitions influence on the qualitative level. 

Formation of the gas phase around the light absorbing centers leads to the increasing in their scattering cross 

section that agrees with transmittance decreasing when the energy density of the laser pulse increas-

es (Fig. 3). 

The influence of the nanoparticles’ concentration is seldom discussed as the parameter influencing the 

non-linear light attenuation. The effects discussed have some similarities with laser initiation of the second-

ary explosives doped with metal nanoparticles. It was shown in [20] that the minimal energy density is 

achieved for the nanoparticles’ concentration providing the maximum of pressure measured with 

photoacoustic techniques in the under threshold mode. The gas phase formation is highly endothermic be-

coming a fast means of the energy dissipation. If the pressure increases when the nanoparticles are heated 

with the laser pulse, this increasing inhibits the sublimation and evaporation, making the temperature in the 

reaction hot-spots increase and threshold energy density of explosion decrease [20]. 

In the case of zinc target ablation products and photoacoustic sensor position near the front of the cu-

vette the pressure values vary in the vide range. The pressure amplitude on the energy density dependence 

for both sensor positions is poorer than in the aluminum and nickel cases. We suggest that in the zinc case 

the optic breakdown begins at the front of the cuvette. The zinc sulfide colloids are able to self-focus the la-

ser beams [21] that increase the effective energy density. The breakdown is a probabilistic event that can ex-

plain high dispersion of the pressure amplitudes. Stronger laser light attenuation in the breakdown area mak-

ing the pressure increase in the front area decreases it in the middle one hindering the description of both 

curves with one set of parameters. 

Conclusion 

Metal targets ablation in the liquid medium allows one to obtain colloid with strong non-linear light at-

tenuation. In the present paper we proved that photoacoustic data are important for the nature of the non-

linear absorption detection. The photoacoustic results and influence of the concentration on the non-linear 

absorption parameters exclude such mechanisms of non-linear absorption as two-photon and two-step ab-

sorption. At the same time, the formation of the gas phase due to heating and subsequent evaporation and 

sublimation of the matter qualitatively agrees with the effects observed. 
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А.А. Звеков, А.В. Каленский, А.В. Иванов, А.П. Боровикова, Д.Р. Нурмухаметов 

Диметилсульфоксидтегі металл нысандарының лазерлік абляциясымен 

дайындалған коллоидтардың сызықтық емес оптикалық қасиеттері 

Алюминий, никель және мырыш негізіндегі коллоидты ерітінділер диметилсульфоксид ортасында 

тиісті металл нысандарын абляциялау арқылы алынды. Үлгілер ультракүлгін УК-вис спектроскопия-

сы, трансмиссиялық электронды микроскопия және динамикалық жарық шашырау әдістерімен 

зерттелді. Импульсті неодим лазерін (532 нм, 14 нс) қолдана отырып, z-сканерлеу әдістерімен 

айтарлықтай сызықтық емес әлсіреу байқалды. Жарық қарқындылығы жоғарылаған сайын үлгілердің 

өткізгіштігі төмендейді. Оптоакустикалық сигналдың амплитудасы сәулелену қарқындылығының 

жоғарылауымен сызықтық түрде өсті. Ферроцен ерітіндісін стандарт ретінде қолдану абсолютті 

бірліктердегі қысым амплитудасының шамаларын алуға мүмкіндік берді. Оптоакустикалық 

сигналдың өткізгіштігі мен амплитудасының импульстік энергия тығыздығына тәуелділігін сипаттау 

үшін әсер ету шегі бар қуат заңдары қолданылды. Коллоидты ерітінділерді сұйылту кезінде өзгеретін 

тәуелділік параметрлері бағаланды. Шың қысымының шамалары қыздырылған кезде үлгінің 

сызықтық кеңеюін қарастыратын классикалық оптоакустикалық эффект теориясының бөлігі ретінде 

түсіндіруге болмайтындығы көрсетілген. Нәтижелерді талқылау үшін заттың булануына және оларды 

қыздыру кезінде нанобөлшектердің айналасында бу көпіршіктерінің пайда болуына негізделген 

сызықтық емес әлсіреу механизмі тартылады, ол сапалы деңгейде оптоакустикалық сигнал 

амплитудасының энергия тығыздығына субсызықтық тәуелділігіне сәйкес келеді. 

Кілт сөздер: абляция, диметилсульфоксид, жарықтың сызықты емес әлсіреуі, фотоакустикалық спек-

троскопия, лазерлік сәулелену. 

http://database.iem.ac.ru/mincryst/rus/index.php
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А.А. Звеков, А.В. Каленский, А.В. Иванов, А.П. Боровикова, Д.Р. Нурмухаметов 

Нелинейные оптические свойства коллоидных продуктов абляции 

металлических мишеней в диметилсульфоксиде 

Коллоидные растворы на основе алюминия, никеля и цинка были получены абляцией соответствую-

щих металлических мишеней в среде диметилсульфоксида. Образцы были исследованы методами 

УФ-вис спектроскопии, просвечивающей электронной микроскопии и динамического рассеяния света. 

Существенное нелинейное ослабление излучения неодимового лазера (532 нм, 14 нс) было обнаруже-

но методом z-сканирования, причем наблюдалось падение пропускания при приближении к фокусу. 

Амплитуда оптоакустического сигнала увеличивалась сублинейно при росте интенсивности излуче-

ния. Применение раствора ферроцена в качестве стандарта позволило получить величины амплитуды 

давления в абсолютных единицах. Для описания зависимостей коэффициента пропускания и ампли-

туды оптоакустического сигнала от плотности энергии импульса использовались степенные законы с 

порогом появления эффекта. Были оценены параметры зависимостей, которые изменяются при раз-

бавлении коллоидных растворов. Показано, что величины пикового давления не могут быть интер-

претированы в рамках классической теории оптоакустического эффекта, рассматривающей линейное 

расширение образца при нагревании. Для обсуждения результатов привлекается механизм нелинейно-

го ослабления, основанный на испарении вещества и формировании пузырьков паров вокруг наноча-

стиц при их нагреве, который на качественном уровне согласуется с сублинейной зависимостью ам-

плитуды оптоакустического сигнала от плотности энергии.  

Ключевые слова: абляция, диметилсульфоксид, нелинейное ослабление, фотоакустическая спектро-

скопия, лазерное излучение.  
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Laser initiaion of PETN-based composites with nano-sized absorbing additives 

of carbon and aluminum under conditions of various volume compression 

The energy thresholds and the kinetics of explosive decomposition of pentaerythritol tetranitrate (PETN) and 

its composites induced by the laser pulse (λ0 = 1064 nm; τи = 12 ns) in dependence on the concentration of 

absorbing additives and different volume compression within the range from 40 to 600 MPa are experimen-

tally studied. The sensitivity of pure PETN and its composites increases along with the volume compression 

value. For low pressures (less than 200 MPa) with the increase of additives concentration the sensitivity of 

mixtures to laser pulse exposure increases and for higher pressures (more than 300 MPa) — it decreases. 

Such behavior is explained from the perspective of both diffuse light scattering and the thermal micro-spot 

model of initiating the transparent explosive components (the “hot spot” model), according to which the reac-

tive capacity of hot spots is determined by their heat reserve, their concentration and the scale of gas dynamic 

unloading in the neighboring to hot spots pores and through the sample surface pressed by the input window 

(the area of low pressures), as well as by the heat conducting unloading of hot spots in the explosive compo-

nents matrix and the covering glass (the area of high pressures). 

Keywords: PETN, laser pulse initiation, nano-sized particles, optical breakdown, hot spots. 

Introduction 

The goal of this work is to identify the combined effect of absorbing nano-sized additives and volume 

compression pressure on the energy thresholds of pulsed laser initiation of pentaerythritol tetranitrate 
(PETN) and to improve model concepts of the mechanism of laser initiation of explosive decomposition of 

composites based on PETN powders. The objectives of the study included determining the value of spatial 
illumination in the sample volume at different concentrations of absorbing additives (up to 1 % by weight) 

and different compression pressures (from 2.5·10
7
 Pa to 4·10

8
 Pa), determining the coupling coefficient be-

tween spatial illumination and surface illumination specified by the laser beam, obtaining experimental de-
pendencies of the energy thresholds of initiation of explosive decomposition of mixtures, developing and 

describing the mechanisms of explosive decomposition of PETN. 
The studies of the laser pulse ignition of the secondary explosive components are conducted since the 

60s of the previous century [1‒6]. However, until now the united opinion about the initiation mechanisms 
has not been formed. The main cause for this is the absence of the unified methodology of research conduct-

ed by different research teams which is discussed in [6]. The most informative direction of research to dis-
cover the ignition mechanisms is the experiments of the impact of the volume compression pressure on the 

ignition energy thresholds. The pioneering experiments in this direction were described in [2], where the 
volume compression of powders of PETN, hexogen and octogen was achieved by the positioning of the 

samples into metallic compression mold with the transparent input window placed into the hydraulic press. 
In the experiments there was used the compression pressure of the input window from 10 MPa (0.1 kbar) to 

2000 MPa (20 kbar). At that, with the compression pressure increase there was observed the monotonous 
increase of sensitivity (the ignition threshold decrease). Thus, with the laser pulse irradiation with the pulse 

duration of 40 ns on the wave length of 1064 nm the threshold energy density comprised about 600 J/cm
2
 

under the pressure of 10 MPa, while under the pressure of 2000 MPa — it is about 20 mJ/cm
2
, that is, it de-

creased approximately in 30000 times. 

The studies of PETN mixtures with absorbing additives were conducted in [3‒5], where it was demon-
strated that with introduction of additives the ignition energy decrease is recorded and it depends on the addi-

tive material. The maximum decrease of energy was discovered in [3, 4] with introduction of aluminum par-
ticles with the size of 2 µm. 

https://doi.org/10.31489/2024PH4/133-142
mailto:tsipilev@tpu.ru
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In the study [6] there were measured the ignition thresholds for pure PETN with the dispersion of 

6000 cm
2
/g and PETN with additives of carbon nanopowder particles (the typical size of the particles is 

75 nm) with the additives’ concentration from 0.1 % to 1 % on the mass. The compression pressure of the 

input window (the plexiglass thickness 5 mm) did not change and was 1.76·10
8
 Pa (1.76 kbar) with the laser 

beam diameter equal to 0.6 mm. It was demonstrated that with the increase of additives concentration the 

threshold energy (the energy density) decreases monotonically. Thus, under zero concentration (pure PETN) 

the threshold energy comprises 6.5 mJ (the threshold energy density 2.3 J/cm
2
), under the concentration 

0.1 %С — 2.4 mJ (0.85 J/cm
2
); under the concentration 0.5 %С — 1.8 mJ (0.64 J/cm

2
); under 1 %С — 

1.3 mJ (0.46 J/cm
2
). It was discovered that the sensitivity under 1 % additive of carbon nanopowder increas-

es in 5 times in comparison with the PETN sensitivity which does not contain additives. In [7] there was suf-

ficiently detailed study of the PETN behavior with additives of coarse particles of different metals (the size 

20‒100 µm) and with the additives of aluminum fine particles (the average size is about 1 µm) in depend-

ence on their concentration (up to 10 % on the mass). The specifics of the methods of the experiments were 

the low density of mixture (less than 1 g/cm
3
) and the input window (the sheet glass) tightly pressed to the 

surface avoiding the pressuring force. There were obtained the dependences of the ignition thresholds on the 

irregularities’ concentrations. In both cases the minimum of the ignition threshold was discovered under cer-

tain values of concentration. The similar results were obtained in the studies [8-9], but under high densities 

of PETN mixtures with nano-sized aluminum particles (1.75 g/cm
3
). 

In the study [10] there was investigated PETN with the additives of aluminum nano-sized particles from 

0 to 1.0 of the weight percentage under different pressures of the input window. At that, the typical size of 

the particles comprised 140 nm with the aluminum content in the particle about 90 %. In these experiments 

the quantities of mixture powders were preliminary pressed under the pressure of 1800 MPa, while the com-

pression pressure of the input window was changed from 17 MPa up to 288 MPa with the side lever press. It 

was demonstrated that with the compression pressure increase and increase of additives concentration the 

ignition thresholds are decreasing monotonically, at that in the area of low pressures the additives decrease 

the thresholds in more than 3 times, while in the area of high pressures — in only 1.4 times. 

Some different results were obtained earlier in the study [11] on PETN with carbon nanopowder addi-

tives (75 nm) under the compression pressures from 200 to 600 MPa avoiding the preliminary pressing. The 

concentration of carbon particles changed from 0 to 1.0 of the weight percentage. In the area of low pres-

sures (about 200 MPa) there was discovered the sensitivity increase approximately in 1.85 times in the mix-

ture with one percentage of carbon nanopowder in comparison with pure PETN. However, in the area of high 

pressures (about 600 MPa) 1 % mixture turned out to be less sensitive (there was observed the threshold in-

crease in comparison with pure PETN in 1.37 times). 

It is evident that the impact of the sensitivity increase in the area of low pressures with the concentra-

tion growth is dependent on the energy localization of the laser pulse on the absorbing additives and for-

mation of supplementary hot spots distributed throughout the sample volume. Introduction of the additives 

leads to hot spots concentration in comparison with concentration of hot spots formed in self-generating de-

fects in pure samples. This conclusion is trivial and does not require any proof; however, based on the given 

contradictory data [7‒9, 11] it is difficult to explain the decrease of additives efficiency under high compres-

sion pressure. To solve this problem, it is necessary to conduct the research of impact of carbon nanopowder 

and aluminum participles concentration on the behavior of mixture compositions in the same interaction 

conditions. It requires the measurements for different composites performed using the same set-up which 

constitutes the goal of this study. 

Experiment 

The measurements of the ignition thresholds under different compression pressure of the input window. 

The measurements were performed within the compression pressure range from 40 to 600 MPa. Pure PETN 

and PETN with nano-sized carbon and aluminum particles were under investigation. The substance quanti-

ties with the weight of 10 mg were positioned into the metallic compression mold with the diameter of dп = 

1.15 mm, and were located in the hydraulic press and pressed against the input window. The sheet glass with 

the thickness of 10 mm was used as the input window. The kinetic characteristics of the decomposition pro-

cess were determined with the photomultiplier Н5773 Hamamatsu with the time resolution about 1 ns and 

the force wave detector on the piezoelectric ceramic PZT-19 with the time resolution about 10 ns. Figure 1 

represents the obtained by us results (with consideration of [11, 12]) the experimental dependences of the 

PETN energy ignition threshold on the compression pressure of the input window under different concentra-
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tions (in the weight percentage) of carbon nanopowder particles (the curves 1‒4) and aluminum (the 

curve 5). At that, the typical size of carbon and aluminum nanopowder particles was 75 nm and 140 nm re-

spectively. It is highlighted that with the pressure increase of the pure PETN powder sensitivity increases not 

monotonically but there is observed the rapid leap of the sensitivity under the pressures exceeding 200 MPa. 

The quality of mixtures behavior remains the same as of pure PETN. The ignition threshold decreases under 

low compression pressures of the input window with the additives’ concentration increase. While under the 

pressure of 100 MPa the threshold decreases in 5 times. With the pressure increase the additives’ impact de-

creases and under the pressures exceeding the break-down point of PETN crystals the impact becomes un-

performed. Under the pressures higher than 3·10
8 
Pa their impact becomes negative (Fig. 1, the curves 1‒5); 

that is, with the additives concentration increase the threshold increases and under the pressure of 600 MPa it 

reaches the value of 100 mJ/cm
2
and 60 mJ/cm

2
 against 50 mJ/cm

2
 for pure PETN. 

Figure 1. Dependence of PETN ignition energy threshold on the pressure Р with different concentrations of carbon 

nanopowder and aluminium additives. Pure undoped PETN (1); with additives 0.1 % of carbon nanopowder (2); with 

additives 0.5 % of carbon nanopowder (3); 1 % of carbon nanopowder (4); PETN with additives 1 % of aluminium (5). 

PETN with aluminium additives (the typical size 140 nm) was studied in less detail and only with the 

maximum concentration of additives, that is, with the same weight coefficient, following the hypothesis that 

in the area of low compression pressures with this concentration it is possible to obtain significant decrease 

of the threshold. In fact, the threshold decrease under the compression pressure of 100 MPa comprised 6 vol-

umes (please see the curve 5). It should be mentioned that the ignition thresholds for the mixture with alu-

minium additives are slightly lower than the thresholds for the mixture with carbon nanopowder additives. 

Thus, under the pressure 100 MPa the ignition energy threshold density for the ignition of PETN with alu-

minium additives comprised 1050 mJ/cm
2
 against 1400 mJ/cm

2
 for PETN with carbon nanopowder addi-

tives. In the area of 300 MPa this ratio comprised 82 and 80 mJ/cm
2
, correspondingly. Certain measurement 

data with carbon nanopowder additives is given in Table 1. In Table 2 there is given the data on the ignition 

thresholds for PETN mixture with aluminium additives obtained in the study [10] under slightly different 

conditions comparing to our experiments (samples were pre-pressed), which are partly used by us in discus-

sion of the results. It is evident that in the area of high compression pressures of the input window the mix-

ture porosity in our experiments and in the experiments from [10] is minimal that is the experimental condi-

tions are almost similar while the thresholds are of near value. In the area of low pressures the mixture poros-

ity in the experiments of [10] still remains minimal while in our experiments it is maximum. It is possible to 

suggest that the ignition thresholds are determined by the mixture porosity and explain high ignition thresh-
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olds in our experiments (1050 mJ/cm
2
) in comparison with low thresholds obtained in the study [10] 

(100 mJ/cm
2
). 

T a b l e  1

The ignition thresholds of PETN H0,5 (mJ/cm
2
) with carbon nanopowder additives under different vol-

ume compression pressure (the compression pressure for the input window) 
Р, 

MPa 

С, % Al, % 

0.0 0.1 0.5 1.0 1.0 

40 12000±3000 – – – – 

100 6000±1700 2300±

800 

1600±400 1400±200 1000±150 

170 2299±700 849±2

00 

640±160 460±110 300±100 

200 370±150 250±1

00 

210±70 200±50 200±30 

300 80±20 80±15 75±15 82±12 80±10 

400 50±10 80±10 - 73±10 62±10 

600 55±10 80±15 - 100±20 60±10 

T a b l e  2

The ignition thresholds for PETN H0,5 (mJ/cm2) with the additives Al, obtained in the study [10] on 

the samples preliminary pressed up to 1800 MPa under different compression pressures of the input window 

Р, МПа 
Al,% 

0,0 0,1 0,5 1,0 

17 2700 900 450 400 

120 320 150 80 80 

288 70 50 50 50 

The kinetics of the explosive decomposition is given in Figure 2. Earlier we have demonstrated in [12], 

that for pure PETN the kinetics of the explosive decomposition are characterized by greater length of the in-

duction period. In this respect, the interest represents the comparison of the kinetics of the mixture compo-

sites decomposition with the kinetics of pure PETN decomposition. With this objective Figure 2 provides the 

kinetics of the explosive decomposition of the composites under study. Comparison of Figure 2 with the pic-

tures from the study [12] points to the quality conformity of the kinetics of the explosive decomposition in 

both cases. In particular, it is evident that under the threshold levels impact there is always observed the igni-

tion delay in PETN composites containing carbon nanopowder and aluminium, that is, there is the induction 

period. The delay length depends on the compression pressure of the input window, laser spot size, and the 

mixture concentration and reaches 60 µs under certain conditions (please see Fig. 2 а, b, c); it can also ex-

ceed the length of the laser pulse in 4 orders of value. With multiple orders exceeding of the threshold levels 

the delay effects become shorter up to the values of microseconds. 

a) б) 
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в) 

Fig. 2. Oscillograms of the process of explosive decom-

position of PETN with additives 0.1 % of carbon 

nanopowder (a, b) and 0.1 % aluminium (c). 1 — laser 

pulse duration τ = 12 ns; 2 — the light signal of explo-

sive decomposition in the radiation zones; 3 — the same 

at the all-round view; 4 — the pressure pulse registered 

by the acoustic transducer. λ0 = 1064 nm. dn = 1.15 mm. 

Н = 300 mJ/cm2, Р = 200 MPa (а); Н = 80 mJ/cm2, Р = 

300 MPa (b); Н = 50 mJ/cm2Р = 600 MPa. (c). 

Discussion of Results 

Despite the differences in optical and thermo-physical properties of these additives (carbon nanopowder 

and Al), their impact is the same from the quantitative perspective, in particular, the additives concentration 

increase leads to the sensitivity increase (please see Fig. 1). This is especially evident in the areas of low 

compression pressure. Such behavior of the curves is determined by a number of factors. We will analyze 

these factors from the standpoint of heating the absorbing additives, the formation of thermal micro hot spots 

in their volume and surroundings. 

One of these factors is strong change of optical properties of powders under pressures exceeding the 

material breaking down point (visually observed is contrast darkening of the mixture with its high compres-

sion pressure). The optical characteristics change under different concentrations of additives of carbon 

nanopowder and aluminium and different volume compression pressure of PETN powder were measured by 

us in separate experiments. There were experimentally determined the diffuse-reflection factors for the 

pressed tablets with the thickness h = 2 mm and based on their values there was determined the distribution 

of spatial luminance through the sample volume, using the Monte Carlo method. It was demonstrated that the 

spatial luminance Е0 in the volume of pressed powders may significantly increase the luminance Еn of the 

sample surface. It should be noted that spatial illumination (the saturation of a point in space with light) de-

termines the heating temperature of the “hot spot”. Table 3 gives the values of relative increase of the spatial 

illuminance F0 = Е0/Еп in the near-surface layer in comparison with the illuminance on its surface defined by 

the incident laser beam. 

The estimated value F0
max

 for PETN with the dispersion 6000 cm
2
/g under different compression pres-

sures Р and different concentrations of absorbing nano-sized additives  the weight percentage. The layer 

thickness h = 2 mm (semi-infinite layer from the optical perspective)  

T a b l e  3

, % 
Р = 2,5·10

7
 Pa Р = 10

8
 Pa Р = 2·10

8
 Pa Р = 4·10

8
 Pa 

Al C Al C Al C Al C 

0,0 8,9 8,9 8,9 8,9 7,8 7,8 6,46 6,46 

0,05 8,5 5,6 7,0 3,7 5,9 3,2 4,6 2,7 

0,11 7,5 4,1 5,1 2,7 4,1 2,6 3,0 2,4 

0,25 5,0 2,9 3,6 1,7 2,6 1,5 2,0 1,4 

0,33 4,4 2,5 3,1 1,5 2,4 1,4 1,9 1,2 

0,5 3,6 2,0 2,5 1,4 2,1 1,3 1,5 1,2 

0,66 3,2 1,8 2,3 1,2 1,9 1,2 1,5 1,1 

1,0 2,9 1,5 2,0 1,2 1,5 1,1 1,4 1,02 

The data from Table 3 informs that the luminance in the powder volume decreases with increase of 

concentration of absorbing additives and the compression pressure increase. From the perspective of micro 

hot spots ignition mechanism [6, 11, 12] and hot spots formation separately this factor does not explain the 

sensitivity increase with the increase of pressure and concentration as decrease in the spatial luminance, on 
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the contrary, is to lead to lesser heating of hot spots, hindering the ignition process and the threshold in-

crease. The experiment shows the opposite, so it is necessary to take into account the heating of the matrix. 

The second, in our opinion, key factor is the following. In the area of low (for example, 100 MPa) vol-

ume compression pressures (the area of high values for the ignition threshold, Н05 = 6 J/cm
2
) the mixture po-

rosity is high. The temperature of heat micro hot spots may reach tens of thousands Kelvin degree, due to 

this, the intensive gasification of PETN takes place in the vicinity of hot spots. In such situation the interest 

represents the processes of heat averaging through the illuminated sample and formation of high temperature 

macro hot spot capable of igniting the explosive decomposition. 

When evaluating the heating temperature for irregularities as well as the temperature for energy materi-

al matrix heating with different additives concentration, it is necessary to take into consideration the relative 

cross-section of particles absorption k (λ0, R0, N0, Np) and the luminance increase coefficient Fmax(Rд, h, γ) in 

the vicinity of the absorbing center. Thus, with the impact on the surface of the thick (semi-infinite layer 

from the optical perspective) tablet of pure PETN by the neodymium laser beam (λ0 = 1064 nm; τp =10 ns) 

the temperature of single irregularity Тp in approximation of the adiabatic heating conditions comprises: 

Тс ~ Тн + 3НkF0/(4с1ρ1R0) (1) 

(where Н — the laser pulse energy density; с1ρ1 — the particle thermal capacity; R0 — the particle ra-

dius, Т0 — the initial temperature), 

while the temperature for the matrix heating Тm of PETN 

Тм ~ Тн + μНF0/с2ρ2 (2) 

(where μ — the index of absorption (μ= kπR0
2
n); с2ρ2 — the thermal capacity of energy material; n —

the particles concentration (n = 3·10
-2

ρ2γ/4ρ1 πR0
3
); γ — the additives weight percentage).

For clarity, we present the calculated dependences of the heating temperature of the hot spots and ma-

trix and their distribution over the depth of the sample at a laser energy density of 100 mJ/cm
2
 under adia-

batic heating conditions (see Fig. 3). From (1) and (2) it is clear that the heating temperature is directly relat-

ed to the coefficient F0, which was calculated by the Monte Carlo method in three different ways [13], giving 

slightly different results. In this work, taking into account the importance of F0 and the accuracy of its deter-

mination, the Monte Carlo algorithms were improved, and the F0 values were obtained more reliable. Taking 

into account the duration of the laser pulse, the temperature values will be significantly less than the esti-

mates from (1) and (2). Modeling and numerical calculation of the problem of heating a single spherical ab-

sorbing particle (carbon, aluminum) of different radii at different durations of the laser pulse in a transparent 

scattering medium are described in detail in the article [14‒16]. Using the results of [14], the data of Table 1 

and Table 3, we will estimate the heating temperatures of the hot spot in the region of low and high pressures 

of volume compression of the samples. The calculation data are shown in Figure 3. 

Fig. 3. Calculated dependence of the heating 

temperature of carbon nanopowder inclusions 

∆Тс (solid curves) and the heating temperature 

of PETN matrix ∆Тм (dashed curves) along the 

layer depth z on the weight percentage of car-

bon nanopowder additives γ. Radiation wave-

length λ0 = 1064 nm; h → ∞. Relative particle 

absorption cross section k = 1.5. Weight per-

centage of carbon (C) nanopowder additives γ.= 

0.0 % (1); 0.1 % (2); 0.5 % (3); 1 % (4); 10 % 

(5). The energy density on the surface (Нs= 

100 mJ/cm2) is close to the threshold value. 
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Let’s consider the initiation mechanism in the low pressure region (about 100 MPa). Here the samples 

have high porosity and high initiation thresholds (from 1 to 6 J/cm
2
). It can be assumed that possible gas-

dynamic unloading from the hot spot volume will significantly reduce their temperature, however, the addi-

tion of impurities from the standpoint of the initiation process from the hot spot volume cannot explain their 

effect on the threshold reduction observed in the experiments. From Figure 3 it is evident that the tempera-

ture in the hot spot volume decreases with increasing concentration of additives and this should lead to an 

increase in the threshold, but this contradicts the experimental results. Ignition due to heating the matrix and 

averaging on the mechanism of heat transfer is not realized as the averaging time τ = dп
2
/α, where α =

6,77·10
-4

 cm
2
/s [16] comprises about 10 s which exceeds the maximum time for ignition delay observed in 

the experiment, in 5 orders of the value (Fig. 2). 

However, in the areas of low volume compression pressures, another mechanism for heating hot spots is 

feasible. The possibility of ignition from its volume and impact of the irregularities concentration in this pro-

cess will be considered further. Each PETN microcrystal is surrounded by pores in which gas break-through 

in the neighboring pores takes place. With the minimum expansion velocity of gas vп (about 1 km/s) in the 

time of laser pulse the gases break-through will comprise the distance from hot spot up to 100 µm, which 

significantly exceeds the average distances between hot spots (with irregularities concentrations of 1 %, the 

average distance equals to 0.4 µm). Thus, during the laser impact each hot spot may receive additional ener-

gy from the neighboring hot spots. At that, the greater irregularities concentration is, the greater number of 

hot spots will give additional energy into the considered hot spot and the more its heating will be as well as 

the better conditions for ignition will be. In this mode, the temperature averaging is possible on the volume 

limited by the crosswise size of the laser spot on the samples surface and by the light penetration depth. The 

time of this averaging comprises the volume of dп/vп 10
-6

s. The averaging on this mechanism may lead to

formation of reactive capable hot spot with the heat reserve necessary for development of explosion decom-

position of the total mass of the sample. The higher the additives concentration is, the higher the heat reserve 

in hot spot is, the higher its reactive capacity and the lower the ignition threshold which was observed in ex-

periment. 

The necessary additional energy reserve in macro hot spot may be formed in the following way. In the 

vicinity of hot spots after the laser impact completion along with gasification the reaction of decomposition 

takes place in the gaseous phase with great energy production and growth of heat micro hot spots. Due to 

this, the average temperature of macro hot spot is determined not only by heat reserved by a hot spot as a 

result of laser-induced heating and of heating from micro hot spots, in the vicinity of which the chemical re-

action of decomposition took place and heat storage of which increased in many times. 

Let's consider the initiation mechanism in the high pressures region (more than 300 MPa). In this 

mode, the initiation thresholds are about 0.1 J/cm
2
, pores are practically absent, gasification in the vicinity of 

the hot spot is difficult due to their relatively low temperature, the vapor pressure is insufficient to destroy 

the heating element matrix and break through gases into cracks. For the most, unloading of thermal micro hot 

spots has thermal conductivity nature. At that, the typical heat transit during the laser pulse comprises about 

3·10
-6

cm, which is much less than the average distance between the particles of carbon nanopowder and al-

uminium (for carbon nanopowder with the concentration 1 % this distance comprises about 3·10
-5

cm, while 

for aluminium it is about 3.8·10
-5

 cm). With the irregularities concentration 0.1 % the distances between the 

particles will be greater in approximately 2.15 times. Taking this into consideration it is possible to think that 

hot spots development takes place without the neighboring particles impact, that is the collective impact is 

absent in this situation. Due to this, the ignition process develops in the vicinity of single particle and is de-

termined only by its temperature and initial heat reserve in micro hot spot which decrease with the particles 

concentration increase. This, with the collective impact absent, is to lead to increase of the ignition threshold 

and it is observed in the experiment under the pressure more than 300 MPa (please see Fig. 1). 

It is necessary to point out that this conclusion is made without considering the heating of the explosive 

components matrix in dependence on absorbing irregularities concentration. However, it is obvious that with 

the maximum concentration of carbon nanopowder particles (in the experiment up to 1 %) the matrix tem-

perature according to (2) does not exceed 350 K, while in aluminium composite it may be even less. Consid-

ering the minimum temperature of PETN self-ignition comprises 515 K [17‒19], it is possible to state that 

under the conditions of heating the near surface layer of the matrix up to the temperature 350 K PETN igni-

tion is known to be impossible. Further to that, it is also possible to neglect the matrix heating impact on hot 

spots reactive capacity due to the difference in their temperatures almost in 3 orders of value as well as due 
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to long (about 10 s) time of heating the illuminated volume in comparison with the experimentally measured 

time of the ignition delay (tens of s, see Fig. 2). 

Important from our perspective result is to be mentioned; it goes from comparison of the experimental 

data on carbon nanopowder particles and Al impact on the quantitative and qualitative levels. It is obvious 

that the mixture with aluminium additives is more sensitive than the mixture with carbon nanopowder parti-

cles that is in the vicinity of aluminium particles there are formed more reactive capable hot spots. However, 

the computing simulation and calculation of carbon nanopowder and Al particles heating in PETN matrix 

in [14] demonstrates that heat reserve in the hot spot with heating carbon nanopowder particle located in 

PETN matrix exceeds the heat reserves in the vicinity of aluminium one. And this is due to the fact that the 

relative cross-section of carbon particles has a value of k = 1.5, and of aluminum — k = 0.2. To explain this 

phenomenon in the area of high pressures it is necessary along with understanding the heating of carbon 

nanopowder and aluminium particles due to absorption to engage the understanding about the possibility to 

form hot spots as a result of optical breakdown and localization of the laser pulse energy in the vicinity of 

particles. In case of realization of the optical breakdown in the vicinity of the absorbing metal and dielectric 

particles the hot spots parameters (temperature, heat reserve) are in weak dependence on the particle material 

and determined by the matrix properties. As it goes from here the ignition thresholds for PETN mixtures 

with carbon nanopowder and PETN with aluminium are to be near in their values. In the experiment there is 

observed higher sensitivity of PETN with additives of aluminium, and possibly, with higher concentration of 

free electrons in aluminium, their thermal emission under the laser heating of aluminium particles and, con-

sequently, with lower threshold of optical breakdown. 

Conclusions 

In general, the behavior of PETN and composites based on it is easily described from the standpoint of 

the thermal focal theory of ignition by an external pulse. It can be argued that laser action leads to the for-

mation of reactive hot spots as a result of optical micro breakdowns in the vicinity of intrinsic or introduced 

absorbing inhomogeneities. 

In the low-pressure region of volume compression, the initiation process occurs from a macro hot spot 

limited by the diameter of the laser beam on the sample surface and the depth of light penetration, the tem-

perature of which and its reactivity are proportional to the concentration of absorbing impurities. The macro 

hot spot is created by the breakthrough of gases from the volume of the micro hot spot into the surrounding 

pores. Unloading of the macro hot spot through the irradiated surface (interface), which occurs mainly during 

the induction period, determines the high level of initiation thresholds. 

In the region of high values of input window pressing pressures, the initiation process occurs from the 

volume of the micro hot spot, the temperature of which and reactivity decrease with increasing concentration 

due to the decrease in spatial illumination and, consequently, the energy thresholds of initiation grow, i.e. the 

effect of absorbing additives is negative. The absence of pores excludes the possibility of gas breakthrough 

and rapid gas-dynamic formation of a reactive macro hot spot. Gas-dynamic unloading in this mode is insig-

nificant, which determines the low level of initiation thresholds. 

The indicated patterns and features must be taken into account in theoretical and experimental studies of 

the sensitivity of mixed compositions, as well as explosives containing their own optical inhomogeneities, to 

the action of laser pulsed radiation. 

————————————————————————————————————————— 

This work was performed within the framework of the Program of Strategic Academic Leadership “Pri-

ority 2030”. 
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В.П. Ципилев, В.И. Олешко, А.Н. Яковлев, В.А. Овчинников, И. Ю. Зыков, 

Е.В. Форат, И.А. Сайдазимов, Т.В. Гречкина 

Жан-жақты қысудың әртүрлі қысымдары жағдайында көміртекті қара 

және алюминийдің наноөлшемді сіңіргіш қоспалары бар 

лазерлік инициацияға негізделген композиттер 

Лазерлік импульстік әсерде (λ0 = 1064 нм; және  τ= 12 нс) 40-тан 600 МПа-ға дейінгі диапазондағы 

әртүрлі көлемді ұнтақты қысу қысымдарындағы (мөлдір кіріс терезесінің қысу қысымы) сіңіргіш 

қоспалардың концентрациясына байланысты оның негізіндегі қыздыру элементі мен композиттердің 

жарылғыш ыдырауының энергетикалық шектері мен кинетикалық сипаттамалары эксперименталды 

түрде зерттелді. Таза қыздыру элементі мен оның негізіндегі композиттер үшін көлемді қысу 

қысымының жоғарылауымен сезімталдық тұтастай жоғарылайды, бірақ монотонды емес. Сонымен 

қатар төмен қысым аймағында (200 МПа-дан аз), қоспалар концентрациясының жоғарылауымен 

аралас композициялардың лазерлік импульстік әсеріне сезімталдығы жоғарылайды, ал жоғары қысым 

аймағында (300 МПа-дан жоғары) ол төмендейді. Бұл тәртіпті авторлар диффузиялық жарық 

шашырауын мөлдір ВВ инициациясының микроошақтық жылу моделі («ыстық нүктелер» моделі 

(ЫН)) тұрғысынан да түсіндіреді; осыған сәйкес «ыстық нүктелердің» реактивтілік қабілеттілігі 

олардың көлеміндегі жылу қорымен, олардың концентрациясымен, КТ-ға жақын тіректерге 

газдинамикалық түсіру және үлгінің кіріс саңылауының басылған беті (төмен қысым аймағы), сондай-

ақ ВВ матрицасына және жабын шыныға (жоғары қысым аймағы) ГТ жылу өткізгіштік түсіру арқылы 

анықталады. 

Кілт сөздер: қыздыру элементі, лазерлік импульсті инициация, наноөлшемді бөлшектер, оптикалық 

сыну, ыстық нүктелер (ЫН). 
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В.П. Ципилев, В.И. Олешко, А.Н. Яковлев, В.А. Овчинников, И.Ю. Зыков, 

Е.В. Форат, И.А. Сайдазимов, Т.В. Гречкина 

Лазерное инициирование композитов на основе тэна с наноразмерными 

поглощающими добавками сажи и алюминия в условиях 

различных давлений объемного сжатия 

Экспериментально исследованы энергетические пороги и кинетические характеристики взрывного 

разложения тэна и композитов на его основе при лазерном импульсном воздействии (λ0 = 1064 нм; 

τи = 12 нс) в зависимости от концентрации поглощающих добавок при различных давлениях объемно-

го сжатия порошков (давлениях прижатия прозрачного входного окна) в диапазоне от 40 до 600 МПа. 

Показано, что для чистого тэна и композитов на его основе с ростом давления объемного сжатия чув-

ствительность, в целом, увеличивается, но не монотонно. При этом в области малых давлений (менее 

200 МПа) с возрастанием концентрации добавок чувствительность смесевых составов к лазерному 

импульсному воздействию увеличивается, а в области больших (более 300 МПа) — уменьшается. Та-

кое поведение объясняется авторами с позиций как диффузного светорассеяния, так и с позиций теп-

ловой микроочаговой модели инициирования прозрачных ВВ (модель «горячих точек» (ГТ)), согласно 

которой реакционная способность «горячих точек» определяется запасом тепла в их объеме, их кон-

центрацией, газодинамической разгрузкой в близлежащие к ГТ поры и через прижатую входным ок-

ном поверхность образца (область малых давлений), а также теплопроводностной разгрузкой ГТ в 

матрицу ВВ и покровное стекло (область высоких давлений). 

Ключевые слова: тэн, лазерное импульсное инициирование, наноразмерные частицы, оптический про-

бой, горячие точки. 
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Optical characteristics of tungsten trioxide luminescence in different matrices 

The comparative research using time-resolved spectroscopy of the optical characteristics of an emission in 

two types phosphors: natural phosphors: ZnWO4, CdWO4, microcrystalline WO3, and artificial once: wide 

band gap dielectrics LiF, MgF2и BaF2 doped with tungsten trioxide were presented. Both single crystals and 

сeramic samples obtained in the process of high-speed radiation synthesis in air under a flux of 1.5 MeV elec-

trons were studied. It has been established that the spectral-kinetic characteristics of the studied materials lu-

minescence are the similarity in dielectrics, where WO3 is present as a dopant; in semiconductors (MeWO4), 

where tungsten trioxide is present as WO62‒ oxyanion and in crystal lattice of tungsten trioxide binary com-

ponent. It is found that tungsten trioxide, being doped in dielectric, forms a subband of impurity states in the 

dielectric band gap, due to which, of spatial separation of electron-hole impurity pairs becomes possible upon 

optical excitation of the dielectric. 

Keywords: radiation synthesis; natural phosphors, artificial phosphors, luminescence, time-resolved spectros-

copy, emission center, subband. 

Introduction 

The wide practical use of transition metal oxides MeO (Me: W, Ti, Fe), double oxides AMeO (A: Cd, 

Mg, Ca, Zn), oxyfluorides AMeOF is due to the manifestation of amazing electrical, magnetic, optical prop-

erties of such materials. Their superior chemical stability, high catalytic activity, molecular and electronic 

flexibility are sufficient to make this material suitable for a wide range of applications including 

photocatalysis for water purification from contaminants, gas sensors, solar cells in electrochromic, photo-

chromic, photoelectrochromic devices [1‒7]. 

Among polyvalent metal oxides, tungsten trioxide WO3 is considered to be one of the most important 

gas sensing materials in the world, being sensitive to many different gas species, like O3, CO, NO, H2S, and 

CH4. Among double oxides МеWO4 wolframite ZnWO4 is a promising candidate in photocatalysis for the 

photodegradation of chemical contaminants. It has proved to be an efficient photocatalyst under both ultravi-

olet and visible light irradiation, or being doped with different ions, or by forming а heterostructure with dif-

ferent compounds such as ZnO, TiO2, WO3, and others. ZnWO4-based catalysts have been explored toward 

inorganic and organic molecules [8‒10]. 

In general, the catalysis process starts with the creation under the light irradiation of electrons (e) in the 

conduction band (CB) and holes (h) in the valence band (VB) of the catalyst. Holes in the VB are strongly 

oxidizing, while electrons in the CB are strongly reducing. The free charges, reaching the catalyst surface, 

are involved in the creation of free radicals, consumed in the processes of decomposition, mineralization, and 

oxidation of various pollutants. The efficiency of catalysis depends, in particular, on the number of charge 

carriers in the CB and VB, which is kept constant if spatial charge separation can be achieved or decreases, 

as a result, of the e-h pairs recombination. 

In the present work the radiative recombination of electron-hole pairs in the materials used in catalysis 

is investigated. The relevance of such studies is obvious since it is free charge carriers that determine the ef-

ficiency of the realized catalytic processes. 

The study of optical properties of phosphors has been carried out for several decades, however, at pre-

sent; there is no consensus on the nature of the luminescence center even in the well-studied natural phos-

phors MeWO4. According to [11‒14], emission centers (EC) are octahedral oxyanion WO6
2‒

, as components

of the undisturbed crystal lattice. The luminescence spectrum presents a monoband at 2.6 eV belonging to 

spin-forbidden 
3
T1u→

1
A1g triplet singlet electron transition in self-trapped excitons (STE) and is an intrinsic

(fundamental) property of the crystal lattice. 

https://doi.org/10.31489/2024PH4/143-155
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An alternative interpretation of the EC nature was reported in [15, 16], where the light output in band at 

2.6 eV is due to strong influence of external factors, complex technology of sample preparation, low degree 

of the original materials purity, high level of lattice imperfection caused by inability to maintain the specified 

level and defect type of the devices components. Within this concept, both the emission and excitation spec-

tra of the emission in band at 2.6 eV belong to extrinsic defects of lattice deficit-oxygen centers WO6-x. The 

luminescence of such material is not fundamental, and the crystal lattice is only an intermediary in the light 

energy transition to the local impurity center. 

Obviously, without knowing the nature of the EC, there is no chance to influence on the efficiency re-

combination of the free charges created by the action of light in material. The lack of a unified view on the 

nature of emission centers, as well as the on influence of external factors on the magnitude of the light out-

put, is obstacles to expanding the scope of practical application of these advanced materials. From the gener-

ally accepted point of view, parameters of the emission transition, such as light output, emission region, de-

cay time of emission, excitation spectrum are determined by not only the structure of EC but also properties 

of matrix. 

The present study is a comparative research of the optical characteristics of the W-O emission centers in 

in six types of phosphors: natural ones (ZnWO4, CdWO4crystals, WO3 ceramics micro-powder) which are 

widely used in catalysis and artificial ones (wide-band gap dielectrics: LiF, MgF2 and BaF2, doped with 

tungsten trioxide). The studies were carried out using time-resolved spectrometry with nanosecond time 

resolution. 

The aim of such comparison investigation is to figure out the nature of ECs and effect of the phospho-

rus matrixes on the properties of tungsten-oxygen emission centers. 

Materials and research methods 

In the present work, the emission properties of W-O complexes either in the form of dopant or as a 

component of the crystal structure were the objects of research. The wide-band dielectrics of different mor-

phology: LiF crystal and ceramics MeF2 (Me: Mg, Ba), doped with WO3 (so called artificial phosphors) pre-

sented the first group of materials. The natural scintillators, the so-called self-activating materials: crystals 

and ceramics MeWO4 (Me: Zn, Cd,) and microcrystalline ceramics powder WO3 presented the second one. 

Natural phosphors of ZnWO4 and CdWO4 were grown by the Czochralski method at the Institute for 

Single Crystals (Kharkov). The tungsten trioxide was present in the form of oxyanion WO6
2‒

. The phosphors

belong to semiconductors with a band gap not exceeding 5 eV and possess high radiation resistance and high 

light output. 

Artificial phosphor LiF doped with tungsten trioxide WO3 with a concentration up to 1 wt.% was grown 

by the Czochralski method at the State Optical Institute (Sankt Petersburg). The MgF2 and BaF2 doped with 

tungsten trioxide were synthesized under a high-energy electron beam with an ELV-6 electron accelerator 

created at the G.I. Budker Institute of Nuclear Physics (Novosibirsk). The maximum content of the dopant in 

ceramics samples was 0.5 wt. % due to the high volatility of tungsten hexafluoride WF6. 

Microcrystalline WO3 powder was supplied by Hebei Suoy New Material Technology Co., Ltd (China) 

with a purity of not less than 99.5 %. 

The method of synthesis by using a flux of 1.4 MeV electrons was developed, applied and described by 

us in [17‒21]. A charge consisting of a mixture of powders with different composition and components ratio 

was placed in a copper solid crucible. A beam of electrons with a diameter of about 2 mm was scanned along 

the surface of the charge with a frequency of 50 Hz using electromagnets; the crucible with the charge was 

displaced relative to the beam at a rate of 1 cm/s. The duration of the radiation pulse was 2 ms, the estimated 

value of the synthesis temperature was 1500 С. 

Radiation-chemical processes of interaction of environmental components with the open surface of the 

molten charge start with the formation by electron pulses of free (non-localized) electrons (e) and holes (h) 

(electron-hole plasma) for a time not more than 10
‒15 

s from the onset moment of the radiation pulse. Nor-

mally, the formation of a new near-order (phase transition) was initiated by an external parameter — the 

temperature. In the express synthesis method used, phase formation takes place in dielectric materials con-

taining short-lived radiolysis products of high concentration (10
22

 cm
‒3

) during the radiation pulse (2 ms) 

with a significant time delay in temperature rise. Apparently, in such extreme conditions the phase formation 

was initiated by quantum fluctuations of charge density in electric and magnetic fields of electron-hole plas-

ma. Formation of the crystalline phase occurs during the action of the radiation pulses (≤ 2 ms) and subse-

quent annealing of ceramics at 700 C in air. 
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The repeatability of spectral-kinetic characteristics of synthesized materials, as well as the properties 

similarity of crystalline and synthesized materials of the same chemical composition testify to the possibility 

of using the express method developed by us for practical purposes. Its main advantages include high-speed 

synthesis in air without supplying thermal energy from outside, possibility of obtaining ceramics in the form 

of crystallites with sizes depending on radiation field parameters. 

The initial imperfection of research materials was evaluated by the absorption spectra in the range of 

13‒3 eV with a vacuum monochromator-based spectrometer at 300 K. 

Natural phosphors ZnWO4 and CdWO4 regardless of morphology (ceramic, crystal) reveal transparency 

boundaries in the form of a threshold of about 4 eV. It is assumed to be located in the region of the Urbach 

“tail” and refers to the absorption transition of self-trapped excitons (STE) in WO6
2‒

 oxyanion [22‒27]. The

band gap Eg in these materials is determined in the range from 3.2 to 4.5 eV. 

The lattice structure of the binary compound WO3 was сorner-sharing WO6 octahedron units that are 

capable of forming clusters of different sizes [28, 29]. These clusters are considered to be connected to each 

other by W-O-W or hydrogen bonds, the latter due to incorporated water. The value of the band gap depends 

on the degree of the anionic sublattice imperfection and is determined in the range Eg=3.25‒2.7 eV. The lat-

ter value belongs to the formation with the chemical formula (WO3 nH2O). 

Pure wide band gap crystals LiF (Eg=13.6 eV), MgF2 (Eg=12.4 eV) and BaF2 (Eg=10.6 eV), grown in a 

fluorinating atmosphere, were transparent in the E<Eg region. In the LiF crystal, the WO3 doping is accom-

panied by a shift of the transparency boundary towards lower energies up to 4 eV with increasing tungsten 

trioxide content in the lattice (Fig. 1 (a)). The absorption coefficient at 8 eV reaches the value of 100 cm
‒1

, 

which indicates a high level of initial lattice imperfection of the doped crystals. 

Crystals ZnWO4, CdWO4 and ceramics samples BaF2-WO3 and MgF2-WO3 opaque in the E>3.9 eV. 

Figure 1. Absorption spectra of LiF crystals (a)(b). (a): non-doped (1), doped with WO3 0.1 wt. 

% (2); (b): 0.2 wt. % (2); 0.3 wt. % (3). (c): absorption spectra of ZnWO4 crystals. 

All investigated materials under the action of light flux luminesced in the spectral range of 2.9‒2.5 eV. 

The luminescence spectra were measured using two crossed MDR-204 monochromators equipped with a 

Hamamatsu R928 PMT for radiation detection. The integral characteristics of the luminescence were meas-

ured using an AvaSpec-2048 USB2.0 high-precision fiber optic spectrometer. Spectral-kinetic parameters of 

photoluminescence (PhL) and cathodoluminescence (CL) in crystals were studied in the time interval of 

1.10
−8
–1.10

–3
 s after the end of a single excitation pulse in the temperature range of 15‒300 K. 

Emission spectra and decay kinetics of PhL and CL were recorded on a LeGroy-WP-6030a oscillo-

scope. 

The excitation spectra of the emission were measured in the interval of 6‒1 eV at 300 K in a steady 

state mode with a hydrogen lamp as a source and were measured by the Agilent Cary Eclipse 

spectrofluorimeter. 

The emission of phosphors was investigated under two types of excitation: ЕexEg (1) and Еex>>Eg (2), 

where Eg is the band gap of the binary component WO3. 

The first condition was realized when PhL was excited by the fourth harmonic of Nd-laser (photon en-

ergy of 4.66 eV, pulse duration is 5 ns). The second condition was realized at excitation of luminescence by 
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a pulse of 250 keV electrons with a duration of 10 ns. In both cases, researched materials luminesced in the 

region of 3.0–2.5 eV. 

The surface structure of the synthesized samples was investigated using a scanning electron microscope 

Mira 3 (TESCAN). If the examined samples were dielectrics, they were coated with a conductive carbon 

layer using a Quorum Q150R ES sputtering system. The investigation was conducted at an accelerating volt-

age of 25 kV. 

As an example, Figure 2 shows a picture of as-synthesized under the influence of an electron beam 

E=1.4 MeV, P=18 kW/cm
2
 ZnWO4 ceramics in the crucible and SEM images of its sample surfaces. On the

surface of ZnWO4 samples upon increasing the image resolution, a porous microstructure with elongated 

elements ranging in size from 7 to 20 µm and a thickness of approximately 7 µm are observed. 

Figure 2. A picture of as-synthesized ceramics ZnWO4 being in the crucible and SEM images 

of the surface of this ceramic sample. 

X-ray diffraction patterns were collected using a Bruker D8 ADVANCE diffractometer (AXS, Berlin, 

Germany) equipped with a scintillation detector in step-scan mode over a diffraction angle range 2θ of 10 to 

90° and CuKα radiation as the source. Sample identification utilized the Powder Diffraction File (PDF-2) 

database (ICDD, 2007), and indexing was performed using the EVA software (Bruker, 2007). 

Figure 3 shows XRD spectra of synthesized ZnWO4 (a), and MgF2 doped with WO3 (b) samples. 

Figure 3. XRD patterns of ZnWO4 ceramics sample (a) and MgF2 doped with WO3 (b) 

Every synthesized ceramics ZnWO4, CdWO4, MgF2 and BaF2 are found to have a high degree of 

crystallinity, their elements composition is close to stoichiometric, and parameters similar to those ones in 

single crystals. 

Results and Discussion 

As it was previously shown [30, 31], in LiF dielectric doped with transition metal oxides (Me: Ti, Fe, 

W), emission in the region of 3‒2.6 eV (Fig.4 (a)) occurs inertia-free with respect to a nanosecond excitation 

laser pulse (4.6 eV) or electron pulse (250 keV). The luminescence decay kinetics has two components: ns 

and μs at 270 K (Fig.4 (b)). The intensities ratio of the short and long components in band maximum is de-

termined by the degree overlap of the bands at 3.0 and 2.6 eV. 
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The spectrum of the ns component is independent of the oxide type and is a band with a maximum at 

3.0 eV and FWHM of 0.6‒0.7 eV. The spectrum of the μs component is a monoband in the region of 

2.8‒2.5 eV, whose maximum position depends on the oxide type (Fig. 4 (a)). 

Fig. 4 (a): PhL spectra, excited by laser pulse (4.6 eV) in LiF crystals, doped with Fe2O3 (1, 2), TiO2 (1, 3), 

WO3 (1, 4), measured with 10 ns (1) and s delay (2‒4) relative to the end of the excitation pulse at 270 K 

(the spectra are normalized); (b): PhL decay kinetics at 2.6 eV in the crystal LiF-WO3, 

 measured with ns and s delay (on the insert). 

Below we will mainly describe the optical properties of tungsten trioxide in different matrixes. 

Аs it turned out, luminescence at 2.6 eV can be excited in quite different materials: in dielectrics, not 

only LiF, but also MgF2 and BaF2, doped with WO3; in natural phosphors ZnWO4, CdWO4, where tungsten 

trioxide is a structural component of the lattice; and in binary compound WO3 (Fig. 5 (а)). 

Figure 5 also shows the excitation spectra of emission at 2.6 eV in the studied materials in the range 

3.8‒6.2 eV.In all spectra there are thresholds in the region of 3.8‒4 eV. Due to the presence of a small 

amount of dopant, we were able to measure the long-wavelength edge of the spectrum in the region >4 eV 

and establish the presence of three well-resolved bands at 6.2; 5.5 and 5 eV in spectrum of BaF2 ceramics 

doped with 0.04 wt. % WO3 (Fig. 5 (c)). 

Figure 5 (a): PhL spectra, excited by laser pulse (4.6 eV) of ZnWO4 ceramics samples (1); MgF2-WO3 (2), 

СL spectrum of binary compound WO3 (3); BaF2-WO3 (4). (b): excitation spectra of emission at 2.6 eV in ceramics: 

ZnWO4 (1), BaF2-WO3 (2), CdWO4 (3) and MgF2-WO3 (4); (с): excitation spectrum 

of emission at 2.6 eV in BaF2 ceramics doped with 0.01 wt. % WO3. 

Attempts to evaluate the role of the lattice cation in the organization of the energy structure of the EC 

led to the following conclusions. 

It is known that at photoexcitation in the region ≥4 eV in double oxides AWO (A: Zn, Mg, Ca, Cd), 

which are n-type semiconductors with a band gap width of 3‒5 eV, a luminescence in the region of 

2.4‒2.8 eV occurs; the lattice cation practically does not affect the spectral position and band half-width of 

the luminescence. 

It turns out that this conclusion can be extended to materials of other chemical composition, provided 

that they contain W-O complex. So, in the double oxide Li2WO4 and in the Li2W0.95 Mo0.05 O4 system at 

low temperature (4.2 and 10 K, respectively), the spectrum of an intrinsic luminescence of the tetrahedral 

WO4 complex excited at about 5 eV consists of a band at 2.5 eV and FWHM 0.6 eV [32, 33] 
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In the most studied oxyfluoride K3WO3F3, belonging to the double oxides АWО6-xFx (A: K, Rb), 

emission at 2.6 eV with spectral and kinetic parameters similar to those in the spectrum of natural phospho-

rus ZnWO4 have been found [34]. 

Thus, the experimental data carried out by us and known from the literature confirm the calculations of 

theorists and indicate a minor influence of lattice cation on the formation of VB and CB in studied МеWO4 

semiconductor materials. Band structure of materials was formed by oxyanion orbitals. The VB top was 

formed by 2p states of oxygen; the bottom of the CB was formed by vacant 5d states of the polyvalent ion W. 

The value of the minimum energy required to excite the intrinsic luminescence in the materials is not less 

than Eg (3.2‒4.5 eV). 

Another parameter that allows estimating the degree of connection between the EC and the matrix lat-

tice is the Stokes shift (Ess). Ess carries information about the value of energy losses for relaxation of the crys-

tal lattice of the matrix in the location area of the excited EC. According to our results, the value of Ess does 

not depend on the lattice type and is equal to 1.5‒1.3 eV for EC with emission transition at 2.6 eV. Since the 

same value of Ess is determined and in nanocrystalline powder WO3, it becomes obvious that in this case Ess 

does not reflect the elastic properties of the matrix containing the EC but characterizes the energy losses in-

side the tungsten oxide during its excitation. 

In search of structure-sensitive characteristics of the luminescence, we have investigated the emission 

decay at 2.6 eV in various materials. It was found that in LiF matrix the emission decay time constant in the 

series of Fe, Ti, W oxides is equal to 180, 60 and 25 μs at 270 K and increases by a few orders of magnitude 

when temperature decreases. Figure 6 (a) (curves 1, 2) shows the temperature dependence of the lumines-

cence decay time of impurity oxide centers TiO2 and WO3 in the LiF matrix. For the WO3 the luminescence 

decay time in the low temperature region is different in ZnWO4 and LiF -WO3 (Fig. 6 (a) (curves 2, 3)). 

However, it is not clear whether the lattice type or the energy position of the impurity in the lattice affects the 

probability of a radiative transition in the low temperature region. 

Figure 6 (a): temperature dependence of the decay time constants of PhL at 2.6 eV in LiF crystals,  

doped with TiO2 (1), WO3 (2), and in ceramic semiconductor ZnWO4 (3). 

(In curve (3, a) black triangles are data from [35], rhombuses are data from the present studies). (b): 

temperature dependence of time decay constant (1), light output at 2. 6 eV (2) in LiF-WO3 crystal. 

The kinetics of emission decay over time after the end of nanosecond pulse excitation splits up into 

three branches with different decay components and can be expressed by three exponentials: 

J(t)=∑Аiexp(-t/τi), 

where Аі and τi are the amplitude intensity and the decay time constant of the corresponding decay time 

component. 

Decay time constants at 270 К have the following values: τ1=0.2 µs, τ2= (3−4) µs and τ3=18−20 in 

MgF2-WO3 and BaF2-WO3 ceramics samples, 25−35 µs in Zn and Cd tungstate сeramic samples and in LiF-

WO3 crystals. It should be noted that this peculiarity in the energy structure of luminescence centers (three-

component attenuation process) is an inherent property of the emission transition at 2.6 eV and is preserved 

in different types of crystal lattice: in the face-centered cubic lattice (LiF), wolframite (ZnWO4), rutile 

(MgF2) and in the fluorite lattice (BaF2). 
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The fundamental properties of the ES also include the existence of an anomalous temperature depend-

ence of the emission decay at 2.6 eV in the low temperature region. In MeWO4 semiconductors in the tem-

perature range 5‒400⁰ K there are two temperature regions with different temperature dependence of the 

light output in the band at 2.6 eV. In the high-temperature region (T>250⁰ K) — in the region of temperature 

luminescence quenching — the decrease of light output with rising T (I33=f(Т)) is due to increasing proba-

bility of thermal transition of the luminescence center from the excited to the ground state accompanied with 

phonons emission. In the low-temperature region (5‒100⁰ K) in a narrow temperature range, an increasing 

probability of the radiative transition is observed with a constant value of light output (I33f(Т)). This effect 

is observed in the range of 4‒15 K in ZnWO4 crystals, in CdWO4 crystals in the region of 8‒20 K, and in 

CaWO4 in the range of 10‒40 K [36‒38]. 

We found a similar effect in LiF-WO3 and LiF-TiO2 systems, but in a wider temperature range of 

15‒150 K [39, 40]. The details of the anomalous temperature dependence of the luminescence parameters at 

2.6 eV in the LiF-WO3 crystal are presented in Figure 6 (b) (Temperature quenching of luminescence in the 

2.6 eV band in this material starts at T> 250 K [36, 38, 41]). For mathematical description of the observed 

effects, a three-level energy model emission center consisting of ground level and splitted excited level, 

which lower sublevel is metastable, were proposed in [38, 42]. 

Thus, the above-described properties of the emission at 2.6 eV in six types of phosphors indicate the ab-

sence of a connection between tungsten trioxide and the matrix and the absence of a matrix effect on the pa-

rameters of various processes: absorption, excitation and photoluminescence with the participation of this 

oxide. 

The minimum value of photon energy required to excite the emission at 2.6 eV in ZnWO4 and CdWO4 

is about 4.1 eV and coincides with the transparency border these materials. In binary compound WO3 the 

energy of about 3.6‒2.7 eV is required to excite the luminescence at 2.6 eV. According to [43‒45], emission 

in this material is a result of electron-hole recombination. 

It has been established that in natural phosphors the excitation spectrum of luminescence at 2.5‒2.7 eV 

represents an energy continuum in the range of 4‒30 eV (the range of fundamental absorption). For example, 

in CdWO4 2.5 eV emission excited in the region of 4.5‒7 eV is the result of recombination of genetically 

linked electron-hole pairs in the form of molecular oxyanion self-trapped excitons. In the region of higher 

energies photons create free electrons and holes. During subsequent electron-hole recombination, part of the 

released energy is transferred to EC to excite 2.5 eV emission. The similar processes occur in ZnWO4 and 

CaWO4 [12, 46‒48]. The authors estimated the absorption coefficient in the region of fundamental absorp-

tion of 5‒30 eV and confirmed the correlation between these two processes: emission excitation at 2.6 eV 

and the value of the absorbed energy. Consequently, the presented two types of spectra (excitation and ab-

sorption) belong to the fundamental properties of natural phosphors with tungsten trioxide as the oxyanion 

WO6
2‒

.

Based on our earlier studies, the introduction tungsten oxide or oxides of transition metals Fe or Ti in 

LiF crystal is accompanied by a loss of transparency in a wide range of 4‒12 eV. The absorption spectrum of 

LiF crystal doped with WO3 is a group of overlapping bands in the range of 5‒12 eV (Fig. 1 (a)). It means 

that the oxide of polyvalent metal forms wide energy subband of the absorption states in the dielectric band 

gap. In this case in LiF-WO3 under light irradiation the following sequence of events is possible. 

 Due to the large width, the subband of absorbed states of dopant (Fig. 1 (a)) located close to bottom

of the dielectric CB or even overlapped one. 

 Photogenerated exited electron (e) of dopant transits to CB leaving a hole on the dopant ion.

 The lifetime of such free electron in the CB becomes indefinitely large, first, due to absence of a hole

(h) in the VB of the dielectric, second, low probability of e-h recombination on dopant, concentration of

which is not more than 1 wt.%.

Conclusion 

The characteristics of PhL and CL in semiconductors ZnWO4, CdWO4, binary compound WO3 and in 

WO3 doped dielectric matrixes LiF, MgF2 and BaF2 both in single crystals and in ceramic samples were in-

vestigated using time-resolved spectrometry methods. 

The similarity of spectral-kinetic parameters of emission in the region of 2.9‒2.5 eV excited in all in-

vestigated materials has been established. 

The parameters values of the studied emission at 300 K are given below: 

1. the spectral position of the emission band peak is at 2.5−2.8 eV;
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2. FWHM of emission band is 0.5−0.75 eV;

3. emission decay time is 18−30 μs;

4. three-component character of luminescence decay at 2.6 eV and coincidence of time decay constants

of components in different matrixes; 

5. splitting of the upper excited energy level of the luminescence center;

6. the value of the minimum energy of excitation emission at 2.6 eV is about 3.8‒4.1 eV in all investi-

gated materials; 

7. the Stokes shift value of emission center is 1.5‒1.3 eV;

8. no impact of the lattice cation on the optical properties of tungsten trioxide.

9. the absorption spectrum of the LiF dielectric doped with WO3 is a set of overlapping bands in the

range of 4‒12 eV, which indicates the formation of a subband of absorption levels of the dopant in the for-

bidden band of the dielectric. 

The independence of the parameters of the observed emission from the properties of the matrices in 

which the radiative center is located allows us to attribute the radiative transition at 2.6 eV to an interband 

transition in the crystal structure of the binary compound WO3, and the characteristics of the transition — to 

fundamental ones. 

It is found that tungsten trioxide being doped in dielectric, forms a subband of impurity states in the die-

lectric band gap due to which of spatial separation of electron-hole impurity pairs becomes possible upon 

optical excitation of the dielectric. 
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Л.А. Лисицына, Г.К. Алпысова, Д.А. Мусаханов 

Әртүрлі матрицалардағы вольфрам триоксиді 

люминесценциясының оптикалық сипаттамалары 

Екі түрдегі люминофорлардағы сәулеленудің оптикалық сипаттамаларының рұқсат етілген уақыт 

бойынша спектроскопиясына салыстырмалы зерттеу ұсынылған, яғни: табиғи люминофорлар: 

ZnWO4, CdWO4, микрокристалды WO3 және жасанды люминофорлар: кең аралықтағы диэлектриктер, 

LiF, MgF2 және BaF2 вольфрам триоксидімен легирленген. 1,5 МэВ электрон ағыны кезінде ауада 

жоғары жылдамдықты сәулелену синтезі процесінде алынған монокристалдар да, керамикалық 

үлгілер де зерттелді. Зерттелетін материалдардың люминесценциясының спектрлік және кинетикалық 

сипаттамалары диэлектриктердің қасиеттеріне ұқсас екендігі анықталды, мұнда WO3 допант ретінде 

қатысады; жартылай өткізгіштерде вольфрам триоксиді WO6
2 – оксианион түрінде және вольфрам

триоксиді екілік компонентінің кристалдық торында болады. Вольфрам триоксиді диэлектрикте 

легирленген кезде диэлектриктің өту жолағында қоспа күйлерінің ішкі жолағын түзетіні дәлелденді, 

соның арқасында диэлектриктің оптикалық қозуы кезінде электронды-тесік қоспа жұптарының 

кеңістікте бөлінуі мүмкін болады. 

Кілт сөздер: радиациялық синтез, табиғи фосфор, жасанды фосфор, люминесценция, уақыт-рұқсат 

етілген спектроскопия, жарқырау орталығы, ішкі жолақ. 

Л.А. Лисицына, Г.К. Алпысова, Д.А. Мусаханов 

Оптические характеристики люминесценции триоксида вольфрама 

в различных матрицах 

Представлено сравнительное исследование с помощью время-разрешенной спектроскопии оптических 

характеристик излучения в двух типах люминофоров: природные люминофоры: ZnWO4, CdWO4, 

микрокристаллический WO3 и искусственные люминофоры: широкозонные диэлектрики, LiF, MgF2 и 

BaF2, легированные триоксидом вольфрама. Были исследованы как монокристаллы, так и керамиче-

ские образцы, полученные в процессе высокоскоростного радиационного синтеза на воздухе под по-

током электронов 1,5 МэВ. Установлено, что спектрально-кинетические характеристики люминес-

ценции исследованных материалов имеют сходство со свойствами диэлектриков, где WO3 присутст-

вует в качестве допанта; в полупроводниках, где триоксид вольфрама присутствует как WO62 — ок-

сианион и в кристаллической решетке бинарного компонента триоксида вольфрама. Доказано, что 

триоксид вольфрама, будучи легированным в диэлектрике, образует в полосе пропускания диэлектри-

ка подполосу примесных состояний, благодаря которой при оптическом возбуждении диэлектрика 

становится возможным пространственное разделение электронно-дырочных примесных пар. 

Ключевые слова: радиационный синтез, природный люминофор, искусственный люминофор, люми-

несценция, время-разрешенная спектроскопия, центр свечения, подзона. 
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Electron Beam-assisted Synthesists, Structure and 

Luminescent Properties Porous Ceramics of MgAl2O4 and MgAlGaO4 

Doped with Europium 

Porous ceramics of MgAl2O4 (MAS) and MgAlGaO4 (MAGS) doped with europium were synthesized by ra-

diation method. Radiation synthesis was performed with high efficiency within less than 1 s using radiation 

energy and mixture materials with no additives or any other materials used to promote synthesis. The synthe-

sis method using a high-energy electron beam makes it possible to obtain refractory materials with high 

productivity, flexibly control the technological conditions of the process, and, accordingly, synthesize materi-

als with desired properties. The structural properties of synthesized porous ceramics were investigated by X-

ray diffraction (XRD-7000S diffractometer, Shimadzu), SEM. Results have shown that, the synthesized MAS 

have cubic structure and are in crystalline spinel MgAl2O4, while the synthesized double spinel MAGS con-

tains two main phase components, MgAl2O4 and MgGa2O4. To study the luminescence properties of MAS 

and MAGS synthesized spinel doped with europium, photoluminescence measurements were performed. The 

photoluminescence spectrum of excitation of Eu3+ ions in spinel was monitored at λem = 615 nm (5D0→
7F2).

The PLE shows the f→f transition in the configuration of Eu3+ ions (at 393 nm (7F0→
5L6), 463 nm

(7F0→
5D2)). The excitation band at 330 nm and 260 nm is characteristic of the charge transition between Eu3+

and O2- ions. The photoluminescence spectrum of the samples under excitation at 260 nm was studied. In the 

PL spectrum of spinel samples, the emission of Eu3+ ions are clearly visible. In the structure of the band with 

a maximum of 615, a peak is visible at 590 nm, characterized by the 5D0 → 7F1 transition. In the PL spectrum

of samples, a weak spectral band appears with a maximum at 535 nm, characteristic of the emission of Eu3+ 

ions with the 5D1-
7F1 transition. It is shown that the efficiency of radiation synthesis depends on the

granulometric composition of the initial oxide powders. 

Keywords: ceramic spinels, double spinel, Eu-doped, radiation synthesis, luminescence, MgAl2O4, 

MgAlGaO4. 

Introduction 

Materials with spinel structure are technologically significant materials in science and technology. 

Aluminum-magnesium spinel MgAl2O4 has high hardness, chemical stability, low electrical conductivity, 

resistance to temperature effects, spinel crystals are transparent in the visible and infrared wavelength rang-

es [1]. Due to the combination of optical, mechanical and thermal properties, aluminum-magnesium spinel is 

used in aviation and space technology, optical elements of optical and optoelectronic devices operating in 

extreme conditions, gas sensors, and active laser media are produced from it. Design of materials in the form 

of double spinels opens up great prospects. In [2, 3], theoretical methods showed that the double spinel struc-

ture is thermodynamically favorable for the mixed system MgAl2O4 + MgGa2O4, mixing of cations on dif-

ferent sublattices will occur at a relatively low temperature. Synthesis of such materials opens up new possi-

bilities for designing materials with spinel structure and individual functionality. 

The authors of [4] showed that double aluminum-gallium-magnesium spinel MgAlGaO4 spinel has 

semiconductor properties and is a promising material for manufacturing short-wave LED and laser devices, 

photovoltaic solar cells. However, the technologies for synthesizing such materials are not developed. Syn-

thesis of materials based on normal MgAl2O4 and inverse MgGa2O4 spinel is carried out by thermal [5] and 

sol-gel [6] methods. The methods are complex and labor-intensive. In [5, 6], it was shown that partial con-

version occurs in inverse spinel MgGa2O4: Mg
2+

 and Ga
3+

 can occupy tetrahedral and octahedral positions,

which facilitate the penetration of the dopant and changes the luminescent properties. In [5], it was shown 

that MgGa2O4 doped with Eu
3+

 ions has excellent luminescent properties in the “red” and “orange” regions

of the spectrum, MgGa2O4: Mn
2+

 phosphors were successfully used as green emitters in night vision and data

storage devices, and in [7], inverse spinel was proposed to be used as a self-activating phosphor. Europium-

https://doi.org/10.31489/2024PH4/156-167
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activated MgAl2O4 spinel is a promising heat-resistant phosphor [8]. The luminescent properties of double 

spinel MgAlGaO4 have not yet been studied. 

This paper considers the possibility of using a radiation method using a high-energy electron beam to 

synthesize ceramics based on MgAl2O4 and double spinel MgAlGaO4. The synthesis method has been well 

tested on refractory oxide materials [9, 10]. The method is characterized by high synthesis speed and high 

efficiency. 

Experimental 

The radiation method of synthesis is based on the ability of high-energy particles to excite and destroy 

molecules of a substance, leading to the formation of new materials. For example, an electron penetrates a 

substance, causing ionization in it: the particle forms about 10 thousand particles of lower energy, these par-

ticles begin to break old chemical bonds and form new ones. Therefore, the use of the energy of an electron 

beam generated by an accelerator for the synthesis of ceramics from refractory inorganic materials is very 

promising and this method is used to synthesize spinel samples in our study. The synthesis of ceramics was 

carried out by direct action of an electron beam on the initial mixture of a given composition on the ELV6 

electron accelerator at the facility UNU Stand ELV-6 at the Budker Institute of Nuclear Physics SB 

RAS [11]. High-energy electron beams with an electron energy of 1.4 MeV were used for synthesis. The re-

sulting beam was extracted through a differential pumping system, had a Gaussian profile on the target sur-

face with a spot area of 1 cm². The synthesis occurred when the threshold power density of the energy flow 

was exceeded, which was 30 kW/cm². For the synthesis process, a mixture of high-purity oxides MgO, Al2O3 

and Ga2O3 in a stoichiometric ratio was prepared. Eu2O3 oxide was added to the mixture in an amount of 

0.5 wt.%. The oxide mixture was stirred in a mixer for 2 hours, after which it was placed in a massive copper 

crucible measuring 100 × 50 × 10 mm. The crucible depth for the synthesis of a specific ceramic was select-

ed based on the condition of complete absorption of the electron beam of a given energy by the mixture. The 

crucible was located under the accelerator outlet on a strong metal table. Synthesis proceeds in two different 

modes: “scanning” and “no scanning”. In the “no scanning” mode, the crucible displaces relative to the beam 

at a speed of 1 cm/s along the entire length of 100 mm. In the “scanning” mode, the beam scans in the trans-

verse direction of the scanning beam. The beam cross section is 1 cm
2
 in the plane of the crucible surface. 

The electron beam was scanned at a frequency of 50 Hz in the transverse direction of the crucible, while the 

crucible moved relative to the scanning beam at a speed of 1 cm/s. 

The structure of the obtained samples was studied using an XRD-7000 X-ray diffractometer (Shimadzu, 

Japan). The morphology of the samples was studied using a Hitachi TM3030 scanning electron microscope 

CEM with a Bruker XFlash MIN SVE energy dispersive analysis system at an accelerating voltage of 15 kV. 

The dispersion of all starting materials was measured by laser diffraction on a Shimadzu SALD-7101 laser 

particle size analyzer. 

Cathodoluminescence (CL) was measured using a pulsed electron beam from the GIN-600 accelerator 

as an excitation source. The electron pulse duration at half-width t1/2 was 15 ns, the average energy of accel-

erated electrons E was 250 keV, and the electron beam power density was j = 8 — 300 mJ/cm
2
. 

Cathodoluminescence oscillograms were recorded at a certain wavelength in the range of 250–1100 nm by 

an optical spectrometer consisting of an MDR-3 monochromator, an FEU-106 photomultiplier, and a four-

channel 350 MHz LeCroy WR 6030A oscilloscope. The oscillograms were then converted into luminescence 

kinetic curves in order to determine the kinetic parameters of luminescence decay. The integral CL spectra 

were measured using an AvaSpec-2048 fiber-optic spectrometer (340–1100 nm) in a “time window” 1 ms. 

All measured data were corrected taking into account the spectral sensitivity of the optical path. 

The photoluminescence (PL) and excitation spectra were measured using an Agilent Cary Eclipse fluo-

rescence spectrophotometer. The spectrophotometer uses a high-performance R928 dual photomultiplier 

with a scanning speed of 24,000 nm/min, a pulsed xenon flash lamp with a frequency of 80 Hz is used, the 

spectral range of the spectrometer is from 190 to 1100 nm. 

Results and Discussion 

In this work, several samples of spinels, normal and double, were synthesized and studied using initial 

components with different dispersion and under different process conditions. Table 1 shows the composi-

tions and designations of the samples and initial components. 
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The study of the structure of the synthesized radiation ceramics showed that the position of the diffrac-

tion peaks of the MgAl2O4 samples and their intensity completely correspond to the X-ray diffraction pat-

tern of the reference sample of spinel MgAl2O4 from the PDF2 database (card 00-021-1152). The synthe-

sized samples have a cubic structure belonging to the F3dm group with a lattice constant corresponding to 

the sample in the PDF2 database. In addition to the diffraction peaks corresponding to the reference sample 

of spinel, there is also a diffraction peak at 2θ = 43.04, attributed to the flat reflection (200) of the MgO 

phase. Clear diffraction peaks indicate good crystallinity of the synthesized MgAl2O4. Weak peaks of the 

MgO phase and the absence of peaks associated with Al2O3 indicate a sufficiently high purity of the obtained 

MgAl2O4. The average crystallite size of the synthesized samples is in the range of 500‒600 nm. 

T a b l e  1

Ceramics synthesized by radiation method 

Type spinel Sample 
Type powder 

Сomposition 
Power 

kW/cm
2

Sample 

weight, g. 
Output % 

MgO Al2O3 Ga2O3

MgAlGaO4 MAGS1 М2 К7 К8 MgO 35.9 %, 

Al2O3 22.8 %, 

Ga2O3 41.3 %, 

Eu2O3 0.5 % 

7 - - 

MgAlGaO4 MAGS2 M2 К7 К8 30 
43.4 97.1 

MgAl2O4 MAS1 M2 F800/10 - 
MgO 28.4 %, 

Al2O3 70.6 %, 

Eu2O3 0.5 % 

7 - - 

MgAl2O4 MAS2 M2 F800/10 - 30 27.9 56.6 

MgAl2O4 MAS3 К11 К7 - 7 - - 

MgAl2O4 MAS4 К11 К7 - 30 26.1 98.1 

SEM images of MgAl2O¬4: Eu3+ ceramic samples with different initial oxide powder compositions 

(MAS2 and MAS4) are shown in Figure 1. The surfaces of the samples have complex shapes characteristic 

of a solidified melt. The difference in the surface morphology of the synthesized samples can be explained 

by changes in the structural and phase composition from sample to sample. 

Figure 1. SEM images of the surface of MgAl2O-4: Eu3+ ceramic samples with different initial 

oxide powder compositions (MAS2 and MAS4) 

Figure 2 shows the element distribution maps obtained with a scanning electron microscope. The mi-

crophotographs show that the surface layer contains Mg, Al, O. The introduced Eu impurities are distributed 

non-uniformly over the surface. During the synthesis, the Eu oxide dissociates and the Eu
3+

 and O
2-

 ions en-

ter the spinel matrix independently of each other. 
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Figure 2. Result of mapping the distribution of elemental composition in the MgAl2O4: Eu
3+

 spinel sample (MAS2)

The elemental composition of the studied MgAl2O4: Eu3+ samples obtained by energy-dispersive 

analysis are shown in Figure 3. The energy-dispersive X-ray analysis spectra show elemental peaks, confirm-

ing the presence of Mg, Al, O, Eu and several impurity elements. 

Figure 3. The elemental composition of the studied MgAl2O4: Eu
3+

 samples obtained by energy-dispersive analysis

T a b l e  2

Mass composition of samples MgAl2O4: Eu
3+

Element Mass (%) Atom (%) 

Oxygen (O) 37,27 50,39 

Magnesium (Mg) 14,67 13,06 

Aluminum (Al) 32,99 26,45 

Silicon (Si) 0,03 0,02 

Calcium (Ca) 0,02 0,01 

Europium (Eu) 0,84 0,12 

Platinum (Pt) 5,11 0,57 
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Quantitative elemental analysis of the samples allowed us to establish the composition of the ceramics, 

the data of which are shown in Table 2. The results show that the composition of the elements is uniformly 

distributed. The percentage of elements obtained in the samples is similar to the theoretical calculation. 

The work investigated the efficiency of synthesis from the history of the initial oxide powder composi-

tions with different particle sizes, as well as partial replacement of Al3+ with Ga3+. The symbols for the 

synthesized spinel samples are presented in Table 3. The efficiency of the synthesis process was determined 

as the ratio of the mass of the sample obtained after synthesis to the mass of the initial powder mixture of 

oxides according to the formula: Efficiency (Output) (%) = Ms/Mm 100 %, where Ms is the mass of the syn-

thesized sample, Mm is the mass of the mixture. 

T a b l e  3

The average particle size and particle sizes for the distribution maximum 

Powder 
Grain sizes of start-

ing substances, µm 

Average particle 

diameter (µm) 

Particle sizes at distribu-

tion maximum (µm) 

MgO (M2) 0.05 — 60 4.697 22.795 

MgO (К11) 0.01 — 30 2.327 3.564 

Al2O3 (К7) 0.01 — 30 2.623 9.992 

Al2O3 (F800/10) 0.5 — 20 8.103 9.992 

Ga2O3 (K8) 0.1 — 50 5.037 6.232 

Eu2O3 (K2) 0.01 — 20 0.523 2.008 

In [9, 12], it was shown that the efficiency of YAG ceramic synthesis depends on the particle sizes of 

the powders. This hypothesis was tested on ceramics based on two types of spinels. The dispersion of the 

initial powders used for synthesis to obtain the ceramic samples was studied. The average particle size and 

the particle sizes at the maximum of the distribution are shown in Table 3. 

Figure 4 shows photographs of the synthesized samples of MAGS2, MAS2, MAS4 in crucibles. The 

photographs demonstrate the appearance of the samples synthesized in the “scanning” mode under the action 

of electron beams with E = 1.4 MeV and a flux power density of 30 kW/cm2. The synthesized samples are 

porous ceramics, have the appearance of complex-shaped polycrystalline plates, the size is determined by the 

dimensions of the crucible. In order for the crucible material not to pass into the batch during synthesis, the 

thickness of the powder mixture layer was always greater than the electron path depth. Therefore, a layer of 

batch residues always remained between the bottom of the crucible and the lower surface of the sample. The 

MAS2 sample is characterized by the formation of ceramics in the volume of the mixture layer, the presence 

of powder residue on the ceramic surface (Fig. 4). 

Figure 4. Photographs of synthesized spinel ceramics 
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A large difference in the efficiency of sample synthesis is observed depending on the granulometric 

composition. The synthesis results (Output) are given in Table 1. Aluminum oxide powder (K7) and magne-

sium oxide powder (K11) have the same average particle size and close particle size dispersion, which en-

sures high efficiency of radiation synthesis, sample MAS4 (98 %). Sample MAGS2 is synthesized from 

magnesium oxide powder (M2), aluminum oxide powder (K7) and gallium oxide powder (K8) with close 

average particle sizes and also has a high synthesis efficiency of up to 97 %. Aluminum oxide powder 

(F800/10) and magnesium oxide powder (M2) have significantly different average particle sizes (Table 3), 

the particle size differs by about two times, in addition, the M2 powder contains large particles (23 μm). This 

ratio of the particle sizes of the original powders leads to the fact that therefore the MAS2 spinel synthesized 

from this mixture of oxides has a rather low yield of 56 %. The reason for the dependence of the efficiency 

of synthesis of ceramics of complex compositions on the particle size is the difference in the dispersion of 

the powders of the initial compositions. When the sizes of the batch components of different chemical com-

positions differ significantly, local non-stoichiometry may occur, since large particles are surrounded by 

many small ones [12], respectively, the irradiation conditions for particles of different sizes are not identical. 

In addition, when filling and preparing the batch into the crucible, uneven distribution of large and small par-

ticles by volume may be observed. The dispersion composition of the activator, europium oxide, does not 

have a large effect on the efficiency of radiation synthesis, since it is introduced into the batch in a small 

amount. However, the radiation synthesis modes can affect the processes that determine the incorporation of 

the europium ion into the spinel lattice. 

Сathodoluminescence 

The cathodoluminescence characteristics of the ceramic samples were investigated. The results are pre-

sented in Figure 5. The analysis was performed for the luminescence spectra of the samples synthesized in 

two modes: “scanning” and “no scanning”. It was found that the luminescent properties of the sample pairs 

obtained in the “scanning” and “no scanning” modes are mainly qualitatively similar. The CL analysis 

showed that the luminescence spectra of MgAlGaO4 and MgAl2O4 spinels are similar (Fig. 5a, c) (samples 

MAGS1, MGAS2 and MAS3, MAS4). The spectra contain glow bands with maxima at 520, 615 and 

710 nm, the ratio of band intensities can vary for the samples obtained under different conditions. In particu-

lar, samples MGAS2 and MAS4 demonstrated high synthesis efficiency (Table 1). The qualitative composi-

tion of the CL spectra in samples MAS1 and MAS2 is different (Fig. 5b); the spectrum is dominated by 

emission with a maximum at 690 nm and a set of peaks in the 690–800 nm region, which is associated with 

the luminescence of the chromium ion [13]. 

In samples MAGS1, MGAS2 and MAS3, MAS4, the dominant luminescence spectrum is a narrow 

band at 615 nm, caused by the luminescence of europium ions. In samples MAS1 and MAS2, a weak band is 

observed at 615 nm and an intense band in the 690–800 nm region with a maximum in the 690 nm region. 

It is known that the presence of the dopant Eu3+ in the spinel lattice causes intense luminescence due to 

the 
5
D0.1→

7
FJ transitions (615 nm band) in europium ions [5, 6, 8]. Samples MAS1 and MAS2 differ from

other types of synthesized ceramics. For their synthesis, F800/10 aluminum oxide was used. Al2O3 

(F800/10) powders have a larger average particle size compared to magnesium oxide and a distinct differ-

ence in particle size distribution with MgO (M2). In this case, Al2O3 (K7) and MgO (K11) powders with a 

close average particle size and similar size distribution were used to synthesize samples MAS3 and MAS4. 

Apparently, a significant difference in the average particle size of the powders can affect both the formation 

of the spinel crystal lattice during radiation synthesis and the activation of spinel by Eu
3+

 ions. Intense lumi-

nescence in the 615 nm band associated with impurity Eu3+ ions (transition 
5
D0→

7
F2) is recorded in the

MAGS1, MAGS2, MAS3 and MAS4 samples. This band is observed in samples MAS1 and MAS2, but its 

intensity is weak compared to the luminescence in the 690 nm band. Thus, it can be concluded that the meth-

od of spinel synthesis using a high-energy electron beam does not affect the appearance of the spectral 

bands, but changes the intensity ratio of the luminescence bands of impurity and intrinsic centers. The ratio 

of luminescence intensities between the spectral bands with maxima at 615 nm and 710 nm differs signifi-

cantly for samples synthesized at different power densities: 4:1 for MAGS1 at 7 kW/cm2, 2:1 for MAGS2 at 

30 kW/cm2. For samples MAS3 and MAS4, the effect of the method of action on the luminescence intensity 

is insignificant, i.e. the intensity ratio I615 / I710 is ~ 2:1 (Fig. 5). A band at 520 nm can also be recorded in the 

CL spectra; in [14], the authors associate this luminescence with oxygen vacancies in the spinel structure. 

A band at 380 nm is recorded in the CL spectra of MgAlGaO4 samples, while it is absent in MgAl2O4 

samples. In [15] luminescence in the CL spectra of MgGa2O4 crystals is recorded in the range of 300–
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450 nm with a maximum at ~362–393 nm, depending on the annealing conditions of the crystals. The au-

thors associate the change in the peak position in this spectral region with the redistribution of cations in the 

inverted spinel structure and the corresponding differences in the localization energies of self-trapped 

excitons. MgGa2O4 phases can appear in the composition of MgAlGaO4 ceramics during synthesis, which 

causes the appearance of a band with maximum 380 nm in the CL spectrum. In the CL spectrum of the 

MAS3 and MAS4 samples, a band is observed in the region of 440–460 nm. The luminescence in the region 

of 460 nm is due to the luminescence of clusters formed as a result of the interaction of F
+
 centers with near-

by negatively charged defects in the cationic sublattice of spinel [16]. In [16], the band in the spectrum of the 

MgAl2O4 phosphor with a maximum at 440 nm was attributed to luminescence centers in the form of Mg
2+

vacancies. 

Figure 5. CL spectrum of samples: a) MAGS1 

and MAGS2, b) MAS1 and MAS2 

and c) MAS3 and MAS4 

Figure 6. Excitation and PL spectrum at λem = 615 nm and 

λex = 260 nm of samples: a) MAGS1 and MAGS2, b) 

MAS1 and MAS2 and c) MAS3 and MAS4 

The kinetics of luminescence decay under pulsed electronic excitation in the region of 615, 690, and 

710 nm has been studied. Luminescence can be described by the sum of two exponential components. Fig-
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ure 7 presents the obtained results. In the region of 615, 690, and 710 nm, the characteristic decay times in 

the range up to 5 μs for each individual sample synthesized with different power densities are similar. It was 

found that the shape of the CL kinetic curves in the 615 and 710 nm band significantly differs for MAGS1, 

MAGS2, and MAS3 and MAS4 samples. 

Table 4 summarizes the kinetic decay times for all the samples studied. In the spectral ranges of 615 

and 710 nm, the MgAlGaO4 spinel sample shows the largest decay time compared to other samples. The de-

cay time of the MgAlGaO4 spinel sample reaches its maximum in the spectral range with a maximum of 

615 nm; the decay time of the fast component τ1 and the slow component τ2 in MAGS1 and MAGS2 samples 

in the 615 nm band is τ1 ≈ 0.1 μs and τ2 ≈0.9 μs. 

Figure 7. Kinetic characteristics of CL decay MAGS1, MAGS2, MAS1, MAS2, MAS3 

and MAS4 in the region of 615, 690, 710 nm 

T a b l e  4

Luminescence decay time of MgAlGaO4 and MgAl2O4 ceramic samples in the characteristic bands 

Sample 
615 nm 690 nm 710 nm 

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) 

MAGS1 120 902 - - 41 453 

MAGS2 118 896 - - 38 436 

MAS1 30 624 25 343 - - 

MAS2 23 421 24 352 - - 

MAS3 39 315 - - 26 241 

MAS4 24 320 - - 25 275 

Photoluminescence 

Photoluminescence and excitation spectra (PL) of the synthesized spinel samples were studied. The 

photoluminescence excitation spectrum of Eu
3+

 ions in spinel was monitored at an emission wavelength of 

615 nm (transition 
5
D0→

7
F2). In the photoluminescence excitation spectrum, bands with a maximum at

wavelengths of 393 nm (
7
F0→

5
L6), 463 nm (

7
F0→

5
D2) are recorded, corresponding to the f→f configuration

transitions in the Eu
3+

 ion. Excitation bands at 330 nm and 260 nm are characteristic of the charge transition 

between Eu
3+

 and O
2-

 ions [17]. The PL spectrum of the samples at excitation at 260 nm was studied. Lumi-

nescence bands of Eu
3+

 ions appear in the emission spectrum of the spinel samples. In the structure of the 

band with a maximum at 615, a peak at 590 nm is observed, characterized by the transition 
5
D0→

7
F1. In the

PL spectra of all samples, a weak spectral band with a maximum at 535 nm appears, characteristic of the 

emission of europium ions with the transition 
5
D1→

7
F1 [8, 14].

For spinels with gallium MAGS1 and MAGS2, the intensity of europium luminescence in the bands at 

615, 690 nm is significantly higher in the samples obtained in the “scanning” mode. It is possible that euro-

pium ions are more effectively incorporated into the spinel lattice with gallium during synthesis in this mode. 

Conclusions 

The work shows that it is possible to synthesize luminescent porous ceramics based on spinels 

MgAl2O4, MgAlGaO4 by means of the action of powerful flows of high-energy electrons with an energy of 
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1.4 MeV and a power of 7‒30 kW / cm
2
 directly on a batch of powders of metal oxides MgO, Al2O3, Ga2O3

in a stoichiometric ratio with activators europium oxide. The efficiency of radiation synthesis of spinel sam-

ples depends on the history of the initial oxide powder compositions. A mixture of oxide powders with close 

average particle sizes and similar particle distributions in the synthesis of ceramics by the radiation method 

gives a useful yield of up to 97 %. The particle size of about 5‒10 μm, close average particle size and similar 

particle size distribution for various components of the batch is optimal for ensuring high efficiency of radia-

tion synthesis 

The structural and luminescent properties of spinel ceramic samples have been studied. The study re-

vealed that Eu
3+

 ions are incorporated into the crystal lattice of both types of spinels. In the luminescence 

spectra of the synthesized spinel samples, luminescence of Eu
3+

 ions can be observed (
5
D0, 

5
D1 → 

7
Fj transi-

tions). The characteristic luminescent properties of the Eu
3+

 ion arise in the strongest spectral band at 615 nm 

(
5
D0 → 

7
F2 transition), which is more distinct in MgAlGaO4 and MgAl2O4 samples synthesized from a mix-

ture of oxide powders with a similar average particle size and granulometric composition. Superposition of 

the luminescence bands of chromium and europium ions (
5
D0→

7
F4 transition) is due to effective lumines-

cence of chromium in the spectra of MAS1 and MAS2 samples excited by electrons. The emission peaks of 

the PL and CL spectra in MGAS1, MGAS2, MAS3 and MAS4 samples are similar; however, the PL spec-

trum of MAS1 and MAS2 samples does not exhibit a maximum peak at 690 nm compared to the CL spec-

trum. 
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Е.Ф. Полисадова, Н.Д. Чан 

Еуропиймен легирленген MgAl2O4 және MgAlGaO4 

кеуекті керамиканың құрылымы мен люминесценттік қасиеттерін 

электронды сәулені қолдана отырып синтездеу 

Еуропиймен легирленген MgAl2O4 (MAS) және MgAlGaO4 (MAGS) кеуекті керамикасы радиациялық 

әдіспен синтезделді. Радиациялық синтез синтезді ынталандыру үшін қоспаларды немесе басқа 

материалдарды пайдаланбай, оксид ұнтақтарының қоспасынан электронды іске қосу мен шихтаның 

сәулелену энергиясын пайдалана отырып, 1 секундтан аз уақыт ішінде жоғары тиімділікпен жүзеге 

асырылады. Жоғары энергиялы электронды сәулені қолдана отырып, синтездеу әдісі жоғары 

өнімділігі бар отқа төзімді материалдарды алуға, процестің технологиялық жағдайларын басқаруға 

және сәйкесінше берілген қасиеттері бар материалдарды синтездеуге мүмкіндік береді. Синтезделген 

кеуекті керамиканың құрылымдық қасиеттері рентгендік дифракция әдісімен (XRD-7000s 

дифрактометрі, Shimadzu), сканерлеуші электронды микроскопия әдістерімен зерттелген. Нәтижелер 

синтезделген MAS текше құрылымды және MgAl2O4 шпинелінің кристалдық құрылымына сәйкес 

келетінін көрсетті, ал MAGS синтезделген қос шпинельді екі негізгі фазалық компоненттен тұрады: 

MgAl2O4 және MgGa2O4. Еуропий қосылған синтезделген шпинельдің MAS және MAGS 

люминесценция қасиеттерін зерттеу үшін фотолюминесценцияны өлшеу жүргізілді. Шпинельдегі Eu3+ 

иондарының қозуының фотолюминесценция спектрі λem = 615 нм (5D0→
7F2) кезінде бақыланды. PLE

Eu3+ иондарының конфигурациясындағы f→f ауысуын көрсетеді 393 нм (7F0→
5L6), 463 нм (

7F0→
5D2)).

330 нм және 260 нм-дегі қозу диапазоны Eu3+ және O2 иондары арасындағы зарядтың ауысуына тән. 

260 нм қозған үлгілердің фотолюминесценция спектрі зерттелді. Шпинель үлгілерінің PL спектрінде 

Eu3+ иондарының эмиссиясы айқын көрінеді. Ең көбі 615 диапазонының құрылымында шыңы 590 нм-

де көрінеді, 5D0 → 7F1 ауысуымен сипатталады. Үлгілердің ФЛ спектрінде 5D1–
7F1 ауысуымен Eu3+

иондарының шығарылуына тән максимум 535 нм болатын әлсіз спектрлік диапазон пайда болады. 

Радиациялық синтездің тиімділігі бастапқы оксид ұнтақтарының гранулометриялық құрамына 

байланысты екендігі көрсетілген. 

Кілт сөздер: керамикалық шпинель, қос шпинель, Eu легирлеу, радиациялық синтез, люминесценция, 

MgAl2O4, MgAlGaO4. 

Е.Ф. Полисадова, Н.Д. Чан 

Синтез с использованием электронного пучка, 

структура и люминесцентные свойства пористой керамики 

MgAl2O4 и MgAlGaO4, легированной европием 

Пористая керамика MgAl2O4 (MAS) и MgAlGaO4 (MAGS), легированная европием, синтезирована ра-

диационным методом. Радиационный синтез осуществлен с высокой эффективностью в течение менее 

1 сек с применением энергии излучения электронного пуска и шихты из смеси порошков оксидов без 

использования добавок или других материалов для стимуляции синтеза. Метод синтеза с применени-

ем высокоэнергетического электронного пучка позволяет получать тугоплавкие материалы с высокой 

https://doi.org/10.3390/ma16083158
https://doi.org/10.1039/C6RA03369E
https://doi.org/10.1063/1.4767228
https://doi.org/10.1016/j.jlumin.2009.06.005
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производительностью, управлять технологическими условиями процесса и, соответственно, синтези-

ровать материалы с заданными свойствами. Структурные свойства синтезированной пористой кера-

мики исследованы методом рентгеновской дифракции (дифрактометр XRD–7000S, Shimadzu), мето-

дами сканирующей электронной микроскопии. Результаты показали, что синтезированные MAS име-

ют кубическую структуру и соответствуют в кристаллической структуре шпинели MgAl2O4, в то вре-

мя как синтезированная двойная шинель MAGS содержит два основных фазовых компонента: 

MgAl2O4 и MgGa2O4. Для изучения люминесцентных свойств синтезированных MAS и MAGS шпине-

ли, легированной европием, были проведены измерения фотолюминесценции (ФЛ). Спектр фотолю-

минесценции возбуждения ионов Eu3+ в шпинели контролировался при λem = 615 нм (5D0→
7F2). ФЛ

показывает переход f→f в конфигурации ионов Eu3+ (при 393 нм (7F0→
5L6), 463 нм (

7F0→
5D2)). Поло-

сы возбуждения при 330 нм и 260 нм характерны для зарядового перехода между ионами Eu3+ и O2-. 

Изучен спектр фотолюминесценции образцов при возбуждении при 260 нм. В спектре ФЛ образцов 

шпинели отчетливо видно излучение ионов Eu3+. В структуре полосы с максимумом 615 виден пик 

при 590 нм, характеризующийся переходом 5D0 → 7F1. В спектре ФЛ образцов появляется слабая

спектральная полоса с максимумом при 535 нм, характерная для излучения ионов Eu3+ с переходом 
5D1–

7F1. Показано, что эффективность радиационного синтеза зависит от гранулометрического соста-

ва исходных порошков оксидов. 

Ключевые слова: шпинель керамическая, двойная шпинель, легирование Eu, радиационный синтез, 

люминесценция, MgAl2O4, MgAlGaO4. 
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Dependence of the distribution of absorbed electron flux energy 

in matter on the beam cross section 

Beams of electrons confined in space are widely used in technological operations on welding, cutting, surface 

treatment. During the passage of electrons in matter, redistribution of beam energy losses occurs. The results 

of energy loss modeling using the Monte Carlo method presented in this paper demonstrate the redistribution 

of energy losses in the volume of the substance. There is an increase and then a decrease in energy loss as the 

electron beam moves deeper into the material. In the direction perpendicular to the beam axis there is an ex-

pansion of the energy loss region and then a decrease in the diameter of this region. The presented calcula-

tions well explain the results of synthesis of refractory dielectric ceramics. The redistribution of energy losses 

in the substance determines the morphology of the synthesized samples. 

Keywords: synthesis, YAG: Ce ceramics, high-power electron flux, energy loss, Monte Carlo method, Gauss-

ian flux distribution, CASINO V2.5, specific energy losses. 

Introduction 

High-energy electron fluxes are widely used in a wide variety of applications. Electron fluxes are used 

for the treatment of oncological diseases [1‒4], in tomography [5‒10]. Broad electron beams with energies 

up to tens of megaelectronvolts and narrow focused streams are used for these purposes. Radiation steriliza-

tion of medical preparations and medical devices is becoming the main method [11‒13]. Widespread espe-

cially in recent years electron fluxes have been used for the treatment of products, surface cleaning, welding, 

cutting. As there are many variants of directions of use, technological electron accelerators of various power 

and energy of electrons have been created [14‒16]. One of the main qualities of electron beam technologies 

is high efficiency (up to 70‒80 %) of conversion of the supplied electrical energy into electron beam energy. 

In recent years, attempts have been made to use electron beams for the synthesis of dielectric refractory 

materials needed for photonics, semiconductor electronics, light sources, and optics. In [17-18] it is shown 

that by direct impact of a powerful flow of high-energy electrons on the charge of refractory metal oxides it 

is possible to obtain ceramics in a time less than 1 second, without the use of any other substances to stimu-

late the process. 

Obviously, due to the variety of electron beam applications, which differ in energy, power, and beam 

geometry, methods of rapid assessment of quantitative characteristics of the energy loss of electron beams as 

they pass through matter are required. Such methods have been developed and allow predicting quite correct-

ly the distribution of absorbed energy during the passage of electron flow through matter [19-20]. In [21] it is 

shown that the distribution of energy losses of electron beams of Gaussian shape or limited in cross-section 

is inhomogeneous. There is a redistribution of energy in the target volume. This effect is very important to 

take into account when using narrowly directed beams. 

The purpose of the present work is to investigate the energy losses of a space-limited flow of high-

energy electrons in the volume of irradiated matter. 

Modelling methodology 

Monte Carlo calculations were performed for beams with a Gaussian flux distribution over the cross 

section and the number of incident electrons equal to 10 000 and 100 000 at an energy of 1.4 MeV. Water 

with a density of 1 g/cm
2
 and the charge for the synthesis of yttrium-aluminum garnet (YAG) with a density 

of 1.1 g/cm
2
 The CASINO V2.5 software developed at Sherbrooke University [22] was used as an object for 

energy loss calculations. 
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The programme does not take into account the effect of inelastic scattering on electron deflection and 

groups all electron energy loss events into a continuous energy loss function [23]. Under this assumption, the 

energy between collisions can be calculated using the following equations: 
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where Zj and Jj are the atomic number and average ionisation potential of element j, respectively. Kj is a var-

iable depending only on Zj. 

The elastic collision angle is determined using pre-calculated values of the partial elastic cross sec-

tion [24]. For regions containing multiple chemical elements, the atom responsible for electron deflection is 

determined using the full cross section ratio [25]. 

Many features were added to the first version of CASINO 2.5 to improve the overall use of modelling. 

A graphical interface allows the user to view results while the simulation is running to avoid wasting time on 

simulations with incorrectly specified simulation conditions. A step-by-step wizard guides the user through 

various dialogue boxes to define the sample, set parameters and select the distributions to be created. All 

simulation data is stored in a single file to simplify the processing of results. 

Modeling results 

Water and charge for the synthesis of cerium-activated yttrium-aluminium garnet ceramics (YAG: Ce) 

were chosen as objects for synthesis. Water is the closest medium in terms of absorption capacity to the tis-

sues of living organisms. The charge is used for the radiation synthesis of YAG: Ce ceramics studied with 

the authors. The electron beam entering the material is scattered by atoms, ions of the substance, transfers its 

energy to ionisation, generation of secondary electrons. As a result of these processes, as electrons pass 

through the substance, there is a change in the spatial structure of the beam energy transfer. Part of the ener-

gy is transferred to the substance outside the beam cross-section. There is a concentration of energy losses 

along the beam axis. 

Figure 1 shows the results of modelling the distribution of electron energy losses in water as a function 

of the beam width in water. The lines indicate the boundaries of equal losses indicated in the table. At beam 

widths from 1 mm to 5 mm, the distribution function has a mushroom shape. As the beam width increases, 

the general pattern of energy loss distribution approaches a rectangular form. The maximum of the absorbed 

energy shifts from the surface along the beam. We emphasise that the above results correspond to the distri-

bution of losses in matter of fluxes with equal integral doses. 

a b c d 

Figure 1. Distribution of electron flux energy losses in matter as a function 

of beam width (a) 1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm 

At the electron flow width of 1 mm, the regions of equal losses have an oval shape. As the electron 

beam width increases, the areas of maximum energy loss shift along the beam axis, and the oval shape of the 

energy loss maximum approaches a circular shape. 

Figure 2 shows the results of the modelling of energy losses by depth when passing through water. It 

follows from the presented results that the distribution of energy losses along the beam depth has a complex 
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character. As the beam passes through, the energy absorption by matter increases, reaches maximum values, 

and then decreases. The electron travelling depth mainly depends on the electron energy. The influence of 

the beam width on the energy loss distribution is insignificant. Electrons with energy of 1.4 MeV of beams 

of different diameters penetrate into water to a depth in the range of 6.4mm-6.6mm. 

a b c 

Figure 2. Electron spacings in matter as a function of beam width(a) 1 mm, (b) 3 mm, (c) 5 mm 

Figure 3 shows the energy loss distribution of 1.4 MeV electrons when passing through the charge for 

YAG synthesis. The charge is a mixture of Al2O3 (43 %) and Y2O3 (56 %) powders with Ce2O3 (1.0 %) as 

activator. The density of the charge was 1.1 g/cm
2
. Calculations were performed by Monte Carlo method 

using 100 000 iterations. Figure 3 on the left shows the distribution of electron beam energy losses in a 

cross-section of the irradiated volume along the beam axis. Figure 3 on the right shows the calculated values 

of electron energy losses in cross sections perpendicular to the beam axis. The coloured lines indicate the 

boundaries of the energy loss region of equal value indicated in the table. 

Figure 3. Distribution of electron energy losses along the beam axis and cross sections perpendicular to the beam axis 

The maximum electron beam energy losses are near the beam axis. The distribution of specific energy 

losses in sections perpendicular to the beam axis at depths of 0.77, 1.5, 3.87, and 4.64 mm is similar along 
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the entire beam path, but differs in absolute value. In general, the energy losses along the beam axis change 

according to the regularity shown in Figure 2. The losses are maximum in the region of the beam axis. The 

losses decrease with distance from the axis. In the section perpendicular to the axis, the specific losses are 

described by a circle with the centre on the axis. However, they differ due to the variation of the cross-

sectional diameter of the energy loss region as the beam passes through. The diameter of the circle increases 

as it moves away from the surface, reaches a maximum value, and then decreases. 

Discussion 

In order to optimize the modes of radiation synthesis of ceramics, studies of the dependence of the syn-

thesis result on the electron flux power density on the charge surface, which is set in the experiment and well 

controlled, are carried out. As shown above, the distribution of the absorbed radiation dose is not homogene-

ous over the irradiated volume both in the depth of the beam passage and in the cross section. The redistribu-

tion of absorbed energy in the volume should affect the morphology of the synthesized sample. This effect 

should certainly be taken into account during synthesis. Therefore, it is necessary to establish a relationship 

between the electron flux power density on the charge surface and the beam energy losses in the irradiated 

region of the charge. To establish the relationship, we introduce the following definitions: integral electron 

beam power density and specific beam energy losses in the charge volume. Under integral we will under-

stand the power density averaged over the entire beam area on the charge surface Pl. Under specific energy 

losses we will understand the energy losses of the electron flux in the unit of elementary volume WL in the 

irradiated area of the material with given coordinates. 

For the synthesis of ceramics in the field of high-energy electron flow in [17-18], a Gaussian electron 

beam with a diameter of 1.2 cm was usually used on the surface of the charge with an area of about 1 cm
2
. 

The energy loss is maximum along the axis of the beam passing through the medium along the entire elec-

tron flow path. Along the beam axis, the energy loss increases, then decreases to 0 (Fig. 2). Energy losses 

along the beam axis are maximum at some depth from the surface, depending on the electron energy and ab-

sorption capacity of the substance. In the cross-section transverse to the axis, the energy losses of the elec-

tron flow decrease from the maximum on the beam axis to 0. The diameter of the specific energy loss distri-

bution area grows along the beam axis to the maximum, then decreases. The distribution of specific energy 

losses in the cross-section of the beam has a bell-shaped form similar to the one shown in Figure 4. 

Figure 4. Distribution of specific energy losses of electron flow in the cross-section perpendicular to the beam axis 

This distribution of specific losses is qualitatively similar for all modes of radiation exposure at the 

same experiment geometry and electron energy. With increasing integral power density, only absolute values 

of specific losses grow proportionally, but the picture does not change qualitatively. Specific energy losses in 

the whole volume of irradiated matter also grow proportionally. 

In order to form ceramics in the radiation field it is necessary to overcome the threshold for the realisa-

tion of this process. Synthesis is realised in those areas of the charge in which specific energy losses of the 

radiation flux exceed this threshold. Therefore, the morphology of the sample obtained by the radiation 

method reflects the distribution of energy losses. 
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Figure 5. Distribution of specific energy losses of electron flux along the beam axis 

Figure 5 shows the results of calculations of the values of specific energy losses of the electron flux 

with energy of 1.4 MeV along the beam axis in the charge. The results are presented in relative units of inte-

gral values of the electron flux power density WL, a.u. at the same exposure time, differing in the ratio 4:3:2:1. 

The dotted line indicates the value of the threshold of specific electron flux energy losses Wc, sufficient to 

realise the synthesis. Synthesis is realised in those regions where specific electron flux energy losses are suf-

ficient or exceed the threshold. Synthesis is not realised at WL, a.u. (1), it is realised on the electron flow path 

with WL, a.u. (3), WL, a.u. (4) in the range from 0 to ΔZ3 and ΔZ4, respectively, as well as in the range from ΔZ2s 

to ΔZ2d at WL, a.u. (2). This explains the experimentally observed facts. At small values of the integral power 

density of the electron flux, fusion is realised in the subsurface layer. The thickness of the synthesised ceram-

ics increases with increasing integral electron flux power density. 
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Д.А. Мусаханов, А.С. Көбей, М.Г. Голковский, А.Т. Тулегенова 

Электрон ағыны энергиясының заттағы сіңірілуінің таралуының 

сәуле көлденең қимасына тәуелділігі 

Кеңістікте шектелген электрон сәулелері дәнекерлеу, кесу, бетті өңдеу сияқты технологиялық опера-

цияларда кеңінен қолданылады. Электрондардың зат арқылы өтуі кезінде сәуле энергиясының 

шығындары қайта бөлінеді. Осы жұмыста Монте-Карло әдісін қолдана отырып ұсынылған энергия 

шығынын модельдеу нәтижелері зат көлеміндегі энергия шығынын қайта бөлуді көрсетеді. Электрон 

сәулесі материалға тереңірек енген сайын энергия шығынының артуы және кейіннен кемуі байқалады. 

Сәуле осіне перпендикуляр бағытта энергия шығыны аймағының кеңеюі және кейіннен осы аймақтың 

диаметрінің азаюы байқалады. Ұсынылған есептеулер отқа төзімді диэлектрлік керамиканы синтездеу 

нәтижелерін жақсы түсіндіреді. Заттағы энергия шығындарының қайта бөлінуі синтезделген 

үлгілердің морфологиясын анықтайды. 

Кілт сөздер: синтез, YAG:Ce керамикасы, жоғары қуатты электрон ағыны, энергия шығыны, Монте-

Карло әдісі, Гаусс ағынының таралуы, CASINO V2.5, меншікті энергия шығындары. 
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Д.А. Мусаханов, А.С. Кобей, М.Г. Голковский, А.Т. Тулегенова 

Зависимость распределения поглощенной энергии потока электронов 

в веществе от поперечного сечения пучка 

Пучки электронов, ограниченные в пространстве, широко используются в технологических операциях 

сварки, резки и обработки поверхности. При прохождении электронов в веществе происходит пере-

распределение потерь энергии пучка. Результаты моделирования потерь энергии с использованием 

метода Монте-Карло, представленные в данной работе, демонстрируют перераспределение потерь 

энергии в объеме вещества. Наблюдается увеличение, а затем уменьшение потерь энергии по мере уг-

лубления электронного пучка в материал. В направлении, перпендикулярном оси пучка, происходит 

расширение области потерь энергии, а затем уменьшение диаметра этой области. Представленные 

расчеты хорошо объясняют результаты синтеза тугоплавкой диэлектрической керамики. Перераспре-

деление потерь энергии в веществе определяет морфологию синтезированных образцов. 

Ключевые слова: синтез, керамика YAG:Ce, высокомощный поток электронов, потери энергии, метод 

Монте-Карло, гауссово распределение потока, CASINO V2.5, удельные потери энергии. 
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Hydrogen from Methane: Application of Microwave Discharge and Catalyst 

This paper presents the results of experiments to produce hydrogen using methane pyrolysis with microwave 

(MW) discharge and steel catalyst in an applied research installation PM-6. The experiments were conducted 

to determine the fullest extent of methane decomposition in microwave discharge in the PM-6 installation us-

ing steel catalyst with varied nickel content. The results showed that the use of nickel catalysts provides the 

highest hydrogen yield under optimal conditions. Hydrogen production technology was implemented using 

catalyst in MW discharge with the maximum rate of methane conversion up to 32±2 % and hydrogen selec-

tivity up to 85±1 % at MW discharge of 0.6 kW, methane flow rate of 0.25±0.05 l/min and argon 

8.0±0.2 l/min. Overall, the results of the study highlight the importance of choosing catalysts to achieve op-

timal conditions for methane pyrolysis and create efficient technologies for hydrogen production. The data 

obtained from the experiments could be useful for the development of industrial pyrolysis plants, which will 

contribute to a more sustainable energy future and a reduced carbon footprint. 

Keywords: hydrogen, methane pyrolysis, hydrogen energy, microwave discharge, methane conversion, car-

bon, hydrogen selectivity, catalyst. 

Introduction 

Hydrogen energy has been gaining increasing popularity in recent years. Hydrogen can be used for en-

ergy storage, accumulation, and delivery. In this context, hydrogen energy stands out as one of the most 

promising directions. Consequently, developed countries are developed their own hydrogen energy strategies 

to meet the annually increasing demand for clean energy [1, 2]. 

Hydrogen can be produced from various raw material sources using a wide range of technologies. Cur-

rently, natural gas is the primary feedstock for hydrogen production, accounting for 68 % of the total hydro-

gen production worldwide in 2023 [3]. Therefore, to ensure the sustainable use of hydrogen, it is necessary 

to develop efficient and environmentally friendly production methods. Methane pyrolysis is one such meth-

od, which, unlike traditional methods, significantly reduces CO2 emissions [4‒6]. Furthermore, research re-

sults have shown that methane pyrolysis is more economically advantageous compared to traditional hydro-

gen production methods due to lower feedstock costs, high product purity, and the possibility of utilizing by-

products [7‒10]. 

In this article, methane pyrolysis is implemented using a microwave discharge. The pyrolysis process in 

a microwave discharge allows for the achievement of the necessary temperatures and conditions for pyroly-

sis, significantly reducing reaction time and increasing the yield of target products [11]. It is necessary to 

optimize the process, particularly through the use of catalysts to enhance the efficiency of pyrolysis and 

achieve high selectivity for hydrogen. 

Catalysts can be used to increase the efficiency of moment pyrolysis and research is currently underway 

into various materials for use in this process. One of the key factors in enhancing the conversion rate of me-

thane is increasing the temperature of the catalyst since it heats the passing gas. As a result, excited atoms 

and molecules of methane passing through the catalyst, heated by the energy of the microwave discharge, 

undergo the decomposition of methane molecules under the influence of chemically active plasma particles 

(ions, electrons, free radicals). 

In addition, the catalyst must have both good catalytic activity and a long service life, as well as low 

cost. In this regard, many studies of catalysts such as Ni and Fe have been conducted to improve the catalytic 

activity of methane pyrolysis [8, 12‒19]. The main factors affecting the effectiveness of the catalyst applica-

tion should be taken into account, such as temperature and time of gas contact with the catalyst, textural 
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properties, material composition and method of catalyst synthesis when choosing the material used in the 

catalyst. 

The integration of methane pyrolysis with high-frequency discharge technologies and metallic catalysts 

can lead to the creation of closed cycles that promote cleaner and more sustainable hydrogen production. 

Thus, this article presents the current results of experimental studies on methane pyrolysis in a microwave 

discharge using a catalyst. 

Experimental 

Experiments were conducted using the setup for studying the plasma-chemical decomposition of me-

thane in the microwave discharge PM-6 [20]. Data on the pyrolysis of methane have previously been ob-

tained at the IAE RSENNC RK, and the results are presented in works [21, 22]. The schematic layout of the 

catalyst in the PM-6 installation is shown in Figure 1. 

Figure 1. The schematic layout of the catalyst placement in the PM-6 installation 

Astainless-steel metal sample was chosen as a catalyst according to literature data [5, 23, 24]. The re-

search [7] has been shown that the use of a catalyst made of nickel and carbon-containing materials in the 

pyrolysis of natural gas can increase the formation of hydrogen in the mixture of gaseous products. In this 

regard, it was decided to apply a Ni coating to the steel catalyst. 

During this research, 3 series of experiments were fulfilled using the following materials: 

– Stainless Steel catalyst (Initial);

– Stainless Steel catalyst, plated nickel catalyst;

– Stainless Steel catalyst electrochemically plated by nickel.

For nickel coating, the steel catalyst was placed in a nitric acid (HNO3) solution to remove contami-

nants. Nickel nitrate (Ni(NO3)2) was used as the solution for electroless nickel coating. The composition of 

the liquid electrolyte in which the product was immersed for electroless coating also included nickel nitrate 

(Ni(NO3)2). Figure 2 shows a 20 mm long and 25.5 mm diameter steel catalyst. 

а) b) c) 

а) Initial; b) During electrochemical deposition; c) Nickel plated;

Figure 2. Process of coating the initial catalyst 
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Upon coating, elemental analysis of the catalysts was performed using a Hitachi TM4000Plus scanning 

electron microscope (SEM) with an EDS attachment. Figure 3 shows the results. 

Figure 3. Elemental analysis of the catalyst surface after nickel coating 

According to the results of elemental analysis, it is obvious that the electrochemical method of coating 

is more effective, since the composition of Ni in the catalyst increased by 5 at.%. 

Experiments on methane decomposition in the PM-6 installation were conducted in a microwave 

discharge. A mixture of working gases of methane and argon was fed into a reaction chamber made of quartz 

glass with a length of 460 mm and an internal diameter of 26 mm. The reflected power was monitored on the 

magnetron control unit in all experiments and was reduced to “0”. Argon was used as a plasma-forming gas 

for igniting the plasma, into which methane was smoothly fed. The carbon powder deposited on the 

catalyst (Fig. 4) on the wall of the quartz tube was mechanically removed and collected for analysis after 

each experiment. 

а) catalyst b) reaction chamber

Figure 4. View after the experiment 

Results and Discussion 

The reaction products were analyzed using a mass spectrometer “CIS100Gas Analyzers” based on 

partial gas pressures. 

Based on the mass spectrometric analysis data, a qualitative and quantitative evaluation of the methane 

decomposition rate and hydrogen selectivity was performed. 

The methane conversion rate 
4CHK  is a qualitative value that determines the proportion of methane that 

has entered into a chemical reaction from the overall original methane. The methane conversion rate was cal-

culated using the following formula: 
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Product selectivity 
2H S is a qualitative evaluation determining the proportion of methane from a chem-

ical reaction was used to form the target product that is hydrogen. In this work, hydrogen selectivity was cal-

culated using the formula [25]: 
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Figure 5 shows the partial pressure diagram of gases. In formulas (1) and (2)  
2H inP and  

4CH inP are 

the partial pressures of hydrogen and methane at the beginning of the experiment,  
2H outP and  

4CH outP

are the partial pressures of hydrogen and methane at the end of the experiment. 

Table 1 shows the calculation data for the rate of methane conversion and hydrogen selectivity. 

T a b l e  1

Results of calculations of qualitative characteristics of conversion 

# WMW, kW QAr, l/min 
QCH4, 

l/min 
T, ℃ , % , % 

1 

0.6 8.0±0.2 0.25±0.05 650±70 

36±1 34±2 

2 28±1 74±1 

3 32±2 85±1 

Note ‒ WMW — magnetron power, QAr — argon consumption, QCH4 — methane consumption, 

T — catalyst temperature, 
4CHK — methane conversion rate, 

2HS — hydrogen selectivity.

Figure 6 shows a diagram of the dependence of the rate of methane conversion and hydrogen selectivity 

on the amount of nickel in the elemental composition of the catalyst. 

а) Ni = 0 at.%; b) Ni = 3 at.%;

c) Ni = 8 at.%.

Figure 5. Diagram of partial pressures of gases in the result of the decomposition of methane with different nickel 

content in the catalyst 
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Figure 6. Diagram of the dependence of the rate of methane decomposition 

and hydrogen selectivity on at.% Ni in the catalyst 

Figure 6 evidences that increasing the nickel content in the catalyst contributes to an increase in hydro-

gen selectivity. 

Conclusions 

Experiments were conducted to determine the maximum of methane decomposition rate in the micro-

wave discharge using the PM-6 installation with a steel catalyst with varied nickel content. Three series of 

experiments were conducted with the same microwave discharge power, catalyst temperature, argon and me-

thane flow rates. Based on the results of the experiments, it was found that increasing the Ni content in the 

steel catalyst to increase the rate of methane conversion and hydrogen selectivity is effective. The catalyst 

with 8 at.% nickel content, deposited electrochemically, showed the maximum hydrogen selectivity value. 

Analysis of the reaction kinetics showed that the use of catalysts not only increases the rate of pyrolysis, 

but also helps improve the energy efficiency of the process. 
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М.К. Скаков, А.Ж. Миниязов, И.А. Соколов, А.А. Агатанова, 

Т.Р. Туленбергенов, А.В. Градобоев 

Метаннан сутегі өндірісі: аса жоғары жиілікті разряд 

пен катализаторды қолдану 

Мақалада ПМ-6 қолданбалы зерттеу қондырғысында аса жоғары жиілікті (АЖЖ) разрядты және 

металл катализаторын қолдана отырып, метан пиролизі әдісімен сутегін алу бойынша тәжірибенің 

нәтижесі келтірілген. ПМ-6 қондырғысында аса жоғары жиілікті разрядта метан конверсиясының 

жоғары дәрежесін анықтау үшін, құрамында никель бар катализатор арқылы эксперименттер 

жүргізілді. Нәтижелер катализаторда никель құрамы жоғарылауы сутегі селективтілігінің 

жоғарылауына ықпал ететінін көрсетті. Метанның ең жоғары конверсия дәрежесі 32±2 % -ға дейін 

және сутегінің селективтілігі 85±1 % -ға дейін көрсеткіші, аса жоғары жиілікті разрядтың қуаты 0,6 

кВт, метан шығыны 0,25±0,05 л/мин және аргон 8±0,2 л/мин қондырғы параметрлерінде қол 

жеткізілді. Жалпы алғанда, зерттеу нәтижелері метан пиролизінің оңтайлы шарттарына қол жеткізу 

және сутегі өндірісінің тиімді технологияларын құру үшін катализаторларды таңдаудың 

маңыздылығын көрсетеді. Тәжірибелерден алынған деректер өнеркәсіптік деңгейде метан пиролизін 

дамыту үшін пайдалы болуы мүмкін, бұл өз кезегінде энергияның тұрақты болашағына және 

көміртегі ізінің азаюына ықпал етеді. 

Кілт сөздер: сутегі, метан пиролизі, сутегі энергетикасы, аса жоғары жиілікті разряд, метан 

конверсиясы, көміртек, сутегінің селективтілігі, катализатор. 
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М.К. Скаков, А.Ж. Миниязов, И.А. Соколов, А.А. Агатанова, 

Т.Р. Туленбергенов, А.В. Градобоев 

Водород из метана: применение СВЧ разряда и катализатора 

В статье представлены результаты экспериментов по получению водорода методом пиролиза метана с 

применением сверхвысокочастотного (СВЧ) разряда и металлического катализатора с различным со-

держанием никеля на установке для прикладных исследований ПМ–6. Эксперименты проводились с 

целью определения наиболее полной степени разложения метана в микроволновом разряде на уста-

новке ПМ–6 с использованием стального катализатора с различным содержанием никеля. Результаты 

показали, что применение никелевых катализаторов обеспечивает наиболее высокий выход водорода 

при оптимальных условиях. Реализована технология получения водорода с использованием катализа-

тора в СВЧ разряде с максимальной степенью конверсии метана до 32±2 % и селективностью водоро-

да до 85±1 % при мощности СВЧ разряда 0,6 кВт, расходе метана 0,25±0,05 л/мин и аргона 8±0,2 

л/мин. В целом, результаты исследования подчеркивают важность выбора катализаторов для дости-

жения оптимальных условий пиролиза метана и создания эффективных технологий для производства 

водорода. Данные, полученные в ходе экспериментов, могут быть полезны для разработки промыш-

ленных установок пиролиза, что, в свою очередь, будет способствовать более устойчивому энергети-

ческому будущему и снижению углеродного следа. 

Ключевые слова: водород, пиролиз метана, водородная энергетика, сверхвысокочастотный разряд, 

конверсия метана, углерод, селективность водорода, катализатор. 
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