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PREFACE
NMPEANCITOBUE
AlfblCe3

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

Veaoicaemvie xonnezu!

Ham CrennanbHBIN BBITYCK JKypHala TOCBAIIEH MOCIEIHHM HCCIENOBAHUAM M JOCTI)KEHUSM B
o0acTH, CBSI3aHHOM ¢ MpoOyieMaMH PaJHallMOHHON (PM3MKH KOHIEHCHPOBAHHOTO COCTOSIHUS, O3BYYEHHBIM
aBTOpaMu Ha odepenHoM [X MexayHapoJHOM KOHTpecce 1Mo MOTOKaM SHEPTUH U PaJualliOHHBIM 3¢ dekram
(EFRE-2024), mpoxomusiiieM B 1. Tomcke ¢ 16 mo 21 centsopst 2024 rona.

Mexaynaponusiii kourpecc EFRE-2024 npexacrasiisier co0oi TpaIUIMOHHOE HAYYHOE MEPONPUSITHE,
KOTOPOE MPOBOAMTCS C MEPUOJNYHOCTHIO B JBA TO/1a U COCTOUT U3 4-X KPYNHBIX KOH(QEpPEeHLNH, NMEIOLINX
TTOJTYBEKOBYIO HcTopHio. B pabore Konrpecca npunsiin yuactue 6omee 600 yIeHBIX CO BCETO MHpPa, B TOM
qricie OONBITYI0 aKTHBHOCTH MPOSIBMIIN YieHble u3 KazaxcraHa.

PaguanmonHast pusnka KOHASHCHPOBAHHOTO COCTOSIHUS SIBJISIETCS OBICTPO pa3BUBAIOLICHCS 001aCTbIO
WCCIIEIOBAHUN CO 3HAYUTENIBHBIM MOTEHUHUAIOM I MPAaKTUYECKOrO0 MPUMEHEHHS: B MEAMIIMHE — TOMO-
rpadusi, JeYeHne, CTePUIIN3AINS MEJUITUHCKHUX MPENapaToB; B TEXHUKE — WHTPOCKOMHS, Ie(hEKTOCKOITUS; B
TEXHOJIOTHSIX — HaHECCHHE MOKPBITHH, 00paboTKa MOBEPXHOCTEH, pe3Ka, CBapKa, paclbUICHUE, CUHTE3; B
Hayke — MH(pOpPMaLUs 0 KOCMOCE, CTPYKTYPHBIN M DJIEMEHTHBIN aHANN3.

Cepusa «dusmka». 2024, 29, 4(116) 7



V.M. Lisitsyn

Kaxxnoe KOHKpeTHOE UCTIOIh30BAHUE KOHKPETHBIX MaTEPHAJIOB TPEOYET TITyOOKUX UCCIICIOBAHUM MIPU-
POJIBI TPOIIECCOB B MaTepHaiax sl JOCTHXKCHUS ONTUMAbHBIX pereHuid. J[Jis reHepanyu moToKOB pajana-
MU CTOJh Pa3HBIX MPUMEHEHHH pa3paboTaHO M M300pPETAOTCS Pa3HOOOpa3HBIE IEKTPOPU3NIECKHe yCTa-
HOBKH, MPUOOPBI KOHTPOJISI, 00OECIICUMBAIOIINE HY)KHOE KaueCTBO PATUAIIMOHHOTO BO3JCHUCTBUA. B memsax
MPOPHUIAKTHKY 3alIUThl OT PaJUaliid HeOOXOJAUMBI CPEACTBA M MaTepHalibl OCYIICCTBICHUSI KOHTPOIS pa-
JMAIMOHHONW OOCTaHOBKH, M3YUCHUsI TOJICH paguaniyl pa3HbIX BUJIOB U DHEPTUil B JHMANAa30HE OT YIIbTpa-
¢uonera 10 OeckoHeuHOCTH. Kpyr mMaTepuasioB, NoJBEpracMbIX PaaUallMOHHOMY BO3JICHCTBUIO, HE UMEET
rpaHun. HemomycTHMBI OJUHAKOBBIE PEKOMEHIAIMU JIJIsl Ka)XJI0H KOHKPETHOW CUTyaluu. TeM He MEHee
€CTh W Pa3BUBAIOTCS OOIIHME MPEACTABICHHUsI 00 WHUIMUPYEMBIX pajualiield mporeccax B KOHJACHCHPOBaH-
HBIX cpeJiax.

[IpencraBieHHbIC B HACTOSIIEM BBITYCKE KYPHAJa CTaTbU JIEMOHCTPUPYIOT IIUPOTY MPoOIeM, KOTO-
pBIE CTOSAT CETOMHS Tepe]] PaIualioOHHON (U3UKONH KOHICHCHPOBAHHOTO COCTOSIHUS. Bcee Hay4yHbIe paboThI
MPOIIJIH CTPOTHH TPOIIecC pelieH3upoBanus. HajeeMcs, 4To JaHHBIC MCCIEOBAHNUS BHECYT 3HAUYUTEIHHBIN
BKJIJ] B 00Illee pa3BUTHE HAYKA HA MUPOBOM YPOBHE.

C ysaoicenuem,

O0OKMOp uU3UKO-MAMEMAMUYECKUX HayK, npogeccop Tomcroeo norumexHuyecko2o yHugepcumema,
3acnyoscennwiii desmens nayxku Poccuiickoti @edepayuu

Bukmop Muxaiinoeuy JIucuuvin

Kypmemmi apinmecmep!

bizmin xypHangeiH ApHaibl mbeFapbutbiMbl 2024 xeuineiH 16-21 KpIpkyieri apanbiFbiHma ToMck
KaJachlHIa OTKeH Ke3ekTi |X Xanmblkapasblk SHEprusl aFbIHIAPhl XKOHE paAHalisuIbIK dcepiiep KOHrpeciHae
(EFRE—2024) keTepinreHn KOHACHCAIIMSIIAHFAH KYHIiH paaualiisuiblk GU3nKa Moceseaepine KaTbICTBl COHFBI
3epTTeyJiep MEH JKETICTIKTEpre apHaJIFaH.

EFRE-2024 Xansikapaiblk KOHTpeci €Ki )KbUiaa Oip peT oTKi3UIeTiH KoHE JKapThl FACHIPIBIK TapUXb
0ap 4 ipi KoHpepeHIUsAaH TYpaThIH JOCTYPJIi FHUIBIMU ic-mapa. KoHrpecc >KYMbIChIHA 9JIEMHIH TYKIHIp-
tyknipineH 600-meH acrtam FaibM KaThICTHI, OHBIH immiHAe KaszakcTaH FajabIMIApBIHBIH O€JICeHILTIT
aiippikma Oongel. KoHaeHcanusuiaHFaH KYHIIH pajuarysiblK (U3UKAChl MPAKTHKANBIK KOJNJIAHY YINiH
afiTapibIKTall aneyeTi Oap KbLIjJaM JaMbIll KeJie JKaTKaH 3epTTey cajlachl. ATall alTcak: MEAWIMHAAa —
ToMorpadusi, emIey, MEIUIMHANBIK MpernapaTTapisl 3apapChi3NaHIblpy; TEXHUKAJa — WHTPOCKOIHS,
NeGEeKTOCKOIUS;, TEXHONOTUAAa — JKaObIHIap, OeTTepl OHJCY, Kecy, JOHEKepiey, IIaIlbIpaTy, CHHTE3;
FBUIBIMIA — FaPBIII TYPajibl aKMapar, KYPhUIBIMIBIK XKOHE AJIEMEHTTIK Talifayaa nai aaaHbliabl.

Op HaKThl MaTEepPHAAbl HAKThl TMalJanaHyla OHTAWIBI IIEHIMIEpPre KO JKETKi3y VIIiH
MaTepHaiiap/iaFel  MPOIECTEPiH TaOWFATBIH TepeH 3epTreyldi Kaxker ereai. OcbiHmai  apTypii
KOJIaHOaIap IbIH paJAUAIMSIIBIK aFbIHIAPBIH TeHEPAIUSIIAY YIIIH PTYPIIi dJMeKTPHUIUKAIBIK KOHABIPFBLIAD,
pamuanMsIIbIK 9CepiH KaKeTTI camachlH KaMmTaMachl3 €TeTiH mpuOopiap o3ipJeHIi KOHE >Kacajlbl.
Pamuanusinan KoprayJblH ajiblH ally VIIH paJuaiusiIblK SKarmaaiapl OaKbUIayJbl JKY3€re achIpyIIbIH
Kypalijapel MEH MaTepHaIaphl, YIAbTPAKYJTIH COYJIECNEpACH IMIEKCI3IKKe JACHIHT1 Nuana3oHIarbl 9pTYpIIi
TypJep MEH SHEPrusuiapiblH pagdalHsiIbIK OpICTEPIH 3epTTey KaxeT. Paauanusiblk ocepre yibIparaH
MaTepuajiap IeHOEPiHiH IIeri oK. Op HaKThl JKaraad yiriH Oipaeit ycbiHbIcTap OonMaiasl. Jlerenmen,
KOHJICHCAIIUSUTAHFaH OpTallap/la paJnanus TYABIPAThIH TPOIECTEp Typallbl JKaIbl TYCIHIKTEp Oap *oHe
nambinn - keieni. JKypHauiblH OCHI CaHBIHAA YCBHIHBUIFAH Makajajap KOHJICHCAIlMsIaHFaH KyHaeri
paaranusIbK (PU3UKaHBIH aJIJbIHAA TYPFaH MACeIIEePAiH KeH ayKbIMbIH KOHE ©3CKTIIITH KOpCeTe i,

Kapusinanran Oapiblk Makananap KaTaH peleH3WsfaH eTTi. byn 3epTreynep onmemuaik AeHreimeri
FBUTBIMHBIH KaJITIBI JAMYBIHA €JIEYJIi YIeC KOCaIbl IS YMITTEHEeMi3.

Kypmemnen,
QuszuKa-mamemamura SuLIbIMOApPbIHbLIY 00KMOopbl, TOMCK ROAUMEXHUKANBIK YHUBEpCUmMemiHiy npogeccopul,

Peceii @edepayusicoinviy eviivimea enbex ciyipeen Katpamkepi
Bukmop Muxaiinosuu Jlucuyvin
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KOHOEHCAUUANAHFAH OPTANAPOAF bl PAOUALIUATBIK MPOLIECTEP
PAONALUMOHHBIE NMPOLIECCHI B KOHOEHCUPOBAHHbIX CPELOAX
RADIATION PROCESSES IN CONDENSED MATTER
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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 WQOs3) and two-component (ZnWQO,, MgWO,,
CaWO,) 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 (ZnWO,, MgWO,, CaWO,) 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 ZnWO,, MgWO,, CaWO, ceramics is realized under the same
conditions of radiation treatment, while the thresholds of synthesis realization of one-component samples of
Ca0, MgO and ZnO and WO; 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 (ZnWQ,,
MgWO,, CaWO,) ceramic samples is realized at the same power density above 1,0 kW/cm?. The radiation
synthesis of the ZnWO,, MgWO,, CaWQO, 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, WO; (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.
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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? 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?. 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 WO, 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 um and from 1 um to 50 um 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
WO; 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: WO; (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.
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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 WO; 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 (p=0.5 g/cm?) is much less than
WO, (p=2.6 glcm®) and ZnO (p=1.1 g/lcm®). WO; 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.
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Figure 3.Dependence of ceramic synthesis efficiency from used initial
monocomponent compositions on power density
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The synthesis of WO; and ZnO ceramics is realized when the power density exceeds 1-1.5 kW/cm?,
whereas for the synthesis of MgO and CaO ceramics, power densities above 2.5 kW/cm? 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 WOz 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 WO; 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.

Table 1
Composition of synthesized ceramics when treated with 1.4 MeV electron flow
Sample, Ne Sample description P, kW/cm® M, ¢ Output, %
623 ZnWQO, (Zn0O 26 %), (WO374 %) 15 64,63 91,29
624 MgWQO, (MgO 14,8 %), (W03 85,2 %) 15 47,31 97,17
625 CawO, (Ca0 19,5 %), (WO;3 (80,5 %) 15 39,46 73,28
627 ZnWQO, (Zn0 26 %), (WO374 %) 15 62,56 93,36
738 MgWQO, (MgO 14,8 %), (W03 85,2 %) 18 36,99 98,8
718* ZnWO, (ZnO 26 %),(WO; 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 ZnWQ,, MgWO,, CaWOQO,

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.
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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 WO; (1473 °C). But MgO (2825 °C) also has a
melting point higher than ZnO and WO;. 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 umare are much larger in CaO than in WO, 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 ZnWQO,, MgwQO,, CaWO, 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 CawO,, MgWO,, ZnWO,
tungstate ceramics samples was measured during synthesis without scanning at different electron beam pow-
er densities with E=1.4 MeV.

Table 2
Efficiency of synthesis of tungstate ceramics
Power P, kW Weight of CaWO,, g Weight of MgWO,, g Weight of ZnWQO,, g
15 8,74 11,07 9,57
2 12,97 14,55 13,47
3 16,88 18,26 20,14

Weight dependence of CawO,, MgWO, and ZnWQ, tungstate ceramics during synthesis without
scanning at different electron beam power densities with E=1.4 MeV.

25
— CaWO4

—— MgWO4
—a— W04

- N
n =

-
=

Sample weight, g

L] 0,5 1 1.5 2 2,5 3 3,5
Power density, KW/an?

Figure 5. Weight dependence of CaWO,, MgWO,, ZnWQ, 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, WO; 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?,
corresponds to 7-85 kW/cm? in the “with scanning” mode.

The structure of synthesized samples of ZnWO,, CawO, 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° 26 and CuKa 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 (ZnWO,)”, symmetry — monoclinic lattice, space group —
P2/c (#13), a=4.6926 A, b=5.7213 A, c=4.9281 A, f=90.632 °.
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- PDF 01-072-0257 “Calcium tungsten oxide (CaWOQ,)”, symmetry — body-centered tetragonal lattice,
space group — l41/a (#88), a=5.243 A, c=11.376 A.
- PDF 01-072-0677 “Tungsten oxide (WOs)”, symmetry — monoclinic lattice, space group — P21/n
(#14),a=7306 A,b=7.54 A,c=7.692 A, f=90.881 °.

The results of the phase composition

investigation

Table 3

Sample

Phase

Degree of crystallinity

Crystallite size

Refined unit cell
parameters

ZnWQO,

ZnWO,

99.9 (£5) %

131 (x15) nm

P2/c,
a=4.689(4) A,
b=5.716(7) A,
c=4.925(3) A,
B=90.6(1)°,
V=132.0(1) A®

Cawo,

Cawo,
(~86 %)

99.9 (£5) %

WO,
(~14 %)

167 (£35) nm

141/a,
a=524322) A,
c=11.371(4) A,
V=31252) A3

114 (£28) nm

P21/n,
a=7311Q2) A,
b=7.532(2) A,
c=7.694Q2) A,
B=90.8(1)°,
V =423.6(1) A®

The results of the study of MgWO, 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 ZnWQ,, CaWQ, ceramics, with WO; 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 ZnWO,, MgWO,, CaWQO, 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 ZnWO,, MgWQ,, CaWQO,.
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Figure 5. Excitation (top) and luminescence (bottom) spectra of ZnWQ,, MgWQO,, CaWQ,, respectively
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In ZnWO, ceramics luminescence is excited by UV radiation from 230 to 320 nm, in
MgW0QO,230-250 nm, in CaW0O, 230-260 nm [22]. The luminescence maxima occur in ZnWOQO, at 500 nm, in
MgWQ,, at 460 nm, in CaWO, 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 (ZnWQ,, MgWO,, CawW0,) 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 ZnWO,, MgWO,, CaWQ, ceramics is realized under the same conditions
of radiation treatment, while the thresholds for the synthesis of single-component CaO, MgO, ZnO and WO;
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.

Acknowledgements

This research was funded by the Science Committee of the Ministry of Science and Higher Education
of the Republic of Kazakhstan (Grant No. AP 19579177). And this research has been funded by TPU and
INP SB RAS under the project of the Russian Science Foundation of the Russian Federation (GrantNo. 23-
73-00108).

Funding

This research has been funded by the Science Committee of the Ministry of Science and Higher Educa-
tion of the Republic of Kazakhstan (Grant No. AP19579177)

References

1 T'puneB b.B. CUMHTHUISIIHOHHBIE IETEKTOPBI M CHCTEMBI KOHTPOIIS paananuu Ha ux ocHose / B.B. I'punes, B./l. Peokukos,
B.I1. Cemunoxxenko. — Kues: Hayk. mymka, 2007. — 447 c.

2 Grassmann H. Scintillation properties of ZnWO4 / H. Grassmann, H. -G. Moser // Journal of Luminescence. — 1985. —
Vol. 33. — Issue 1. — P. 109-113. https://doi.org/10.1016/0022-2313(85)90034-1

3 Tnobyc M. IlyTu moBbIlIeHHS! PAAMAMOHHONW CTOMKOCTH HEOPraHWYECKUX CLUHTWIUIALHOHHBIX KPHCTAIUIOB MUl (DH3HMKH
BbIcOKHii aHepruii / M. I'noGyc, b. I'punes, B. Jlrobnauckuii, T. Xpymnosa // Borpocskl aToMHo# Hayku U Texauku. Cep. Dusrka pa-
JVAMOHHBIX TIOBPEXICHUH 1 paananuonHoe Marepuanosenenue. — 2003. — T. 89. — Ne 6. — C. 89-97.

4 Nagirnyi, V. Energy transfer in ZnWO4 and CdWO4 scintillators / V. Nagirnyi, E. Feldbach, L. Jonsson, M. Kirm,
A. Kotlov, A. Lushchik, V.A. Nefedov, B.l. Zadneprovski // Nuclear Instruments and Methods in Physics Research. — 2002. —
Vol. 486. — P. 395-398. https://doi.org/10.1016/S0168-9002(02)00740-4

5 Kolobanov, V.N. Optical and luminescent properties of anisotropic tungstate crystals / V.N. Kolobanov, I.A. Kamenskikh,
V.V. Mikhailin, I.N. Shpinkov, D.A. Spassky, B.l. Zadneprovsky, L.I. Potkin, G. Zimmerer // Nuclear Instruments and Methods in
Physics Research. — 2002. — Vol. 486. — P. 496-503. https://doi.org/10.1016/S0168-9002(02)00760-X

6 Mikhailik, V.B. Cryogenic scintillators in searches for extremely rare events / V.B. Mikhailik, H. Kraus // Journal of Phys-
ics D. — 2006. — Vol. 39. — No. 6. — P. 1181-1191. DOI 10.1088/0022-3727/39/6/026

7 Minoru Itoha. Photo-stimulated luminescence and photo-induced infrared absorption in ZnWO4 / Itoha Minoru, Katagiria
Tsuyoshi, Aokia Tomonori, Fujita Masami // Radiation Measurements. — 2007. — Vol. 42. — P. 545-548.
https://doi.org/10.1016/j.radmeas.2007.01.049

8 Sarukura N. 4 — Czochralski Growth of Oxides and Fluorides. Handbook of Crystal Growth (2nd ed) / N. Sarukura,
T. Nawata, H. Ishibashi, M. Ishii, T. Fukuda. — 2015. — P. 131-168. https://doi.org/10.1016/B978-0-444-63303-3.00004-3

16 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa


https://doi.org/10.1016/0022-2313(85)90034-1
https://doi.org/10.1016/S0168-9002(02)00740-4
https://doi.org/10.1016/S0168-9002(02)00760-X
https://doi.org/10.1016/j.radmeas.2007.01.049
https://doi.org/10.1016/B978-0-444-63303-3.00004-3

Dependence of the Radiation...

9 Dabkowska H.A. Floating Zone Growth of Oxides and Metallic Alloys / In P. Rudolph (Ed.) / H.A. Dabkowska,
A.B. Dabkowski, R. Hermann, J. Priede, G. Gerbeth // Handbook of Crystal Growth: Bulk Crystal Growth: Part A. — 2015. —
Vol. 2. — P. 281-329. https://doi.org/10.1016/B978-0-444-63303-3.00008-0

10 Brandle, C.D. Czochralski growth of oxides / C.D. Brandle // Journal of Crystal Growth. — 2004. — Vol. 264. — No. 4. —
P. 593-604. https://doi.org/10.1016/j.jcrysgro.2003.12.044

11 Konocos B.H. DiekTpoHHO-0ITOCPEIOBAaHHBIC PEAKIIUH TIPH METALIOTCPMHICCKOM BOCCTAHOBJICHUH OKCHIHBIX COCTUHECHUIMA
mosymbneHa u Boimbpama / B.H. Komocos, BM. Opnos // Hoxir. PAH. — 2019. — T. 484. — Ned. — C. 447-450.
https://doi.org/10.31857/S0869-56524844447-450

12 Lisitsyn V.M. YAG based phosphors, synthesized in a field of radiation / 6th International Congress “Energy Fluxes and Ra-
diation Effects” IOP Publishing / V.M. Lisitsyn, M.G. Golkovsky, D.A. Musakhanov, A.T. Tulegenova, Kh.A. Abdullin,
M.B. Aitzhanov // Journal of Physics Conference Series. — 2018. — Vol. 1115. — No. 5. — P. 5. DOI:10.1088/1742-
6596/1115/5/052007

13 Lisitsyn V.M. Formation of Luminescing High-Temperature Ceramics upon Exposure to Powerful High-Energy Electron
Flux / V.M. Lisitsyn, L.A. Lisitsyna, M.G. Golkovskii, D.A. Musakhanov, A.V. Ermolaev // Russian Physics Journal. Optics and
spectroscopy. — 2021. — Vol. 63. — No. 9. — P. 1615-1621. DOI: 10.1007/s11182-021-02213-9

14 Lisitsyn V. / Radiation Synthesis of High-Temperature Wide-Bandgap Ceramics / V. Lisitsyn, A. Tulegenova, M. Golkovski,
E. Polisadova, L. Lisitsyna, D. Mussakhanov, G. Alpyssova // MDPI Journal. Micromachines. — 2023. — Vol. 14. — 2193 p.
https://doi.org/10.3390/mi14122193

15 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.M. Zhunusbekov // MDPI Journal.Materials. — 2023. — Vol. 16. —
3158 p. https://doi.org/10.3390/mal6083158

16 Mikhailik V.B. Performance of scintillation materials at cryogenic temperatures / V.B. Mikhailik, H. Kraus // Wiley Online
Library. Physica status solidi (b). Review Article. — 2010. — Vol. 247. — P. 1583-1599. https://doi.org/10.1002/pssh.200945500

17 Nikl M. Complex oxide scintillators: Material defects and scintillation performance /. Nikl, V.V. Laguta, A. Vedda
/I Physica status solidi (b). Feature Article. — 2008. — Vol. 245. — P. 1701-1722. https://doi.org/10.1002/pssb.200844039

18 Mikhailik V.B. Studies of electronic excitons in MgMo0O4, CaMo0O4 and CdMo0O4 crystals using VUV synchrotron radiation
/V.B. Mikhailik, H. Kraus, D. Wahl, M.S. Mykhaylyk // Wiley Online Library. Physica status solidi (b). — 2005. — Vol. 242. —
Issue 2. — P. R17-R19. https://doi.org/10.1002/pssb.200409087

19 Itoh M. X-Ray Photoelectron Spectroscopy and Electronic Structures of Scheelite- and Wolframite-Type Tungstate Crystals /
M. Itoh, N. Fujita, Y. Inabe // Journal of the Physical Society of Japan. — 2006. — Vol. 75. — No. 8. — P. 8.
https://doi.org/10.1143/JPSJ.75.084705

20 Pxesckas O.B. OnrTuyeckre W JIIOMHUHECIEHTHBIE CBoicTBa MOHOKpuctamuioB CdWO, u CdWO,: Mo / O.B. Pxesckasi,
I.A. Cnacckuit, B.H.Kono6anos, B.B.Muxaitnuu, JLJI. Haropras, W.A. Tymuununa, B.J. 3agaenpoBckuii // Onrtuka u
cnekrpockomnusi. — 2008. — T. 104. — Ne 3. — C. 407-414.

21 Pankratov V. Luminescence center excited state absorption in tungstates / V. Pankratov, L. Grigorieva, D. Millers,
S. Chernov, A.S. Voloshinovskii // Journal of Luminescence. — 2001. — Vol. 94-95. — P. 427-432. https://doi.org/10.1016/S0022-
2313(01)00326-X

22 Ovechkin A.E., Luminescence of ZnWO4 u CdWO4 crystals / A.E. Ovechkin, V.D. Ryzhikov, G. Tamulaitis, A. Zukauskas
// Physica status solidi (a). — 1987. — Vol. 103. — P. 285-289.

23 Nagirnyi V. Luminescence study of pure and Fe- or Mo-dopped ZnWO4 crystals / V. Nagirnyi, L. Jonsson, M. Kirm,
A. Kotlov, A. Lushchik, 1. Martinson, A. Watterich, B.l. Zadneprovski // Radiation Measurements. — 2004. — Vol. 38. —
P. 519-522. http://dx.doi.org/10.1016/j.radmeas.2004.01.024

I'.K. AmmsicoBa, W.I1. Jlenncos, XK.K. bakuera, E.B. Kanesa, E.B. Jlomopos, A.K. Tycyn6ekoBa

Boasdpamar Herizinaeri kKepaMUKAHBIH PAXUANUAJIBIK CHHTE3iHIH
THIMAIITIHIH aFbIH KyaTbIHA TYeJIijIiri

MouokomnoneHTTi (CaO, MgO, ZnOxoneWOj3) sxoHe ekikommoneHTTi (ZnWO,; MgWO,, CaWO,)
KOMITO3ULIMSIIAP/IbIH KePAMUKAIIBIK YIITIepi CTEXHOMETPHSUIBIK KYPaMHBIH HINXTAChIHA J)KOFapbl YHEPTHSLIbI
SIEKTPOH JaparblHbIH TiKeneH ocepi apkbuibl cuHTe3menai. Canmarsl mamamed 50 © GOMaThIH YITUICPAiH
paaualMsUIBIK CHHTE31 MPOLIECTi bIHTANAHBIPY YIIIH Ke3 KeJIreH KOChIMIIA 3aTTapAbl Konaanbaii 10 ¢ yaksiT
ilIiHAe JKy3ere acelpbUIafbl. AJFam per Boib(pamMar KepaMUKACHIHBIH PaAHalMsUIBIK CHHTE3IHIH aFbiH
KyaTbIHBIH THIFBI3BIFBIHA TOYSNIUIri Typamsl >KyHenm 3eprTreymep >kyprisinmi. CHHTE3 THIMAINIriHIH
6ipkommonerTTi (CaO, MgO, ZnO xone WO3) xoHe exikomnoneHrti (ZnWO,, MgWQO,, CaWO,) kepamnka
YITUIEpiHIH aFbIHBIHBIH  THIFBI3ABIFBIHA TOYEIAUIrE YHEMiI ocilm Kelle J>KaTKaH KUCBIKTap TYpiHZAe
OOJIaTBIHABIFEl AHBIKTAIIBL. BapiblK CHHTE3meNTeH yirijep YIIiH ImeKTi MOH 0ap, OHBIH YCTiHIE CHHTE3
JKy3ere acelpblIaabl. EKIKOMIIOHEHTTI JKyiHenepaiH CHHTE3iHIH THIMIUTriHe [IUXTa KOMIIOHEHTTEPIiHIH 03apa
acepinin acepi aubikranael. ZnWO, MgWO,, CaWO, kepamukachiHbIH CHHTEe31 Oipieil argainapia,
panmanusuiblK  eHzeyde xysere aceippuianel, an CaO, MgO xone ZnO xoHe WOj3 KepaMHKAaCBIHBIH

Cepusa «dusmka». 2024, 29, 4(116) 17
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G.K. Alpyssova, Zh.K. Bakiyeva et al.

OIPKOMITOHEHTTi YITUIEpiH CHHTE3[ey IIEKTepi aWTapibIKTail epekiueiaeHeni. Paguanusuiblk eHISYAiH
OapyiblK KOJJAHBUIFAaH peXuMIepinae Oipaell Kacuerrepi Oap KepaMHKaHBIH KaJbIITACybl JKy3ere
aCBIPBUIATBIHIBIFBl KOPCETUIreH. Byl ocep 3aTTarbl 3JIEKTPOHIAD AarbIHBIHBIH OSHEPTHs IIBIFBIHBIHBIH
TeTeporeH Ii TapanybiHa GailsIaHbICTHI.

Kinm ce3dep: kepammka, MeTaUIBOIb(paMaThl, JIOMUHECHEHIHS, pPAAAAlVsUIBIK CHHTE3, PEHTIeH
TudpakUsACHHEIH cnektpiepi, EDX-Tannay, KyaT TEIFBI3ABIFI, KEPAMHKAHBIH ONTHKAIBIK KaCHETTEPI.

I" K. AnnsicoBa, XK K. bakuesa, N.I1. lenucos, E.B. Kanesa, E.B. Jlomapos, A.K. TycynoekoBa

3aBHCHMOCTH 3(1)(l)eKTI/IBHOCTI/I PaaAnaliMOHHOI'0 CHHTE3a KEPAMHUKHA
Ha OCHOBC BO.TIL(l)paMaTOB OT MOIIIHOCTH ITOTOKA

Cunre3upoBaHbl 00pasibl kepamuku MoHokommoHeHTHbIX (Ca0, MgO, ZnO u WO3) u AByXKOMIIOHEHTHBIX
(ZnW0O,, MgWO,, CaWO,) cocTaBoB MOCPEICTBOM MPAMOTO BO3IAEHCTBHUS IOTOKA BBICOKOIHEPIETHYECKUX
3JIEKTPOHOB Ha IIMXTY CTEXHOMETPHUUECKOTO COCTaBa. PaqualiMoHHbIH CHHTE3 00pa3loB BecoM Okoyio 50 T
peanmzyercst 3a Bpemst 10 ¢ 6e3 HCMOoNb30BaHKs JIFOOBIX TOIOJHUTENBHBIX BEIIECTB IS CTUMYILSILUH TPO-
recca. BriepBbie BBIMOJIHEHBI CHCTEMATHUECKHE UCCIICIOBAHMS 3aBUCHUMOCTH PaJHallMOHHOIO CHHTE3a Kepa-
MHKH BOJIb()PaMATOB OT IIOTHOCTH MOIIHOCTH MOTOKA. YCTAQHOBJIEHO, YTO 3aBHCHMOCTH 3()(EKTHBHOCTH
CHHTE3a OT IUIOTHOCTH MOIIHOCTH MoTOKa MoHOKoMmmoHeHTHBIX (Ca0, MgO, ZnO u WO3) u a1ByXKOMIIO-
HeHTHBIX (ZNWO,;, MgWO,, CaWO,) 06pa3ioB kepaMHUKH UMEIOT BH MOCTOSIHHO HAPACTAIOIIMX KPHUBBIX.
Jli1s BceX CHHTE3HMPOBAaHHBIX 00Pa3IoB MMEET MECTO HAJIMYHE MOPOTra, BHIIE KOTOPOTO CHHTE3 PEaI3yeTCsl.
OOHapykeH 3PQEeKT B3aUMHOTO BIHMSHUS KOMIIOHEHTOB IMIMXTHI Ha 3((QEKTHBHOCTh CHHTE3a IBYXKOMIIO-
HeHTHBIX cucteM. Cunres ZnWO,, MgWO,, CaWQ, kepaMHKH peanu3yeTcst IPH OJUHAKOBBIX YCIIOBUSIX,
paauanroHHoN 06paboTKe, TOr/Ia Kak MOPOrH peau3alii CHHTE3a 0JHOKOMIIOHEHTHBIX 00pa3lioB KEepaMUKU
Ca0, MgO u ZnO u WO3, cymiecTBeHHO pa3inyaroTcs. [Ioka3aHo, 4To MpH BCeX UCTIOIB30BAHHBIX PEKMMAX
paauanroHHON 06paboTKH peanusyercs GOpMUpPOBaHHE KEPAMHUKH C OJMHAKOBBIMH cBoicTBaMu. OGYCI0OB-
JeH 3TOT 3G (HEKT HEOJHOPOJHBIM PACIPENCICHHEM II0TEPh SHEPIHHU OTOKA JICKTPOHOB B BEILIECTBE.

Knrouegvie cnosa. xepamuka, BoJb(ppaMaT MeTalla, JIOMHHECHCHLHS, PAAUAlMOHHBIN CHHTE3, CHEKTPHI
peHTtreHoBckoit audpakuun, EDX-ananm3, mIoTHOCTE MOIIHOCTH, ONTHYECKUE CBOMCTBA KEPAMUKH.

References

1 Grinev, B.V., Ryzhikov, V.D., & Seminozhenko, V.P. (2007). Stsintilliatsionnye detektory i sistemy kontrolia radiatsii na ikh
osnove [Scintillation detectors and radiation monitoring systems based on them]. Kyiv: Naukova dumka [in Russian].

2 Grassmann, H. & Moser, H.-G. (1985). Scintillation properties of ZnWO4. Journal of Luminescence, 33(1), 109-113.
https://doi.org/10.1016/0022-2313(85)90034-1

3 Globus, M.E., Grinev, B.V., Liubinskii, V.R., Ratner, M.A., & Grineva, T.B. (2003). Puti povysheniia radiatsionnoi stoikosti
neorganicheskikh stsintilliatsionnykh kristallov dlia fiziki vysokikh energii [Enhancement of radiation hardness of inorganic scintilla-
tion crystals for high-energy physics]. Voprosy atomnoi nauki i tekhniki. Seriia Fizika radiatsionnykh povrezhdenii i radiatsionnoe
materialovedenie — Issues of atomic science and technology. Series: Radiation Damage Physics and Radiation Materials Science,
6(89), 89-97 [in Russian].

4 Nagirnyi, V., Feldbach, E., Jonsson, L., Kirm, M., Kotlov, A., Lushchik, A., Nefedov, V.A, & Zadneprovski, B.l. (2002).
Energy transfer in ZnWO4 and CdWO4 scintillators. Nuclear Instruments and Methods in Physics Research, 486, 395-398.
https://doi.org/10.1016/S0168-9002(02)00740-4

5 Kolobanov, V.N., Kamenskikh, I.A., Mikhailin, V.V., Shpinkov, I.N., Spassky, D.A., Zadneprovsky, B.l., Potkin, L.l., &
Zimmerer, G. (2002). Optical and luminescent properties of anisotropic tungstate crystals. Nuclear Instruments and Methods in
Physics Research, 486, 496-503. https://doi.org/10.1016/S0168-9002(02)00760-X

6 Mikhailik, V.B. & Kraus, H. (2006). Cryogenic scintillators in searches for extremely rare events. Journal of Physics D,
39(6), 1181-1191. DOI 10.1088/0022-3727/39/6/026

7 Minoru, Itoha, Tsuyoshi, Katagiria, Tomonori, Aokia, & Masami, Fujita (2007). Photo-stimulated luminescence and photo-
induced infrared absorption in ZnWO4. Radiation Measurements, 42, 545-548. https://doi.org/10.1016/j.radmeas.2007.01.049

8 Sarukura, N., Nawata, T., Ishibashi, H., Ishii, M., & Fukuda, T. (2015). 4 — Czochralski Growth of Oxides and Fluorides.
Handbook of Crystal Growth (2nd ed), 131-168. https://doi.org/10.1016/B978-0-444-63303-3.00004-3

9 Dabkowska, H.A., Dabkowski, A.B., Hermann, R., Priede, J., & Gerbeth, G. (2015). Floating Zone Growth of Oxides and
Metallic Alloys / In P.Rudolph (Ed.). Handbook of Crystal Growth: Bulk Crystal Growth: Part A, 2, 281-329.
https://doi.org/10.1016/B978-0-444-63303-3.00008-0

10 Brandle, C.D. (2004). Czochralski growth of oxides. Journal of Crystal Growth, 264(4), 593-604.
https://doi.org/10.1016/j.jcrysgro.2003.12.044

18 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa


https://doi.org/10.1016/0022-2313(85)90034-1
https://doi.org/10.1016/S0168-9002(02)00740-4
https://doi.org/10.1016/S0168-9002(02)00760-X
https://doi.org/10.1016/j.radmeas.2007.01.049
https://doi.org/10.1016/B978-0-444-63303-3.00004-3
https://doi.org/10.1016/B978-0-444-63303-3.00008-0
https://doi.org/10.1016/j.jcrysgro.2003.12.044

Dependence of the Radiation...

11 Kolosov, V.N. & Orlov, V.M. (2019). Elektronno-oposredovannye reaktsii pri metallotermicheskom vosstanovlenii
oksidnykh soedineii molibdena i volframa [Electron-mediated reactions during metallothermic reduction of molybdenum and tung-
sten oxide compounds]. Doklady Rossiiskoi akademii nauk — Report of the Russian Academy of Sciences, 4(484), 447-450 [in Rus-
sian]. https://doi.org/10.31857/S0869-56524844447-450

12 Lisitsyn, V.M, Golkovsky, M.G., Musakhanov, D.A., Tulegenova, A.T., Abdullin, Kh.A., & Aitzhanov, M.B. (2018). YAG
based phosphors, synthesized in a field of radiation / 6th International Congress “Energy Fluxes and Radiation Effects” IOP Publish-
ing. Journal of Physics Conference Series, 1115(5), 5. DOI:10.1088/1742-6596/1115/5/052007

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. Optics and spectros-
copy, 63(9), 1615-1621. DOI: 10.1007/s11182-021-02213-9

14 Lisitsyn, V., Tulegenova, A., Golkovski, M., Polisadova, E., Lisitsyna, L., Mussakhanov, D., & Alpyssova, G. (2023). Radia-
tion Synthesis of High-Temperature Wide-Bandgap Ceramics. MDPI Journal. Micromachines, 14, 2193 p.
https://doi.org/10.3390/mi14122193

15 Lisitsyn, V., Mussakhanov, D., Tulegenova, A., Kaneva, E., Lisitsyna, L., Golkovski, M., & Zhunusbekov, A.M. (2023). The
Optimization of Radiation Synthesis Modes for YAG: Ce Ceramics. MDPI Journal Materials, 16, 3158 p.
https://doi.org/10.3390/ma16083158

16 Mikhailik, V.B. & Kraus, H. (2010). Performance of scintillation materials at cryogenic temperatures. Wiley Online Library.
Physica status solidi (b). Review Article, 247, 1583-1599. https://doi.org/10.1002/pssb.200945500

17 Nikl, M., Laguta, V.V., & Vedda, A. (2008). Complex oxide scintillators: Material defects and scintillation performance.
Physica status solidi (b). Feature Article, 245, 1701-1722. https://doi.org/10.1002/pssb.200844039

18 Mikhailik, V.B., Kraus, H., Wahl, D., & Mykhaylyk, M.S. (2005). Studies of electronic excitons in MgMo0O4, CaMoO4 and
CdMoO4 crystals using VUV synchrotron radiation. Wiley Online Library. Physica status solidi (b), 242(2), R17-R19.
https://doi.org/10.1002/pssb.200409087

19 Itoh, M., Fujita, N., & Inabe, Y. (2006). X-Ray Photoelectron Spectroscopy and Electronic Structures of Scheelite- and
Wolframite-Type Tungstate Crystals. Journal of the Physical Society of Japan, 75(8), 8 p. https://doi.org/10.1143/JPSJ.75.084705

20 Rzhevskaia, O.V., Spasskii, D.A., Kolobanov, V.N., Mikhailin, V.V., Nagornaia, L.L., Tupitsina, I.A., & Zadneprovskii, B.1.
(2008). Opticheskie i liuminestsentnye svoistva monokristallov CdWO4 i CdWO4: Mo [Optical and luminescent properties of
CdWO4 and CdWO4 single crystals: Mo]. Zhurnal Optika i spektroskopiia — Optics and Spectroscopy Journal, 104(3), 407-414 [in
Russian].

21 Pankratov, V., Grigorieva, L., Millers, D., Chernov, S., & Voloshinovskii, A.S. (2001). Luminescence center excited state
absorption in tungstates. Journal of Luminescence, 94-95, 427-432. https://doi.org/10.1016/S0022-2313(01)00326-X

22 Ovechkin, A.E., Ryzhikov, V.D., Tamulaitis, G., & Zukauskas, A. (1987). Luminescence of ZnW0O4 u CdWO4 crystals.
Physica status solidi (a), 103, P. 285-289.

23 Nagirnyi, V., Jonsson, L., Kirm, M., Kotlov, A., Lushchik, A., Martinson, 1., Watterich, A., & Zadneprovski, B.l. (2004).
Luminescence study of pure and Fe- or Mo-dopped ZnWO4 crystals. Radiation Measurements, 38, 519-522.
http://dx.doi.org/10.1016/j.radmeas.2004.01.024

Information about the authors

Gulnur Alpyssova — PhD, Department of Radiophysics and Electronics, Karaganda Buketov
University, University str., 28, Karaganda, Kazakhstan; 100028; e-mail: gulnur-0909@mail.ru;
ORCID ID: 0000-0002-7164-2188

Zhanara Bakiyeva (corresponding author) — 1st year PhD student, Karaganda Buketov
University, University str.,, 28, Karaganda, Kazakhstan; 100028; e-mail: shanar83@mail.ru
ORCID ID: 0009-0005-1949-4535

Igor Denisov — Researcher, Department of Materials Science, National Research Tomsk Polytechnic
University, Tomsk, Russian Federation

Ekaterina Kaneva — PhD, X-ray Analysis Laboratory, Vinogradov Institute of
Geochemistry SB RAS, 1A, Favorsky Str., Irkutsk 664033, Russian Federation; e-mail: kev604@mail.ru
ORCID ID: 0000-0001-7155-6784

Evgeny Domarov — Researcher, Budker Institute of Nuclear Physics of the Siberian Branch
of the Russian Academy of Sciences Novosibirsk, Russian Federation; e-mail: domarov88@mail.ru;
ORCID ID: 0000-0003-2422-1513.

Ainur Tussupbekova — PhD, Department of Radiophysics and Electronics, Karaganda
Buketov University, University str., 28, Karaganda, Kazakhstan; 100028; e-mail: aintus_070482@mail.ru;
ORCID ID: 0000-0001-5299-9977.

Cepusa «dusmka». 2024, 29, 4(116) 19


https://doi.org/10.31857/S0869-56524844447-450
http://dx.doi.org/10.1088/1742-6596/1115/5/052007
http://dx.doi.org/10.1007/s11182-021-02213-9
https://doi.org/10.3390/mi14122193
https://doi.org/10.3390/ma16083158
https://doi.org/10.1002/pssb.200945500
https://doi.org/10.1002/pssb.200844039
https://doi.org/10.1002/pssb.200409087
https://doi.org/10.1143/JPSJ.75.084705
https://doi.org/10.1016/S0022-2313(01)00326-X
http://dx.doi.org/10.1016/j.radmeas.2004.01.024

Article
https://doi.org/10.31489/2024PH4/20-26 Received: 28.06.2024
UDC 621.3.038.624 Accepted: 15.08.2024

E.V. Domarov’, D.S. Vorobev, Y.1. Golubenko, A.I. Korchagin, N.K. Kuksanov,
R.A. Salimov, S.N. Fadeev, V.G. Cherepkov, I.K. Chakin

Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia
("Corresponding author % e -mail: domarov88@mail.ru)

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 SF¢ 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.
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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: DO — 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°° 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.
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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 DO, 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 DO, D1,
D2, D3, D4). It is not possible to separately monitor the current of each of the diaphragms DO, 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

Trig'd

i
|
[

2.00V I8 200v &  200us 6.25MS/s 09:50:48
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Figure. 4. Oscillogram of the target current signal, with a beam current of I, = 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;
Al = 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 Al/I, = 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 pA, ID5 =20 pA, ID1 = 600 pA. The total power of the beam deposited on the
diaphragms DO, 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° 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 pA [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 TAL 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”.

200us 6.25MS/s 09:57:26

- 20K points 28 Oct 2022

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°. Taking into account the calibration of the anti-oscillation
coils, the electron beam has oscillations in the D6 diaphragm along the “X” coordinate of Ax = £0.48 mm,
and along the “Y” coordinate of Ay = £0.44 mm. The beam current deposition on the diaphragms has de-
creased dramatically and is ID6 = 0 pA, ID5 =0 pA, ID1 =20 pA

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 pA, ID5 = 30 pA, ID1 = 50 pA. Due to this, the ser-
vice life of the diaphragms increased.
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JJIB TuNTI yAeTKIIITEpAeri 3JIeKTPOHAbI CIYyJIeHiH Tepoeici,
0JIApPAbIH THATHOCTHKACHI 5KdHE Oacy daici

Makanana KeJIeHEeH MarHuT ©piCiHiH OacTallKpl jKoHE KaliTalama opaMalaplaH YAETKIIl TYTiKKe eHyiHe
GaiinmanpicTel DJIB THNTI yAeTKimITepAeri 3JeKTPOHIBI COYJICHIH TepOemicTepiH AMarHOCTHKaIay ofici
cunattairad. byn TepOemictepai Oacy omici atMochepara (oOKycTalFaH 3JIEKTPOHIBI COYJCHI JKETKIi3yre
KaOUIeTTi copy KyphUIFBICH Oap DJIB-8 ymeTkimriHiH MbICanbHIa 93ipJICH I )KoHE ChIHANIBL. TepOemicTep/i
OackaHHaH keliH atmocdepara Kyatsl 100 kBT (okycTanmFraH >IEKTPOHABI COYJIEHI IIbIFapyra >KoHE
nmuadparmMaaapablH KbI3BMET €Ty Mep3iMiH y3apTyFa MYMKIHIIIK TYIBI.

Kinm ce30ep: snexktponael yaertkim, OJIB, QokycTanraH 3IEKTpOHIBI COyie, OSJIEKTPOHIBI COYJICHIH
TepOeITici, HEKTPOH/BI COYIEHIH TepOericiH 6acy 9/ici, SIEKTPOHABI COYIIEHIH TepOeiciH THarHOCTHKAaNAy.

E.B. lomapos, 1.C. Bopo6ses, FO.U. I'onybenko, A.W. Kopuarun, H.K. Kykcanos,
P.A. Camumos, C.H. ®anees, B.I'. Uepenkos, U.K. Uakun

KoJsie0anus 371eKTPOHHOI0 My4ka B yckopureasx tuna JJIB,
UX IMAarHOCTUKA M MeTO/ NMOJABJIeHUSs

B crarbe ommcan MeTon AMarHOCTHKH KOJTEOAHHH SJIEKTPOHHOTO ITydKa B ycKopHTelsix Tma JJIB, cBsa3an-
HBIA C IPOHUKHOBEHHEM B YCKOPHTEIBHYIO TPYOKY HOIEPEYHOr0 MAarHHTHOTO IO OT MEPBHYHON M BTO-
pu4HOI 00MOTOK. BBUT pazpaboTaH U UCHIBITAaH METOJ MOJIABJICHHS ATUX KOIeOaHUil Ha IpUMepe yCKOPHUTEIs
DJIB-8 ¢ BBIMYCKHBIM YCTPOWCTBOM, CIIOCOOHBIM BBIBOJIHTH C(HOKYCHPOBAHHBIN JJIEKTPOHHBINH Iy4OK B aT-
moctepy. Ilocne monmaBneHus KoieGaHHH yIanoch BBITYCTHTh C(OKYCHPOBAHHBIN SIEKTPOHHBIA ITy4OK
morHocthio 100 kBT B aTMochepy u yBeIn4uTh pecypc anadparm.

Kntouegvie cnoea: yckoputenb 371eKTpoHOB, DJIB, choKycHpOBaHHBIM AJIEKTPOHHBIA IMy4OK, KOJeOaHHs
3NIEKTPOHHOTO ITy4Ka, METO]| ITOJaBICHHs KOJIeOaHHi 3IeKTPOHHOTO IMydKa, AUarHOCTHKA KOJTEeOaHMH JJIeK-
TPOHHOTO ITy4Ka.
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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 Y,03, Yb,O3, Lu,03, Eu,03, Er,0O3, Al,O5 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 (Yq,YbgsLug2EuUg2Erg2)3AlsO1,. 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 (YbsAlsOy,) 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 (Yq,Ybg,LugEUg-Erg2)sAlsO1, is considered as a material capable of improving the proper-
ties of YbsAlsOp,. 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
(Tip2Vo2Nbg2M0g Wy ,)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
(Ybg2Tmg 2L Ug 2SCo2Gdy »)2Si,0; for TBC. This material exhibits a surprisingly low thermal conductivity
(1.146 W m™ K™ at 1100 °C), which is even about 45.85 % lower than that of the most widely used YSZ
TBC material at 1000 °C. Seven types of thermal barrier coating materials (high-entropy rare earth tantalates
5RETaO,, RE= Nd, Sm, Eu, Gd, Dy, Ho, Y, Eu, Tm, Y) were synthesized in [7]. It was also shown there
that (Ndo2Dyo.H0,,Y2EU2)TaO, 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 (Lag,Ndg2Smg,Eu,,Gdg 2),Zr,0; 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 (La;;Nd,;Sm,;Eu,,Gd,;Dy,;Ho047),Zr,O; was obtained by reactive spark plasma
sintering. In [11], a dense oxide HEC (Lag.Y02SMg2EU,2Gdg2),Zr,07 with a relative density of 93.7 % was
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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. lonization 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 (Y., Ybg L ug2EUq2Ers2)sAlsO1, 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 Y,0s, Yb,03, Lu,Os, Eu,03, Er,03, Al,O3; (HK MOS-INTERNATIONAL
COMPANY LIMITED, China), the purity of which was 99.9 %, were taken in accordance with the stoi-
chiometric ratio: 3Y,0; + 3Yb,O; + 3Lu,O; + 3Eu,0; + 3 EnO; + 25AL,0; =
10(Y.2Ybg,Lug2EUg-Erg2)sAlsO1,. 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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Direction of movement
under the electron beam

Figure 1. Effect of beam energy on melting results:
a — initial powder mixture: b — U=1.4 MeV; ¢ — 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 (Yo2YbgLlugEug2Er2)sAlsOy, 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 (Y, Ybg oL ug 2EUg-Erg2)sAls01; 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, ¢, d — U=1.4 MeV, 1=12 mA, V=1.0 cm/s) and mechanical treatment
(a, ¢ — 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).

20k 30um 50014 Ho 20k 0um 50010

Figure 4. SEM image of a drop of synthesized HEC (U=2 MeV, 1=12 mA):
a — outer surface; b — inner pore surface; ¢ — 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
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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 (Y2YbooLugEUg2Erg2)3AlsO4,. 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
(Yo.2YbgoLug 2EUg oErg 2)sAls01, synthesized in a powerful beam of fast electrons

Conclusions

It is shown that short-term treatment of the powder mixture of Y,0s;, Yb,0s, Lu,Os, Eu,O3, Er,0s,
Al,O; oxides with a powerful beam of fast electrons leads to the synthesis of HEC
(Yo2YbgaLlug Eug2Erg2)sAlsO1,. 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.
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KpL11am 3J1eKTPOHIAP HIOFBIPbIHAAFbI OKCHATI KEePAMUKAHBIH CHHTE31

JKorapel SHTPONHUSITBI KepaMUKAIBIK MaTepHaIIapIsl ally TEeXHOJIOTHSCHIHBIH JaMybl JKaHa IKbUTYIaH
KOPFaWTBIH MaTepHanaap/bl alyIblH XKaHa MYMKIHIIKTepiH amaael. Makanaga MyHIail MaTepuai alloMH-
HUH-UTTPUIl Tap-TOPBIHBIH KOMeTiMeH CHHTe3Jeseldi. bipHelne CcekyHa IIIiHAe J>XOFapbl SHTPOIMHSIIBI
KepaMHUKaHBIH JKbUIIAM CHHTE3iHIH ocepi YHTaK peareHTTepiHiH 0acTamKbl KOCIACHIH JKOFAaphl HEPIHUSIIBI
ANEKTPOHAP/IBIH KyaTThl MIOFBIMEH KbI3IBIPYIbIH JICTYPIi €MeC 9[iCiH KOJNIAaHy apKbUIbI KOJ JKETKi3imi.
Y203, Yb203, Lu203, Eu203, Er203, Al203 okcuarepiniy 6acTamksl KOCHACHl CTEXHOMETPHSIIBIK,
KaThlHacTa aTMoc(epalblK JKaFmainapaa JKbUIIaM dJIeKTPOHIAPIbIH KyaTThl IIOFBIHBIH KBICKa Mep3iMii
ocepiHe ymibIpagpl. Pafuanusiblk ocep €Ty Ke3iHae YHTaK KOCMAchl OajKymaH oTTi, OyJl JKOFapsl
sHTpomsUIbIK  KepamukaHblH (Y 0.2Yb0.2Lu0.2Eu0.2Er0.2)3A15012 cunTe3iHe okennmi. bamkeiMaHBIH
KeyeKTepi KeIll TaMIIbuiap TypiHAe OonaThiHbI aHbIKTaNAbL. KocmaHbel GajKbITyIbIH THIMIUIINT Heri3iHeH
CoyJIeNIeHy peXKUMIEpiHe )KoHE a3 Adpeke/ie KOCTaHbl aj/IbIH ajla MEXaHHKAJIBIK OHICY peXUMepiHe Oailna-
HbICThl. CHHTE3/IiH Ka)KETTi IapThl YHTAK KOCHACHIH OaJKbITY OOJIbIN TabbLIaIbl.

Kinm ce3dep: >xofapbl SHTPONUSIIBI KEPAMHKA, TEPMUSUIBIK TOCKAYbLI >KaOBIHIAPBI, CUHTE3, 3JIEKTPOHIBI
coyrenep.
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C.A. I'vinrasos, B.A. bonryesa, 1.I1. BacunbeB

CuHTe3 OKCUIHOV KepaMHUKH B My4YKe ObICTPBIX 3JIEKTPOHOB

Pa3paboTka TEXHONOTHH IIOJIYyYEHHs BBICOKOPHTPOIMHHBIX KEPaMHUYECKHX MAaTepPHAIOB OTKPHIBACT HOBBIC
BO3MO>KHOCTH JUISl TIOJIYYCHUS HOBBIX TEIUIO3AIUTHBIX MaTepUaloB. B craThe Takoil MaTepuan CHHTE3HpO-
BaH C HMCIOJb30BaHUEM aTIOMOMTTPUEBOTO rpaHara. ¢ deKT ObICTPOTro CHHTE3a BHICOKOAHTPOIUHHON Kepa-
MHKH B TCYCHHE HECKOJBKHX CEKYHJ ObLI IOCTHTHYT 3a CUET MCHOJIb30BAHUS HETPAJAULHOHHOTO METO/Ia Ha-
rpeBa UCXOJHOW CMECH IMOPOILIKOBBIX PEareHTOB MOLIHBIM ITyYKOM BBICOKOIHEPI€THUECKHUX AIIEKTPOHOB. Hc-
xojHast cMech okcuoB Y203, Yb203, Lu203, Eu203, Er203, Al203 B creXxHOMeTpHYECKOM COOTHOIIEHHH
HOJBEpranachk KPaTKOBPEMEHHOMY BO3/IEHCTBHIO MOIITHOTO IydKa OBICTPHIX JIEKTPOHOB B aTMOC(EpHBIX yc-
JOBHAX. B mporecce panuaniioHHOT0 BO3IEHCTBUS MOPONIKOBAs CMeCh NpeTepreBaia IUIaBIeHHe, YTO MpH-
BOAWIIO K CHHTE3y BbICOKOIHTpomuitHO# kepamuku (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3AI5012. YcraHosieHo,
YTO paciilaB UMEET BHUJ Kareib ¢ OOJIBIINM KOIUYECTBOM IOP. DPPEKTUBHOCTD IIABICHHUS CMECH 3aBUCHT B
OCHOBHOM OT PEXHMOB OOJIy4CHHUS U B MEHBILCH CTEIEHN OT PEKMMOB HPEIBAPUTEIBHOH MEXaHUYECKOH 00-
pabotku cMecH. HeoOX0AMMBIM YCIIOBHEM CHHTE3a SBJISICTCS IUIABJICHHUE NOPOIIKOBOI CMECH.

Knouesvie cnosa: BLICOKOSHTpOHPIﬁHa)I KE€paMHKa, TCIUIO3allIUTHBIC ITIOKPBITHA, CHHTE3, 3JIEKTPOHHBIC ITYYKHU.
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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
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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 n, 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 | 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 I=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 c was moni-
tored. It was determined by the formula:

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: o1, 6, and oer. 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 n 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 n can be
determined by the formula:

P
n=—", @)
Wmelt
where hper is the energy required to heat 1 g of material from room temperature to the melting point and then
melt it at this temperature, Wiy, 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:
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Hliq Tm - Hsol 300K
hmelt = M ! (3)

where Hiiq(T ) and Hy(300K) 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 W
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 Wy

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? measured from the powder surface. The

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

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 z; to z,, the mass thickness of
the melt is equal to ome= Z2-21. The energy loss per electron in MeV when passing from layer z, to layer z,
2 dE

will be — J'd—dz. The beam power released between layers with coordinates z; and z, is equal to
z

]

Z
¢ dE . . . .
P= jd—dz- I, where I is the beam current. The mass of ceramics melted in 1 s is equal t0 Gpeil-v, where
) z
omert IS the mass thickness of the melted ceramics, | 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:

Jl((j;dz-l (dE) N

2 dz )4

W — 1 — mi , 4
melt I'V I'V ( )

melt ©

dE
where (—j is the average value of the intensity of energy loss by each electron in the region
mid

between z; and z,.
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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 z; and z, for samples synthesized
from Al,O; and WO; powders. For a sample of WO3, z;=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
omerr 2PProaches 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 Wye: as

1—y Pt
Wit = —7/ ) (5)

melt

and beam efficiency in this case will be equal:

_ hmeltmmelt
where P is the beam power; y is the beam reflection coefficient by power, the reflection coefficient y 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; hy is the energy required to heat and melt 1 g of material; My
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 hper 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 Y,0s, Al,O3 (405), MgF,, BaF, 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:

T.. — melting point of the material;

hime — 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 %;

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

omeit — Mass thickness of the melt;

n — beam efficiency coefficient calculated according to (2).

Table 1
Processing modes with scanning of the beam
Composi-
tion_gnd Tom Pmetts E, P, Z(?;Vtt(tje?r o Girelr, Bgam effi-
marking of °C kd/g MeV kw % ' g/lcm g/lcm ciency, n
powder
BaF, (520) 1368 0.905 1.4 16 0.5 % 1.55 1.52 0.53
WO; (438) 1472 0.935 1.4 16 3.4 % 1.74 1.45 0.56
WO; (439 1472 0.935 2.5 24 35 % 1.31 0.93 0.24
MgF; (516) 1263 0.942 14 15 0.4% 0.85 0.84 0.27
Ga,05 (474) 1807 1.75 14 17 0.8 % 1.06 1.06 0.61
SiO; (sand) 1600 1.87 2 17 1.4 % 1.01 0.59 0.42
Y,03 (490) 2439 2.05 1.4 25 1.3% 1.11 1.03 0.47
Al,O; (816) 2054 35 1.4 10 0.1% 0.94 0.26 0.84
Al,O3 (413) 2054 3.5 1.4 26 0.8 % 0.98 0.88 0.61
é‘;ﬁ; 2054 35 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 AlI203 (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 ¢), 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 um. 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 z;=0 to a certain depth, z=ce. This situation is observed for all samples pre-
sented in Table 1, with the exception of the Al,O; (816) sample (Fig. 2 a, b). As indicated in section 3.2, in
the graphs of Figure 1, as an example, for samples of Al,O; (816) and WO; (438) the melt boundaries and

average values of electron energy losses in the melt thickness — — — are indicated. The
melt thickness of the WO; (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) Al203 (816), appearance after irradiation, b) Al203 (816), omelt=0.26 g/cm2
62=0.94 g/cm2

g) SiO2 before treatment sand, 52=1.01 g/cm2 h) SiO2 after treatment sand, cmelt=0.59 g/cm2

Figure 2. Appearance of samples after scanning beam treatment:
a, ¢, d, e, f — appearance of samples after irradiation, b — fragments of synthesized plate of Al,O3 (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
MgF, (516) mode, the surface density of the introduced energy required to melt the powder should be
0.84g/cm?-0.942kJ/g=0.79kJ/cm?. Taking into account the beam efficiency, for example, 0.5, this value can
increase to 1.6 kd/cm?. In reality, the specific energy introduced was 15kW/5cm?/s = 3kJ/cm?, 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 WO; 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 um. The influence of electrification has not been confirmed, since high efficiency modes are
observed on some high-purity dielectric powders (see modes with Al,O; and MgO in Table 1). In the case of
the WO;3; (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:

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

P — beam power;

E — energy (accelerating voltage) of beam electrons;

Mmer — Mass of sintered (molten) material in a crucible;

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

o, — mass thickness of the crucible contents after beam processing;

N1 — 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.

Table 2
Processing modes without scanning of the beam
Composition Powder Beam effi-
and SEECELTQ of TC T{]jg’ k'?,’\, MEe’V m’;"’ sca;ter, g/‘(’jr;]z cu:]nlcy

BaF, 518) 1368 0.905 4 14 22.29 1.24 1.69 0.64
WO, (437) 1472 0.935 4 1.4 25.63 0.49 1.6 0.82
MgF, (515) 1263 0.942 4 14 19.09 0.13 0.92 0.46
Ga,0; (473) 1807 1.75 4 14 15.25 0.21 11 0.75
Y,0; (489) 2439 2.05 4 1.4 10.24 0.42 1.18 0.61
ZnO (468) 1977 2.15 4 14 12.39 0.62 0.50 0.75
Al,O3 (405) 2054 3.5 4 1.4 9.43 0.24 0.82 0.85
MgO (484) 2832 5.66 7 14 9.79 0.2 0.58 0.82
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a) Ga203 (473), 52=1.1 g/cm2, n=0.75 b) Y203 (489), 52=1.18 g/cm2, n=0.61

k _ |
e Rl eed

e) Al203 (405), 52=0.82 g/cm2, n=0.85 f) WO3 (437), 52=1.6 g/cm2, n=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), Al,O; (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 n and n; 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 n 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;

o the selected beam power significantly exceeds that required to melt the material placed in the cruci-
ble;

o the mass thickness of the initial powder layer is less than the mass thickness of the beam penetration.

Acknowledgments
The work was supported by the Russian Science Foundation, grant No. 23-79-00014.

References

1 Lv, Xiang et al. Recent progress on modulating luminescence thermal quenching properties of bi3+-activated phosphors
/ Xiang, Lv et al. //Inorganic Chemistry Frontiers. — 2024. — Vol.1l. — No.6. — P.1668-1682.
https://doi.org/10.1039/d3qi02588h.

2 Haider, Asif Ali, et al. Advances in reversible luminescence modification and applications of inorganic phosphors based on
Chromism reaction /Asif Ali, Haider //Advanced Optical Materials. — 2023. — Vol.12. — No.5.
https://doi.org/10.1002/adom.202302265.

3 Zhou, Ming et al. Reaction mechanisms of (re0.2nd0.2sm0.2eu0.29d0.2)2zr207 (re = la or YB) under Cao-MgO-Al203-Si02
(cmas) attack / Ming, Zhou et al. // Journal of the European Ceramic Society. — 2024. — Vol. 44. — No. 6. — P. 4055-4063.
https://doi.org/10.1016/j.jeurceramsoc.2024.01.014.

4 Li, Xudong et al. Enhanced redox electrocatalysis in high-entropy perovskite fluorides by tailoring D—P hybridization
/ Xudong, Li et al. // Nano-Micro Letters. — 2023. — Vol. 16. — No. 1. https://doi.org/10.1007/s40820-023-01275-3.

5 Wang, Yuhao et al. High-entropy perovskites for Energy Conversion and storage: Design, synthesis, and potential applica-
tions / Yuhao, Wang et al. // Small Methods. — 2023. — Vol. 7. — No. 4. https://doi.org/10.1002/smtd.202201138.

6 Lisitsyn, Victor, et al. Radiation synthesis of high-temperature wide-bandgap ceramics / Victor, Lisitsyn et al.
/I Micromachines. — 2023. — Vol. 14. — No. 12. — P. 2193. https://d0i.org/10.3390/mi14122193.

7 Lisitsyn, Victor et al. The optimization of Radiation Synthesis Modes for YAG: CE Ceramics / Victor, Lisitsyn et al.
/I Materials. — 2023. — Vol. 16. — No. 8. — P. 3158. https://doi.org/10.3390/mal16083158.

8 Lisitsyn, Victor et al. Express synthesis of YAG: CE ceramics in the high-energy electrons flow field / Victor, Lisitsyn et al.
/I Materials. — 2023. — Vol. 16. — No. 3. — P. 1057. https://doi.org/10.3390/mal16031057.

9 Ghyngazov, S.A. et al. Synthesis of technical ceramics in a beam of fast electrons / S.A. Ghyngazov // Russian Physics Jour-
nal. — 2023. — Vol. 66. — No. 4. — P. 391-397. https://doi.org/10.1007/s11182-023-02952-x.

10 NIST Chemistry Webbook, SRD 69. Chemical Formula Search. — [Electronic resource]. — Access mode:
webbook.nist.gov/chemistry/form-ser/. Accessed 16 Oct. 2024.

11 Tnymxo B.IL. (pen.). TepMonuHaMu4YecKue CBOWCTBA MHAMBHAYalbHBIX BemiecTB: CrnpaBod. m3n.: [B 4-x T.]. — 3-e u3n.
/ B.IL T'nymko (pen.), JIL.B. Typud u aip. — M.: T. 1 — 1978; T.2 — 1979; T. 3 — 1981; T. 4 — 1982.

12 TepmoanuHaMUYCCKHE CBOWCTBA MHIMBHIYalbHbIX BemiecTB: CrpaBod. uza. — T. 5 (onnaiiH Bepcust). — [DnekTpoHHBIH pe-

cypc]. — Pexum mocryma: https://www.chem.msu.su/rus/tsiv/

13 Tabata, Tatsuo et al. An algorithm for depth—dose curves of electrons fitted to Monte Carlo data / Tatsuo, Tabata // Radiation
Physics and Chemistry. — 1998. — Vol. 53. — No. 3. — P. 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 / Tat-
suo, Tabata // Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms. —
Vol. 93. — No. 4. — P. 447-456, https://doi.org/10.1016/0168-583x(94)95633-2.

Cepusa «dusmka». 2024, 29, 4(116) 43


https://www.chem.msu.su/rus/tsiv/

M.G. Golkovski, I.P. Denisov et al.

M.I'. T'onkosckuii, M.I1. leaucos, C.A. I'starasos, U.I1. Bacunses, W.K. Yakun

Korapsbl eny KabijeTi 0ap 3J1eKTPOHABI CIYJIEHIH dCepPiHEH KePaAaMHUKAJIBIK
MaTepUAJIAPAbIH CYHBIK (a3ajbIK CHHTE3IHIH THIMALTIri

CoHrBI OipHeIIe JKbUIAA )KYPTI3UIreH 3epTTeyliep JIOMAHECIIEHTTI KepaMUKaJIBIK MaTepHaIaap/bl, COHAA-aK
JKOFaphl eHy KabijeTi 0ap »IeKTPOHIBI COyNeHI KOJJAaHAThIH 0acka MakcaTTarbl KepaMHUKaHbI ally dAiCiHIH
apTHIKUIBUIBIKTAPBIH KepceTTi. CoylieHi eHEepKICINTIK AMEKTPOHIB! YACTKIII Kacaiiipl xoHE aTMocdepara
LIAFBIH IUAMETPIIl TeCIK apKbUIbl IIBIFAPUIAABL. DIEKTPOHIAAPABIH YASTKIm KepHeyi 1,4 — 2,5 MB nuanaso-
HBIH/IA peTTeNeal, OyJI CoyeHiH JKOFaphl KyaThIMEH 0ipre YHTAaK MaTepHanFa KeJeMIiK ocep eTyre MyMKIHIIK
Oepeli, OHBI IMaMaMeH | ¢ YaKbIT ilIiHIe OANKBITA b, SFHA OAJIKBIMAaHBIH 0AacTalKbl IAXTa OpHAJIACKAH TH-
relb KaObIpFralapbIMeH jKaHaCYBIHCHI3. JKyMbIcTa €Ki KOMITOHSHTTi OKCHATI KepaMHUKaHbBI CHHTE3/Iey Ke3iHze
COyJICHIH DJHEPTeTHKAJIBIK THIMAIUNIIH ecenTey ofici ychHbUIFaH. CayJeHIH THIMIUIT CHHTE3IeNreH
KepaMUKaHBIH OalIKy TeMIIepaTypachklHa KaHe OHBI KbI3ABIPY MEH OaJKBITy YIIiH KaXKeT JKbUIyFa KapaMacTaH,
opraua ecernrneH 50% Kypaiiibl )koHe KenTereH xarnaiiapaa 80%-1an acanbl.

Kinm ce30ep: ®OFapbl BOJIBTTHI 3JICKTPOH/IBI COYJIE, JJICKTPOH/IBI COyJIeHI aTMocdepara IbIFapy, 3JIeKTPOHIBI
CoyJeH1 OaNKBITy, 3aTTapAarbl COYJIENiK SHEPTHAHBI 001y, OKCHATI KepaMHKa CHHTE31, KepaMHKa CHHTE31HIH
THIMIIIIC.

M.T". T'onkosckuii, M.I1. leaucos, C.A. I'starazos, W.I1. Bacunses, U.K. Yakun

KII xnakoga3Horo cuHTe3a KepaMu4eCKUX MAaTEPHUAJIOB MO BO3AeHCTBHEM
3JIEKTPOHHOI'0 MYYKa ¢ BbICOKOI MPOHUKAKIIEH CITOCOOHOCTHIO

IIpoBenénnble B MOCIEIHUE HECKOJBKO JIET MCCIEIOBAHUS IMOKA3aJld NMPEUMYLIECTBA METOJA MOTydYEeHHs
JIOMHHECLEHTHBIX KEePaMHYECKHX MaTepHallOB, a TAaKKe KePaMHUK APYTroro Ha3HAYEHHS C MPUMEHEHHEM
3NIEKTPOHHOTO ITyYKa C BBICOKOH NMpoHHMKaommeil cnocodHocThio. ITydok reHepupyeTcs: MpOMBIIIIEHHBIM yC-
KOPHTEIIEM 3JICKTPOHOB U BBIITyCKaeTCs B aTMocepy depe3 OTBepCTHE MaJoro JuaMeTpa. Y CKOpsolee Ha-
MpsDKCHUE 3JEKTPOHOB PErysmpyercs B auamazone 1,4-2.5 MB, 4ro B coueTaHu# ¢ BBICOKOH MOIIHOCTHIO
My4Ka IT03BOJISIET OKa3hIBaTh 00BEMHOE BO3/ACICTBHE HA OPOLIKOBBIH MaTepHal, IPOU3BO/Is €ro pacIuiaBie-
HHE 3a BpeMsl 0KoJI0 | ¢, IpakTHUeCKH 0e3 CONMPUKOCHOBEHHS pacIulaBa coO CTEHKAaMU THIJIS,, B KOTOPBIN MO-
MellaeTcsl UCXoJHas muxta. B crathe mpemnoxeH crocod pacuéra sHeprerndeckoro KITJ[ BozmeiicTBus
Iy4Ka IIPU CUHTE3€ IByXKOMIIOHEHTHBIX OKCUJIHBIX KepaMuK. [Toka3ano, uro KII/l myuka B cpeHeM cocTas-
nstet okoio 50 %, a BO MHOTHX ciy4asx mpesbimaer 80 %, BHE 3aBHCHMOCTH OT TE€MIIEPaTyphl IUIABJICHUS
CHHTE3MPYeMOi KepaMUKH U TeTl1a, He0OXO0IMMOTro JuIs €€ HarpeBa M PacIlIaBICHNS.

Kniouesvie cnosa: BEICOKOBOIBTHBIN 3I€KTPOHHBIH ITy9IOK, BBIBOJ AIEKTPOHHOTO Iydka B aTMoc(epy, dIeK-
TPOHHO-JTIy4eBas IUIaBKa, BbIIEJICHHE YHEPTUM IyUYKa B BEIIECTBAX, CHHTE3 OKcUIHON kepamuku, KITJ cun-
Te3a KepaMUKH.
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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? 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
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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/AI/AI,O3 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]:

oT T 2 T nQ E x>R
— =0 —+—— |+ K, —exp| ——
ot ox° X OX c ke T
an E x>R
— =-k,n-exp| ——
ot kT
oT T 2 T rex<R (1)
[ ao _2+__
ot OX~ X OX
oT T 2 oT X<t
p— aM _2+__
ot OX~ X OX
X<R
6_n =0, n=0,
ot

where lower index 0 marks the shell, A7 marks the core, a is thermal diffusivity, ¢ is volumic heat capacity, n
is the content of the unreacted explosive substance, k, is preexponential factor, E is activation energy, Q is
heat released at decomposition of 1 cm® 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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or oT
—Co%yg ok |(2R0) +Ca- X (x>R+0) 0 (2.2)
oT oT
J—Ccyoy — +Colly - — (2.b)
X—>r-0 X—>r+0

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):

J(t) =vm-QupsR%kiHy ‘EXP(— kiztz), 3

where ki determines the pulse duration at the half width according to the expression 72«/ . The val-
/U2

ue of absorption efficiency Q,__ 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

. . . I . f3c .
pulse to maximum temperature neglecting the explosive’s decomposition. Denoting  [— as K in the case of
Cl

micro hot-spot model this radius is proportional to the matrix heated layer thickness Rn=Kh, where
h = {/2a/k; , while the maximum temperature augmentation takes form:

ST = nRH __ nKhH KH

%nclR2+4nc(Rh+h2) %niczth2+4nc(hKh+h2)_ 4ch(K +2)

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:

2
AT =9 _ . . H-nr
C CA.gnrs_i_CO.gan(Zs—1)+Cm4TCZZI'2h+4TCthzzr

(4)

The particles with the most pronounced temperature increasing are determined applying maximum con-
ditions:
AT'=0

2
— T -0 (5)
ré (CA +-¢(2° —1)j+4cm22r2h +4c, h*Zr
3 3

2
R - 3c,,Zh
ca—C-(2°-1)

It can be deduced from (5) that the radius of the most heated nanoparticle Ry, 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/cm?. The ration of core and nanoparticle radii was 0.75. The range of radii was taken rather wide,

so the value of Ry 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? 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?, 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?
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.
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Figure 1. Calculated dependencies of the maximum tem-  Figure 2. Calculated dependencies of the maximum tem-
perature of the aluminum nanoparticles heated in PETN on perature of the aluminum nanoparticles heated in PETN on
its radius at r/R=0.75 and pulse duration 14 ns. 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? 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?® 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? 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].
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Figure 3. Temperature distributions in PETN at the Figure 4. Temperature distributions in PETN

time moments shown on the legend in the PETN lay- surrounding nanoparticle with radius 75 nm
er surrounding the nanoparticle with radius 50 nm (50 nm core and 25 nm shell) at the time momonts
(35 nm core and 15 shell thickness) 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?. 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 H. 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.
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Figure 5. The calculated dependencies of laser pulse criti- Figure 6. The calculated dependencies H¢(R) for
cal energy density of PETN- Al/Al,O; explosive decompo- unoxidized aluminum nanoparticles and with oxide shell
sition on the oxide shell thickness at definite nanoparticles’ thickness shown on the legend

radii presented 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 H. 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.

Table
Minimum coordinates on the critical energy dependence on the nanopartciles
radius at fixed oxide shell thickness values
L, am 0 3 5 7 10
H., mJ/cm? 58,7 67,3 71,2 75,1 80,8
R, 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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A.A. 3BekoB, A.B. Kanenckuii, A.Il. bopoBukosa, E.B. I'ankuna, I1.0. Bunoaukros

Oxcnari KaObIKIIAHBIH KAPBLIFBINI bIABIPAYbI 0ap MeTaJlJI HaHOOeJIIIeKTepiMeH
JIETHPJICHT€H JHEPreTUKAJIBIK MaTePUAJIAPAbIH Ja3epJiiK HHUINALIHUSACHI

Makana na3epiik HHUIHAIHSIIBIK KOMIO3HITMSUTBIK MaTepUaNIIApIbIH OKCHITI KAOBIKIICH KalTalfaH MeTall
HaHOOeIIIeKTepi 6ap KApBUIFBIII MaTpUIla OONYBIH CUNIATTAMTHIH MOJENBI 93ipieyre apHanFaH. Mozemnbae
OKCHJ] KaOBIFBIH JKapPBIKTHI CIHIPMEHTIH IMAJIEKTPHUK PETiHIE KapacTeipanbl. Herisri HOTmkeIep amtoMHHHUI
OKCHIIMEH KalTalfaH aJIOMUHHA HaHOOeNIIeKTepiHe apHaiFaH. Mojens meHOepiHAe «MeTallul SIpOCh—
OKCHATI KaOBIK—KapBUIFBIII 3aT» JKYHECiHIeri JKbpuly Oepy mporectepi, AppeHHYC TeMIlepaTypackiHa
TOYeJIiTIKICH OipiHIIi PETTi peakiys PEeTiHIe MOCIBICHI€H JKapbUIFBILI 3aTThIH 3K30TEPMHSIIBIK bIIBIPAYhI
KOHE «IIpO—KaObIK» IIeKapachIHAAFbl COYJENeHY/l CiHipy 3eprrenareH. Monenb auddepeHpanapk
TeHJeyJIep XKyieci TypiHae *ka3bUIbII, CaHABIK OPBIHIAYFa apHaIFaH KOMITBIOTEpIiK OaFraapiama jKacajiraH.
MonenbaiH JkapThlIail CaHABIK Talgaybl CoyJeJeHY HWMITYJIbCIHIH OpeKeTi Ke3iHAe KbI3IbIPhIIFaH
MATPULOANBIK KAOATTHIH CHIATTAMANBIK KAIBIHIBIFBIH TMaiilaliaHa OTBIPBIN Kypri3ingi. EH korapbl
TEeMIIepaTypara JKeTKCH HAHOOOIIEKTIH paJnyCchl KBI3ABIPBUIFAH MATPHULAIBIK KaOAaTThIH KAJIBIHIBIFBIHA
MPOTIOPIIHOHAN OOJATBIHBl KOPCETUITeH, Oy MOJENbJIH aJIbIHFBl HYCKAachlHa CoWiKec Kenemi, Oipak
MPOTIOPIIHOHAIIBIK KOXPPHUIIUEHTI OKCU KaOBIKIIACKIHBIH KaJIBIHABIFBIHA OaiilaHbIcThl. Mogenbre caHIbIK
Tamlay JXacaJiabl. I/IHI/lLll/laLlI/lﬂ SHBpFI/IﬂCbIHbIH KpI/ITI/IKaﬂbl]{ ThIFbI3IbIF bIHBIH HaHO69HHJeKTiH T¥paK,Tbl
paauyChIHIAFBl OKCH] KAOBIFBIHBIH KaJIbIH/IBIFbIHA KOHE KAOBIKTHIH TYPAKTHI KAJTBIHABIFBIHIAFbl HAaHOOOIIIEeK
paguycelHa TOyeNJUIri ecenTenedi. Paauycka Toyenailik MHUHHMMAJIbl WHHULMAIMS IIETiHE OKEeNeTiH
OHTAaIJIBI HAHOOOIIEKTiH 00NybIH KopceTei. OHTaiIbl HaHOOOIIEKTIH pagrnyChl KAOBIKTBIH KaJIBIHIBIFbIHA
0aiIaHBICTEL.

Kinm ce30ep: nasepiik WHUIHMALUS, TEPMHUSIIBIK KApPBUIBIC, BICTHIK HYKTE MOJEN, SApO KaOBIKIIACHIHBIH
HaHOOOIIIEKTePi, YHEPTETHKAJIBIK MaTepHaIIap.
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3aKOHOMEpPHOCTH JIa3ePHOT0 MHUIMHPOBAHUS B3PbIBa
JHEPreTHYeCKUX MaTEepPUAJIOB, TONNMPOBAHHBIX HAHOYACTUIIAMHU

Crarbsl MOCBSIIEHA PA3BUTHIO MOJEIH JIa3€pHOTO WHUIIMMPOBAHUS B3PbIBA KOMIIO3UTHBIX MaTepHasoB,
MPEACTABIAIOMUX COO00 MaTPHUIly B3PbIBYUATOTO BEILECTBA, CONCPIKALIYI0 HAHOYACTUIBI METAJIOB C OKCHI-
HOU 000504KOH. B paMkax Monenu okcuaHas 000J04YKa pacCMOTpeHa KaK JUIJIEKTPUK MPO3payHblid Ui Ja-
3epHOro m3nydeHus. OCHOBHBIC PE3yAbTaThl MPEACTABICHBI Al HAHOYACTHUI aTIOMUHHSA, MOKPHITHIX OKCH-
JIOM aOMHHUS. B paMkax Mozenu H3y4eHBl MPOLECCHl TEIUIONEPEHOCA B CUCTEME «METAIITMYECKOE SIPO—
OKCHJIHAsI 000JI0YKa—B3PBIBUATOE BEIIECTBOY, IK30TEPMHUECKOE Pa3I0KEHHE B3PHIBYATOTO BEIIECTBA, MOJIC-
JUpyeMoe Kak peaxiysi MepBoro mnopsijika ¢ AppeHHYCOBCKON TeMIIepaTypHOH 3aBUCUMOCTBIO, U IOTJIONIe-
HUC W3JIyYCHHs Ha TpaHUIE «Iapo—o00Jouka». Mojenp 3amicaHa B BHIC CHUCTEMbI Ju(epeHINATEHBIX
YpaBHEHUH, U pa3paboTaHa KOMITBIOTEPHAS MPOrpaMMa JUTsl YUCICHHOW pealti3aniy. BBIMOIHEH MOTyKOJIH-
YECTBEHHBIH aHaIu3 MOJIENU C MCIIOJIb30BaHUEM BEJIMYMHBI XapaKTePHON TOJIIIMHEI CJIOS IPOrpeTOoi MaTpu-
Bl 32 BpeMs ACHCTBHS UMITYJbca M3MydeHHsA. [loka3zaHo, YTO paguyc HAHOYACTHIBI, JTOCTHrarolieil Hau-
OospIIel TemMIepaTypbl, TPOMOPIHOHATIEH TOJIIIHE IPOTPETOTO CIOS MAaTPHUIIBL, YTO COTIIACYETCS C MPeabl-
IyIIAM BapHaHTOM MOJEIH, OJHAKO KO3()(UIIMEHT MPONOPLUHUOHAIBHOCTH 3aBUCHT OT TOJIIUHBI OKCHIHOU
obonouku. [IpoBeneH YWCICHHBIA aHANW3 MOIENU. PaccuWTaHbl 3aBHCMMOCTH KPUTHYECKOW IUIOTHOCTH
SHEPTUU WHUIMUPOBAHUS OT TOJIIIMHBI OKCHIHONH OOOJIOYKH MPHU IMOCTOSIHHOM PaJiyce HAaHOYACTHUIIHI U pa-
JINyca HAHOYACTHUIIBI NMPH TOCTOSHHOM TOJIMHE OOOJIOUKH. 3aBUCHMOCTh OT Pajyca CBHICTCIbCTBYET O
CYILIECTBOBAHUHU ONTHUMAJbHOW HAHOYACTHUIIBI, IIPUBOJASALICH K MUHUMAIBLHOMY MOPOTY HHULUMUpOBaHUs. Pa-
JINYC ONTUMAIbHOM HAHOYACTHUIIBI 3aBHCUT OT TOJIIIHHBI 000JIO0YKH.

Knrouegvie crosa: naepHoe HHUIMMPOBAHHUE, TEIUIOBOH B3pbIB, MUKPOOUYaroBasi MO/ielb, HAHOUACTHIIbL, S11-
POo—000JI04Ka, IHEPTETHIECKUE MATECPHAIIBI.
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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 (Ga,0s, Al,O3, Y,03) and fluorides (MgF, BaF,) 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 MgF, and BaF, 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, Ga,03, Al,03, Y,0s.

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?, 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 (Ga,03, Al,Os, Y,05), including those with an admixture of 0.5 wt.%
Ce, 03, and metal fluorides (MgF,, BaF,) 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 ty, = 10 ns, an average electron en-
ergy in a pulse of 250 keV and an energy density of 0.05 J/cm? Measurements of the spectral and kinetic
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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 Ga,O; CL

The spectrum of Ga,05; 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 Ga,O3; 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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Figure 1. CL spectrum of Ga,O5; sample: 1 — taken at Figure 2. Decay curve of Ga,O3; CL at 3.44 eV.

amplitude value of a pulse, 2 — in 200 ns.

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 B-Ga,O3; under continuous electron irradiation and were
associated with the luminescence of point defects.

0,8 A

0,6 -

Intensity, a.u.

2 2,5 3 3,5 4
Photon energy, eV

Figure 3. Spectrum of a fast component of Ga,O; CL decay.
Dots — experimental data, solid lines — fitting by Gaussian curves.
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2. Spectra and kinetics of Al,O; CL

As for the Al,O3 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 Al,O; and Al,O3: 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 Ce,QOs, an additional band appears at 3.4 eV.
The band at 4.3 eV was previously observed during irradiation of a-Al,O; 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.
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Figure 4. CL spectra of Al,O3 (1) and Al,O3: Ce 0,5 % (2) samples.

3. Spectra and kinetics of Y,O3 CL

The spectral and kinetic characteristics of Y,0; and Y,0; with the addition of 0.5 wt % Ce,O; 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 Y,03; 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 (Figro 6, curve 2). The spectra of the slow and fast decay components of the
Y,03 sample CL can be described well by bands with parameters E .« = 2.92 eV, FWHM = 0.86 eV and Ex
=3.5eV, FWHM = 0.89 eV, respectively. In the CL spectrum of the Y,0s: 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 Y,05 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.
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Figure 5. CL spectra of Y,03. 1 — taken by amplitude Figure 6. CL spectra of Y,03: Ce 0,5 %. 1 — taken
values of a pulse, 2 — in 500 ns, 3 — spectrum of a fast by amplitude values of a pulse, 2 — in 500 ns,
component, 4 — fitting by a sum of Gaussian curves. 3 — fitting by a Gaussian curve.
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4. Spectra and kinetics of MgF, u BaF, CL

Figure 7 shows the results of MgF, and BaF, ceramic samples CL spectra measurement. In the MgF,
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 BaF, 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 MgF, and BaF, 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.
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Figure 7. CL spectra of MgF, (a) and BaF, (6) 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 Ga,0; 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 B-Ga,O3 under continuous electron irradiation and associated with the lumines-
cence of point defects.

In the spectra of Al,O; CL, elementary bands with maxima at 5 eV and 4.3 eV can be distinguished, and
in samples doped with Ce,0; an additional peak at 3.4 eV, which was observed earlier when irradiated with
a- Al,O; with heavy ions. Its origin has not been definitively determined.

The spectra of Y,05; CL without and with a dopant of Ce,O5 are similar, but the luminescence of Y,0s:
Ce decays much faster and the intensity of this emission is significantly reduced. That is, the introduction of
cerium into Y,0; 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 MgF, and BaF, 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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A.A. Kapnayxoga, B.1O. fIxosies|

7Korapbl JHeprusiiibl JJIEKTPOHAAP aFbIHBI CAJIACHIHIA CHHTE3/1eJITeH OKCH/ITI
skdHe (TOpPJIbI KEPpaMHUKAHBIH KAaTO0JIOMUHECHEHIIUsSI KacueTTepi

Jactyp OolibIHIIA OTKA TO3IMII KepaMHUKAHBIH CHHTE31 KYpAelNi jKoHE KOIl yaKBITTHl KaKeT eTeTiH Iporecc.
bipa3 yaksIT OypbIH jkaHa, aJ1JIeKaiiia )KbUIIAM 9JIic — >KOFaphl SHEPTHSIIBI AJIEKTPOHIAPAbIH KyaTThl aFbIHEI
caJachIHIAFbl JTIOMHHECLEHTTI KepaMHKaHBl CHHTE3/ley OMiCi YCHIHBUIABL Kem KOMIOHEHTTI OKCHATI
(dhochopmapasl cHHTE3AEY Ke3iHIEe aJbIHFAaH MaTepHANAbIH KAaCHETTEPiHIH IIUKi3aT KOCHACHIHBIH KypaMblHa
JKOHE CHHTE3 MPOILECIHIH peXUMICpiHE TOYEeNAUIriH aHbIKTay OHal mapya emec. OchlFaH OalIaHBICTHI
Kypzaeni ¢ocdoprapasiH Kypamaac OerikTepi OOJBII TaOBUIATHIH KapamailblM OKCHATEPIACH PagHalldsUIBIK
CHHTE3 apKbUIBl jJKacalFaH KEpaMHUKAaHBIH KAaCHUETTEepiH 3epTTey KHUCHIHABI Oonbln KepiHerni. JKymbicta
paquMaIMsUIBIK CHHTE3 9iciMeH anbiHFaH Metaiun okcuarepinid (Ga,Os, Al,Os, Y,03) xoHe GropuaTepIin
(MgF,, BaF;) xepamuKanbIK YITiLIEpiHIH KaTOJOJFOMHHECICHIHSICHIHBIH CIIEKTPIIK KOHE KHHETHKAIIBIK
3aH/IBUIBIKTapbIHA 3epTTey JKyprizinai. JlromuHecteHuust ummynsci 250 k3B GosaThlH 21eKTpOHAAPABIH
opTamia SHEpruschl 0ap 9JIEKTPOHAAp INOFBIPbIMEH Ko3Fauabl. CHeKTpiep MeH JIOMHHECHCHIHS
KAHETUKACBHIH TipKey YVIOiH 7 HC YaKbIT aXBIPAaTBIMIBUIBIFEI 0ap HMMITYJIBCTIK CIIEKTPOMETPHUS oIici
KOJIaHBUIABL. ABTOpIap 3€pTTENTeH YATUIepAiH KaTOMOTIOMHHECIHEHIMS CHEeKTpiepiHe KapamaifbiM
JKOJAKTap/pl Oemil KepceTe OTBIPHIN, JKEKe JKOJAKTapJarbl JIOMUHECIEHIUSHBIH oJcipey ITUHAMUKACHI
Typasibl KOPBITBIHIBI JKacaipl. AJNBIHFaH HOTIDKENEPAl MOHOKPHCTANABI YiAriiep OolibiHIIAa Oenrimi
JIEPEKTEPMEH  CaNlbICTRIPY Kypriziami. OKCHATI KepaMukanaH adpipmambuibirel, MgF, xone BaF,
KepaMUKaJIBIK YITUIEpiHiH CHEeKTPIIK CHUIaTTamanapbl OChl KOCBUIBICTAPIBbIH MOHOKPHCTAJIAAPBI TYpPalbl
MOJIIMETTEPMEH JKaKChI YIIECETIHAITH KOpCeTe/Ii.

Kinm ce30ep. OKCHUATI KepamuiKa, (TOPJBI KepaMmHKa, KaTOMOJIOMHUHECUCHIINSA, paTdaldsibl CHHTE3,
CIIEKTPJIEP, YAKBIT aXKbIPATHIMIABUIBIFBI, Ga,03, Al,O3, Y,0s.

A.A. Kapnayxosga,

B.IO. SIkoBes|

CgoiicTBa KATO0JIOMUHECHEHINHN OKCHIHOI U (PTOPUAHON KepaMUKH,
CHHTE3HPOBAHHOI B 10JI€e MOTOKA BHLICOKOIHEPTeTHYECKHUX IJIEKTPOHOB

TpaguIIOHHO CHHTE3 TYTOIUIAaBKOI KEPaMUKH SBISETCS CJIOXKHBIM H JJONTHM HporieccoM. HekoTopoe Bpems
Ha3aj ObUT MPE/IOKeH HOBBIM, HAMHOTO 0oJiee OBICTPBIIl METOA — METOJ CHHTE3a JIIOMUHECIICHTHON Kepa-
MHKH B TI0JI€ MOILITHOTO NOTOKA BBICOKORHEPIeTUYECKUX NIEKTPOHOB. CHHTE3 OKCHIHOI KEepaMHKHU 110 MpUH-
[MIIHAIBHO HOBOW TEXHOJOIMH TPeOyeT BCECTOPOHHErO M3y4eHHs CBOWCTB 3Toil kepamuku. [Ipu cuHTE3e
MHOTOKOMITIOHEHTHBIX OKCH/HBIX JIOMUHO(OPOB HEMPOCTOH 3aqadeil sSBISETCs ONpEeiCHue 3aBHCUMOCTEH
CBOICTB ITOJIy4aeMOTr0 MaTepHaa OT COCTaBa UCXOMHOTO CHIPhS, PSKIMOB Ipornecca cuaTe3a. O0pasusl Iyt
JTaHHOM paboThl OBLIM CHHTE3WPOBAHBI ITyTEM NPSIMOTO BO3JEHCTBHUS Ha CHIPhE AIEKTPOHHOTO Iydka. B pa-
00Te HCCIeOBAICh 3aKOHOMEPHOCTH KaTOJONIOMHHECIICHIINK 00pa3lloB KepaMUKH OKCHAOB METAJLIOB
(Gay03, AlLO3, Y,03) u dropumos meramioB (MgF,, BaF,), cuaTe3upoBaHHON PaHAIMOHHBIM METOOM.
JlromuHecneHIMs BO30Y)XKJanach My4YKOM JIEKTPOHOB CO CPEAHEH >Hepruel 31eKTpOHOB B MMITyibce 250
k3B. Jlnst perucTpanuy CeKTPOB U KHHETHK JIFOMUHECIIEHIIUH HCIIONIB30BAJICS METOJ] MMITYJILCHON CIIEKTPO-
METPUH C BPEMEHHBIM pa3pelieHneM 7 Hc. ABTOpaMHM MPEJCTAaBIEH aHAIU3 CIEKTPOB KaTOJONIOMHHECIEH-
IIUM U3YYEHHBIX 00Pa3IoB C BBIACICHUEM 3JIEMEHTApPHBIX IOJIOC, CAETaHbI 3aKIIOUSHUS O JUHAMUKE 3aTyXa-
HHS TIOMHHECLEHIIMU B OTAENBHBIX Mojiocax. [IpoBeieHO cpaBHEHUE MOMYUEHHBIX PE3yIbTaTOB C H3BECTHBI-
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MM JIaHHBIMH TI0 MOHOKPHCTAaJUIM4eCKUM oOpasuam. Iloka3aHo, 4TO, B OTIMYHE OT OKCHIHOH KEpaMHKH,
CHEKTpaJIbHbIE XapaKTePUCTHKH 00pa31oB kepamuk MgF,, BaF, mokaspiBaioT Xopoiiee COOTBETCTBHE C AaH-
HBIMH 110 MOHOKPHUCTAJIJIAM 3THX COCIMHEHUH.

Krrouesvle crosa: okcupHas KepamuKka, (GTOpHIHAS KEpaMHKa, KaTOJOJTIOMUHECICHIUS, pPaJIuaIllHOHHBINA
CHIHTE3, CIIEKTpPBI, BpeMeHHoe paspenienne, Ga,03, Al,O3, Y,0s.
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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, 2py,, and 2psy, 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, 2py,, and 2ps;, 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, 2pys, and 2psy, 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, 2py,, and 2ps, 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.
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Cascade decay trees for specific initial inner-shell vacancy states were built as follows. Let C© 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 {Ci‘l)}. Some of the
configurations Ci(l) can still have inner vacancies and can decay further. Their decays form a second-decay-
step set of configurations {C}z)}, etc. The tree is completely built when after the n™ decay step none of the

configurations {C{"} 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, 2py;,, and 2ps, 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.

Table 1

Numbers of different ionic configurations appearing after each decay step during the cascade relaxation of single
vacancies in 1s, 2s, 2py» and 2pay, subshells of an isolated platinum atom, and total numbers of branches (Ny,) in
respective decay trees

Decay step 1s 25 2Py 2Dap
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

Ny, 2.12E7 | 1.962E7 | 8.222E6 | 5.902E6

The cascade decay tree can be built if for each branching point Ci(m) relative probabilities of all allowed
transitions into lower-in-energy ionic states C}m”) are known. These relative probabilities, also known as
branching ratios, are calculated with

r(Cc™ —cim)

i i

Zr(ci(m) _)CIEerl)) !
k

1(C™ —>C{") = )

where T" 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 Ci(m) . 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 C; — C; are calculated using mean total PF energies E; and E; of
initial and final ionic configurations of the transitions. If the multiplets of C; and C; 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(g)} 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© to each
Ci(q) through all possible decay pathways:

PC(O) (q) = Z Z Ppathway (C(O) - Ci (q)) (2)
i pathways

In its turn, the probability of getting from C” to Ci(q) along a given pathway is a product of the branch-

ing ratios of all the transitions throughout the pathway:

(C? - C(@))=xC? > C(C = C?)..x(C? > CI )y (CY - Cl(a)) @)
Mean final ion charges upon decays of initial single-vacancy states C are calculated with

<qc(°) > = qucw) (a) 4

I:)pathway

The spectra of electrons and photons produced by the cascade relaxation of an inner-shell-vacancy con-
figuration C are the probabilities of emission of electrons P;'O,(i) and photons Pcﬁ*;?t(k) against respective

electron E&, (i) and photon EFf7 (k) energies:

Spgo ={Egw (i), Pio (D3} Spie ={EZH (K), Pc‘i*;?‘(k)}_ (5)

In the above notations, i and k humber spectral components, i.e. cascade transitions during the cascade

relaxation of C. Probability of any cascade transition P(C; — Cy) is the product of the probability of the
initial-state configuration C; to appear, and the transition branching ratio:

P(C, - C;)=P(C)x(C, —>Cy) _ (6)

The appearance probabilities P(C;) are calculated in the same way as the probabilities to discover the

configurations of final ions, see (2), (3).
Upon nl; ionization, the atom acquires the energy E;,(nl;) equal to the threshold ionization energy of

the nl; orbital. We split the acquired energy E;,(nl;) into the following redistribution channels: a) mean en-
ergy stored in final cascade ions E™"(nl ;) b) mean energy reemitted with cascade electrons ES (nl ;). and

out

c) mean energy reemitted with cascade photons EXi™(nl;). Eg,(nl;) and EPY'(nl;) are calculated using

out out

electron and photon spectra emitted upon the decay of respective single-vacancy states C© =nl i b
Ex(nl)) = 2P (DES.(), ESLX(nl)) = 2 P (ET (K) )
i k .

Evidently,
Eion(nlj) = Ein(nlj) - Englt(an) - Eg:tm(nlj) ) (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 E™'(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, 2py, and 2pa, 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, 2p,;, and 2ps, 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 2p,,, and
2pap, States with the emission of KL,3 (Kayz) photons. According to our calculations, a combined branching
ratio of this transition is 0.78, and the decay trees for 2p,, and 2pz, initial vacancies do not differ much. In
the case of the initial 2s vacancy, the cascade is more complex. Its decay tree contains additional L;L»sN and
L;L,30 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].
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Figure 1. Final ion yields upon the cascade decay of single 1s, 2s, 2p,/, and 2psj, 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.
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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, 2p, and
2p3); 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 KL,z.

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.

Table 2
Energies acquired upon nl; ionization of atomic platinum Em(nlj) , energies stored in final platinum ions

E‘°”(nlj) , and energies reemitted with cascade electrons E

el
out

(nl;) and cascade photons E/(nl;)

out

nl; E.(nl;), ev E™(nl,), eV Eg.(nl)), eV EX*(nl;), eV

1s 78814 614 (0.8 %)* 7827 (10.0 %) 70373 (89.2 %)

2s 13917 939 (6.8 %) 9039 (65.0 %) 3939 (28.2 %)

2P1p 13236 534 (6.8 %) 7762 (58.7 %) 4939 (37.3 %)

2Pz 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- 2p,,- and 2ps,-cascades, respectively.
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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, 2py, and 2ps, 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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A.Tl". Kouyp, A.Il. Yaitnukos, A.W. lynenko, B.I1. JleBunkas

AKBIPJIBI HOHAAPABIH TY3i/1Yyl 5K9He IJIaTHHA aTOMBIHBIH K k3He L 3jieKTpoHabI
KA0BIKIIAJIAPBIHAAFBI 2KAJTFbI3 00C OPBIHAAPABIH KACKAATHI bIABIPAYbI Ke3iHae
JHEPIUSHBIH KaiiTa IIbIFAPbLTYbI

Kackanrer siiblpay aramrapbiH Kypy KoHE Taaay oiCiMEeH OKIIayJlaHFaH IUIaTHHA aTOMBIHBIH 1s, 28, 2pyp,
JKOHE 2p3p IMKI KaOBIKIIANApBIHAAFBl Oip JKYMBIC OpPBIHAAPBIHBIH KaCKaITHl BIABIPAYBIH MOJEIbICY
Kyprizinni. COHFBI MOHIAPIBIH INBIFYBl JKOHE KAaCKaATHl JICKTPOHIAp MeH (OTOHIAPIBIH CIEKTpIepi
ecenreneni. PT aromeianmars! 1s, 2s, 2py, %aHE 2pa;, KyBICTApBIHBIH KaCKaAThl BIIBIPAaybIHAH Iaiiia OosraH
COHFBI HOHJAPABIH OpTalla 3apsaTapsl coiikecinme 7,75, 9,82, 7,80 xone 7,95 xypaiigsl. Opbip OacTamksl
IMIKi KyBICTHIH BIABIPAYHI YIIIH COHFBI KACKaATH HOHAAP/A KUHAKTAIFaH YHEPIUs JKOHE KaCKaAThI 1eKTPOH-
nap MeH (HOTOHIap KaiTa IIBIFapaThlH YHEPTHs €cenTeNemi. 28, 2Py, KOHE 23, 1IKI KaOBIKIIATApbIHIAFbI
00c OpbIHIAp BIABIpaFaH XaFaaiina, OacTamkpl iMIKi KyBICTHI j)Kacay Ke3iHAe aToM KaObUIZaFraH >HEPTUSHBIH
ket Oeuiri kackaaTeiH Osxe xoHe Koctep—KpOoHUTOBCKH 35IeKTPpOHIAphI apKbLUIbI KaiiTa Geminesi. 15-60¢ op-
HBI BIIBIPaFraH Ke3/Ic SHEPTUSHBIH Kol 0eiri kackanTtsl GoToHmapMeH, HerizineHn K, L apKbLibl TackiMania-
Hanpl. Katepri icikTiH (OTOHIBI aKTHBTEHAIPY TEPalMACHIHAA PAJMOCCHCHOMNIN3ATOp pETiHJE IUIaTHHA
HeTi31HJeri npenapartap/asl KOJIAaHy MepcreKTHBaIaphl TATKbUIAH b

Kinm ce30ep: mnatuHa, XYMBIC KacKafbl, BIIBIPAY aFamibl, MOH OHIMIUTIr, KacKaJTaH SHEPTHSHBI KaiiTa
HIbIFapy, paanoceHcnommmsanus, Oxxke Tepanuschl, GOTOHIBI OENICEHAIPY TePAITUSICHI.

A.I'. Kouyp, A.Il. Yaitnuxos, A.W. lyneuko, B.I1. JleBuiikas

OOpa3oBaHue KOHEYHBIX HOHOB M Nepeus/Iy4eHHre dJHepruu
NPH KACKATHOM pacnaje OANHOYHbIX BAKAHCHH
B K 1 L 3/1eKTpOHHBIX 000/109KaX aTOMA IVIATHHBI

MeTo/ioM MOCTPOSHHSI M aHAJIM3a JEPEeBbEB KACKAIHOTO pachajga MPOBEACHO MOJCIMPOBAHUE KACKaIHBIX
pacrangoB OAMHOYHBIX BaKaHCHH B 1S, 2S, 2P/, U 2P/, TOX000JIOUKAX N30IMPOBAHHOTO aTOMA ITaTHHEL. Pac-
CUUTAHbI BEIXO/(bI KOHEYHBIX HOHOB U CIIEKTPHI KACKAIHBIX JICKTPOHOB U (OTOHOB. CpenHue 3apsiipl KOHEed-
HBIX HOHOB, 00pa3yIOMNXCs B pe3yibTaTe KacKaJHBIX pacmangoB 1S, 2S, 2Py, U 2P3, BakaHCHH B atome Pt,
paBubl 7,75; 9,82; 7,80 u 7,95 coorBeTcTBeHHO. [ pacmamoB KaxIoW MCXOJHOW BHYTPEHHEH BaKaHCHHU
paccuMTaHbl YHEPTUH, 3alaceHHbIe B KOHEUHBIX KACKaJHBIX MOHAX, M DHEPTUH, IEPEH3IyUYeHHBIE C KacKal-
HBIMH JJIeKTpoHaMu U (oTtoHamu. B crmydae pacnana BakaHcHil B ogo0osoukax 2S, 2Py, U 2P3, Oonblias
Y4acTh YHEPIHH, IEPBOHAYAIBLHO MOIYYEHHOH aTOMOM TIPH CO3/IaHUU HAa4albHOI BHYTpEHHEIl BakaHCHH, Iie-
peusnydaercs kackaaHeiMu Oxke u Kocrep-Kponurosckumu snexrtpoHamu. Ilpu pacmage 1s-Bakancuu
OoutbIIIast YacTh SHEPTHH YHOCHTCS KacKaJHBIMU (oToHamu, npenmymmectBeHHO K, L. O6GcysxneHs! nepcnek-
THUBBI WCIIOJB30BAHHS IPENApaToB Ha OCHOBE IUIATHHBI B KAa4eCTBE PaJHOCEHCHOMIN3aTOPOB B (HPOTOHHO-
AKTHBAlMOHHOW TepaIny paka.

Kurouesvie crosa: nnatnHa, KackaJ BaKaHCHM, AepeBO pacriaja, BbIXOJbl HOHOB, KaCKaJHOE Mepenu3iyueHue
SHEPruH, pagrnoceHcuommu3anus, Oxe Tepanus, GOTOHHO-aKTHBAIIMOHHAS TEPATTHSL.
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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 llyich 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].
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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.
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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 Figure 4. Irradiation line in the South Korea
irradiation system equipped 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].

e
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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/cm? 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 Figure 8. Waste water treatment room
of trailer with accelerator inside 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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DJIB yaerkimine 50 Kbl

Maxkanaga I'.W. Bynkep ateiHnmarel Snposslk gusnka WHCTHTYTHIHBIH JJIB ©HEpKOCINTIK AIIEKTPOHIBI
YACTKIIITepiHiH ey O KBUIOBIK Jamybl OasHmamanel. Herizinen DJJIB  ynetkimrepi monmmepiepni
pamManusuUIBIK  MoAM(pUKAMsIAy YIIH KOJJaHbLIanbl (kabenpii OKiiaynay »oHe T.0.) JKOHE >KOFaphl
CeHIMIUIINIMEH, NalJanaHyablH KapanaidbIMIBUIBIFEIMEH JKOHE OpTYpJli OHIIPICTIK KaXeTTiTiKTepre
OeliimaenyimMen TanbiMan. by ynetkimTepain sBomonusicl 20 kBT-ThiH anramksl Moaenbaepined 100 kB1-
Ka JICHiH KeTeTiH 3aMaHayu HycKanapra, Tinti 400 kB1-ka neifinri Gipereit marvHara neifin 0alikanaspl. AB-
TOpJap pamuanusuIBbIK-XUMIBUIBIK TPOIECTEPAiH THIMAUIIT MEH CanachlH apTTHIPAThIH aBTOMATTaHIBIPBUIFaH
JKyiienep MeH MaMaHaHABIPbUIFaH JKa0IbIKTAPIbIH HHTETPALMSCHIH TANKbUTaiinel. Konmany casanapsr Terne-
KOMMYHHKAIMSIaH OacTam sIIpOJIbIK JHEepreTHKara MEHiHTi camamapiblH KeH ayKbIMbIH KaMTHIBI, SFHU
MYHZa KaTal >KaFfjaiiapia CeHIMIOUIIK ©Te MaHBI3AbL. ODKOHOMHKAIBIK TOKBIPAY CHSKTBI OYpPBIHFBI
Macenernepre kapamactan, DJIB yaeTkiim eHaipiciHiH epKeHeyi xanFacyaa, Oykin anem Ooiibiaina 220-m1aH
acTaM KOHBIPFbI KOWBUIABL. MHCTHTYT OoJamak KaKETTUTIKTepi KaHAFATTAHIBIPY YIIIH OChI TEXHOJIOTHs-
JIapbl irepineTyre OarbITTaIFaH.

Kinm co30ep: DJIB ynertkimrepi, 3JIeKTPOHABI YACTKILITEP, OHEPKACINTIK YAETKIITEp, OipiKTIpy.

H.K. Kykcanos, /I.C. BopoOses, E.B. JTomapos, FO.U. I'ony6enko, A.W. Kopuarun, P.A. Canumos,
C.H. ®anees, N.K. Yakun, A.B. Cemenos, B.I'. Uepenkos, M.IT". I'onkoBckuii, A.B. JlaBpyxun

50 set yckoputeasm JJIB

B craTthe ocBemnaeTcs mATHAECAT JET pa3pabOTKH MPOMBIIUIEHHBIX YCKOpUTeNel nekTpoHoB DJIB B UHcTH-
TyTe saepHoi ¢pu3uku umenu [.U. Byakepa. B ocHoBHOM yckoputenn DJIB ncnonb3yroTest uist paananioH-
HOM MoIU(UKALUK TOJMMEPOB (KabebHAS U30JIALMS U IIpP.), U U3BECTHBI CBOEH BBICOKOM HA/IEKHOCTBIO,
NPOCTOTON HWCIOJB30BAHUS U AAANTUBHOCTHIO K PA3jIMYHBIM MPOMBIIUICHHBIM MOTPEOHOCTAM. DBOJIOLHSA
STHX YCKOPHTEJNEH MPOCISKUBAECTCS OT paHHUX MoJiesiel MOIHOCThI0 20 KBT 10 COBpeMEHHBIX BEpCHHA, 10C-
TuTaromux MommHocTe 10 100 kBT, 1 gaxke yHUKaIbHOH MammHEI MOIIHOCTHIO 400 KBT. ABTOpamMu 006CyX-
JTACTCSl MHTETPalysl aBTOMATU3UPOBAHHBIX CHCTEM H CIICIHAIH3HPOBAHHOTO 000PYI0BaHUS, KOTOPEIC TIOBBI-
ratoT 3G PEKTUBHOCTh U Ka4ECTBO PaJIHAIIHOHHO-XHMHUYECKHX TporeccoB. OOIacTH MPUMEHEHHUS BKIFOYAIOT
UIMPOKUIL CIIEKTP oTpaciieil NPOMBIIIICHHOCTH, OT TEIEKOMMYHUKALUI 10 SAEPHOM SHEPreTHKH, I Haexk-
HOCTh B CYpPOBBIX YCJIOBHSX HMEET peliaroiiee 3HaueHrne. HecMotpst Ha mpomnuisie npoOieMbl, TakKhe Kak 9KO-
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HOMHYECKHE MOTPSCEHUs, IPOU3BOJACTBO yckopuTened ELV mponoiskaer nmporserars, 0 BceMy MUPY I10-
ctaBieHo Oosee 220 enuHun. MHCTUTYT cOCpenoTOUEH Ha MPOJIBM)KEHUH 3THX TEXHOJOTHUH Ui YIOBIETBO-
peHust Oyaymux NoTpeOHOCTEH.

Knioueswvie crosa: yckopurenu DJIB, yckopuTenu 31eKTPOHOB, IPOMBINIICHHBIE YCKOPUTEIH, CIINUBKA.
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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) NH,CIO, [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 NH,CIO, crystal and the rotation of the NH," 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 pg absorbs a vibrational mode (longitudinal phonon) with momen-
tum g’ 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-(Er
+Em)]¥% v = arccos[(2m-Eym + q*md)/(25-0*um)]; Fermi energy in Al: Ex = 11.7 eV [11; 51]; energy of dom-
inant longitudinal phonons in Al: E,, = 34.8 meV; magnitude of the momentum of dominant longitudinal
phonons in Al: g*,m ~ 1.2 10™° g cm s*; with these parameters, the angle y = 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
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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 g*,,, by a Fermi electron
with momentum pg 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 FWHM,. Figure 2 shows the threshold state at which the energy step of vibration modes in
a nanocluster AE,, propagating along the chord H with momentum s, exceeds the value of FWHM_. 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 AE,w= v'L-(h/H), where v"_ is the propagation velocity of longi-
tudinal phonons with energies within the FWHML region. The value of the velocity v, is less than the nom-
inal speed of sound in aluminum v, = 6.5 10° cm s 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 FWHM,_ 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 FWHM|, taking into account the
uncertainty in the energy of the levels. Such a threshold situation is shown in Figure 2, where the value of
JoE.mn is calculated taking into account the Heisenberg uncertainty relation for the phonon momentum and
coordinate, 0E,m> v'-h/(2zH). 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 AE,mn,
propagating along the chord H with momentum s, exceeds the FWHM__ value for the energy distribution
of longitudinal phonons in an aluminum nanocluster.

AE mi>FWHM, + (OEymif/2) + (0Eymi/2) > FWHM, + v’ -h/(27H) 1)

Substituting the value AE,mu = v - (h/H) into the left-hand side of inequality (1), we obtain:

V'L-(WH) SFWHM, + v’ -(h/27H)
or H <[1—(1/27)]-v"L-(WFWHM,). (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 FWHM__ 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 E; from the primary phonon,
can excite a secondary phonon of lower energy E,, and transfer the difference in the energies of the primary
and secondary phonons AE =FE; — E, 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', ~4,7-10° cm s*; FWHM_ ~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 AEymy>FWHM_: H< 2.1 nm.

Let the “threshold” chord of length Hy = 2.1 nm be the chord of minimum length of all chords that form
an angle of y = 71° with the nanocluster diameter; it contacts the nanocluster diameter on its surface. Then
the “threshold” diameter of the nanocluster Dy = Ho/cos vy = 6.45 nm. Aluminum nanoclusters are smaller
than D, will be the most intense sources of THz photons.

Let AEp~ v’ -(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 4Ep within the FWHM,_ width (for ex-
ample, with an increase in the nanocluster diameter D), that is, the greater the value of (FWHM,/4Ep), the
higher the probability of superposition of the energy level extended to 6E,n 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™ 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
Er for the intermetallic compound FeAl.

N(E), arbitrary units CrAl
| | | I [ I vl [ I

Energy

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]).
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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 I, also decreases by 2 times. For
bulk aluminum, lyg = 18.9 nm [21]. This means that for aluminum with 1 mass% V or Cr, the electron mean
free path is lnp ~ 9.45 nm. Approximately the same length ln, = 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 CeAls. 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
CeAl; 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
AMl 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.

Table 1
Composition of industrial aluminum alloys
Alloying components, mass%
lloy brand
Al Cu Mg Mn
AMts [20] Base of the alloy |- - 1.0-16
AMtsl [26] [Same ? ? 2.0-45
MM [20] Same - 0.2-0.5 |1.0-14
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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Table 2
Maximum solubility of a number of 3d metals in aluminum [27]
Maximum solubility, mass.%
System
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
CeAls— with a variation in the composition of the mixture.
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K.A. Monnocanos, B.M. JleneBkun

KaTThl pakera OTHIHBIHA2 AMMOHUI NEPXJI0PATHIHBIH
BIABIPAY KbLIIAMABIFBIH THIMAI apTTHIPY dici

Awmmonmii iepxiopatsl (All) KaTTel 36IMBIPDaH OTBHIHAAPBIHIA KEH TapalfaH TOTBHIKTBHIPFBIN. EH MaHBI3IBI
mapameTpi KO3FaJbIC KbUIIAMIBIFEI OOJBIN TaOBUIATHIH KYPBUIFBLUIAP YIIIH HETI3Ti KOPPENSIHs aFbIHHBIH
KYIIIi MEH JKaHapMaiIbIH KaHy XKBUIIAMIBIFEL, JeMeK, All TepMUSUTBIK BIABIpAY KBULIAMIBIFE apackiHaa 60-
nmanel. All bIIbIpay SKBULAaMABIFBIH apTTHIPY YIIiH OTBIH, aTIOMHHHN YHTaFbl, HAaHOOGIIIEK TYpiHIe
KOJIJaHbUIa/IbL. JKYMBICTBIH MaKcaThl aJIOMHHUI HaHOOOIIIEKTepi OThIH PETiHIE dpeKeT eTyMeH Kartap, All
BIIBIPAYBIHBIH KaTaaM3aTOPhl PETiHIE A€ OpeKeT erTeTiH jkarmaitmapma AIl MojekynaigapbIHBIH BLIBIpAY
MEXaHHM3MiH aHBIKTay. AJIIOMHHHUIA HaHOOGNIIEKTepiH HaHOOONIIEKTePIiH ©3eKTepiHiH OanKyblHa >KoHE
TIOMUHMI OKCHAIHIH KaOBIKIIAIapbIHBIH OY3bUTYbIHA OailIaHBICThI YKaHApMaii J)KaHy aiiMaFbIHIaFbl KOIITEreH
HAHOKJIACTEpJIepre MIANIBIPATy HOTHKECI KapacThIpbUIaAbl. byl skarmaiia amroMAHUA HAHOKIACTEPJIEpi Te-
parepuy (TTm) coymemeHy ke3nmepiHe aifHamanmel. All MosekynamapblHOarel TepOemic JkoHe aifHaiy
tepOemicrepiniy  kuinmiktepi Tl  nuamazoHbiHma — OosraHapikTaH, Tl QoTtoHmapeivern — All
MOJICKYJIATAPBIHBIH COYJIENIEHYl OJNapIblH BIIbIpayblHA BIKMAT eTemi. ANroMuHUANIH Pepmu aeHreitine
JKAKBIH 3JICKTPOH KYHIICPiHiH THIFBI3IBIFBIH apTTHIPATHIH aTfoMuHKire 30d-Kocmanap/ bl €Hri3y apKbUIbl OHBIH
KapKbIHIBUIBIFBIH apTThIpa OTBIPBIT, ATIOMUHHNA HaHOKIactepiepidid TI'Tl (hOTOHIAPHIHBIH SMHCCHICHIH
naiiianany yChIHbBLIAIbL.

Kinm ce30ep: anoMunuii HaHOOeIIETi, aMMOHHI NIEPXJIOpPAThl, KaTajln3, HAHOKJIACTEP, TeParepil.
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K.A. Mongocanos, B.M. JleneBkun

Cnoco0 3¢ ¢eKTUBHOTO MOBBIIEHUSI CKOPOCTH Pa3JI0KeHU s
NnepxJiopaTa aMMOHHUSI B TBEPJIOM PAKeTHOM TOILJIMBe

Ilepxmnopar ammonust (ITXA) — pacrpocTpaHEHHBIH OKHUCIHTENb B TBEPABIX PaKeTHBIX TOIUHBaxX. st ycT-
pOMCTB, BaKHEHIIEH XapaKTEPUCTUKON KOTOPBIX SIBIAETCS CKOPOCTb JBMXKEHMs, KIIIOUEBask KOppelsiuus —
MEXJ[y peaKTUBHOH TATOI M CKOPOCTHIO TOPEHUSI TOIIUB U, CIEA0BATEIBHO, CKOPOCTBIO TEPMUIECKOTO pa3-
noxenus [1XA. Jlnsg noBeIIIeHUs CKOPOCTH pasioxkeHus [1XA, roprodee, HOPOIIOK aTlOMUHUS, TPUMEHSIIOT
B BUJe HaHo4acTHL. L{ens 3T0il paboThl — BBIIBICHHE MEXaHU3Ma pasioxeHus Moiekyn [IXA B ycnoBusx,
KOTJ]a HAaHOYACTUI[bl AJIFOMUHHUS, IIOMHMO BBIIIOJIHEHHS. POJIM TOPIOYEro, SIBJIAIOTCS M KaTalu3aTOpaMu pas-
noxenus [IXA. PaccmarpuBaercs pe3ynabTaT pacHbUICHHsS HAHOYACTUI] aIFOMUHMS Ha MHOJKECTBO HaHOKJIA-
CTEpOB B 30HE FOPEHHMS TOIUIMBA M3-3a IUIABICHHS sJiep HAHOYACTHUI] ¥ pa3pylIeHHs] 000J0YeK OKCHIa allio-
MuHUA. [Ipn 9TOM HaHOKIACTEpH! ATIOMHUHHS CTAHOBSTCS MCTOYHHKAMH CIIOHTaHHOTO TepareprieBoro (TI'm)
n3mydeHns. [1ockoibKy JacTOThI KosieOaTebHBIX M BpallaTesIbHBIX OCIMILLIINI B Mojiekynaax [IXA Haxo-
narea B Tl auanaszone, obmydenue Monekyn [IXA TI'm ¢poToHaMu crmocoOCTBYeT HX pasiokeHHI0, TaK Kak
BBIHY’)KACHHBIE OCIHWJULIIUHA MOJIEKYJ OCNAbIAI0T BHYTPUMOJIEKYISIPHBIE CBSI3H. ABTOPAMH MPEATI0KEHO HC-
MOJB30BaTh CHOHTaHHYIO 3Muccuio T pOTOHOB HaHOKJIACTEpaMH aTIOMHHUS, TOBBICHB €€ HHTCHCHBHOCTh
nyTéM BHEIPCHHS B ANFOMHUHHNA 3d-mpuMeceil, MOBBINIAIOMINX [UIOTHOCT COCTOSIHMN BIIEKTPOHOB BOJH3H
ypoBHs depMu aqrOMUHMSL.

Knrouesvie cnosa: KaTalin3, HaHOKJIaCTEP, HAHOYACTUIla AJIIOMUHUS, IEPXIIOpAT aMMOHUS, TEparepu.
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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 °C, and exposed them to high-energy electrons (1.4 MeV) with high power density. It was found that ce-
ramics annealing at T>1000 °C 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
a-Al,O3 u ZrO, 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 (Al,Os, MgO, BeO, ZrO,, 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.
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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 7=700-1700 °C 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 A cm?) 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 °C range at linear heating rate of 2 K s . FEU-130 photomultiplier
tube (the maximum spectral sensitivity at 400420 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 Al,O; 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 °C in Al,O; samples. In the ceramics
annealed at the maximum temperature (1700 °C), 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 ZrO, ceramics annealed at 7=700-1000 °C. 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 ZrO, 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 °C. It is noteworthy that this peak is close in the
temperature position to the dosimetric TL peak in anion-defective a-Al,Os single crystals which are used in
TL dosimetry [13].
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Figure 2. TL curves of a-Al203 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 oC on the crystallite size (b)

Figure 2b shows dependence of TL peak intensity at 170 °C 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 3a features TL curves of ZrO, ceramics exposed to a test dose of a pulsed electron beam
(15 kGy). TL peak at 120 °C is seen in all the samples. A less intensive peak at 210 °C 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 °C 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 °C 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 ZrO, 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 °C 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 °C for alumi-
num oxide and at 120 °C 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.

Table
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 Al,O; (1700 °C) 1.5-15 1.0
2 Al,O; (1700 °C) 15-75 0.3
3 Al,O; (1600 °C) 1.5-150 0.49
4 Al,O; (1500 °C) 1.5-15 0.62
5 Al,O; (1500 °C) 15-150 0.22
6 Al,O; (1400 °C) 1.5-7.5 0.58
7 Al,O; (1400 °C) 7.5-45 0.34
8 | ZrO, (electron-beam synthesis) 1.5-7.5 0.84
9 Zr0O, (1700 °C) 1.5-15 0.79
10 Zr0O, (1600 °C) 1.5-15 0.51
11 Zr0O, (1500 °C) 1.5-15 0.49
12 Zr0, (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 Al,O; ce-
ramics synthesized at 1700 °C. 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 °C. 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 Al,O3 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 °C. When the
annealing temperature and nanoparticle size decrease, fading becomes less pronounced. At 7=1400 °C, its
value does not exceed 30 % per hour (Fig. 4).
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Figure 4. Fading of TL peak at 170 °C of a-Al,O3 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 °C is not observed
when the exposed ceramic ZrO, 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 °C in the studied ZrO, ceramics.

Conclusions

In this work, samples of a-Al,O; and monoclinic ZrO, ceramics were obtained by static annealing of
nanopowder compacts. The samples were synthesized in air in a 700-1700 °C 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 ZrO, 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.
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C.B. Huxkudopos, /I.B. Ananuenxo, T.B. IlITanr, A.®. Hukudopos,
B.M. JIucunuu, M.I'. I'onkoBckuii

OKCI/IIlTi KepaMUKaHbIH CI/IHTe3i, JIIOMHHeClIeHTTi KI9HE TO3UMETPUSIIBIK KacneTTepi

CuHTe3, JTIOMUHECHIEHTHbIE U I03UMeTPHYECKHE CBOMCTBA CBEPXTOHKON OKCHIHOM

JKoraps! m03abl UIMITYJIbCTI 3JEKTPOHABI coyineMeH (130 kB, nmmynscka 1,5 k['p) coymeneHreH amoMuHHAN
JKOHE IIMPKOHUH OKCHATEpiHE HETi3/eNreH YIbTpa JKYKAa KepaMHKaHBIH TEPMOITIOMHHECHCHTTIK >KOHE
JO3UMETPIIiK KacuerTepi 3eprrenmi. KpucramwmT emmemziepi SpTypii KepaMHKaslapAbl CHHTE3[ey YILUiH
HAHOYHTAKTapJaH jkacaliFaH KoMmmaktTapabl ayamga I = 700-1700 °C TtemmepaTypajga dJICKTp NeEHIiHIC
arjoMepanusiiay, CoHaaif-aK oJapIsl )KOFapbl KyaT THIFBI3IBIFBI Oap KOFaphl SHEPTUSUIBI AIIEKTPOHJAPMEH
(1,4 M»dB) coynenennipy xonmaubuiabl. Kepamukanbin T>1000 °C  ky#igipyl TepMOIIOMHHECHEHTTIK
IIBIHJAPABIH KapKBIHIBUIBIFBIHBIH afTaplbIKTal ©CYIMEH KOPPEALMSIIBIK KPHCTALIUTTED MOJILEpiHiH
alTapibIKTall YJIFalObIHA OKEJIETiHI aHBIKTANABL. OICKTPOHIBIK COYyJIe ONICIMEH OHIIPUIreH KepaMHKa
MaKCHMAJJbl TEPMOIIOMHUHECHCHTTIK peaklusra ue, Oy CHHTE3 Ke3iHAE palualusHbIH OCEpIHEH TYCipy
JKOHE JTFOMUHECLCHIIUS OPTAJIBIKTAPbIHBIH MHaiina GonysiMeH GaiinanbicTel. Cayenenren a-Al,O3 xone ZrO,
KepaMUKaChIHBIH ~ TEPMOJIOMHHECLCHIIMSACHIHBIH ~ Jl03aFa TOYENIUIKTEpiH Tajmay oOJapIblH  0achM
CYOJNMHAPIIBIK CUTIATBIH aHBIKTaJbl. AJIFOMUHHNA OKCHJI HETI3iHAeri KepamMuKa YIIiH, MOHOKPHUCTAJJIBI
MoAN(HKAIMAAAH aifbIPMAIIBUIBIFBL, KPUCTAJUIUT OJIIIEMI YIFaliFaH cablH [IaMachl apTa TYCETiH aHOMAaJIbIbI
TEPMOJIIOMUHECLEHTTI (eIUHITIH OONyBl AHBIKTAJABl. VHTEHCHBTI OKIIAayJaHFaH TEPMOIIOMHHECICHIIS
IIBIHBIHBIH OOJYBI XKOHE KONTEreH J03aFa TOYSNIUTIKTepAiH CyOCHI3BIKTHIK CHIIATHl MMITYJIBCTIK 3JEKTPOH/IBI
coyJeNnepIiH >KOFaphl no3ajapbiH (OipHemeneH oHaaraH K['p) enmiey VIIiH OCHl JKYMBICTa CHHTE3JEITeH
OKCHJ] KepaMHUKACHIHBIH OOJIAIIaFbIH Aonenaerai. byn skarmalina amoMHHUI OKCHII HETi3iHAETrT KepaMuKa
YIIH (eTUHT MeJIIepiHe TEPMOITIOMUHECIICHTTI PEaKIUsHBI TY3ETY KaXKeT.

Kinm ce3dep. aqIOMUHWHA OKCHIi, IMPKOHHH OKCHII, YJIbTpa JKyYKa KepaMHKa, TEPMOJIIOMHHECLEHIIHS,
ANEKTPOHJIBI CAYJICHIH CHHTE31, KPUCTAJUTUT MOJIILepi, 103a CHIIaTTaMaaphl, (GeIuHr.

C.B. Hukudopos, JI.B. Ananuenxo, T.B. llItanr, A.®. Hukudopos,
B.M. JIncunun, M.I'. I'onkoBckuii

KepaMHUKH 1JisA BBICOKO103HOM AOHUMETPHUH HOHU3UPYIOIIET0 U3JTYICHUA

HccnenoBaHbl TEPMONTIOMUHECHEHTHBIE U TO3UMETPUUECKHE CBOMCTBA YJIbTPAAUCIEPCHBIX KEPaMHK Ha OcC-
HOBE OKCHIOB QJIOMHHUS M LUPKOHUS, OOJYyYEHHBIX BBICOKOJO3HBIM HUMITYJIbCHBIM JJIEKTPOHHBIM ITYYKOM
(130 x3B, 1,5 k['p Ha onuH umIyInkc). s CHHTE3a KEpaMUK € Pa3IMIHBIM Pa3MEPOM KPHCTAIUTUTOB UCIIOINb-
30BaJIOCH CTIIEKaHHE KOMITAKTOB, H3TOTOBJICHHBIX M3 HAHOIIOPOIIKOB, HA BO3IyXE B MJICKTPUIECKOI I1eun IpH
T7=700-1700 oC, a Takke MX OOIy4eHHE BBHICOKOIHEpreTHuecknMH 3iekTpoHamu (1,4 M»sB) ¢ BeIcOkoM
IUIOTHOCTBIO MOIIHOCTH. Y CTaHOBJICHO, 4TO OTKHT Kepamuk mpu 7>1000 °C mpUBOAMT K CYIIECTBEHHOMY
pocCTy pa3Mepa KpUCTALUIUTOB, YTO KOPPEIUPYET CO 3HAYUTENbHBIM YBEIHUYEHHEM HHTEHCHBHOCTH TEPMO-
JIFOMHHECLIEHTHBIX ITMKOB. MaKCUMaJIbHBIM TEPMOJIIOMUHECIIEHTHBIM OTKJIMKOM O0JIaJaloT KepaMUKH, MOTy-
YEHHBIC 3JIEKTPOHHO-TYYeBBIM METOAOM, YTO CBSI3aHO C 00pa3oBaHHEM pPaJAHALMOHHO-MHIYLHPOBAHHBIX
IICHTPOB 3aXBaTa M CBEUYCHUS IPU CHHTe3e. AHAJIU3 J030BbIX 3aBUCHUMOCTEH TEPMOIIOMUHECLEHLIUU 00Iy-
4yeHHBIX kepaMuk 0-Al,O3 1 ZrO, BBISBII HX NMPEUMYLIECTBEHHO CyOnMHEiHbII XapakTep. Jis kepaMuk Ha
OCHOBE OKCHJAA ATIOMUHHS, B OTIMYHE OT MOHOKPHCTAIMIECKON MOIM(UKAINH, YCTAaHOBJICHO HAIIMIHE
AQHOMAJIHOTO TEPMOJIIOMHHECIIEHTHOTO (peAnHra, BeIMYMHA KOTOPOTO YBEIMYMBAETCA C POCTOM pazMepa
KPHUCTAININTOB. Hanare HHTEHCHBHOTO M30JIMPOBAHHOTO MHKA TEPMOJIOMHUHECIICHIINH U CyOJIMHEIHBII Xa-
paxTep OOJBIIMHCTBA JO30BBIX 3aBUCHMOCTEH JOKA3bIBAIOT MEPCIEKTUBHOCTh CUHTE3UPOBAHHBIX B HACTOS-
el paboTe OKCHAHBIX KEPAMUK IS M3MEPEHUs BBICOKHX 03 UMITYJIbCHBIX 3JICKTPOHHBIX MYYKOB (€AWHHUIL
— necsitku KI'p). IIpu 3ToM A7 KepaMHK Ha OCHOBE OKCHJIA aTIOMUHUS TpeOyeTcs KOPPEKIHs TEPMOIIOMU-
HECLICHTHOTO OTKJIMKA Ha BEJIMYMHY (euHra.

Kniouesvie cnosa: OKCHUJl aJIFOMHUHHSA, OKCHUJ LUPKOHHSA, CBEPXTOHKAsA KE€paMHKa, TEPMOJIIOMHUHECLCHINA,
SHCKTpOHHO-Hy’{eBOﬁ CHUHTE3, pasMEp KPUCTAJIJIUTOB, 1O30BbIC XapAKTCPUCTUKU, q)eZ[I/IHF.
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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/cm? 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 um and a length of 50-100 pum were detected in the irradiation zone. The
photoluminescence spectrum of all samples is represented by one narrow exciton band with a maximum at A
=380 nm and a decay time of t < 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?
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 40x100x10 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? 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? 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 (A = 337.1 nm; T = 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.

92 BecTHuK KaparaHguHckoro yHuBepcuTeTa


https://doi.org/10.31489/2024PH4/92-97
mailto:oleshko@tpu.ru

Obtaining and studying the luminescent...

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 um 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)

Dssexrie: 18

Saan: 3N 2 1 { [P 1060
Lara; 15,10.2022r, 01:04:58 H fara: 15,10.2022r, 01:04:59

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.
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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 (A) is given in Table.
and indicates that the white powder is zinc oxide with a hexagonal wurtzite structure.

Table
Calculation of the radius of the rings and the corresponding interplanar distances
No. 1/2r 1/r r d(A) h k I
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.

Intensity, arb. unit Intensity, arb. unit

10 a

0.8
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0.4
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0.0

Wavelength, nm Attenuation time, ns
L | L |
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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 A =380 nm with a
decay time of T < 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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(99.9 %) zinc with an electron beam with an energy of 1.4 MeV and a density of 7 kW/cm? released into the
air at atmospheric pressure was proposed and implemented. It was found that the ZnO PPL spectrum consists
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B.N. Onemiko, LI3pictoans JIn

7Korapsbl JHepPrUsA/IbI JJIEKTPOHAAP aFbIHBIHIA CUHTE3/1eJTreH
MBIPBIII OKCHIIHIH JJIOMUHECHEHTTI KACHETTEPIiH a1y JKJHe 3epPTTey

AJIFall peT MBIPBIII OKCHAIHIH ChIHaMaJlapbl HOMHHAJIbI Ta3a MBIPBIITHI aTMOC(hEpalIbIK ayaaa SHEPTUsIChl
1,4 M»3B koHE KyaT TBHIFBI3JBIFEI 7 KBT/CM2 JKOFapbl SHEPTHSUIBI JIEKTPOHIAp AFBIHBIMEH COyIeIeHAIpyTe
HeTi3/ieNTeH aicneH anbHabpl. CHHTe3eNnTeH 3aTTHIH MOP(OJIOTHACH TPAHCMHICCHSUIBIK, SIEKTPOH/BI XKIHE
ONTHKAIBIK MUKPOCKOIHMS apKbUIBI 3epTTenai. MHemep TypiHzmeri ymbTpa >KYKa MBIPBHII OKCHAIHIH
OeummexTepi coyneneHy aiiMarsiHaH (1-3) ¢M KaIIBIKTBIKTa, OpTallla Y3BIHIBIFEI MEH JHaMeTpi colKeciHIIe
150 xone 10 HM OomaThIH. YIBTpa JKYKA YITUIEp alnThIOYPHIITH ByPIUT KYPBUIBIMBIHBIH OOMybIMEH CHIIAT-
Tanaapl. ONTHUKAIBIK MHKPOCKOIMS apKbUIbl COYJIeJICHY aiMarblHaa qUaMeTpi ~ | MKM jXoHe Y3BbIHIbIFbI 50-
100 MxMm GomateiH ZnO BUCKEPIi MUKPOKYPBUIBIMAAPHI aHBIKTAIIBL. bapisIk yariaepaid GoToIoMHHECICH-
LS CIIEKTPi MakCUMyMBI A = 380 HM jK0HE BIABIPAY YaKBITHI T OONATHIH Oip Tap 3KCUTOH IHana30HBIMECH
YCBIHBUIFaH. T < 13 HC iIIKi )koHE KOCHAJBIK aKaysiapra OainaHbICTHI OacKa jkojaKrap OoiaMaraH Kesze, Oy
CHHTE3/ICIITeH KPUCTAJIapAbIH KOFaphl KPUCTAJIBI JKETLTYiH KOpCceTe .

Kinm CGS’()@p.' MBIPBIIIT OKCI/IZ[i, paauanusAIbIK CUHTE3, HaHO- KOHC MHKPOKYPBUIBIMIAP, TPAHCMHCCHUAJIBIK
DJIEKTPOHAbI MUKPOCKOINAA, (bOTOHIOMI/IHeCLIeHL[I/IH.

B.U. Onemxo, [[3pictoans JIn

IHonyyenue u n3yvyeHue JIOMUHECHEHTHBIX CBOMCTB OKCH/IA IIUHKA,
CHHTE3HMPOBAHHOIO B MOTOKeE 3J1eKTPOHOB BHICOKOI IHEPTrUM

BriepBrie momydensr 0Opasipl OKCHAAa IIMHKA METOZOM, OCHOBAHHBIM Ha OOTyYeHHH HOMHHAIBHO YHCTOTO
LIUHKAa TTIOTOKOM BBICOKOIHEPIreTHYECKUX 3JEKTpOHOB ¢ 3Heprueil 1,4 MsB u minoTHOCcThIO MomiHOCTH 7
kBr/cmM? B arMocdepHOM Bo3ayxe. Mopdonorns CHHTE3MpPOBAHHOTO BEIIECTBA HCCIEHOBANACH METONAMK
MPOCBEYMBAIOIIEH AJIEKTPOHHOM M onTHYecKoil Mukpockonuu. Ha paccrosianu (1-3) cM OT 30HBI 00TydeHHS
oOHapyXeHBI YaCTHIBl YJIBTPAJUCIEPCHOTO OKCHAA LUHKA B (hOpME WIJI, CpeHHE 3HAUSHHUs JUIMHBI U THa-
MeTpoB cocTaBisttoT 150 u 10 HM cooTBeTCTBEHHO. 1S yABTPaIUCIIEPCHBIX 00pa3IoB XapaKTEPHO HAJIHYHE
TeKCaroHaJbHOU BIOPIUT CTPYKTYPHI. METOIOM ONTHYECKOH MUKPOCKOINH B 30HE OOIydeHUs] 0OHAPYKEHBI
BUCKEpHBIE MHKPOCTPYKTYpsl ZNO nuamerpom ~ 1 MM u mumuHO# 50—-100 MxM. CriekTp HOTONMOMIHECTIEH-
UH BCeX 00pa3loB MPEACTaBICH OJHON Y3KOW SKCHTOHHOH IMOJIOCON ¢ MakCUMyMoM mipu A=380 HM u Bpe-
MeHeM 3aTyxaHus T < 13 HC IpU OTCYTCTBHH JIPYTHX MOJIOC, 00YCIOBICHHBIX COOCTBEHHBIMU M IPUMECHBIMHU
nedexTaMH, YTO CBU/ICTENBCTBYET O BEICOKOM KPHCTAJUINYECKOM COBEPIICHCTBE CHHTE3UPOBAHHBIX KPHUCTAI-
JIOB.

Kniouesvle cnosa: okcup IMHKA, paJHallMOHHbBIA CHHTE3, HAHO- M MUKPOCTPYKTYPBI, TIPOCBEUNBAIOMIAS dJIEK-
TPOHHAs MUKPOCKOIIHS, ()OTOTFOMHUHECIICHITHS.
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Clarification 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 um). 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 TiNy g

N'=n7i=[N¢-100 %/(N.+Ti)]/22,63 %.
Similarly, for the case where the leading component in the combustion wave is aluminum:
N"=na=[N¢-100 %/(N.+Al)]/34,17 %.

Here N 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), Ti. and Al are the amounts of titani-
um and aluminum in the initial mixture (in grams, respectively).

The difference between nr and n,, 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:

n™ = [aN-100 %/(aNc+Tic)]/22,63 % + [BN-100 %/(BNc+AI,)]/34,17 % or
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n"' = [aNc'4,419/(aNc+Tic)] + [BNc‘2,926/(BNc+A|c)] Or
N TiN+AINTa N +B-M"
Here o and B 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, AI3Ti phase and pure aluminum. The diffractograms
record clear, well-formed AIN 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, aTi, and also, here are found
small peaks of MAH phases Ti2AIN, Ti4AIN3. The diffractogram shows high broadened peaks, from which
peaks of titanium mononitride, Ti3Al, oTi 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, a shows two combined diagrams: a part of the phase diagram “Mo-Ti” and a “cloud” of values
of the degree of conversion n. It can be seen that the enveloping “cloud” completely repeats the solidus and
liquidus lines. Inside the cloud, the n 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 n
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 (n) data. This suggests that the relationship between the
combustion rate (Uc) and the degree of transformation (n) is proportional to ~1/1-n, in contrast to the cases
of single metal combustion in nitrogen, for which this relationship is defined as ~1/n [12].
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Fig. 1. a— Combined melting diagram of “Ti-Mo” with “cloud” data of the degree of conversion n,
b — Combined melting diagram of “Ti-W” with “cloud” data of the degree of conversion n.
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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 (n) 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.
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Fig. 3. “Al-Ti” combined melting diagram with “cloud” of degree of transformation data (n): a) known; b) proposed.
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Fig. 4. “Al-W” fusibility diagram with “cloud” of conversion degree data (n): 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 B-Al;Ti, in ad-
dition to a-AlsTi, 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 °C.

Conclusions

A different arrangement of liquidus and solidus lines in the melting diagrams of “W-AI” 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 27,

It is revealed that the relationship between UG and n for “Metal 1 — Metal — Nitrogen” SHS systems
is determined by the formula: Uc~1/1-n (or n~1/1/1-Uc).
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Clarification of the state diagram...

O.A. llIkoma

«Metana 1-metana 2—a3om» CBC :KyiiesepiHiH skaHy nmapamertpJepi
TypPaJibl IepeKTePaiH «OYJITHIH» TAJAAY apKbLIbI «MeTaJla 1-meTai 2»
JKyHeJiepiHiH 0AJKBITY AHATPAMMACHIH HAKTHLIaY MYMKIHJIT TypaJibl

«Meramn 1-meramn 2—a30T» Ky#ienepiHe e31iriHeH TapanaThlH JKOFapbl TEMIIEpATypabIK CHHTE3IiH Kabar-
KabaT peXKUMiHZe jKaHybl OOMBIHIIA 3epTTEY XKYPri3inai. bactankel cuHTE3 mapameTpiiepiH ©3repTy apKbUIbl
TOKIpUOETIK MOTIMETTEepIiH YIKEH KeieMi aiblHAbl. Kypampl, THIFBI3IBIFBI, YHTaKTapIbIH TUCIIEPCUSCHI
JKoHe OacKayapbl CHSKTBI CHHTE3MIH OacTamksl ImapaMeTpiepiH e3repTy apKbUIBI OPTAaHBIH KacHeTTepi Je
e3repeii, MBICANIBI, TYTKBIPIIBIK, CYCIICH3USIaFbl KAaTThl OOJIIEeKTepAiH MeJImepi, a30TIHeH KaMTaMachl3 eTy
JKBULIAMIBIFE JkoHE T.0. YII KOMIOHEHTTI JXyienephl (MIbTpalMsUIBIK JKaHy YIIH aTalFaH 0acTamKbl
napaMmeTpiep/i e3repTy HOTIKEeCiH/Ie KeKe KHCHIK eMec, IepeKTepIiH «OyITh» ansHabl. by xylerne sxany
TOJIKBIHBIHBIH TapalyblH KAMTaMAachl3 €TETiH KONTEereH (hakTOpIapIblH ©31HAIK COHKecTiri GosFaHIBIKTaH,
JIepeKTep «OYITHIHBIH» KYPBUIBIMBI ~ TEME-TEHIIKCI3 CBI3BIKTHI eMeC OJKYHeNnepAiH IUCCUIAaTHUBTI
KYpBUIBIMIApbIHA TOH KaTaH 3aHgapra OarblHAAbL. bacTamkel nepekTephiH e3repyl »aHy mapaMmeTpiepiHiH
KeH ayKbIMJIaFbl ©3TepiCTepiH allyFa MYMKIHAIK Oepai. XKany mapamerpiepi skaHy TOJKBIHBIHIAFBI XUMHSUIIBIK
peakiusuiap alfMarblHAA TY3UIETIH KaTTHI-CYHBIK OPTAaHBIH KacHeTTepiH kepcerenmi. byn karmaiima kaHy
TeMIlepaTypachl THTaH, MOJIMO/ICH, BOJIb(paM KaHe aATIOMHHUNA MeTanaap peTiHAe HaifalaHbUIFaH «MeTall
1-metamn 2» colikec KOoC (haszaibl JUarpaMManapblHBIH «CYHBIKTBIK» JKQHE «KATTBD) TeMIlepaTypajapbl
apacelHzia Oosiajbl. AJIBIHFAH JepeKkTep «OyITTapbl» colikec (azaiblK AUarpaMMalapMeH CalbICTBHIPBUIIBL.
By sxany napametpiepiniH «OYITHIHBIHY» HIIIiHI MEH KOHTYPBI «MeTaill 1-Metam 2» KyHiHiH Koc (a3aibik
JMarpaMMallapbIHBIH JIMKBHAYC JKOHE COJIMIAYC CBHI3BIKTAPBIMEH IIEKTENreH aWMaKThIH MilliHi MeH
KOHTYPBIMEH COHMKec KeJleTiHi aHbIKTangpl. Pasalblk nuarpamMmaiap HaKThUIAaHIBL. AIOMUHHKA-BOIB(PpamM
JKOHE ATFOMHHHI-THTAaH OAJKUTBIH AHarpaMMaliapblHIarbl JMKBUIYC II€H COJNHUIYC CHI3BIKTAPBIHBIH OackKalia
OpHajacybl YCHIHBUIABL. O3MIriHEH TapajaThlH >KOFapbl TEeMIIEpaTypalblK CHHTE3IOiH Kabar-kKabaT
peXHUMIHIET] «MeTal1 1-MeTamn 2-a30T» Kyienepi YLIIH jKaHy >KbUIIaMJIBIFBI MEH KOHBEPCHS Iopexeci
apachIH/Iarkl OaiIaHbIc (OPMYITAChl AHBIKTAIIIBL.

Kinm ce30ep. e3liriHeH TapanaThlH >XKOFapbl TEMIEpaTypalblK CHHTE3, TYpJIEHy JHopexeci, (a3aibix
Jrarpamma, HUTPUATED, AePeKTep OYIITHI, Tere-TeH K eMec xKyite.

O.A. llIkoma

O BO3MOKHOCTH YTOUYHEHUS THATPAMMBI IJIABKOCTH
CHCTEM «METAJLII 1-MeTaJL1 2)» Yepe3 aHAIHN3 «00J1aKa) TaHHBIX
napametpoB roperusi CBC cucrem «merana 1-meran 2—a3o0m»

IIpoBeneHo uccnenoBaHUE FOPEHUSI CUCTEM «MeTajll 1-MeTasul 2—a30T» B MOCIOHHOM PeXUME caMopacipo-
CTPAHSIOLIETOCs] BBICOKOTEMIIEPATYPHOrO0 CHHTE3a. MeHsisi HavajabHble MapaMeTpbl CUHTE3a, MOJy4YEeHO
0O0JIBIIIOE KOJIMYECTBO IKCIIEPUMEHTANBHBIX JaHHBIX. Bappupys HadanbHBIE apaMeTphl CHHTE3a, TAKHE Kak
COCTaB, IJIOTHOCTB, JUCIEPCHOCTD IOPOIIKOB M APYTHE, MEHSIOTCS U CBOWCTBA CPENIbl, TaKUE KaK BS3KOCTH,
pasMep TBEpABIX YaCTHIl B CYCIIEH3UH, CKOPOCTh MOCTYIUICHNS a30Ta | T.1. [ GpuiIbTpaioHHOTO TOpeHuns
TPEXKOMIIOHEHTHBIX CHCTEM B Pe3yNbTaTe BapbUPOBAHUS MEPEUNCICHHBIX HCXOJHBIX MTapaMeTPOB MOTYIEHO
«001aK0)» TaHHBIX, @ HE OTAENbHO B3sATas KpuBas. IIoCKoIbKY B 3TON cucTeMe MPOUCXOIUT CaMOCOIIacoBa-
HHE MHOTHX (DaKTOpPOB, O0OECIICUMBAIONINX PACHPOCTPAHEHUE BOJIHBI TOPEHHsS, TO CTPOCHUE «00IaKa» JaH-
HBIX NMOJAYUHACTCA CTPOTrUM 3aKOHaM, XapaKTCPHBIM JId JUCCUIIATUBHUX CT‘pyKTyp HEPaBHOBCCHBIX HEIIN-
Hei’leIX CHUCTEM. Bapnaunn HNCXOOAHBIX AJAaHHBIX ITO3BOJININ l'[O.]'lqu/lTb HU3MCHCHUA B NapaMeTpax ropCHus B
OopioM nuamaszone. [lapaMeTpsl TOPEHUS OTPaXKalOT CBOMCTBA TBEPAOKUAKOM cpelbl, KoTopast 00pasyercs
B 30HE XHMMHUYECKHUX PEaKLIUil B BOJHE ropeHus. Temmeparypa ToOpeHHs IPH 3TOM HAXOAUTCS MEXIy TeMIle-
patypamMu «JIMKBUAYC» U «CONUAYC» COOTBETCTBYIOUIMX ABOMHBIX (Da30BBIX IUATpaMM «MeTaul 1—MeTaiut
2y, TIe B Ka4eCTBE MeTajlla HCIOIBb30BAICH THTaH, MOJHO/IeH, BOJb(Gpam, amtoMuHuid. [lorydeHHbIe «00a-
Ka» JaHHBIX 6];1.]'[]/1 COITIOCTABJICHBI C COOTBCTCTBy}O[L[I/IMI/I d)aSOBbIMPI JuarpaMMaMu COCTOSAHUA. YcraHoBie-
HO, 4TO (JOopMa M OYCpPTaHUE «0OJaKa» MAHHBIX MapaMETPOB TOPEHHsS COBMATAIOT C GOPMOI U OuepTaHHEM
O6J'laCTI/I, OFpaHquHHOﬁ JIMHUAMHA _]'II/IKBI/I)lyC H COJ'IPIleC ﬂBOﬁHbIX (baSOBle JuarpaMm COCTOAHHUA «METaJLI
1-metann 2». [IpoBeneHo yrouHeHHe B (a30BbIX AUarpaMMax cocTosiHus. [IpeyioxkeHo HHOe pacIoioKeHHe
JIMHUH TUKBUIYC U COJHIYC B IMArpaMMax IUIABKOCTH «aJIFOMHHUI—BOIB(PpaM» U «ATIOMHHANA—TUTaH. O11-
peneneHa GpopMmylia COOTHOIICHHS MEXKIYy CKOPOCTBIO TOPEHHUS W CTEIICHBIO MPEBPAIICHUS ISl CHCTEM «Me-
Tamw 1-MeTamt 2—a30T» IpH IOCIOWHOM PEXUME CaMOPaCIPOCTPAHSIOMIETOCS BEICOKOTEMITEPATYPHOTO CHH-
Te3a.

Knrouegvie cnosa: CaMOpaCHpOCTpaHHIOHIHﬁCSI BbICOKOTeMHepaTypHLIfI CHHTE3, CTCIICHDb IIPEBpAlllCHUd, qUa-
rpaMmma COCTOAHUS, HUTPUBI, «00J1aKo» JAaHHBIX, HEPpABHOBECHAs CUCTEMA.
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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, hanosecond 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 um) 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 ps, 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].
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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.
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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 195~ 1 ns (FWHM) and its rise time of o1 99~ 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 um. 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.
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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
Tos~ 13 ns and its front was ty1 g9~ 4 ns.

The signals from the shunts were recorded by a Tektronix MSO64B oscilloscope (8 GHz, sampling fre-
guency 20 samples/ns). The discharge plasma glow images were taken with a Canon EOS 2000D SLR cam-
era (24.7 MP pixel count, 22.3x14.9 mm matrix size, 3.72 um 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 pm. The camera exposure
time was usually 0.5 s, and the sensitivity was 40000 1SO. 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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Nitrogen, 100 kPa

Diffuse Discharge

4 mm

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.
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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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B.®. Tapacenko, /I.B. benommotos, /[.A. Copokun, A.H. ITanuenko

I'azgapaarbl HAHOCEKYHATBIK Pa3psaaATap KediHae KHCHIKTBHIK Paguychbl
a3 JIEKTPOATAPAAH KbLIAaM 06/IIeKTeP MEeH MeTaJlI 0yaapbl

Bipkenki emec anmexTp epici 6ap caHpUIaylapa >KOFapel dJEKTp epicrepiHe (>1 MB/cMm) Kbicka KepHEY
UMITYJIbCT  apKBUTBI KOJ JKCTKi3iiedi, onap KaToATa OH HOHIAPAbIH >KUHATYBIMEH >KOHE IUIa3MaHbIH
Ty3lnyiMeH Kyueieni. BakyyMablk pa3psiaThiH Oenriji 3KCHEPUMEHTTIK KOHE TEOPHSUIBIK 3epTTeysepiHe
CylieHe OTBIPBIN, 0i3 3JIEKTPOATAPAbIH OCTKi KabOaThbIHIAarbl JECTPYKTHUBTI MEXaHHMKAJIBIK KEpHEYICPIiH
MeXaHM3Mi ras3Iap/blH HAHOCEKYHITBHIK BIIBIpaybl Ke3iHAe e Kypyl Kepek [ereH OoypKaM jKacafblk.
Maxkainana aTMocepaiblk KbICHIM Ke3iHJe pa3psAThIK CaHbLIaylap ayaMeH, a30TICH, aprOHMEH JKOHE re-
JIMIMEH TOJTHIPBUIFAH Ke3Je KHCBHIKTBIK PaJuychl a3 eKi 3JIEKTPOA apachiHaa maiaa Gonran auddy3usbik
Pa3psATHI MIa3MaHbIH coylieeHyi 3epTrenai. HaHOCeKYHITHIK KepHEY MMITYJbCiHIH Y3aKThIFbl JKOHE rasfa
Tycerin sueprus monmepi <1 MpK/cm® GOIFaH Ke3ze IeKTPOATAPIAFH XKAPKBIH JaKTapIaH, COHBIH imIimIe
onmapiblH OeTiHe TIK OyphliTa OpHANAcKaH OeJmeKkTepAiH i31epi Tipkenmi. JKommapIbslH Y3BIHABFBI
3IEKTPOATHIH MOJSAPJIBIFbIHA OAIaHBICTBI €KSH/IIM KOHE ayaJarbl TOMCH SHEPIUs KipicTepi Ke3iHme Koyaap
JKapKbIparaH aiMaKIeH asKTaaaTbhiHbl kepcerinren. TepT Typii rasnarsl (aya, a30T, aproH JKoHE rejuii) pas-
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psATap KesiHAe COyNENEHYIIH €H JKOFapbl KapKbIHIBUIBIFBI ayala TY3UICTiH xosiiapia OoJaThIHBI
aHpIKTanapl.  OcCbl  HOTHDKEIEH, COHAAM-aKk  JKY3[leTeH  MHUKPOCEKYHATBIK  TPEKTEpIiH  MKapKbLI
UMITYIbCTAPBIHBIH TIPKENTeH Y3aKThIFBIHAH ayala Tapaly Ke3iHA€ TPeK YINTAPHIHBIH COYJENeHy
JKapBIKTHIFBIHBIH  JKOFapbUIaybl YIIATHIH OOJIIEKTepAiH OTTEriMeH opeKeTTecyi Ke3iHAe JJIEKTPOX
MaTepHAIBIHBIH KbI3YBIMEH aHbIKTaJIa [bl.

Kinm ce30ep: ylIbIHAH YIIbIHA NEHIHTT CaHBLIAY, HAHOCEKYHATBHIK HMITYJILCTAp, MU(GQY3UsUTBIK paspsi,
OeIIeKTepIiH 131epi.

B.®. Tapacenko, /I.B. benomioros, .A. Copokun, A.H. [Tanuenko

BLICTpBIC YaCTUIbI U Mapbl METAJJIOB C 3JICKTPOA0B, UMEIOIIHUX
MaJibI€ PAJINYyCbl KPUBU3HbI, IPH HAHOCEKYH/IHBIX pPa3psalax B ra3dax

B mpomexyTkax ¢ HEOTHOPOJHBIM AJIEKTPUYECKHM MOJIEM IPH KOPOTKOM (POHTE HMITyJIbCa HANPSDKEHUS
JOCTUTAIOTCS BRICOKHE 3JIeKTprdeckue mois (>1 MV/cm), KoTopsle YCHINBAIOTCS 3a CUET HAKOIUICHHS y Ka-
TOJa TIOJIOXKUTEIBHBIX HOHOB M 00pa3oBaHUs IUIa3Mbl. Ha OCHOBaHMH M3BECTHBIX IKCIEPHUMEHTAJIBHBIX U
TEOPETHYECKHX UCCIEIOBaHUH BaKyyMHOTO pa3ps/ia HaMH OBUIO BBICKa3aHO IPEIIONIOKEHHE, YTO MEXaHH3M
pa3pyIIAOINX MEXaHHYECKUX HAIPSDKEHHH B IIOBEPXHOCTHOM CJIOE 3JIEKTPOIOB JOJDKCH UMETh MECTO U TIpU
HAaHOCEKYHIHOM IIpoOoe B razax. B craThe IpH 3aloNHEHHH Pa3psAHBIX MPOMEXYTKOB BO3IYXOM, a30TOM,
aproHOM M TrefreM aTMoc()epHOrO AaBJICHHUS HMCCIIEAOBAHO M3IYYEHHUE IIa3Mbl Tuddy3Horo paspsna, dhop-
MHpPYEMOH MEXIy IBYMs SJIEKTPOAAMHU C MAJIBIM PagnyCOM KpHUBH3HBL [Ipy HAaHOCEKYHIHOW IMTEIBHOCTH
MMITYJIbCA HATIPSDKSHHS H SHEPrOBKIazax B ra3 <l mJ/cm® saperncrpupoBaHbl TPEKH YaCTHII, BBUIETAIONIAX
U3 SIPKUX IISITEH Ha JJIEKTPOJax, B TOM YHCIIE O MPSMBIM YIJIOM K HX ITOBEPXHOCTH. [loka3aHo, 4TO JuTHA
TPEKOB 3aBUCUT OT HOJIIPHOCTH 3JIEKTPOJA, H, YTO MPH MaJIBIX YHEPrOBKIIAJaX B BO3IyXe TPEKH 3aKaHUUBaA-
I0TCsl OoJiee SIPKOil 00JacThI0 CBEYEHHs. Y CTAaHOBJICHO, YTO HAMOOJBIIYI0 WHTEHCHBHOCTh M3JIyYCHHUS IIPH
pa3psiax B 4ETHIPEX pas3IMyuHbIX razax (BO3/AyX, a30T, apTOH U I'ejlnii) HMEIOT TPEKH, KOTopble popMHUpyOTCS
B Bo3zyxe. 113 3TOro pesyspTaTa, a TAkKe U3 3aperUCTPUPOBAHHOM JTUTEIBHOCTH HMITYJILCOB CBEUCHUS Tpe-
KOB B COTHM MHKPOCEKYH]I CJICyeT, YTO YCHJICHUE SIPKOCTH M3JIy4CHHUs OKOHYaHUi TPEKOB IPH pPacnpocTpa-
HEHMH B BO3/LyXE OIPEeNIsAeTCs HarpeBOM MaTepHaa 3JeKTPOa PH B3aUMO/ICHCTBUY BBUICTAIOIINX YaCTHI
C KHCIIOPOJIOM.

Kniouesvie cnosa: mpoMexxyTok octpué—octpué, muddy3Hblii paspsia, TPEKH YaCTHIL.
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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 Y 3Al,Gas.4O1,: Ce,
where x ranged from 0 to 5, were prepared for synthesis. All initial materials had a purity of no less than ana-
Iytical 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/cm?. 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
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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(Al,Ga;,)s01,: 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? 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 Y,0;, Al,Os, Ga,0O5 oxides in stoichiometric ratio were prepared for synthesis,
Ce,0; 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?.

Table 1
Description of samples and initial mixture composition
0 1 0
Ne Sample, Initial mixture composition description Wei;lte{\(/j[ﬂ)/ M
m 0

630 | Y3Als05,: Ce- Al,O3(43 %) (F800), Y,05(57 %)(UTO), Ce,03 (0.5 %)(K1) 90,1

631 Y;Al,Ga0,,: Ce — Al,O3 (32 %) (F800), Y,03 (53 %)(UTO), Ga,05 945
(15 %)(K8), Ce,03 (0.5 %)(K1) ’

632 Y3AI3Ga2012: Ce- A|203 (285 %) (FSOO), YzOg (50 %)(I/ITO), Ga203 9.6
(27.5 %)(K8), Ce,03 (0.5 %)(K1) ’

633 Y3A|26a3012: Ce'A|203 (14 %) (F800), Y,0; (47 %)(I/ITO), Ga,03 97.4
(39 %)(K8), Ce,03 (0.5 %)(K1) ’

634 Y3Al;Ga,05;: Ce -Al,O3 (6.7 %) (F800), Y,03 (44.3 %)(UTO), Ga,03 97 4
(49 %)(K8), Ce,03 (0.5 %)(K1) ’

635 | Y3Gas Og,: Ce -Y,03 (42 %)(UTO), Ga,03 (58 %)(K8), Ce,05 (0.5 %)(K1) 97,7

636 Y3Al;04;,: Ce -AlL03 (43 %) (K7), Y203 (57 %)(K6), Ce,03 (0.5 %)(K1), 965
Cezo3 (05 %)(Kl) !

637 Y3 Al;GaO1,: Ce -Al,05 (32 %)(K7), Y205 (53 %)(K6), Ga,O3 (15 %) (K8), 96.3
Cezo3 (05 %)(Kl) !

638 Y3AlIGa,05;: Ce- Al,O3(K7) (28.5 %) (K7), Y203 (50 %)(K6), Ga,03 96.3
(27.5 %)(K8), Ce,03 (0.5 %)(K1) ’

639 Y3AlLGaz0y;: Ce -Al,O3 (14 %)(K7), Y203 (47 %)(K6), Ga,0; (39 %)(K8), 97 2
Cezo3 (05 %)(Kl) !

640 Y3AIGa, Oyp: Ce -Aly03 (6.7 %)(K7) (K7), Y203 (44.3 %)(K6), Ga,03 966
(49 %)(K8), Ce,03 (0.5 %)(K1) ’

641 Y3Gas O1,: Ce+ Y,03 (42 %)(K6), Ga,03 (58 %)(K8), Ce,O3 (0.5 %)(K1) 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. Y3;AlsO;,: Ce ceramics have a char-
acteristic bright yellow color. The color changes when Ga is introduced instead of Al.

Y; AI3G&2012: Ce- A|203 (285 %) (FSOO), Y203 (50 %)(lTO), Ga203 (275 %), Cean (05 %)(Kl)

Y; AI3G&2012: Ce- AIQOQ,(K7) (285 %) (K?), Y203 (50 %)(KG), 63.203 (275 %), — Cean (05 %)(Kl)
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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
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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: Y ;Al;Ga,0,,: Ce, but were syn-
thesized from initial materials with different histories. Sample 632 was synthesized from powders of Al,O;
(F800), Y,0; (ITO), Ga,03 (K8), and Ce,0O3 (0.5 %) (K1). Sample 638 was synthesized from powders of
Al,O; (F800), Y,03 (ITO), Ga,03 (K8), and Ce,03 (0.5%) (K1). Sample 638 was synthesized from pow-
ders of Al,O; (K7), Y,03; (50%) (K6), Ga,0O; (K8), and Ce,03 (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, ¢) 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.

Cepusa «dusmka». 2024, 29, 4(116) 117



A.T. Tulegenova, G.Zh. Nogaibekova et al.

1,04
S —— No630, 107 — Ne636
@ —— Ne631 E] No637|
208 —— N2632 ® 0ed f—— No638
D —— N2633 2 = Ne639|
8 —— Ne634 2 Ne640
c 06 S o6 —r
> k=
g 3
= 04 Noad
p— ©
g Aex=450nm E Aex=450nm
Z 02 202
0,0 T T T ) 00 T T T i
450 500 550 600 650 500 550 600 650
Wavelength, nm Wavelength, nm
10 —— Ne630 104 Aex=350nm —— No636
5 —— Ne631
@ —— Ne632 3
>o08- —— Ne633 = 084
3 - N2634 2
[0} c
£06 g 06
=l
8 3
= 04 = 04+
£ ©
s £
Z 42 Aex=350nm S 02
00 T T T 1 00
450 500 550 600 650 450 500 550 600 650
Wavelength, nm Wavelength, nm

Ne630

Normalized Intensity, a.u

T T T |
450 500 550 600 650
Wavelength, nm

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.

Table 2
Spectral characteristics of luminescence
Initial materials for ITO, F800, K1 K6, K7, K1
synthesis
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

hex=450 NM | Aem M 521 501 516 521 525 540 540 534 529 517
AE,ev | 0416 | 0,444 | 0,331 | 0,313 | 0,321 | 0,375 | 0,368 | 0,356 | 0,35 0,412
hex=340NM | e M 543 525 530 529 525 537 540 532 530 510
AE,ev | 0,382 | 0,389 | 0,306 | 0,296 | 0,314 | 0,363 | 0,356 | 0,466 | 0,328 | 0,404
Aex=220NM | AgmNM 549 535 534 - 535 - 541 537 - 535
AE,evV 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 Y ,0s;, Al,Os3,
Ga,03, Ce,05 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
guantitative 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 L., = Lee/Lspr, Where Leg, Lsp. — brightness of the
ceramics and the standard are shown in Figure 5 in the form of histograms.

450nm
340nm

064 — —

Brightness, a.u.
o o o
w B (6]
1 1 1

o
N
1

0,14

0,0 T
5/0 41 312 23 1/4 0/5
Al/Ga ration

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 Amac=460 and 340 nm are due to transitions 4F;,—5D,, 5D,, the broad luminescence band at
Amac=520 and 580 nm is due to transitions 5Dy—4Fs,, 4F;;, 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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Op Typai Al/Ga kareinacel 6ap YAGG coyesneHy epicinae cHHTe3IeJreH
JIOMUHO(OPABIH (POTOJTIOMHUHECHEHIMSICHIHBIH CIEKTPJIIK CHIIATTAMAJIAPbI

Maxkanazna opTypii OacTankpl MaTepHalAapblH KOCIAChIH COYJENESHAIPY apKbUIbl CHHTE3JENreH SpTYpII
Al/Ga katbiHacel 0ap KepaMHKaHbBIH JIFOMHHECUCHIHMS J>KOHE KO3y CIEKTpJEpiH 3epTTey HOTHXKeNIepi
kentipinren. Cunrtes ymrin Y3AlGas O, Ce creXHOMeTpWsUIbIK Kypambl 0ap OKCHI YHTaKTapbIHBIH
KocTianapbl JalbiHAanmel, mMyHnmarel X O-meH 5-xe neifin esrepemi. bapnblk Oacranmkel Marepuangap
AQHAIMTHKAIBIK MaTepHaIap/iaH TOMEH eMec Ta3ajblkka ue 6osabl. CuHTes sHeprusicel 1,4 MaB xoHe Kyar
THIFBI3IBFET 20 KBT/cM? GONATHIH SIEKTPOHAB COYNCHIH ocepiHeH Kyprizimai. CHHTE3 peaKIHsICHIHBIH
NIBIFBIMBI — YJITiHIH MAacCachbIHBIH KOCIaHBIH MaccachiHa KaThiHackl — 90-95% kypanmel. 3eprtreynep
kepceTkeHiei, Al/Ga KaThIHaCHIHBIH TOMEHJIEYi JIIOMUHECIIEHIINS YKOJIAFBIHBIH CHEKTPAIH KbICKA TOJIKBIHIBI
aiiMarpiHa aybicyblHa okeneni. COHbIMEH Kartap, Ko3y crekTpi ne esrepemi. Al/Ga KaTbIHAChl TOMEHJETEH
Ke3/ie K03y JKoJyarbl mramMmaMeH 350 HM y3bIH TOJKBIHIBI aliMakKKa aybicaabl. JIIOMUHECIEHIUSHBIH CUIaTTa-
MaJlapbIHa 0acTanKbl MaTepHAIapIbIH TapUXbI dCEp ETei.

Kinm ce3dep: Al/Ga KaTbIHACHI, JIIOMHHECIEHINS, PaIUalUsUIBIK CHHTE3, JKOFaphl SHEPTHUSUIBI SIEKTPOHIBI
coyIe.

A.T. Tynerenosa, ['.)K. Horaitbekosa, .A. Caitnazumos, C.C. Bunpunnckas, A.A. MapxabaeBa

ChnekTpajibHble XapaKTepPUCTUKH (POTOTIOMUHECHEH NI
CHHTEe3UPOBAHHBIX B NoJje paananuu YAGG momunogopos
¢ pa3au4HbIM cooTHomeHueM Al/Ga

B crarbe npezcTaBiIeHbl Pe3yabTaThl CCIIENOBAHMSA CHEKTPOB JTIOMUHECHEHIIMH U BO30YXKIECHNS JTIOMHUHEC-
LEHIUY KePAMHUKH C Pa3IUYHbIM cooTHOmeHHeM Al/Ga, cHHTe3MpOBaHHON IMyTeM OOJIy4eHHUs] CMECH HCXO]I-
HBIX MaTepUajoB C Pa3IUYHON npeasicTopuei. g cuHTe3a ObUIM IOATOTOBIEHBI CMECH MOPOLIKOB OKCUIOB
CO CTeXHOMETPHYECKHM COCTaBOM, cooTBeTcTByIomuM Y 3AlGas «O;,: Ce, rae X Bapsupyeres ot 0 1o 5. Bee
UCXOIHBIE MaTE€pHaibl UMEJIN YUCTOTY HE HHUKE a"HanuTHdyecko. CuHTE3 MPOBOAWJICA T10J BOSﬂCﬁCTBHeM
3JIEKTPOHHOTO MydKa ¢ 3Heprueit 1,4 MsB u miaoTHOCTHIO MomHOCTH 20 kBr/cM?. Bbixox peakuuu CUHTE3a
— OTHOIIEGHUE Macchl 00pasla k Macce cMec — coctasui 90-95 %. MccnenoBanus nokasaji, 4To yMEHb-
meHue cootHoueHust Al/Ga IpuBOANT K CMEIEHHIO TT0JI0CHI JIIOMHUHECLIEHIIMN B KOPOTKOBOJIHOBYIO 00J1aCTh
criektpa. Kpome Toro, nzmensercs cnekrp Bo3Oyxaenus. IIpu ymensmenun cootHomenus Al/Ga monoca
BO30YX/EHHS CMEILAeTCs B JITMHHOBOJIHOBYIO 0071acTh 0k0J10 350 HM. Ha XxapakrepucTHKH JIFOMHHECHEHIINN
BIIUSAET IIPEIBICTOPHUSI HCXOAHBIX MAaTePUATIOB.
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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.
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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 (DMSOQ) 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 pg/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 ug/ml and 100 pg/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 cm). The beam diameter in the focal plane was estimated at 485 um. 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 um 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
1cm).
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Figure 2. Attenuation spectra of zinc (1), nickel (2) and aluminum (3 diluted 10 times), and ferrocene in DMSO

Cepusa «dusnkar. 2024, 29, 4(116) 125



A.A. Zvekov, A.V. Kalenskii et al.

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.

Particle sized determined with dynamic light scattering

Table 1

Ne Target Particles size, nm
By | Rel. peak area, % By N Rel. peak area, %
1 Zn 1.1+0.4 18.0 0.8+0.2 100
340+210 82.0
Zn 500+100 100 480£110 100
(US)
2 Ni 170+36 4.6 164+39 16.1
500+100 95.4 460+100 83.9
Ni 265+80 97.4 240+80 100.0
(US) 530+500 2.6
3 Al 58+11 12.3 47+10 96.9
200450 87.7 190+50 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.
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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 H, one arrives at the following equation for transmittance:

_ [LH<H, ,
M_Fl"'{(H/HC)”,HzHC' @

where L, 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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where Hy = Hine'(1 — peen) 1S energy density on the front boundary of the sample which is the incident one
corrected by the cell wall reflection (pee=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?,
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Figure 4. The typical photoacoustic signal
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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):

2 Xp+a 2

_ Mo Mo Iexp(—yax)dx= P, A1 'em(_ﬂax")-[l—em(—yaa)],

an % an (3)
where p, = 0.48 cm™ is linear absorption coefficient of the ferrocene solution, | 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, ¢, = 2.15 JI(cm’K) is volumic heat capacity of DMSO, p =1.0955 g/cm® is density of
DMSO, B = 8.8-10” K™ is thermal expansion coefficient of DMSO [19]. The starting integration point was
taken as 0, or (I — a)/2, or (I — &) 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™.

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.

p

0.8¢ a 25¢
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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? 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
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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:

Xo+a H(xg+a)
dH (x
p= [ 708 W= (k). @
Xo dX H (%)
Equation (4) assumes that the transformation of the laser energy into the pressure wave has the efficien-
cy n. The transformation is sensible in the range with a width only. In the linear range n = const. We as-

sumed, that the efficiency is a power function of the energy density in the attenuation becomes non-linear (H
>H) n=n, -(H/Hb )’m , Where Hy, is “basic” energy density value taken as 0.2 Jlem?, so n=n if H=H..

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:
p=77be. (H(Xo)j _[H(Xo‘*'a)] . (5)

1-m [ H, H,

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.

Table 2
Approximation parameters for p(H) and n(H) dependencies
sample source 1, cm™ (spectrophotometry) I Z-sean > photoa(;oustlcs T
’ W, cm’ n H;, mJ/cm n | Hg, mlem® | np, cm m
Al 1.37 134 | 1.79 288 0.47 22.9 9.71 |0.94
Ni 0.692 0379 | 141 336 0.39 1.21 4.06 |0.75
Zn 0.811 0.849 |0.902 241 0.47 14.3 439 (091

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 H, 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 n(H) = pay. In the case of solids thermal expansion the dimensionless parame-

ter y is known as Griineisen parameter that can be estimated as pcgﬁ/cp . 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 n is higher than 1. For instance, at H =150 mJ/cm? the efficiency value is 12.7, 5.04, and
5.70 cm™ 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 y as
39, 22, and 23 respectively for the same samples. The attenuation is the sum of absorption and scattering
processes, so real y 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 H, 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 H, 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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JuMeTHIICYJIb(POKCUATETi MeTAJT HBICAHTAPBIHBIH JIa3epJaik a0JasauuschbiMeH
AaiibIHAAJFAH KOJJIOMATAPABIH ChI3BIKTHIK eMeC ONTHKAJIBIK KacueTTepi

AJIOMUHWH, HUKENh >KOHE MBIPBHIII HETi3iHIETi KOJUIOMITH epiTIHAUIEp ITUMETHICYIb()OKCHI OpTAachIHAA
THICTI MEeTaJUl HBICAHZAPBIH a0JsIIMsUIAYy apKbLIbl aNBIHABL YJriiep ynbTpakyirin YK-euc crekrpockonusi-
Cbl, TPAHCMHUCCHSUIBIK 3JIEKTPOHABI MHUKPOCKONHS KOHE JUHAMHKAIBIK JKapblK MLIAIIbIpay OAiCTepiMeH
3eprrenni. Mmnynseri Heomum jasepiH (532 HM, 14 HC) KojmaHa OTHIPBIN, Z-CKaHEepliey OAICTEpiMEH
aifTapybIKTall CHI3BIKTHIK eMec aicipey Gaiikamabl. JKapblK KapKbIHIBUIBIFBI JKOFapbIIaFraH CallbIH YITIIepIiH
OTKI3rimTiri TemeHzaeiai. ONTOaKyCTHKANBIK CHTHAJABIH aMIUTUTYJAachl COYJENICHY KapKbIHBUIBIFBIHBIH
JKOFapbUIAybIMEH CBI3BIKTHIK TYple ecTi. DeppolieH epiTiHAICIH CTaHIapT peTiHae KOoJjaHy aOCOJIOTTI
OipiikTepAeri KbICBIM aMIDIMTYAACHIHBIH IMaMajlapblH allyFa MYMKIiHAIK Oepai. OnToakyCTHKaIBIK
CHTHAJIABIH OTKI3TIIITIr MEH aMIUIMTYAACHIHBIH UMITYJIbCTIK SHEPTHS THIFBI3ABIFBIHA TOYEIIUIINIH CHIaTTay
YIIiH ocep eTy mieri 6ap Kyar 3aHAapbl KOMIaHbUIIbL. KOJUTOMATE epiTiHaiIep i CYHBUITY Ke3iHIe ©3repeTiH
Toyenninik mapamerpiepi Oaramanzpl. IlIbIH KBICHIMBIHBIH IIaMaylapbl KbI3ABIPBUIFAH Ke3le YJITiHIH
CBI3BIKTHIK KEHEIOIH KapacTBIPATHIH KIACCHKAJIBIK ONTOAKYCTHKAIBIK 3()(HEKT TEOPHUSICHIHBIH O6iri peTiHue
TYCiIHAIpYTe OOJIMANTHIHIBIFEI KepceTinreH. HoTrmkenepi Tankpiay YIIiH 3aTTHIH OylaHYBIHA JKOHE OJap.Ibl
KBI3ABIPY Ke3iHIe HaHOOeJNIIEKTep/iH alHanachbiHAa Oy KeMipIIiKTepiHiH maiifa OoylyblHa Heri3JenreH
CBI3BIKTHIK €MeC dJCipey MeXaHH3Mi TapThUIajbl, O camajibl JACHreiie ONTOaKyCTHUKAJbIK CHUTHAI
AMIUTUTYIACHIHBIH YHEPTHS THIFBI3IBIFbIHA CYOCBI3BIKTHIK TOYEIIUTIrHE COKeC Kemei.

Kinm co30ep: abnsanusi, TUMETHICYIIL(QOKCH], XKAPBIKTHIH CBHI3BIKTHI eMecC alIcipeyi, (OTOaKyCTHKANIBIK CHEK-
TPOCKOIIHSL, JTa3ePIIiK COyJIeTICHY.
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A.A. 3BekoB, A.B. Kanenckuii, A.B. Banos, A.Il. bopoBuxkosa, /[.P. Hypmyxameros

HesmHeliHbIe ONTHYECKHE CBOMCTBA KOJJIOWIHBIX POAYKTOB a0JIALMH
METAJIMYEeCKUX MUIIIEHEeH B IMMETHJICYIb(OKCHIe

Kosutonnasle pacTBOpEI HA OCHOBE ATIOMHHUS, HUKEIS M IIMHKA OBUTH HOJTydeHB! a0Jsaueld COOTBETCTBYIO-
IIMX METAJUIMYECKHX MHIIEHEH B cpeae AuMeTwicyiabpokcuaa. OOpasupl ObUIM HCCIEIOBAaHBI METOIAMU
Y®-guc cieKTpoCKONNH, IPOCBEYUBAIOLIEH 3JIEKTPOHHON MUKPOCKOIIMU M TMHAMHUYECKOTO PACCESHHUS CBETA.
Cy1iecTBeHHOE HENMHEWHOe ocaliieHne U3TydeHHst He0JUMOBOTO J1azepa (532 M, 14 Hc) Obuto 0OHapyxe-
HO METOJIOM Z-CKaHMPOBaHMS, IPUUEM HaOIOAAI0Ch MaJeHUe MPOITYyCKaHUs MPU MPUONMKEHHH K (QOKycCy.
AMIDIATYZIa ONTOAKYCTHYECKOTO CHUTHAJA yBEINYUBATIACh CyOIMHEIHO IPU pOCTe WHTEHCHBHOCTH H3ITyde-
Hus. [IpuMenHeHne pactBopa ¢eppolieHa B KadeCTBE CTaHAapTa MO3BOJIHIIO TTOJIYINTh BEIUIUHBI aMILTUTY/IBI
JaBJIeHHS B a0CONIOTHBIX eanHHIax. [ omcaHus 3aBUCHMOCTeH Kod(duIenTa mpormycKaHus U aMINTH-
TYZABI ONTOAKYCTHYECKOTO CHTHAJA OT IUIOTHOCTH YHEPTHHU MMITYJIECA HCIIOIb30BAJIMChH CTCIIEHHBIE 3aKOHBI C
noporoM rnosBieHus dd¢dexra. Boum oneHeHsI mapaMeTpsl 3aBUCHMOCTEH, KOTOPBIE N3MEHSIOTCS IIPH pas-
6aBJIeHNN KOJIOMIHBIX pacTBOpoB. [loka3aHo, 4TO BETHYMHBI IMKOBOTO IABIEHUS HE MOTYT OBITH MHTEp-
HPETUPOBAHBI B PAMKaX KIACCHUECKOH TEOPHH ONTOAaKyCTHIEeCKOro 3ddekTa, paccMaTpuBaronel THHEHHOE
pacmupenue oOpasna npy HarpeBaHuu. [ 0O6CyKAeHUs pe3yIbTaToOB MPUBIEKACTCSI MEXaHU3M HEITMHEHHO-
TO OcnabJIeHNs, OCHOBAHHBIM Ha HCHApEHHH BEIecTBA H (POPMHUPOBAHUH ITy3BIPHKOB ITaPOB BOKPYT HaHOYA-
CTHUI] IPH UX HArpeBe, KOTOPHI Ha KaUeCTBEHHOM YPOBHE COIJIACyeTCs C CYOIMHEHHOH 3aBHCHMOCTBIO aM-
IUTUTY/IBI ONITOAKYCTHYECKOTO CUTHAJIA OT IUIOTHOCTH SHEPTHU.

Knoueesvie crnosa: abisuys, TMMETHICYIb(GOKCHI, HENTHHEHHOE ociabieHne, GpoToakycTuueckas CIeKTpo-
CKOIIHsL, JIa3ePHOE U3ITyUCHHE.
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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 (Ay = 1064 nm; 1, = 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” Pa to 4-10° 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?
under the pressure of 10 MPa, while under the pressure of 2000 MPa — it is about 20 mJ/cm?, 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 um.
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In the study [6] there were measured the ignition thresholds for pure PETN with the dispersion of
6000 cm?/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° 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?), under the concentration
0.1 %C — 2.4 mJ (0.85 J/cm?); under the concentration 0.5 %C — 1.8 mJ (0.64 J/cm?); under 1 %C —
1.3 mJ (0.46 J/cm?). 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 pm) and with the additives of aluminum fine particles (the average size is about 1 um) 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®) 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®).

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 d, =
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 H5773 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° 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”and 60 mJ/cm? against 50 mJ/cm? for pure PETN.

® pure PETN
10000 F : 40,1%C
F = (5% C
01%C
° 1% Al
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Figure 1. Dependence of PETN ignition energy threshold on the pressure P 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? against 1400 mJ/cm? for PETN with carbon nanopowder addi-
tives. In the area of 300 MPa this ratio comprised 82 and 80 mJ/cm?, 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?) in comparison with low thresholds obtained in the study [10]
(100 mJ/cm?).
Table 1

The ignition thresholds of PETN Hys (mJ/cm?) with carbon nanopowder additives under different vol-
ume compression pressure (the compression pressure for the input window)

P, C % Al, %
MPa 0.0 0.1 0.5 1.0 1.0
40 12000+3000 - - - -
100 60001700 2300+ 1600+400 1400+200 1000£150
800
170 2299+700 849+2 640+160 460110 300+100
00
200 370£150 250+1 210£70 200£50 200£30
00
300 80+20 80+£15 7515 82+12 8010
400 50£10 80£10 - 7310 62+10
600 55+10 80+£15 - 100+£20 6010

Table 2

The ignition thresholds for PETN HO0,5 (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

Al%

P, Mila 0,0 0,1 0,5 10

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 ps under certain conditions (please see Fig. 2 a, 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.
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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 E, in the volume of pressed powders may significantly increase the luminance E, 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 Fy = Ey/E, in the near-surface layer in comparison with the illuminance on its surface defined by
the incident laser beam.

The estimated value F,™ for PETN with the dispersion 6000 cm?g under different compression pres-
sures P and different concentrations of absorbing nano-sized additives y the weight percentage. The layer
thickness h = 2 mm (semi-infinite layer from the optical perspective)

Table 3

. P=2510" Pa P=10°Pa P=210°Pa P =4-10°Pa
7% 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 37 5,9 3,2 46 2,7
0,11 75 41 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 25 31 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 32 1,8 2.3 1,2 1,9 1,2 1,5 1,1
1,0 2,9 15 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, Hys = 6 J/cm?) 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 (4o, Ro, No, Ny) and the luminance increase coefficient Fpa(Ro, h, ) 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 (4, = 1064 nm; 7, =10 ns)
the temperature of single irregularity 7, in approximation of the adiabatic heating conditions comprises:

I.~T,+ 3HkF0/(4clle0) (1)

(where H — the laser pulse energy density; c;p; — the particle thermal capacity; R, — the particle ra-
dius, Tp,— the initial temperature),

while the temperature for the matrix heating 7, of PETN

TM ~ TH + p.HFo/Cgpz (2)

(where u — the index of absorption (u= kzRyn); c,p, — the thermal capacity of energy material; n —
the particles concentration (n = 3-10p,y/4p, TRy’); y — 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? 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 Fo, 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 Fq and the accuracy of its deter-
mination, the Monte Carlo algorithms were improved, and the F, 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.
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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?). 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 z = d,’/a, where o =
6,77-10™* cm?/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 v, (about 1 km/s) in the
time of laser pulse the gases break-through will comprise the distance from hot spot up to 100 pm, which
significantly exceeds the average distances between hot spots (with irregularities concentrations of 1 %, the
average distance equals to 0.4 pm). 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 d,/v,~ 10°. 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?, 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°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°cm, while
for aluminium it is about 3.8-10° 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 ps, 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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B.II. Humunes, B.U. Onemko, A.H. fIkosneB, B.A. OBunnnukos, U. 0. 3b1k0B,
E.B. ®opar, U.A. Caiinazumos, T.B. I'peuxnna

/KaH-KaKThbI KbICYABIH JPTYPJIi KbICBIMAAPHI 2KAFAalbIHAA KOMIPTEKTI Kapa
JKOHE AJIOMHMHHUIAIH HaHOoeImeM/i CIHIprim Kocnajaapsl 0ap
JIa3epJlik MHUINALMAFA Heri3eJIreH KOMIIO3UTTep

Jlazepnixk ummynbcrik acepae (A0 = 1064 umM; sxone 1= 12 He) 40-tan 600 MIla-ra aeifinri auanasoHgarsl
OpPTYpJTi KeJieMJli YHTaKThl KbICYy KbICHIMJApBIHAAFBl (MOJAIp KipiC Tepe3eCiHiH KbICY KbICHIMBI) CiHiprinn
KOCTaNapAblH KOHIIEHTPALMACHIHA OaliIaHbICTBI OHBIH HETi3iHIeTi KbI3IBIPY DJIEMEHTI MCH KOMIIO3UTTEPIiH
JKaPBUIFBIII BIIBIPAYBIHBIH JHEPreTHKANBIK IIEKTepi MEH KMHETHKANBIK CHUIaTTaMajapbl SKCIepPUMEHTANIb]
Typae 3eprrenmi. Ta3za KBI3ABIPY JJIEMEHTI MEH OHBIH HETI3iHAEri KOMITO3UTTEp VIIIH KOJEeMIi KbICy
KBICBIMBIHBIH JKOFapBUIAYBIMEH CE3IMTANABIK TYTAacTail )KOFapbulaiisl, O6ipak MOHOTOHABI eMec. COHBIMEH
KaTap TOMEH KbIChIM aiimarbiHma (200 MIla-maH a3), xocmainap KOHIEHTPAMSCHIHBIH JKOFapbUIaybIMEH
apasiac KOMIIO3UIMSIIAP/IBIH JIa3epIliK HMITYJIBCTIK ocepiHe Ce3IMTalIBIFbI XKOFAPBUIAM/IBI, all KOFaphl KBICHIM
aiimarsiana (300 MIla-man sxkorapel) on TemeHze#ni. Bynm Toprinti aBropmap anbdy3usIibK IKapbIK
HIaIibIpayblH Menip BB HHHIMAIMACHIHBIH MHKPOOIIAKTHIK KBUTY MOJETi («BICTBIK HYKTEIep» MO
(bIH)) TyprbICBIHAH Ja TYCIHAIpEedi; OCBIFAaH COMKEC «BICTHIK HYKTENEpIiH» PEaKkTHBTLNIK Kabimerrimiri
ONapIbIH KOJIeMiHIeri JKbUly KOpPBIMEH, ONapIblH KoHLeHTpauusckiMeH, KT-fa kakelH Tipektepre
ra3(MHAMHUKAIBIK TYCIpy OHE YJTIHIH KipiC CaHbUIaYBIHBIH 0achUIFaH GeTi (TOMEH KBICHIM aiiMarbl), COHIai-
ax BB maTpuIiaceiHa ’oHe jKaObIH IIbIHbIFA (KOFaphl KbICHIM aitMarbl) I'T jKbUTy OTKI3TILITIK TYCIpY apKbLIbI
AHBIKTaJIa bl

Kinm ce30ep: KpI3OBIpY dJEMEHTI, JIa3epiliK UMITYJIbCTI WHUIMALNS, HAHOOIIIEM/II OOIIEKTEp, ONMTHKAIBIK
ChIHY, BICTBIK HYKTENEep (bIH).
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B.I1. Humunes, B.U. Onemiko, A.H. fIxoBnes, B.A. OBunanukos, 1.}O. 3b1ko0B,
E.B. ®opar, U.A. Caiinasumos, T.B. I'peuknna

J1a3epH0e HHUIUAPOBAHUE KOMIIO3UTOB HAa OCHOBE TOHA ¢ HAHOPAa3MEPHBLIMHU
norJiomarimmuMm IlOﬁaBKaMI/I CaA’KHU U aJIJIOMUHUA B YCIIOBUAX
PA3TUYHBIX AaBJIEeHHH 00bEeMHOI0 C:KATHS

OKCIepUMEHTAIFHO HCCIEOBAaHEl YHEPreTHIeCKHe MOPOTH M KUHETHYECKHE XapaKTePHUCTUKH B3PBIBHOTO
pa3nokeHNsT TOHA W KOMIIO3UTOB Ha €ro OCHOBE IIPH JIa3ePHOM HMITYJILCHOM Bo3zaeiicTBun (Ag = 1064 HM;
T, = 12 HC) B 3aBHCHMOCTH OT KOHIIEHTPAIMH TTOTJIONIAOIINX 100aBOK IIPU Pa3JIMYHBIX JaBICHHIX 00bEMHO-
TO CKaTHsI MOPOLIKOB (IaBIEHUAX MPIDKATHS MPO3PAYHOrO BXOAHOTO OKHA) B nuana3zone ot 40 go 600 MIla.
IToka3aHo, 4TO A YUCTOTO T9HA U KOMIIO3UTOB Ha €70 OCHOBE C POCTOM JaBJIEHHs 00BEMHOTO CXKATHS TyB-
CTBUTENBHOCTH, B LIE€JIOM, YBETMUHBAETCSI, HO HE MOHOTOHHO. IIpu 3TOM B 001acTH MasbIX AaBleHuUil (MeHee
200 MIla) ¢ Bo3pacTaHHEeM KOHLEHTPALUH AOOABOK UYBCTBUTEIBHOCTH CMECEBBIX COCTABOB K JIa3€PHOMY
HMITYJIbCHOMY BO3/ICHCTBHIO yBEJIMUMBACTCs, a B obmactu 6onpiux (6omee 300 MIla) — ymensimaercs. Ta-
KO€ IOBEJIeHNE OOBSICHAETCS aBTOpaMHU ¢ IO3ULUH Kak qud(y3HOTO CBETOPACCESIHUS, TaK M C IMO3UIMH Terl-
JIOBOH MHKPOOYaroBOi MOJENN HHALIMUPOBaHHUS 1po3padHbix BB (Monens «ropstanx touex» (I'T)), cormacHo
KOTOPOIl peakIHMOHHAs CIIOCOOHOCTh «TOPSTYUX TOYEK» ONpeelsIeTCs 3amacoM TeIla B UX 00beMe, UX KOH-
LEHTpalel, Ta30AMHAMUYECKON pasrpy3koi B Oimsnexkamue K I'T mopsl 1 4epe3 mpukaTyro BXOJHBIM OK-
HOM IIOBEPXHOCTh 00pasna (00sacTh MaibIX JaBICHHH), a TakKe TEIUIONPOBOIHOCTHOU pasrpyskoil I'T B
Marpuny BB u mokpoBHOE cTekio (001acTh BRICOKUX AaBICHUH).

Kntoueevie cnoea: T3H, Ta3epHOE UMITYJILCHOE HHUIIMMPOBAHNE, HAHOPA3MEPHBIE YaCTHIIbI, ONITHYECKUI PO-
00M, TOpsSYHEe TOYKH.
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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, MgF2u BaF2 doped with tungsten trioxide were presented. Both single crystals and
ceramic 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 WOj3 is considered to be one of the most important
gas sensing materials in the world, being sensitive to many different gas species, like Os;, CO, NO, H,S, and
CH,. Among double oxides MeWO, wolframite ZnWOQ, 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 a heterostructure with dif-
ferent compounds such as ZnO, TiO,, WOs, and others. ZnWQ,-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 MeWO,. According to [11-14], emission centers (EC) are octahedral oxyanion WOg>, as components
of the undisturbed crystal lattice. The luminescence spectrum presents a monoband at 2.6 eV belonging to
spin-forbidden 3T1u—>1Alg triplet singlet electron transition in self-trapped excitons (STE) and is an intrinsic
(fundamental) property of the crystal lattice.
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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 WOg,. 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 (ZnWQO,, CdWO,crystals, WO; ceramics micro-powder) which are
widely used in catalysis and artificial ones (wide-band gap dielectrics: LiF, MgF, and BaF,, 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 MeF, (Me: Mg, Ba), doped with WO; (so called artificial phosphors) pre-
sented the first group of materials. The natural scintillators, the so-called self-activating materials: crystals
and ceramics MeWO, (Me: Zn, Cd,) and microcrystalline ceramics powder WO; presented the second one.

Natural phosphors of ZnWQ, and CdWO, were grown by the Czochralski method at the Institute for
Single Crystals (Kharkov). The tungsten trioxide was present in the form of oxyanion WOs"". 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 WO; with a concentration up to 1 wt.% was grown
by the Czochralski method at the State Optical Institute (Sankt Petersburg). The MgF, and BaF, doped with
tungsten trioxide were synthesized under a high-energy electron beam with an ELV-6 electron accelerator
created at the G.l. 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 WFs.

Microcrystalline WO; 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 C.

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 "° 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* cm™) 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-
guent 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 ZnWO, and CdWQ, 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 WOg" oxyanion [22-27]. The
band gap E, in these materials is determined in the range from 3.2 to 4.5 eV.

The lattice structure of the binary compound WO; was corner-sharing WOg 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 (WO; nH,0).

Pure wide band gap crystals LiF (E;=13.6 eV), MgF, (E;=12.4 eV) and BaF, (E;=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™,
which indicates a high level of initial lattice imperfection of the doped crystals.

Crystals ZnWO,, CdWQ, and ceramics samples BaF,-WO; and MgF,-WOj; opaque in the E>3.9 eV.
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Figure 1. Absorption spectra of LiF crystals (a)(b). (a): non-doped (1), doped with WO30.1 wt.
% (2); (b): 0.2 wt. % (2); 0.3 wt. % (3). (c): absorption spectra of ZnWOQO, 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 *-1.102 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: Ee=Eq (1) and E>>Eq (2),
where Eg is the band gap of the binary component WOs.

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 3.0-2.5eV.

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? ZnWO, ceramics in the crucible and SEM images of its sample surfaces. On the
surface of ZnWO, samples upon increasing the image resolution, a porous microstructure with elongated
elements ranging in size from 7 to 20 um and a thickness of approximately 7 pm are observed.

Figure 2. A picture of as-synthesized ceramics ZnWQ, 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 26 of 10 to
90° and CuKa 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.
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Figure 3. XRD patterns of ZnWQ, ceramics sample (a) and MgF, doped with WO; (b)

Every synthesized ceramics ZnWQ,, CdWO,, MgF, and BaF, 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 us 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 us component is a monoband in the region of
2.8-2.5 eV, whose maximum position depends on the oxide type (Fig. 4 (a)).
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Fig. 4 (a): PhL spectra, excited by laser pulse (4.6 eV) in LiF crystals, doped with Fe,O5 (1, 2), TiO, (1, 3),
WO; (1, 4), measured with 10 ns (1) and us 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-WOs,
measured with ns and s delay (on the insert).

Below we will mainly describe the optical properties of tungsten trioxide in different matrixes.

As it turned out, luminescence at 2.6 eV can be excited in quite different materials: in dielectrics, not
only LiF, but also MgF, and BaF,, doped with WOjs; in natural phosphors ZnWO,, CdWQO,, where tungsten
trioxide is a structural component of the lattice; and in binary compound WO; (Fig. 5 (a)).

Figure 5 also shows the excitation spectra of emission at 2.6 eV in the studied materials in the range
3.8-6.2 e¢V.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 BaF, ceramics

doped with 0.04 wt. % WO; (Fig. 5 (c)).
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Figure 5 (a): PhL spectra, excited by laser pulse (4.6 eV) of ZnWO, ceramics samples (1); MgF,-WO; (2),
CL spectrum of binary compound WOj3 (3); BaF,-WO; (4). (b): excitation spectra of emission at 2.6 eV in ceramics:
ZnWOy, (1), BaF,-WO; (2), CdWO, (3) and MgF,-WOs; (4); (c): excitation spectrum
of emission at 2.6 eV in BaF, ceramics doped with 0.01 wt. % WO..

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 M00.05 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 AWO6-xFx (A: K, Rb),
emission at 2.6 eV with spectral and Kinetic parameters similar to those in the spectrum of natural phospho-
rus ZnWOoO4 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 MeWO,
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 Eq (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 Es 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 Eg is determined and in nanocrystalline powder WQ3, it becomes obvious that in this case Eg
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 ps 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 TiO, and WO; in the LiF matrix. For the WO3 the luminescence
decay time in the low temperature region is different in ZnWO4 and LiF -WO; (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.
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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).
(Incurve (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:
JO=x Aexp(-t/t),

where A; and 1; are the amplitude intensity and the decay time constant of the corresponding decay time
component.

Decay time constants at 270 K have the following values: 1;=0.2 us, 1,= (3—4) us and 13=18-20 in
MgF,-WO; and BaF,-WOs; ceramics samples, 25—35 ps in Zn and Cd tungstate ceramic samples and in LiF-
WOQO; 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 (ZnWO,), rutile
(MgF,) and in the fluorite lattice (BaF,).
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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 MeWOQO, semiconductors in the tem-
perature range 5-400° 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>250° K) — in the region of temperature
luminescence quenching — the decrease of light output with rising T (lsts=f(T)) 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 (5-100° K) in a narrow temperature range, an increasing
probability of the radiative transition is observed with a constant value of light output (I5ts=f(T)). This effect
is observed in the range of 4-15 K in ZnWO, crystals, in CdWO, crystals in the region of 8-20 K, and in
CaWOy; in the range of 1040 K [36-38].

We found a similar effect in LiF-WO; and LiF-TiO, 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-WO; 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 ZnWO, and CdWQO,
is about 4.1 eV and coincides with the transparency border these materials. In binary compound WO; 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 CdWQO,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 ZnWOQO, and
CaWwo, [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-
sorpt;on) belong to the fundamental properties of natural phosphors with tungsten trioxide as the oxyanion
WO6 .

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 WOjs 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-WO; 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.

o Photogenerated exited electron (e) of dopant transits to CB leaving a hole on the dopant ion.

o 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 ZnWO, CdWQ,, binary compound WO; and in
WO; doped dielectric matrixes LiF, MgF, and BaF, 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 ps;

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 WO; 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 WOj3, 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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JLLA. Jlucuupina, I'.K. AnnsicoBa, J[.A. MycaxaHos

OPTYPJli MATPULATAPAAFbI BOJIb(paM TPHOKCHI
JIIOMUHECHEHIIUSICHIHBIH ONTHKAJIBIK CUNIATTAMAJIAPbI

Exi Typaeri momuHOGOpIapaarbl CoyJelIeHYAIH ONTHKAIBIK CHIIATTaAMaJapbIHBIH pYKCaT €TUIreH YyaKbIT
OOMBIHIIA CHEKTPOCKONMSCHIHA CAIBICTEIPMANIBI  3€pTTEY YCBHIHBUIFAH, SIFHH: TaOuru JroMHHOQOpIap:
ZnWO,, CdWO,, mukpokpucraiasl WO3 skoHe KacaH bl TIOMUHO(OPIIAP: KEH apalbIKTAFbl JHIJICKTPUKTED,
LiF, MgF, xone BaF, Bonb(ppaMm TpHOKCHIIMEH JerupieHred. 1,5 MaB a5eKTpoH arbIHBI Ke3iHIe ayajia
JKOFaphbl JKbUINAMABIKTBI COYJIENCHY CHHTE3I NpOLECiHIe ajblHFaH MOHOKPHCTAAp [a, KEPaMHKAaJIBIK
YIITisiep ge 3epTTeni. 3epTTeNeTiH MaTeprualAapAblH JTIOMUHECICHIMSCHIHBIH CIIEKTPIIIK KOHE KHHETHKAIIBIK
cUIaTTaManaphbl JUANIEKTPUKTEP/IiH KacHeTTepiHe yKcac eKeHAIri aHbIKTanapl, MmyHaa WO; omaHT periHae
KATBICA/BI; XKAPTHUIAH OTKisrimTepae Bombppam Tpuokcrxi WO® — OKCHAHHOH TYpiHIE JKoHE BONb(ppaM
TPUOKCHII eKUTIK KOMIOHEHTIHIH KpPHUCTaJJIbIK TOpbIHAA Oonaael. Boibdpam TpHOKCHAI TUANEKTPHKTE
JICTUPJICHTEH Ke3/I¢ MTUAJICKTPHUKTIH OTY KOJIAFbIHIA KOCMa KYWJIEPiHiH iIKi jKOJIAFbIH TY3€TiHI JQJICIICH]I,
COHBIH apKACBhIHIA JHMAJICKTPHKTIH ONTHKAIBIK KO3Ybl KE3iHAE SJIEKTPOHIBI-TECIK KOCMa JKYNTAaPHIHBIH
KEHICTiKTe 06JIiHyl MyMKiH OOJMaIbL.

Kinm ce30ep: pagnanmsiiblk cuHTE3, Taburu (Gocdop, xkacanasl Gocdop, TIOMHHECIEHINS, YaKbIT-pYKCaT
€TIUITeH CIIEKTPOCKOIINS, KAPKHIPAY OPTAIBIFBI, IIKI KOJAK.

JLA. Jlucuupina, I'.K. AnnsicoBa, J[.A. MycaxaHoB

OnTuyeckne XapaKTepUCTHKH JIOMUHECHEHIINH TPHOKCH/Ia BOJIb(ppama
B Pa3/IMYHBIX MATPHIIAX

IIpencraBieHo cpaBHUTENEHOE NCCIENOBAHIE C TIOMOIIBIO BPEMSI-Pa3pEIIeHHOH CIIEKTPOCKOHH ONTHIECKIX
XapaKTePUCTHK W3IydeHHs B JBYX THIAX JIOMHHOGOPOB: MpUpOAHBIE JoMuHOGOpE: ZnWO4, CdWO4,
MuKpokpuctaumaeckuii WO3 1 HCKyCCTBEHHBIE TIOMHHO(OPHI: MNPOKO30HHEIE qraekTpuky, LiF, MgF2
BaF2, nerupoBannble TpHoKCcHIOM Boib(pama. Beum mccieroBaHbl kKak MOHOKPHCTAIUIEL, TaK U KepaMHde-
cKkre 00pa3Ifbl, ITOy4eHHbIE B IIPOIECCE BEICOKOCKOPOCTHOTO PAJHAI[IOHHOTO CHHTE3a Ha BO3JIyXe MO I10-
TOKOM 3JIeKTpOHOB 1,5 M»3B. YcTaHOBIEHO, YTO CHEKTPaIbHO-KHHETHYECKHE XapaKTEPUCTUKH JIFOMUHEC-
IIEHIIMH HCCIIEA0BAaHHBIX MaTepUaloB UMEIOT CXOJCTBO CO CBOMCTBAMM AURIEKTPUKOB, rae WO3 mpucyrct-
BYeT B KaueCTBE JOMAHTA; B MOJYIPOBOIHUKAX, I/Ie TPHOKCHA Bosb(ppama npucyTcTByeT kak WO62 — ok-
CHaHMOH M B KPHCTAJUIMYECKOH peleTke OGMHAPHOIO KOMIIOHEHTa TpHOKcuzaa Bojbdpama. JlokazaHo, 4yTo
TPUOKCH] BOJIb(ppamMa, OyIydn JISTUPOBAHHBIM B AUAJIEKTPHKE, 00pa3yeT B IOJIOCE MPOITYCKAHUS AUIIEKTPH-
Ka TOJIIOJIOCY MPUMECHBIX COCTOSIHHH, Oiaromapsi KOTOPOH IpU ONTHYECKOM BO30YKICHHH JMIJIEKTPHKA
CTaHOBHUTCSI BO3MOXHBIM IIPOCTPAHCTBEHHOE Pa3/ieTIeHIe IeKTPOHHO-BIPOTHBIX IIPAMECHBIX T1ap.

Kniouesvie crosa: paquallOHHBIA CHHTE3, IPHUPOIHBIN JIIOMUHO(OP, HCKYCCTBEHHBIH TIOMUHO(Op, JTFOMHU-
HECIICHIINS, BPEeMs-Pa3pelleHHas CIIEKTPOCKOIHS, IIEHTP CBEUEHHsI, MTOJ[30Ha.
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Electron Beam-assisted Synthesists, Structure and
Luminescent Properties Porous Ceramics of MgAl,O, and MgAIGaO,
Doped with Europium

Porous ceramics of MgAl,O, (MAS) and MgAIGaO, (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 MgAl,0,, while the synthesized double spinel MAGS con-
tains two main phase components, MgAl,O, and MgGa,0,. To study the luminescence properties of MAS
and MAGS synthesized spinel doped with europium, photoluminescence measurements were performed. The
photoluminescence spectrum of excitation of Eu®* ions in spinel was monitored at Aem = 615 nm (*Dg—"Fy).
The PLE shows the f—f transition in the configuration of Eu®* ions (at 393 nm ("Fy—°Lg), 463 nm
("Fo—°Dy)). The excitation band at 330 nm and 260 nm is characteristic of the charge transition between Eu®*
and O% ions. The photoluminescence spectrum of the samples under excitation at 260 nm was studied. In the
PL spectrum of spinel samples, the emission of Eu®" 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 Dy, — F transition. In the PL spectrum
of samples, a weak spectral band appears with a maximum at 535 nm, characteristic of the emission of Eu*
ions with the 5D;-F; 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, MgAI204,
MgAIGaO4.

Introduction

Materials with spinel structure are technologically significant materials in science and technology.
Aluminum-magnesium spinel MgAl,O, 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 MgAl,O, + MgGa,O,4, 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 MgAIGaO, 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 MgAl,O, and inverse MgGa,O, 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 MgGa,O,: Mg®* and Ga>* can occupy tetrahedral and octahedral positions,
which facilitate the penetration of the dopant and changes the luminescent properties. In [5], it was shown
that MgGa,0, doped with Eu®* ions has excellent luminescent properties in the “red” and “orange” regions
of the spectrum, MgGa,O,: Mn** 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-
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activated MgAl,O, spinel is a promising heat-resistant phosphor [8]. The luminescent properties of double
spinel MgAIGaO, 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 MgAl,O, and double spinel MgAIGaO,. 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 cm?. The synthesis occurred when the threshold power density of the energy flow
was exceeded, which was 30 kW/cm?. For the synthesis process, a mixture of high-purity oxides MgO, Al,O;
and Ga,03 in a stoichiometric ratio was prepared. Eu,0; 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 x 50 x 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? 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 t;,, was 15 ns, the average energy of accel-
erated electrons E was 250 keV, and the electron beam power density was j = 8 — 300 mJd/cm’.
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 MgAI204 samples and their intensity completely correspond to the X-ray diffraction pat-
tern of the reference sample of spinel MgAl,O, 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 20 = 43.04, attributed to the flat reflection (200) of the MgO
phase. Clear diffraction peaks indicate good crystallinity of the synthesized MgAl,O,. Weak peaks of the
MgO phase and the absence of peaks associated with Al,Os indicate a sufficiently high purity of the obtained
MgAl,O,. The average crystallite size of the synthesized samples is in the range of 500-600 nm.

Table 1
Ceramics synthesized by radiation method
. Type powder .. Power Sample 0
Type spinel Sample MgO ALO, G0, Composition KWicm® | weight, g. Output %
MgAIGaO, MAGS1 M2 K7 K8 MgO 35.9 %, 7 - -
Al,0322.8 %, 43.4 97.1
MgAIGaO, MAGS2 M2 K7 K8 Ga,0341.3 %, 30
Eu,05;0.5 %
MgAl,O, MAS1 M2 F800/10 - . 7 - -
MgAl,O, MAS2 | M2 | F800/10 - mgg 27%213 0//" 30 27.9 56.6
23 V.0 70, _ -
MgAl,O, MAS3 K11 K7 - Eu,050.5 % 7
MgAl,O, MAS4 K11 K7 - 30 26.1 98.1

SEM images of MgAI20—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.

10pm RMNT
WD 8.0

Figure 1. SEM images of the surface of MgAI20-4: 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** and O* 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 MgAl,O,: Eu® spinel sample (MAS2)

The elemental composition of the studied MgAI204: 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.

cps/eV
TR Pia

2 4 6 8 10 12 14 16
Energy [keV]

18 20

Figure 3. The elemental composition of the studied MgAl,O,: Eu** samples obtained by energy-dispersive analysis

Table 2
Mass composition of samples MgAlL,O,: Eu**
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) (%) = MM, 100 %, where M is the mass of the syn-
thesized sample, M, is the mass of the mixture.

Table 3
The average particle size and particle sizes for the distribution maximum
Grain sizes of start- | Average particle Particle sizes at distribu-
Powder ) . . .
ing substances, pm diameter (um) tion maximum (pm)

MgO (M2) 0.05 —60 4.697 22.795
MgO (K11) 0.01—30 2.327 3.564
A1203 (K7) 0.01—30 2.623 9.992
Al203 (F800/10) 0.5—20 8.103 9.992
Ga203 (K8) 0.1 —50 5.037 6.232
Eu203 (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 um). 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.

Cathodoluminescence

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 MgAIGa0O4 and MgAI204 spinels are similar (Fig. 5a, ¢) (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 MAS?2 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 °Dy1—'F; transitions (615 nm band) in europium ions [5, 6, 8]. Samples MAS1 and MAS?2 differ from
other types of synthesized ceramics. For their synthesis, F800/10 aluminum oxide was used. Al203
(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, Al203 (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®* ions. Intense lumi-
nescence in the 615 nm band associated with impurity Eu3+ ions (transition *Dy—’F,) 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 MAGS?2 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 lg;s / 1719 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 MgAIGaO, samples, while it is absent in MgAl,O,
samples. In [15] luminescence in the CL spectra of MgGa,O, 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. MgGa,0,4 phases can appear in the composition of MgAlGaO, 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
MgAl,O, phosphor with a maximum at 440 nm was attributed to luminescence centers in the form of Mg?*
vacancies.

a a
£ Ry =260 nm
—— MAGSI i
— MAGS2
' MAGS1
3 3
= i
= = Aoy = 615 nm
H £
E E MAGS2
400 500 600 700 K00 300 400 500 GO0 700 800
Wavelength, nm Wavelength, nm
b b
. Lo = 615 nm
— MASI
—— MAS2
5 4 gy = 260 nm
o e
S = MASI
z Z
=4 =
2 2
= k= MAS2
f\ " L L o, K ! e L L
400 500 600 700 800 900 300 400 500 600 700 800
Wavelength, nm Wavelength, nm
c c
Ay = 615 nm Ao =260 nm
— MAS3 MAS3

MAS4

Intensity, a.u.
Intensity, a.u.

1 L 1 1 1
400 500 600 700 800 300 400

[ L
500 600 700 800

Wavelength, nm Wavelength, nm
Figure 5. CL spectrum of samples: a) MAGS1 Figure 6. Excitation and PL spectrum at Ag, = 615 nm and
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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 ps 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 MgAIGaQ, spinel sample shows the largest decay time compared to other samples. The de-
cay time of the MgAIGaO, spinel sample reaches its maximum in the spectral range with a maximum of
615 nm; the decay time of the fast component t; and the slow component 1, in MAGS1 and MAGS2 samples
in the 615 nm band is 7; = 0.1 ps and 1, =0.9 ps.
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Figure 7. Kinetic characteristics of CL decay MAGS1, MAGS2, MAS1, MAS2, MAS3
and MAS4 in the region of 615, 690, 710 nm

Table 4
Luminescence decay time of MgAIGaO4 and MgAI204 ceramic samples in the characteristic bands

Sample 615 nm 690 nm 710 nm
71 (ns) 12 (ns) 7l (ns) 12 (ns) 71 (ns) 72 (ns)

MAGS1 120 902 - - 41 453
MAGS?2 118 896 - - 38 436
MAS1 30 624 25 343 - -
MAS?2 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®* ions in spinel was monitored at an emission wavelength of
615 nm (transition °Dy—'F,). In the photoluminescence excitation spectrum, bands with a maximum at
wavelengths of 393 nm ("Fo—°Ls), 463 nm ('Fo—°D,) are recorded, corresponding to the f—f configuration
transitions in the Eu®* ion. Excitation bands at 330 nm and 260 nm are characteristic of the charge transition
between Eu** and O ions [17]. The PL spectrum of the samples at excitation at 260 nm was studied. Lumi-
nescence bands of Eu®* 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 *Dy—F;. 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 °D,;—'F; [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
MgAl,O,, MgAIGaO, 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? directly on a batch of powders of metal oxides MgO, Al,0s, Ga,0;
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 um, 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®* ions are incorporated into the crystal lattice of both types of spinels. In the luminescence
spectra of the synthesized spinel samples, luminescence of Eu®* ions can be observed (°D,, °D; — ’F; transi-
tions). The characteristic luminescent properties of the Eu** ion arise in the strongest spectral band at 615 nm
(°Dy — 'F, transition), which is more distinct in MgAlGaO, and MgAl,O, 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 (*Do—'F, 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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E.®. Ilonucagosa, H./I. Yan

Eyponuiimen jierupjienren MgAl,O, :xone MgAIGaO,
KeYyeKTi KepaMUKAHbIH KYPbLJIBIMbI MEH JIIOMUHECHEHTTIK KacHeTTepPiH
JIEKTPOH/BI COYyJIeHi KOJIaHA OTHIPBIN CUHTE3/1ey

Eyponuiimen serupnerredr MgAIl,O4 (MAS) xone MgAlGaO, (MAGS) KeyekTi KepaMHUKachl paJualiisiIbiK
oiclieH CcHHTe3leNi. PanumanusiblK CHHTE3 CHHTE3Il BIHTANAHABIPY YIIIH KOcmajapasl HeMmece Oacka
MaTepHanIapIsl Naiifanan6ai, OKCHA YHTaKTapBIHBIH KOCIIAChIHAH AJICKTPOHJBI iCKe KOCY MEH HIMXTaHBIH
CoyJIeJIeHy SHEPTrHsCHIH IaianaHa OTHIPbIN, 1 CeKyHITaH a3 yakbIT iIIiHJe JKOFapbl THIMAUTIKIICH JKy3ere
acelpbutazgsl. JKOFapbel SHEPrHsIbl AJIEKTPOHIBI COYJEHI KOJNJAaHAa OTBIPBIN, CHHTE3IEY oJiCi >KOFaphl
eHIMIUIITT 6ap OTKa Te3iMAI MaTepHayiapAbl ajlyFa, MPOLECTIH TEXHOJNOTHSIIBIK JKaFaaiiapblH Oackapyra
JKOHE colikeciHIIe OepinreH KacueTTepi 6ap MaTepuanaapIsl CHHTE3eyre MyMKiHIiK Oepeni. CuHTE3neNTeH
KEeyeKTi KEepaMHUKaHbIH KYPBUIBIMABIK KacweTTepl peHTreHmik audpakous oxmicimen (XRD-7000s
mudpakxTomerpi, Shimadzu), ckaHepieyIi MeKTPOHIBI MUKPOCKOIINS dicTepiMeH 3epTrenreH. Hotmkenep
cunresgenred MAS tekimre KypbuibiMansl sxone MQAILLO, mmuHeniHiH KPUCTANIBIK KYPbUIBIMBIHA COWKEC
KeNeTiHiH kepceTTi, am MAGS cuHTe3[eNTeH KOC IMUHENbIl eKi Heri3ri (a3aiblk KOMIIOHEHTTEH TYPAIbl:
MgAl,O, sxone MgGa,O, Eypomnmit KoChUFaH CHHTe3IeiAreH mnuHensaAiH MAS sxoHe MAGS
JIOMHHECLEHIHs KACHETTePiH 3epTTey YLIiH (OTOTIOMIHECHEHIHHb! oy1mey xyprizinai. Inuuensaeri Eu®*
MOHIAPBIHBIH KO3YBIHBIE, (POTOTIOMUHECIICHIINS CIIEKTP] Aem = 615 HM (*Dy—'F,) Kesinme Gakpuranasr. PLE
Eu®* HOHapBIHEH KOHGHTYpammsceHIars f—f aysicysH kopeeteni 393 uM ((Fo—°Lg), 463 uM ((Fg—°Dy)).
330 uM xoHe 260 HM-1eri Ko3y auanasonst Eu®* skone O HOHZaphl apachIHIAFSI 3aPSATHIH aybICYBIHA TOH.
260 HM KO3FaH YITUIEpAiH (OTOMOMUHECICHINS cekTpi 3eprrenai. llnmuaens ynrinepinin PL ciektpinge
Eu®* MOHIAPBIHBIH YMHUCCHACH aiiKbIH KopiHeni. EH ke0i 615 muana3oHBIHBIH KYPBUIBIMBIHAA MIBIHBI 590 HM-
ne kepinem, °Dy — 'F; aysicybIMeH cumarTanagel. Yarizepain ®JI crektpinge *D;— Fy aybicysiven Eu®t
MOHJIapBIHBIH IIBIFAPBUTYbIHA TOH MaKCUMyM 535 HM OOJaThIH oJICi3 CIEKTpJIIK JUara3oH maiaa Gonambl.
Panuanusunblk CHHTE3IIH THIMIUIrE 0acTamnkbl OKCHA YHTAKTapbIHBIH TPaHYJIOMETPUSUIBIK KypaMbIHA
0ailIaHBICTBI eKSH/Ir KOPCETIITeH.

Kinm ce30ep: xepaMUKaNbIK IIIHHENb, KOC IINUHENb, Eu nerupney, paguaysuiblk CHHTE3, JTIOMUHECLICHIIMS,
MgAI,O,4, MgAIGaO,.

E.®. Ilomucanosa, H./. Yan

CHHTEe3 ¢ MCIOJIb30BAHNEM 3JIEKTPOHHOIO MyYKa,
CTPYKTYPA H JIIOMUHECHIEHTHbIE CBOHCTBA MOPUCTON KEPAMHKH
MgAl,O4 n MgAlGaO,, lerupoBaHHOI eBpONHEM

[Mopucras kepamuka MgAl,O, (MAS) u MgAlGaO, (MAGS), nerupoBaHHasi €BpONHEM, CHHTE3UPOBaHa pa-
JUAIMOHHBIM METOOM. PainaiioHHbIN CHHTE3 OCYLIECTBIICH C BHICOKO# 2 (eKTHBHOCTBIO B TEUCHHE MEHEe
1 cek ¢ MpUMEHEHUEM SHEPTUHU M3ITYYCHHUS JICKTPOHHOTO MMyCKa U IIMXTHI U3 CMECH MOPOIIKOB OKCHIOB 0e3
WCIIOJIb30BaHUS JOOABOK WU APYTUX MAaTEPUAIIOB JUIS CTUMYJISILUK CHHTE3a. MEeTo/ cHHTe3a ¢ MPUMCHCHU-
€M BBICOKODHEPI€TUUECKOT0 MIEKTPOHHOr0 Iy4Ka IO3BOJISIET MOIy4aTh TYroImlaBKUe MaTeprabl ¢ BHICOKOM
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MPOU3BOJUTEIBHOCTBIO, YIPABIIATh TEXHOJIOTHYECKMMH YCIOBHUSAMH TPOIECCa M, COOTBETCTBEHHO, CHHTE3H-
poBaTh MaTepHajbl C 3aJaHHBIMU CBOHCTBaMHU. CTPYKTYpHbIE CBOMCTBA CHHTE3UPOBAHHOW MOPHCTOU Kepa-
MHKH HCCIICJOBAHBI METOZOM PEHTIeHOBCKO# nudpakiuu (mudpakromerp XRD-7000S, Shimadzu), mero-
JlaMU CKaHUPYIOLIEeH JIeKTPOHHOU MUKpockonuu. Pe3ynbTaTsel mokasauu, 4To CUHTE3UpoBaHHbIE MAS ume-
10T KyOUYEeCKYIO CTPYKTYPY B COOTBETCTBYIOT B KPHCTAJUIMIECKOH CTpykType mmuuenn MgAl,O,, B TO Bpe-
M KaK CHHTE3MpOBaHHas nBoiHas muHeTb MAGS comepXuT aBa OCHOBHBIX (Da30BBIX KOMITOHEHTA!
MgAI,O4 1 MgGa,0,. JTist u3yueHus JTIOMUHECIIEHTHBIX CBOMCTB CHHTE3UpOBaHHBIX MAS 1 MAGS mmuHe-
JIH, JIETHPOBAHHOW eBpomnueM, ObLIH MpoBeaeHbl u3Meperus ¢oromomunecueHnuu (PJI). Crnextp ¢oTomro-
MUHECIIEHIMH BO36YKaeHns HoHOB Eu® B IImuHe M KOHTPOMHpPOBANCS MpH Aen = 615 uM (Dy—'F,). @JI
nokasbiBaeT nepexo] f—f B koHuUrypamu noHoB Eu® (mpu 393 HM ("Fo—1Leg), 463 um ("Fo—°Dy)). Iomno-
ChI BO3GYkaeH s Ty 330 HM 1 260 HM XapaKTepHbI JUIs 3apsIOBOTO Tlepexona Mexay nonamu Eu®' n 07,
W3ydeH cnektp (OTONMOMHHECIICHIINN 00pa3IoB Npu Bo30yxaeHuu npu 260 uM. B crextpe ®JI o6pasmos
IITIHHETH OTY4ETINBO BUAHO m3ydenne nooB Eu®. B cTpykrype momocs! ¢ Makcumymom 615 BumeH THK
npu 590 HM, XapakTepu3yroluiics IepexoioM Dy — 'F.. B criektpe @JI oOpa3moB nosBisiercs ciadast
CIIeKTpaNbHAs I0T0Ca ¢ MAKCHMYMOM IIPH 535 HM, XapakTepHast Iisi m3dydenus uonos Eu®* ¢ mepexomom
D,—"F;. Iokazano, 910 3()eKTHBHOCTS PATHALIHOHHOTO CHHTE3a 3aBHCHT OT IPAHyIOMETPHUECKOTO COCTa-
Ba HCXOAHBIX TIOPOIIKOB OKCHJIOB.

Kniouesbie croea: MINMHENb KEPAMUYECKas, IBOMHASA IINMHENb, JETMpoBaHue EU, panuanvOHHBIA CHHTES,
momunecuenmsi, MgAl,O,4, MgAIGaO,,
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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” and the charge for the synthesis of yttrium-aluminum garnet (YAG) with a density
of 1.1 g/lcm® 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:

dE
=B+l 1
i+l |+ds ( )
— -3 n CZ. )
dE _785A07p , 52 5%in| 1.116] S vk, || [kev/nm] ®)
ds E ~F, 3,

where Z; and J; are the atomic number and average ionisation potential of element j, respectively. K; is a var-
iable depending only on Z;.

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.

7 mm

1 mm 3 mm

abcd

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.

10 mm

Smm

1 mm

15 2.9 44 59

abc
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 Al,O3 (43 %) and Y,03 (56 %) powders with Ce,O3 (1.0 %) as
activator. The density of the charge was 1.1 g/cm®. 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.

0.77 mm

£928118.6 nm

34540593

3/64059.3 nm

3.87 mm

£928118.6 nm)

> 134540593 nm

="
£928118.6 ey

6928118.6 nm

34540593 nm

69281186 nm.

1.5@

£928118.6

3454059.3

34540593 nm

6928118.6 nm
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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

170

BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



Dependence of the distribution...

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 P,. Under specific energy
losses we will understand the energy losses of the electron flux in the unit of elementary volume W__ 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?.
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.

W, a.u

X, mm

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 W__ ., 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 W, 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 W_ ... (1), it is realised on the electron flow path
with Wi a4 (3), WL au. (4) in the range from 0 to AZz and AZ,, respectively, as well as in the range from AZj,
to AZyq at W 44 (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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J.A. Mycaxanos, A.C. Ke6eii, M.I'. 'onkoBckuii, A.T. Tynerenosa

JIEKTPOH aFbIHBI JHEPIUSACHIHBIH 3aTTAFbI CIHIPUIYIHiH TapaJybIHbIH
cdyJie KoJJIeHeH KHMAaChIHA TIYeJIIIri

KeHicTikTe IIEKTeNIreH 3JIeKTPOH coylieliepi AoHeKepIey, Kecy, OSTTi OHIey CHSKThI TEXHONOTHSIIBIK Onepa-
UsUIapa KeHIHeH KOJIaHBUIAAbl. DJCKTPOHIAP/bIH 3aT apKbUIbl OTyl Ke3iHAe coyle 3HEeprusChIHBIH
IIBIFBIHAAPB! KaliTa Gemineni. Ockl sxymbicta MoHTe-Kapio oficiH KojaHa OTBIPBIN YCHIHBUIFAH SHEPTHS
IIBIFBIHBIH MOJIENB/ICY HOTIDKEINep] 3aT KeJIeMiHAeri SHeprHs IIBIFBIHBIH KaiiTa Oyl kepceTreni. DIeKTpoH
coyJIeci MaTepHaiFa TepeHipeK eHIeH CailblH SHEPIHsl LIBIFBIHBIHBIH apTybl )KOHE KeHiHHEeH KeMyi OaiKasapbl.
Cayre ociHe NMepreHIUKyYIsIp OaFbITTa SHEPIUsl MIBIFBIHBI aiiMaFbIHBIH KEHEIO1 JKoHe KeHiHHEeH O0Chl alMaKThIH
JMaMeTpiHiH a3aiobl OaifKanaapl. Y CBIHBUIFAH €CenTeysep OTKA TO3IM/AI AUDJICKTPIIIK KepaMUKaHbl CHHTE3CY
HOTIDKEJICPIH JKAaKChl TYCiHIipedi. 3aTTaFbl JHEPrys IIBIFBIHAAPBIHBIH KaiTa OejiHyli CHHTE3[eNreH
YJIrinepaiH MOpQOIOTHsCHIH aHBIKTalIbL.

Kinm co30ep: cunte3, YAG:Ce kepaMHKachl, )KOFapbl KyaTThl JJISKTPOH aFbIHbI, YHEPIHs LIBIFBIHBL, MOHTe-
Kapio anici, I'aycc arpmabpmsig Tapanyst, CASINO V2.5, MeHITIKTI SHeprus IBFBIHAAPEL
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J.A. Mycaxanos, A.C. Ko6eii, M.I'. ['onkoBckuii, A.T. Tynerenosa

3aBHCHMMOCTDH pacnpeneeHHsI MOMIOIEHHOH IJHEPTUH MOTOKA JIeKTPOHOB
B BelleCTBE OT MONMEPEYHOro CeYeHusl MyIKa

Ily4xu 37€KTPOHOB, OTpaHUYEHHBIE B IPOCTPAHCTBE, MINPOKO HCIIOIB3YIOTCS B TEXHOJIOTHUECKUX OMEPAIIX
CBapKH, PE3KH U 00pabOTKU MOBEPXHOCTU. [IpH MPOXOKICHUM FJIEKTPOHOB B BELIECTBE MPOUCXOIUT Iepe-
pacrpeneneHre NMOTeph SHEPTUH IyduKa. Pe3ynbTaTel MOAEIMPOBAHUS TOTEPh SHEPIHU C HCIOIb30BAHHEM
Mmerona Monre-Kapno, mpencrapieHHble B JAaHHOW paboTe, JEMOHCTPUPYIOT INepepachpesiefieHHe MoTephb
SHepruu B o0beMe BemecTBa. HabmomaeTcst yBenudeHne, a 3aTeM yMEHbIIEHHE T0TePh SHEPTUH MO Mepe Y-
TyOJICHUs JIEKTPOHHOTO ITy4YKa B MaTrepuai. B HampaBieHnu, NepleHIUKYIIPHOM OCH ITyYKa, TPOHCXOIUT
pacmpenre o0JacTh IOTeph SHEPIHH, a 3aTeM yYMEHBLIEHHE IuaMeTpa 3Toil obnacth. IIpencraBieHHbIC
pacdeTsl XOpoIIo OOBSICHSIOT pe3yiIbTaThl CHHTE3a TYrOIUIaBKOM IMAIEKTpHUecKoi kepamuku. [lepepacmnpe-
JieJIeHHe TT0Teph SHEPTHHU B BENIECTBE OIpe/iessieT MOp(OIOTHIO CHHTE3NPOBAHHBIX 00Pa3IoB.

Knioueswvie cnosa: cunres, kepamuka YAG:Ce, BBICOKOMOIIIHBIN MTOTOK 3JIEKTPOHOB, IOTEPH SHEPTHH, METO
Mosnre-Kapio, rayccoBo pacmnpezenerue motoka, CASINO V2.5, yaenbHble OTepH SHEPTHH.
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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 I/min and argon
8.0+0.2 I/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 CO, 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.
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Waveguide 3-stub tuner

~

AHHA
Sliding short- I
circuit [ | - Magnetron

Reaction

) /' ) / chamber
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ispectromete

Catalyst

Thermocouple

e
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(NOs),) 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(NOz),). Figure 2 shows a 20 mm long and 25.5 mm diameter steel catalyst.

c)

a)

a) 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 TM4000PIus scanning
electron microscope (SEM) with an EDS attachment. Figure 3 shows the results.
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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.

a) 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 K, 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:

K- Py, (in) =Py, (out)
o Pey, (in)

1100 % (1)
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Product selectivity 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]:

P, (out)—P, (in
S, _L ”2(_ )=R..(in) -100 % )
* 2 Py, (in)-Py, (out)

Figure 5 shows the partial pressure diagram of gases. In formulas (1) and (2) B, (in) and Pen, (in) are

the partial pressures of hydrogen and methane at the beginning of the experiment, B, (out) and R, (out)
are the partial pressures of hydrogen and methane at the end of the experiment.

a) Ni = 0 at.%; b) Ni = 3 at.%;

0.00E'OO P H2 " 3.00E'06 p_H2 P_CH-‘
5.00E-06 e
_ S
.. 4.00E-06 ' 2,00E-06
= 3,00E-06 5 R
> : . . -6 p
= 2.00E-06 p.h2 = oo
1.00E-06 eos| N
0.00E+00
0.00E+00 _
0 ¢ <15 30 1 (16
¢) Ni = 8 at.%.
5,00E-07
P_H2
4,00E-07 P2 3,45E-07 P_CH4
« [\P,CH4
5 3,00607 27
- P2
= 2,00E-07
1,00E-07
1 16 31 46
ts

Figure 5. Diagram of partial pressures of gases in the result of the decomposition of methane with different nickel
content in the catalyst

Table 1 shows the calculation data for the rate of methane conversion and hydrogen selectivity.

Table 1
Results of calculations of qualitative characteristics of conversion
# | Wi, KW | Qg I/min S%Hig T, °C L% %
1 36+1 34+2
2 0.6 8.0+0.2 0.25+0.05 650+70 28+1 74+1
3 32+2 85+1
Note — Wy — magnetron power, Q, — argon consumption, Q¢4 — Mmethane consumption,
T — catalyst temperature, KCH4 — methane conversion rate, SH2 — 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.
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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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MeTaHHaH cyTeri OHAIPIcCi: aca »KOFapbl AKMIJIKTI pa3psj
MEeH KaTaJIu3aTopabl KOJIJAAHY

Maxkanana [IM-6 kommaHOadbl 3epTTey KOHIBIPFBICBIHAA aca xorapbl kHUUTKTI (AXKXK) paspsnarel xoHe
METalT KaTalIu3aTOPbIH KOJIaHa OTBHIPBIN, METaH MUPOJIM3i 9MICIMEH CyTeriH aimy OOWBIHIIA TIXipHOEHIH
HoTIKecl kentipinren. [IM-6 KOHABIPFBICBIHZQ aca JKOFAaphl JKUUIIKTI pa3psaTa MeTaH KOHBEPCHSCHIHBIH
JKOFapbl JOPEXKECIH aHBIKTay VIIiH, KypaMblHAa HHUKeIb Oap KaTaau3aTop apKbUIbl SKCIIEPUMEHTTEp
Kyprizingi. HeoTwkenep karanuzaTopia HHUKENb KypaMbl JKOFapbulaybl CyTeri CEJIEeKTHBTUIITiHIH
JKOFapbUIayblHa BIKMAJI €TETiHIH KopceTTi. MeTaHHBIH €H JKOFapbl KOHBepcHs aopexeci 32+2 % -ra neilin
JKOHE CYTETiHIH celeKTHBTLIr 85+1 % -Fa neifiH KepceTKili, aca )KOFaphl >KUUTIKTI pa3paaTeiH Kyatsl 0,6
kBt, meran mereHb 0,25+0,05 n/muH koHe aproH 8+0,2 J/MHUH KOHABIPFBI IapaMeTpliepiHAe KO
JKeTKi3inai. XKanmel anranma, 3epTTey HOTIIKENEpl METaH MUPONU3iHIH OHTAMIBI MapTTapblHa KOJ KETKi3y
JKOHE CyTeri OHMIPICIHIH THIMIOI TEXHONOTHSUIAPBIH KYpy YIIIH KaTaliu3aTopiiapAbl TaHAAybIH
MaHBI3/IbUIBIFBIH KepceTeni. Taxipudenep/ieH alblHFaH ACPEKTEp OHEPKACINTIK ACHrelae MeTaH MUPOJIH3iH
JaMBITY YLIH maiimansl OOMybl MYMKiH, Oyl €3 Ke3eriHae OSHEPTHsHBIH TYpakTbl OoalIaFblHA IKOHE
KOMIpTeri i3iHiH a3aroblHa BIKIAJ €Te/i.

Kinm cesdep: cyteri, MeTaH NHpPOJM3i, CyTeri JHEPreTHKAachl, aca >OFapbl JKUUIIKTI paspsia, MeTaH
KOHBEPCHSCHI, KOMIPTEK, CyTETiHIH CEICKTUBTIIr], KaTaIH3aTop.
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M.K. Ckakos, A.2K. Munusazos, M.A. Cokonos, A.A. ArataHoBa,
T.P. Tynen6eprenos, A.B. I'pago6oes

Bonopoa 3 merana: npumenenue CBY paspsina n karaausaropa

B cratbe npesncTaBiaeHs! pe3ynbTaThl SKCIIEPUMEHTOB TI0 MOIYYEHUIO BOAOPOAA METOIOM NMUPOJIH3a METaHa C
MpUMeHeHHeM cBepxBbicokouacToTHOro (CBY) pa3spsiia u MeTa/uIMUeCKOro KaTaau3aTopa ¢ Pa3IudHBIM CO-
JepXKaHUeM HHKEJIsl Ha YCTaHOBKE JUISl NPUKIAAHBIX HccienoBanuii [IM—6. DKcnepuMeHTbI IPOBOIHINCE C
LETbI0 OMpeseNieHus] Hanboliee MONMHON CTENIeHN Pa3lioKEHHss MEeTaHa B MHKPOBOJIHOBOM paspsijie Ha ycTa-
HoBke [IM—6 ¢ ucnonbp30BaHUEM CTaNBHOIO KaTalld3aTopa ¢ Pa3IMUYHBIM COAEPKAHUEM HUKeIs. Pe3ynbrarel
MOKa3aJIH, YTO NPUMEHCHNE HUKEJICBBIX KaTann3aTopoB obecnednBaeT Hanboliee BEICOKHI BBIXOJ BOJOPOIA
IIPU ONTUMAIBHBIX YCIOBHUAX. Peann3oBaHa TeXHOIOTUSA NOIy4eHHs BOAOPOJA C UCIOIb30BaHUEM KaTallu3a-
Topa B CBY pa3spsiie ¢ MaKCUMalbHON CTENEHbIO KOHBEPCHH MeTaHa 10 3242 % U CeJIeKTUBHOCTBIO BOAOPO-
nga 1o 85+1 % mpu mourHoctn CBUY paspspa 0,6 xBt, pacxoge merana 0,25+0,05 n1/mun n aprona 8+0,2
a/MHH. B 1enom, pe3yabTaThl HCCIEOBAHUS MOJYEPKUBAIOT BaXKHOCTh BBIOOpA KaTaau3aTOPOB IS JOCTH-
JKEHHsI ONTUMAIIBHBIX YCIOBUH MUPOIM3a METaHa M cO31aHus 3()()EKTUBHBIX TEXHOIOTHH IJISI IIPOM3BOICTBA
BOJOpOJa. JlaHHBIE, TOTYYCHHBIE B XOJE SKCIEPUMEHTOB, MOTYT OBITH IOJE3HBI I Pa3pabOTKH MPOMBIII-
JICHHBIX YCTAHOBOK ITHPOJIM3a, YTO, B CBOIO Ouepesb, OyzeT crnocoOcTBoBaTh 00jIee YCTOHINBOMY SHEPIreTH-
YeckoMy OyayIieMy U CHIDKEHUIO YIIepOJHOTO Clesa.

Knrouesvie cnosa: BOJOpOJ, NHUPOJKU3 METaHa, BOAOPOAHAs 3HEPICTHUKA, CBerBLICOKO‘laCTOTHLIfI paspsn,
KOHBEpCHA METaHa, Yrii€poa, CECJICKTUBHOCTL BOJAOPOaa, KaTajlnu3aTop.
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