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Abstract. The electronic structure of barium oxide crystallites doped with other chemical elements, including
scandium from scandium-containing phases, has been studied by electron spectroscopy for chemical analysis
(ESCA) and characteristic electron energy loss spectroscopy (EECE). Physical and physicochemical conditions are
formulated, their fulfillment makes it possible to form the electronic structure of a scandate cathode with a high
level of thermionic emission.
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BBEAAEHUE

HauwuHas ¢ 90-X rofoB IIPOLIIOro BeKa HaydHble J1abo-
PaTopuUM YHHBEPCUTETOB M IPOMBIIIJIEHHBIX IpeJ-
NPUSTUH B Pa3/IMYHBIX CTPaHaX IIPOBOASIT HCCIIe-
JOBaHM A, HallpaBjeHHBIe Ha CO3JaHMe CKaHAAT-
HBIX KaTOJ 0B, TO €CTh MeTAJIJIOIIOPUCTHIX KaTOL 0B,
Coflep>KalliX B CBOeM COCTaBe CKaHAHU M. I1o pe3ynp-
TaTaM HMCC/lIeJOBaAaHHUU YCTAaHOBJIEHO, YTO TaKOH
KaTof MokeT obecrnedyuTs MojaydeHHe NI0THOCTHU
TOKa TePMO3/IeKTPOHHOM SMHUCCUHU [0 100 A/cm?, a B
nepcrekTuse U 10 400 A/cm? [1-3]. 9To OTKpBIBaeT
BO3MOXKHOCTD CO3aHUS NPHUHIMUIIHNAIBHO HOBBIX
THUIIOB 371eKTPOBaKyyMHBIX CBU-1prbopoB. B To Ke
BpeMs I10/IyYeHHBIe pe3yJabTaThl CBUAETENbCTBYIOT
0 IMJIOXOHM TeXHOJOIrH4YeCKOH BOCIPOH3BOJHMO-
CTH SMHUCCHOHHBIX CBOMCTB CKaHAATHBIX KaTO/IOB,
II03TOMY [0 HACTOAIero BpeMeHH HUKaKHe IIPo-
MBIIIJIEeHHbIe IPeAIPUsTHS He OCBOM/IN CePUHUHBIN
BBIIYCK CBY-IprOOPOB € KaTOZAaMHM TAaKOro THIIA.
BmecTe c TeM, BO3MOKHOE CHHePreTHYeCKOoe IPOosiB-
7eHHe BIUSHHS MUKPOIIPUMeceH B KPUCTAJIUTAX
okcuaa 6apus Ha ero 31eKTPOHHYIO CTPYKTY Py OKa-
3aJ710Ch HeJOCTATOYHO M3YUYeHHBIM, a TAKKe Hello-
CTaTOYHO MCCJIeJOBAaHHBIM OKa3ajJoCh BIMSAHUE
$a30BOro COCTOAHU A, B YACTHOCTH, KOMIIOHEHTOB,
collep>KallMX CKaHIHH, Ha 3JIeKTPOHHYIO CTPyK-
TypPy SMHCCHOHHO-aKTHUBHOK $a3bl KaTOJHOIO MaTe-
puana. M3y4eHHIO JaHHBIX BOIIPOCOB M IIOCBAIIEHA
IaHHas paboTa.

METOAbI UCCNNEAOBAHUSA U PE3Y/IbTATDI

Obpasipl MaTepuasaoB B BuAe TabieTok Juame-
TPOM 7 MM U TOJIIMHOMN 1 MM IOJy4alH CIIeKa-
HHeM W IOC/IeAYIONIHMM IIpeccoOBaHHeM Tabie-
TOK M3 CMeCH IopoliKka Boabdpama (90% Beco-
BBIX), IIPeIBAPUTEIbHO CHUHTE3UPOBAHHOIO U Pa3-
MOJIOTOTO B IIOPOLIOK aJIOMHHATa OapHUs-Kalb-
LIS coCTaBa 2.5B30‘0.4C30‘A1203 U IOIIOJIHUTE/Ib-
HBIX KOMIIOHE@HTOB B BH/le IIOPOILIKOB UHTEepMe-
Tananupa Re,Sc, mopomka cmuaBa 80%W+20%Re,
IIOpoOLIKAa THApPUAA CKaHOAUA ScH,. CmexkaHue
IIOPOIIKOB TaKKe IIPOBOJUJIM B BAKYyyMe IIPU TeM-
nepatype 1200 °C B TedueHHe 2 4, HO Ha BOJIbpaMo-
BOM IIJIACTHHe. B pe3ysbpTaTe clieKaHHUS B 0bpas-
I1aX MaTepHajoB GOPMHUPOBAIUCH KPHUCTAJIIUTHI
orcuga bapusi, cogepskaliyre KUCIOPOLHbIe BAKAH-
CHH, a TAaKKe KPUCTAJJIUTHL OKCKUAa bapus, comep-
JKalljye KUC/IOPOAHbIe BAKAHCUU U, B 3aBUCUMOCTHU
OT COCTaBa CMeceH, JeTuPOBaHHbIe aTOMaMU BOJIb-
dpaMa, peHHUS, CKAaHAUS U KOMOUHALIMeN yKa3aH-
HBIX 3/IeMeHTOB. [lopolIok HHTepMeTaaiuga Re,Sc
OBbII IMOyUeH HaMU 31eKTPOAYTOBOM IepeIaB-
KOM KOMIIOHEHTOB B Cpe/ie OUHIeHHOro aproHa
C IIOC/IeYIOUMM Pa3MOJIOM B IIApOBOL MeJbHHUIIE.
ITopomiok rugpuga ckauaus ScH, (3581 II0/y4eH

INTRODUCTION

Since the 1990s scientific laboratories of universities and
industrial enterprises in various countries have been car-
rying out the research aimed at creating scandate cath-
odes, i.e. metal-porous cathodes containing scandium
in their composition. According to the research results
it was found that such cathode can provide thermoelec-
tronic emission current density up to 100 A/cm?, and in
future up to 400 A/cm? [1-3]. This fact opens a possibil-
ity of creating fundamentally new types of electrovac-
uum microwave devices. At the same time, the obtained
results show poor technological reproducibility of the
scandate cathodes emission properties so, until now, no
industrial enterprises have mastered mass production of
the microwave devices with cathodes of this type. At the
same time, a possible synergistic effect of micro impuri-
ties in barium oxide crystallites on its electronic structure
turned out to be insufficiently studied, and influence of
the phase state, in particular, the components containing
scandium, on the electronic structure of the emission-
active phase of cathode material was also insufficiently
studied. The present work is devoted to investigate these
issued.

RESEARCH METHODS AND RESULTS

Powder samples with a diameter of 7 mm and thickness
of 1 mm were produced by sintering and pressing tablets
made from a mixture of tungsten powder (90% by weight),
pre-synthesized and ground barium-calcium aluminate
powder of 2.5Ba0.0.4Ca0-Al,0; composition and addi-
tional components in the form of powders of intermetallic
Re,Sc, 80%W+20%Re alloy powder and scandium hydride
powder ScH,. The powders were also sintered in vacuum
at 1200 °C for 2 hours, but on a tungsten plate. As a result
of sintering, barium oxide crystallites containing oxygen
vacancies as well as barium oxide crystallites contain-
ing oxygen vacancies and, depending on composition of
the mixtures, doped with tungsten, rhenium, scandium
atoms and combination of these elements were formed
in the material samples. The powder of Re,Sc intermetal-
lide was obtained by electric arc re-melting of the compo-
nents in purified argon followed by milling in a ball mill.
The powder of scandium hydride ScH, was obtained by
annealing of scandium in a hydrogen medium followed
by milling in a ball mill. The alloy powder 80%W+20%Re
was made in the Research and Production Complex
"Advanced Powder Technology" (Tomsk) by atomizing
wire BP-20 (their alloy 80%W+20%Re) by electric explo-
sion. Electronic states of elements in samples of mate-
rials were studied by electron spectrometry for chemi-
cal analysis (ESCA). The spectra were decoded by divi-
sion of spectra peaks of ESCA into Caussian peaks tak-
ing into account the influence of the fact that the atom
is surrounded by other elements and, thereby, impacts
on the shifts of atoms peaks which depend on the value
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Tabauua 1. Pacwugposka 3ds,,-3AeKmpOHHbIX Cnexmpos bapus 6 06pasuax mamepuanos

Table1. Interpretation of 3ds,,-electron spectra of barium in material samples

N2 nuka DHeprus nuka, 3B UHTEHCUBHOCTb NUKa, LUupuHa nuka, 3B Bapuii B pase
Peak Peak energy, eV oTcueToB/c Peak width, eV Barium in phase
no. Peak intensity,
counts/s

1 90%W + 5% 2.5Ba0 - 0.4Ca0 - Al,0,+ 5%Re,Sc

1.1 779,86 478,98 1,08 Bay.)O-owY

12 780,84 2176,37 1,98 bapui B antoMmnHaTte 6apumsa-KanbLmns
Barium in barium-calcium aluminate

1.3 782,30 174,76 1,55 Ba.)OqS¢y

1.4 782,66 192,66 0,72 Ba.,)OaAly

1.5 783,63 2364,52 1,96 Bag.y»OuxnRe,S¢c,

1.6 784,68 685,53 1,23 Bay.)OpCaY

1.7 785,84 497,79 1,98 Bay2

2 90%W + 5% 2,5Ba0 - 0,4Ca0 - Al,O; + 5%(80%W + 20%Re)

2.1 780,61 1978,24 1,74 bapui B antoMmnHaTte 6apusa-KanbLmns
Barium in barium-calcium aluminate

2.2 781,75 591,98 1,12 BaO.,,

2.3 782,77 1656,22 1,66 Ba.,)OaxRey

24 784,19 2550,55 1,99 Bag.yOunReW,

2.5 785,66 860,26 1,99 BaO,

3 90%W + 5% 2,5Ba0-0,4Ca0-Al, O, + 5%ScH,

3.1 780,26 1289,40 1,45 bapwui B antoMmnHaTte 6apus-KanbLumns
Barium in barium-calcium aluminate

3.2 781,36 2379,82 1,98 Ba)OxSY

3.3 782,46 560,63 0,99 Ba.)OunAlY

3.4 783,44 1868,78 1,99 BaCy3

3.5 785,09 1423,08 1,96 Bay.y-OSC,W,

3.6 786,38 316,12 1,10 BaO,

HaMH OT>KHMTOM CKaHIH C Cpefie BOAOPO/Ja C I1ocjie-
AyIOIHMM Pa3sMo/IOM B IIapOBOK MeJIbHHIIe. IIopoIok
crnaBa 80%W+20%Re 6b11 M3roToBieH B HayuHo-
IIPOM3BOACTBEHHOM KoMIlIeKce "[lepe/oBble IIOPOII-
KOBbIe TeXHOJMOTHHU" (T. TOMCK) pacIIblIeHHeM IIPOBO-
joku BP-20 (13 crtaBa 80%W+20%Re) MeTOOM 3/1eK-
TPOB3phIBa. JJIeKTPOHHBIE COCTOSHUSA 3IeMEHTOB
B 06pasliax MaTepHaloB HUCCIeI0BAIN METOIOM JJIeK-
TPOHHOMU CIIEKTPOMEeTPHH /I XMMHYECKOro aHa-
nu3a (3CXA), IpH 3TOM paciiuPPOBKY CIIEKTPOB IIPO-
BOJMJIM IIyTeM pa3bHeHHs IHKOB B clleKTpax JCXA
Ha rayCccoBbl IMKH C YYETOM BIHSHHSA OKPYKeHU S
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of electronegativity of specified elements. The decipher-
ing of the electronic states of barium samples is given in
Table 1.

The oxygen vacancies concentration in the mate-
rial samples was investigated by characteristic electron
energy loss spectroscopy (SELE) at the primary electron
energy of 1005 eV at a detection step of 0.05 eV. The spec-
tra were digitally differentiated to increase the method
sensitivity.

Since non-stoichiometric barium oxide containing
oxygen vacancies is a donor type semiconductor and
other oxide phases in the material are dielectrics, the
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aToMa JpPyTMMHU 3JIeMeHTaMH Ha CABUIM IIMKOB aTo-
MOB, KOTOPbI€ 3aBHCAT OT BeJIMYHHBI 3IeKTPOOTPH-
LIaTeJIbHOCTH YKa3aHHBIX 3JIeMeHTOB. PacmudpoBKa
37IeKTPOHHBIX COCTOSIHUM b6apus obpasmax MaTtepHua-
0B ITpHBe/ieHa B Tabi.1.

KoHIeHTpallUul0 KHCJIOPOAHBIX BaKaHCHHU
B obpas3Iax MaTepHasa0B HUCCIeLO0BAIH MeTOLOM
CIIEKTPOCKOIIMH XapaKTePUCTHUYECKUX II0TePhb 3HeP-
rUH 371eKTpoHOB (CXII93) IpH SHEePrUH IIePBUYHBIX
3ekTpoHoB 1005 3B ¢ marom peructpanuu 0,05 3B.
J15 IOBBIIIeH K S YYBCTBUTEIBHOCTH METO/Ia IIPOBO-
IUIU HUdpoBoe nhuddepeHIIMPOBAHUE CIIEKTPOB.

Tak KaK HeCTeXHOMETPHUYHBIN OKCUJ bapus,
Cofep>Kalllui KMC/IOPOJHBle BAKAHCHU, SIBJISETCS
IIOJIYIIPOBOAHUKOM JOHOPHOIO THIIA, a OCTAJIb-
Hble OKCHJHbIe pa3bl B MaTepHhajie — JU3IeKTPHUKH,
XapaKTepUCTHYeCKHe [I0TePH 3/IeKTPOHOB B KaTOJ-
HOM MaTepHase obycioBIeHB BO30OyKIeHHEM
06BeMHBIX U ITIOBEPXHOCTHBIX IIJIA3MOHOB B OKCH/JIE
6apusi, SHEPrUH KOTOPBIX COOTBETCTBeHHO AE ¢
U AE, OIIpeie/IsiI0TCS BhIPaskeHUIMHU:

232
AE ;= erliNﬁ, o))
\/ €€,IM
212
AE,, = ,/ﬂ : 2)
2eg,m

rae e’ - 3¢beKTUBHBIN 3apsj, KMCIOPOLHOM BaKaH-
cuy; m" - 3ppeKTHUBHAA Macca 371eKTPOHOB KHC-
JTOPOmHBIX BaKaHcuM; h - mocTtosHHas [I1aHKa;
€, ~ AU3JIeKTpUUYeCKas [IOCTOSIHHAS; € = 3,6 — BBICO-
KOYaCTOTHAsl AU3JIeKTpUYecKasl IIPOHHUIAeMOCTh
okcupa b6apusi; Nyg - 06beMHas KOHLIEHTPALIH S KUC-
JIOPOLHBIX BaKaHCUM; N, -~ IOBEPXHOCTHAS KOH-
LIeHTPaLlUs KUCIOPOAHBIX BakaHCHUM [3]. TakuUM
obpa3omM, monHele HoTepu AE Ha Bo36y>keHUe I11a3-
MOHHBIX KoJIebaHHUI MOSKHO IIpeJICTABUTH B BHIE

II0B

AE = nlEoﬁ + nZEnoa ’ (3)

re n, U 0, - LieJIble YUCIa.

B Tabn1.2 npuBeeHbl CBOAHbIE JaHHBIE 10 YKa-
3aHHBIM [IapaMeTpaM 3JIeKTPOHHOM CTPYKTYpHI
da3, copMHUPOBABUIUXCS B COCTaBe MCC/IeOBaH-
HBIX 06pa31l0B MaTepHaloB B pe3yabTaTe UX OTXKUTA
B BakyyMe. IIpu pacmudpoBke dpa3 B Tabn.2 yuu-
ThIBa/IK pe3yabTaThl Tabs.l, a Takke NPUHUMAIHU
BO BHMMaHMe 3HaueHHe MHTEeHCHBHOCTEl IIHKOB
XapaKTepUCTUYECKUX IIOTePb.

[l IpoBeleHUsI BCECTOPOHHETO aHa/M3a B~
HUS $a30BOro COCTOSHUS CKaHAUSA B KaTOLHOM
MaTepHaJje Ha Ipolecc GOpMHUPOBAHUS KHUCIOPOLI-
HBIX BaKaHCHUH B KPUCTAJJIMTaX OKCHAA 6apus,

characteristic losses of electrons in the cathode material
are caused by excitation of volume and surface plasmons
in barium oxide, which energies are, respectively, AE
and AE,, determined by the following expressions:

212

AE, = /eh_Noé , 0
gg,m
2HK2

AR, = [N @
2eg,m

where e" is the effective charge of oxygen vacancy, m"
is effective electron mass of oxygen vacancies, h is the
Planck constant, € is the dielectric constant, € =3.6 is the
high frequency permittivity of barium oxide, N4 is the
bulk concentration of oxygen vacancies, N, is the sur-
face concentration of oxygen vacancies [3].Thus, the total
loss AE for plasmon oscillation excitation can be repre-
sented as

TI0OB

AE=nE, +n,E., , €)

where n, and n, - integers.

Table 2 summarizes parameters of the electronic struc-
ture of phases formed in the studied samples of materials
as a result of their annealing in vacuum. At deciphering
of phasesin Table 2, the results of Table 1, and also value of
peaks intensities of characteristic losses have been taken
into account.

To carry out a comprehensive analysis of the scandium
phase state effect in the cathode material on formation
of oxygen vacancies in barium oxide crystallites, Fig.1
data shows concentration dependences (on the scandium
oxide content) of volume and surface oxygen vacancy con-
centration in material samples based on tungsten powder
and 2.5Ba0-0.4Ca0O-Al,0; phase, in which the aluminum
oxide was completely or partially replaced with scandium
oxide [5].

When calculating the surface and volume concentra-
tion of oxygen vacancies the effective mass values of elec-
trons on oxygen vacancies and the effective charge of
vacancies in pure barium oxide crystals and in crystals
doped with one type of micro-impurities were taken from
[4-5] where they were determined experimentally by opti-
cal absorption. Values of indicated parameters for barium
oxide crystallites doped with two types of micro-impu-
rities have not been determined experimentally at pres-
ent. Therefore, for the mentioned case of double doping
in calculations by relations (1) and (2) the values of effec-
tive mass and effective charge for the component which
is contained in material in the maximal concentration
were taken. Such a choice could lead to a certain inac-
curacy when calculating the absolute values of surface
and bulk vacancy concentrations, but did not affect the

Vor.15 No. 7-8 2022 NANO INDUSTRY
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Tabauua 2. MNapamempbl Xapakmepucmu4eckux nomepb U 06semMHol U N08EPXHOCMHOU KOHUEHMpAauuu KUCAOPOOHbIX 8aKAHCUL
8 Mamepuanax
Table 2. Characteristic loss parameters and volumetric and surface oxygen vacancy concentrations in materials

Mapametp | Parameter

E, 3B | eV Ep, 3B | eV Ng, M3 |m™ Np, M3 | m™ N/ Ny
1 90%W + 5% 2.5Ba0-0.4Ca0-Al, O, + 5%Re,Sc
1 Bag.,)0-05¢, 2,22 341 6,25-10% 7.37-10% 0,85
1.2 Bag.)OanW, 8,61 1,72 1,32-10% 1,22 -10% 1,08
13 Ba.,-»O0-0R€,SC, 8,80 12,24 8,41-10% 8,14 -10% 1,03
1.4 W 7,82 11,26 8,89 -10%8 9,21-10%8 0,97
2 90%W + 5% 2,5Ba0'0,4Ca0-Al,O; + 5%(80%W + 20%Re)
2.1 BaO;., 2,35 3,23 7,00 -10% 6,61-10% 1,06
22 Bag.,-»Og9ReW, 5,81 8,85 3,67-10% 4,26-10% 0,86
2.3 Ba.,OaxRey 9,70 13,50 1,68 -10%° 1,63-10% 1,03
2.4 W 7,86 10,94 8,98-10% 8,70 -10%8 0,72
3 90%W + 5% 2,5Ba0:0,4Ca0'Al,O; + 5%ScH,
3.1 Ba(.,)OaSCy 2,15 3,58 5,86 -10%* 8,12 -10% 0,72
3.2 Bag.,-0005C,W, 5,40 8,09 1,86 -10% 2,09-10% 0,89
33 W 7,27 10,23 7,68 -10%8 7,60 -10%8 1,01

Ha prc.l IpuBeJeHbl KOHIeHTPAIHOHHbIE 3aBUCH-
MOCTH (0T COIep>kKaHHUS OKCHUIA CKAHAHUS) 00beM-
HOU U IIOBEPXHOCTHON KOHII@HTPALIUK KHUCIOPOA-
HBIX BAKAHCHH B 06pa3liax MaTepHaioB Ha OCHOBe
IOPOIIKOB BonbdpaMa u dpa3ssl 2.5Ba0-0.4Ca0-Al,0;,
B KOTOPOM OKCHUJ ATIOMHUHHUS IIOJHOCTBHIO HIH
YACTUYHO 3aMeHSJICS Ha OKCUJ CKaHagus [5].

[Ipu pacyeTe IIOBEPXHOCTHOM U 06e MHOM KOH-
LeHTPAa UK KUCIOPOJHBIX BAKAHCHUH 3HAUEHH S
3¢0PeRTUBHON MACCHl 37IeKTPOHOB Ha KHUCIOPOJA-
HBIX BAKAHCHSIX U 3 PeKTUBHOTO 3apsiia BAKAHCHH
B YHCTHIX KPUCTAJIJIUTAX OKCHIA 6apus U B KpHU-
CTAJI/INTAX, TeTUPOBAHHBIX OJHUM THUIIOM MHKPO-
npuMecei, 6panu u3 [4-5], roe oHU 6BLIK OIlpefe-
JIeHBl 3KCIIePHMEeHTAJIbHO METOJOM OIITHYeCKOro
[OIJIONeHMS. 3HAaUYeHHU s YKAa3aHHBIX [1apaMeTpPOB
IJIsl KPUCTAJ/JIUTOB OKCHUa bapus, JerupoBaH-
HOT'O ABYMSI THUIIAaMH MHKPOIIpUMecCel, B HaCTOS-
Imee BpeMsl 3KCIIePHMEHTA/JIbHO He oIl peJe/leHBbl.
[To3TOMY [J1sl YKa3aHHOIO C/y4asi JBONHOTIO JIeru-
POBAHUS IIPU pacyeTax I1o cooTHomeHusAM (1) u (2)
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most important parameter - the ratio of surface and bulk

vacancy concentrations in each sample.

During annealing of barium-calcium aluminate in
vacuum in the presence of other phases, the established
volume concentration of oxygen vacancies in barium
oxide crystallites depends not only on the initial phase
composition of the material but also on temperature and
annealing time, material porosity and granulometric
composition of powder components. In fact, optimization
of particle size distribution, porosity, temperature and
annealing time causes activation of the cathode material
which results in formation of the required concentration
of oxygen vacancies in the volume of barium oxide crystal-
lites. However, the upper monolayer of the barium oxide
crystallites is in thermodynamic equilibrium with the
crystallite volume at any given time, with:

« surface vacancy concentration, as first shown in [6] and
seen from the results of this work, is determined not
only by the equilibrium between the volume and surface
of the crystal, but also by the presence of dopant (impu-
rity) atoms in the upper monolayer of the crystal;



EQUIPMENT FOR NANOINDUSTRY

6panu 3HaYeHHUS 3P PeKTHBHON Macch U 3¢pdek-

THBHOIO 3apsifia /151 KOMIIOHeHTa, cofepsKkalie-

rocsi B MaTepuallie B MakKCHMaJbHOM KOHIleHTpa-

nuu. TakoHu BbIOOpP MOT IPHUBOLUTH K Ol peJlesieH-

HOU IOTPeIIHOCTH IIPU pacueTe abOCONIOTHBIX 3HA-

YeHU N IIOBEPXHOCTHOM U 06beMHOM KOHIleHTpa-

LIMK BAKaHCHUM, HO He BJIHSI Ha BasKHeHIIHUH [1apa-

MeTp — OTHOIIeHHe [T0OBePXHOCTHON U 06beMHON

KOHLIeHTPAIlMK BAKAHCHUH B KaskJ0oM obpasie.

I[Ipy OTXHUTe alOMHHATA bOapHUA-KaIbO UM
B BaKyyMe B IIPUCYTCTBUU APYTUX da3, yCTAHOBHB-
masics obbeMHass KOHILEHTPAL U KUCIOPOLHBIX
BaKAaHCHUH B KPUCTAUIUTAX OKCUA 6apHUs 3aBUCUT
He TOJABbKO OT UCXOAHOT0 $a30BOTr0 COCTaBa Mare-
pHUana, HO U OT TeMIlepaTyphl U BpeMeHHU OTKUTa,
MOPUCTOCTH MaTepHasa U IPaHYIOMeTPHUUYECKOTO
COCTaBa IOPOIIKOBBIX KOMIIOHEHTOB. COOCTBEHHO,
B OIITUMHU3AL MU I'PaHYJIOMETPHUUYECKOr0 COCTaBa,
MIOPUCTOCTH, TeMIIePaTypPhl U BPeMeHHU OTKHUTa
U COCTOUT CYThb aKTUBUPOBAHHU S KaTOLHOIO MaTe-
puana, B pe3yabTaTe KOTOPOro B o6beMe KPHUCTa-
TUTOB okcupa bapus ¢opmupyercs tpebyemas
KOHIIeHTPallld KHUCIOPOAHBIX BAKaHCHH. OJHAKO
BePXHHUI MOHOCIOHM KPUCTAJJIUTOB OKCHAA bapus
B Ka’>KABIF MOMEHT BpeMeHH HaXOAUTCI B TEPMO-
OUHAMHYeCKOM PaBHOBECHHU C 06beMOM KPHUCTa-
JIUTOB, IIPH 3TOM:

* IOBEPXHOCTHAas KOHIIeHTpallks BakKaHCHUM, KakK
BIIepBBle II0OKa3aHO B [6] ¥ BUJLHO U3 Pe3yabTaToOB
OAHHOU paboTHl, ollpesensieTcs He TOIbKO PaBHO-
BecHeM MeXAy 00beMOM H IIOBEPXHOCTHIO KPHU-
CTAJIMTA, HO ¥ HAJTMYHeM JIeTUPYIOMUX (IpUMec-
HBIX) aTOMOB B BepXHEM MOHOCJIOe KPUCTAJIINTA;

* B CBOIO OUepeJb UMEeHHO IIOBEPXHOCTHAS KOH-
LleHTpallus KUCIOPOSHBIX BAKaHCHUI OIlpefienisieT
BeJMYHMHY UCKPUBJIEHUS SHepPreTU4YeCKUX 30H
y IIOBePXHOCTH KPHUCTAJIUTOB OKCHIA bapus: deM
MeHbIlle BeJIMYMHA UCKPUBJIEHHUS, TeM MeHbIIe
U BeJIMUMHA paboTsl BhIxoza [6].

B paborte [6] Obl1a TpeyiokeHA TEOPH S CKAHAAT-
HBIX KaTOZOB, COIJIACHO KOTOPOM HHU3KYIO paboty
BBIXOZ A KPUCTAJIJIUTA OKCK A 6aprs MOsKHO obe-
CIe4YHTh NyTeM GOPMHUPOBAHUS HAHOKPHUCTAJI-
nUTa oKcHupa bapus, B BepXxHeM MOHOCI0e KOTO-
poro aTomMbl 6apHus IOMTHOCTHIO MK YaCTHUYHO
3aMeHeHBl aTOMaMU CKaHAHUs. [Ipu3Hakom dop-
MHUPOBAHHUS TaKOU CTPYKTYPHI SABISETCS CHU-
>KeHHe IMOBePXHOCTHOMW KOHIIeHTpPaIMHU KHC-
JIOPOAHBIX BAKaHCHUH II0 CPAaBHEHHIO C 06beM-
HOM KOHLIeHTpallhel KHCIOPOAHBIX BAKaHCHUH.
YcnoBueM GOPMHUPOBAHUS TaKOU CTPYKTYpPH
SIBJISIeTCS pa3sMePHBIN QaKTOP Jerupyrollero sie-
MeHTa - ero HOHHBIH PafHyC J0JIKeH OBITh IIPHU-
MepHO paBeH 0,60 0T MOHHOTO pajguyca bapus.
Ha ocHoBe TeopeTH4ecKkoro noaxozga [13] MoxxHO
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Fig.1. Volumetric 1 and surface 2 oxygen vacancies concentra-
tions versus Sc,0; content in cathode materials

« it is surface concentration of oxygen vacancies which
determines the value of the energy zones distortion at
the barium oxide crystallite surface: the smaller distor-
tion value, the smaller value of the work release [6].

In [6] theory of scandium cathodes was proposed,
according to which the low output work of the bar-
ium oxide crystallite can be provided by barium
oxide nanocrystallite formation, in the upper mono-
layer of which barium atoms are completely or par-
tially replaced with scandium atoms. An indication
of formation of such structure is a decrease in the
surface concentration of oxygen vacancies compared
with the bulk concentration of oxygen vacancies. The
condition required for formation of such a structure
is the size factor of the alloying element - its ionic
radius must be about 0.60 of the ionic radius of bar-
ium. Based on the theoretical approach [13], we can
also formulate more general conditions which ensure
reduction of the surface concentration of oxygen
vacancies in barium oxide crystallites relative to its
bulk concentration:

+ the formation enthalpy of the alloying element
oxide must be higher than the enthalpy of the bar-
ium oxide formation, i.e. the energy of the "oxygen
ion - alloying element ion" bond must be higher than
the energy of the "oxygen ion - barium ion" bond;

« for effective alloying of barium oxide crystallites
by other element, such element at the initial phase
should be in a poorly bound form, for example, as a
part of intermetallide, hydride or nanocrystalline
oxide with high excess surface energy;
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OBOPYAOBAHME A/11 HAHOUHAYCTPUM

coopmynupoBaTh u bosnee obmue ycinoBus, obe-

ClledyHBalolllee CHUXXeHHe [IOBEPXHOCTHOM KOH-

LleHTPalUK1 KHUCJOPOJHBIX BAKAHCUI B KPHUCTA-

JTHUTax oKcuaa 6apusi OTHOCHUTEIbHO ee 06beMHOM

KOHLIeHTPaLlHUH:

* JHTa/IbINHUS 06pa30BaHUS OKCH/IA IETHUPYIOIIEro
3JIeMeHTa [I0JI>KHa OBITh BbIILIe S9HTAIBIIUH 00pa-
30BaHMUS OKCHUZA 6apusi, TO eCTh SHEPrUs CBA3U
"HOH KHCI0POJa — MOH JIETUPYIOIIero 1eMeHTa"
IO/I>KHA OBITH BhIIIE SHEPTUHU CBSI3H 'HOH KHCJI0-
pona - uoH bapus';

e 11 9pOeKTUBHOIO JerHPOBaHUSI KPHUCTAI-
THUTOB OKCHJA 6apus APYTrUM 3J1eMeHTOM,
3TOT 3/IeMeHT B UCXOJHOU da3e JOIKeH HaAX0-
OUTbCA B cnabo cBsizaHHOM dopMe, HAIIpUMeP,
B COCTaBe MHTepMeTalaua, TUAPHULA UIHU
HAaHOKPHUCTAJTHUUYECKOTr0 OKCHJAa C BBICOKOH
M30BITOUHOM [I0BEPXHOCTHOM 3HePTHeH;

e /IS CerperallMu JerHpylouero s3aeMeHTa
MMeHHO B BepXHeM MOHOCJ0e KPHCTaJIHuTa
okcHa 6apus, yKa3aHHBIN KPUCTAJIUT AOT-
JKeH HaXOJUTbCS B BHJe HAaHOKPHUCTAJ/IOB,
B KOTOPBIX MMeeT MeCTO 3HauHTe/JbHOe Pa3/iu-
YHe MeXIIJIOCKOCTHOTO PAaCCTOSIHUSI MeXXy Iep-
BBIM U BTOPHIM MOHOC/JOSMH M MOHOCJOSMU
B o6beMe HaHOKPHUCTAJJIMUTA. B 3ToM caydae
U BCTyIlaeT B JeHCTBHE pPa3MepHBIH GaKTOp
JerupyIolero sjeMeHTa.

MIMeHHO yKa3aHHBIe yCJIOBHS, KaK BHJHO
13 Tabs1.2, BEIIIONIHSIOTCS IIPU BBeIeHHUH B HCXOJ-
HBIM KapboHAT 6apHs JOMOTHUTETbHBIX KOMIIO-
HeHTOB B BUJle MHTepMeTaaauaa Re,Sc u rugpuna
ScH,, BBIIIOMHSAIOTCS IIPHU MaJIOM COJepKaHUU
JOIIOJIHUTE/JIPHOI0O KOMIIOHEHTA B BHUJle OKCHIA
CKAaHJMS U HaPyUIAIOTCS IPHU BBICOKOM KOHIIEH-
TpallMU OKCHJA CKAaHAHS B MaTepHhase. DTHU Xe
YCTIOBH S BBIIIONHSIOTCS U IIPH COBMECTHOM JIeTU-
POBAaHMUM OKCHIA OapHs HHUKeJIeM U CTPOHIIHEM,
Ha 4yeM, CO6CTBEHHO, U OCHOBAHBI BHICOKHE Tep-
MOSMHCCHOHHBIE CBOMCTBA OKCHHO-HHUKeJIeBbIX
KaTo/IOB.

BbIBO/1bl
TakuMm obpasom, 1o pesynpTaraM paboThl MOKHO
cenaTh CaeAyolire 3aKI0UYeHH .

BbICOKHe TepMO3MUCCHOHHbIE CBOMCTBA CKaH-
OAaTHOIO KaToJa MOTYT 6bITh 06ecIieueHbl IyTeM
dbopMHpOBaHUS B KATOJHOM MaTepHuaJje KpUCTas-
JTHUTOB OKCH/ia 6apUsi, B KOTOPEIX B BepXHEeM MOHO-
c7oe aTOMBbI 6apus MOJHOCTBIO UK YaCTHUYHO
3aMeHeHbl Ha aTOMBI CKaHAHS.

Ob6ecmeuuTh 3¢ PeKTHUBHOE JIeTHPOBAHHE KPU-
CTa/JJINTOB aTOMaMHU CKaH/JUS BO3MOXKHO IpHU
HCII0/Ib30BAHUU B COCTaBe KaTOAHOI0 MaTepHaa
CKaHJMS B COCTaBe MHTepMeTa/lIMJa CKaHO U,
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« for segregation of the alloying element exactly in the
upper monolayer of the barium oxide crystal, such crys-
tal must be in the form of nanocrystals in which there is
asignificant difference of interplanar distance between
the first and second monolayers and monolayers in the
volume of the nanocrystal. This is where the size factor
of the alloying element comes into play.

Precisely these conditions, as can be seen from Table 2,
are satisfied with introduction of additional components
in the form of intermetallic Re,Sc and ScH, hydride in ini-
tial barium carbonate with a small content of an addi-
tional component in the form of scandium oxide and are
violated at high concentrations of scandium oxide in the
material. The same conditions are fulfilled also in case of
joint alloying of barium oxide with nickel and strontium
which, actually, make the basis of high thermal emission
properties of the nickel oxide cathodes.

CONCLUSIONS
Thus, the following conclusions can be drawn from the
results of the work:

1. High thermal emission properties of the scandium
cathode can be provided for formation of barium oxide
crystallites in the cathode material where which barium
atoms in the upper monolayer are completely or partially
replaced with scandium atoms.

2. An effective doping of crystallites with scandium
atoms can be achieved by using scandium in the scan-
dium intermetallic, scandium hydride or scandium oxide
in a nanocrystalline state as the cathode material.

1. To ensure segregation of scandium atoms exactly in
the upper monolayer of barium oxide crystallites is possi-
ble by formation of the mentioned crystallites at the stage
of cathode activation in the form of the barium oxide
nanocrystallites.

2.Formation of barium oxide nanocrystallites exactly
at the stage of cathode activation is possible by using an
activator of barium-calcium aluminate decomposition
(tungsten) in the form of tungsten nanocrystals or lower
oxide tungsten vapour supplied to the aluminate surface
from the cathode volume through pores in the aluminate.

3.The sign of formation of the scandate cathode effec-
tive structure a reduced surface concentration of oxygen
vacancies in the barium oxide nanocrystallites in relation
to its volume concentration.
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EQUIPMENT FOR NANOINDUSTRY

TUAPHAA CKAHAMS U1K OKCHIA CKaHAMS B HAHO-
KPHCTAJIIMYeCKOM COCTOSIHUH.

ObecreduTh cerperaluio aTOMOB CKaHAMS
KMEHHO B BepXHeM MOHOCJI0e KPUCTA/IMTOB OKCHIA
6aprisi BO3MOXKHO IIyTeM GOPMUPOBAHUS yKAa3aHHBIX
KPHCTA/IJIMTOB Ha 3Talle aKTUBUPOBAHM S KaToJa
B BU/JIe HAHOKPHCTAJJIMTOB OKCHUA 6apHsi.

®opMHpOBaHHEe MMEHHO HAHOKPUCTA/LILTOB
okcuja 6apus Ha 3Talle aKTUBHPOBAHMS KaToda
BO3MOXKHO IIyTeM KMCIIOJIb30BaHMHS aKTHBaTOpa
Pa3/IoKeHHS aJlloMHHAaTa 6apusi-KanabLus (BOIb-
dpama) B BHJe HAHOKPHUCTAJII0B BoabdpaMa
MJIY [1apOB HU3IIKUX OKCUI0B BoJlbdpaMa, IIOCTY-
Malolero K IOBepXHOCTH aJIOMHHATa U3 06beMa
KaToZa I10 II0paM B a/IlOMHHAaTe.

I[Ipu3sHakoM GOpPMHUPOBAHUA dPPEeKTUB-
HOM CTPYKTYPBl CKAaHAATHOTO KaToda SBJISLeTCs
yMeHbIIeHHAs [IOBePXHOCTHAs KOHILeHTPaL U
KHCJIOPOAHBIX BAaKaHCHU B HAaHOKPHCTAJJIH-
Tax OKCHJA OapHs OTHOCHUTEIBbHO ee 00beMHOM
KOHLIeHTPALIKH.

WHOOPMALMUA O PELLEH3UPOBAHUN

Pemakuus 6arofapuT aHOHHMHOTO pelleH3eHTa
(peLeH3eHTOB) 32 UX BKJIAJ B pelieH3UpPOBAaHUE
3TON paboThl, a Takke 3a pa3MelleHHe CTaTeHn

Ha CalTe XypHa/la U Ilepefadyy UX B 3JIeKTPOHHOM
Buge B HOb6 eLIBRARY.RU.

Hekaapauus o KoH$AuKMme UHMepecos. Asmopul 3a48A5t0Mm
06 omcymcmeuu KOHYAUKITO8 UHMEPecos UAL AUYHBIX 0MHO-
wieHuil, Komopble mozAu bvl nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHoll cmamve.
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B kHMre ¢ NOMOIIBIO CHHTVIAPHBIX MHTETPATBHEIX YPABHEHHI PACCMATPHBAIOTCA PasiHvHELE
K/Iacchl 3aJjad 3/eKTpoauHaMuki. MoHnorpadmsa cocTonT M3 BYX HacTell. B mepBoil MacTh BHI-
BOJATCA 0GBeMHBlE CHHTYIAPHEIE HHTETPAIbHEIE YPABHEHMSA, ONUCHBAION[IE 3aJaMH paccenHHA
AIEKTPOMATHHTHEIX BOTH HA TPEXMEPHBIX HEOMHOPOIHEIX M AHH3OTPOIHEIX CTPYKTYPAX, 8 TAKKe
CHHTY/IAPHEIE YPABHEHNSA ¢ 3aMa3[{BIBAHHEM N0 BpeMeHH, ONMMCEIBAIOLIME 3aa41 B3aHMOJIeliCTBHA

HEeCTALNOHAPHOTO TIO/A ¢ OTPAHHYEHHOI MaTepHanbHOl cpenoii. C HCTONBOBAHIEM MTOAYICHHBIX Y PABHEHHIT TOKA3bIBAKTCA TCOPEMBI
CYIIECTBOBAHMA M eIMHCTBEHHOCTH PEIICHIA PasTiuHBIX KIACCOB 3a/iay paccesn s BomH. Bo Bropoii yacTi HsnaraioTes HTepaioHHbie
METO]{bI 1A PelieHiA YPaBHEHI, MaTeMaTI4eckit CTPoro 0DOCHOBBIBAETCA MpyMeHeH e MeTojfa [aepiunia i MeTojia Ko/IOKa I [/IA
YHCICHHOTO PellieHIs YPaBHeHNH, OMICHBAIOIINX 3a/[a4H PACCESHNA BOMH Ha TPEXMEPHBIX HEO[HOPOIHBIX i AHH3OTPOITHBIX CTPYK-
typax. lpepmaratorcs sdipeKTHBHbBIE ATTOPUTMBI YHCICHHOTO PellleHis CHHTYIAPHBIX ypaBHEeH M.
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