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Txynymanues B.JI., Hypraesa I'.K.", Cepuk6osioBa A.A.

Kazaxckuii HalIMOHANBHBIA YHUBEPCUTET UM. ab-Dapabu, HUNDTO,
Kasaxcran, r. Anmartel, “e-mail: nurtayevagalyia2017@gmail.com

NMAOCKO-CUMMETPHUYHDBIE PELUEHUS
B —aR™ TPABUTALUUUA

OAHUM 13 HamMboAee MHTEpecHbIX W MepCreKkTUBHbIX — HarpaBAEHUA B COBPEMEHHOW
TEOPETUYECKOM (DU3MKE ABASETCS U3yUeHMEe MOAMMDULIMPOBaHHbIX TeOpUIA rpaBuTaummn. Lleabto atoro
HanpaBAEHMS SBASIETCS OMMCAHME TPaBMTALMM B PaMKaX MOAMGULMPOBAHHOM TEOPUM TaK, YTOObI, He
BXOAS B MPOTUMBOpPEYME C MMEIOLUMMUCS IKCMEPUMEHTAAbHBIMU AAHHBIMU, MPEAAOXKMTbL Aydllee
OMMCaHMe LIMPOKOrO KPyra SIBAEHUM B KOCMOAOTUM, B TOM UMCAE AAS AYULLEro NMOHUMAHUSI MPUPOADI
TEMHBIX MaTePUiA U SHEPIUU.

B a1oit paboTe uccaeayloTcs acTpomsmueckme 0ObeKTbl: 4-MepHble AOMEHHbIE CTEHKM U
6-mepHble thick branes B F(R) = —aR™ MoAMMDUUMPOBAHHOM Teopuu rpaBuTaumn. [loAyyeHbl
pEeryAsipHble aCUMMITOTMYECKM aHTU-Ae Sitter'oBcKMe pelleHMs B HEKOTOPOM AMariasoHe 3HaueHMi
napametpoB nu 8. ['AaBHas OCOGEHHOCTb 3TUX MOAEAEN 3aKAKOUAETCS B CyLLECTBOBaHWMM 0CO6OM
TOUKM B (pa30BOM NPOCTPAHCTBE, MPEACTABASIOLLEN COOON LLeHTP OpaHbl.

KAtoueBble cA0Ba: MOAM(ULMPOBAHHbIE TEOPUM IPABUTALIMM, AOMEHHas CTeHKa, thick brane.

Dzhunushaliev V., Nurtayeva G.K.", Serikbolova A.A.

Al-Farabi Kazakh National University, IETP, Kazakhstan, Almaty,
“e-mail: nurtayevagalyia2017@gmail.com

Flat-symmetric solutions in —aR™ gravity

One of the most interesting and perspective directions in modern theoretical physics is studying of
the modified gravity theories. The purpose of this direction is the description of gravitation within the
modified theory so that without being in a conflict with the available experimental data to offer the
best description of a wide range of the phenomena in cosmology, including, for the best understanding
of the nature of dark matters and energy.

In this work astrophysical objects are investigated: 4-dimensional domain walls and 6-dimensional
thick branes in F(R) = —aR™the modified theory of gravity. Regular asymptotically anti-de Sitter
solutions in some range of value of the parameter n and & were obtained. The main feature of these
models consists in existence of a fixed point in phase space representing the center of a brane.

Key words: modified theories of gravity, domain wall, thick brane.

A>xynylwaaves B.A., Hypraesa T.K.", Cepik6oroBa A.A.

an-Dapabu aTbiHaarbl Kasak yATTbIK yHUBepcuTeTi, ITDF3M, KasakcTtaH, AAMarthl K.
“e-mail: nurtayevagalyia2017@gmail.com

—aR" rpaBUTaALUAAAFDI XKaANTAK-CUMMETPUSAADIK memiMAep

Kasipri 3amaHayn TeopusAbIK (pU3MKaHbIH KeH ayMakTbl GafblTTapbiHblH 6ipi — MoaAudMKa-
UMSIAQHFAH TpaBWTaUMsl TEOPUSCbIH 3epTTey. byA  06afbITTblH  MakcaThl — rpaBUTaLMSAHbI
MoAMUMKauMsAaHFaH  Teopus  LieHBepiHAE, KOAAQHbICTaFbl TaXipubeAik AepekTepre Kaniibl
KEAMEWMTIHAEN CunaTTay >KOHE KOCMOAOTUSAAFbI KEeH, ayKbiMAbl KyObIAbICTApAbIH, CMMaTTaMachbiH
YCbIHY, COHbIH ilIiIHAE KapaHFbl 3aTTap MEH SHEPrusiHbIH TaOMFATbIH XKAKCbl TYCIHY YLLiH.

©2019 Al-Farabi Kazakh National University



Jlxynymanues B.JI. u np.

Ocbl MakaraAa acTpoU3MKaABbIK, OOBEKTIAEP 3EPTTEAAI: 4-OALLEMAI AOMEH KabblpraAapbl >koHe
F(R) = —aR™-peri 6-eAlLeMAI KaAblH OpaHaAap rpaBMTaLMSAHbIH MOAMMMKALMSIAQHFAH TEOPUSICHI.
TypakTbl aCMMNTOTaAbIK, aHTU-Ae CUTTep LWewiMAepi N XkaHe § napameTpAepiHiH 6eAriai 6ip MaHAep
ayKbIMbIHAQ aAblHaAbl. Bya MoaeAbaepaiH 6acTbl epekiieairi asaapasblk, KEHICTIKTEri >aAfbl3
HYKTEHiH 60AybI, 6yA 6paHaHbiH, OPTaAblFbl 6OAbIN TaObIAAAbI.

Ty#in ce3aep: MoanUKaLuMsIAaHFaH rpaBUTaLmMs TEOPUSICbI, AOMEHAIK Kabbipra, thick brane.

BBenenne

B 1998 romy Obuio OOHApyXEeHO OIHO W3
YIAUBUTENBHBIX OTKPBITUNA TOIO BPEMEHH — YCKO-
peHHoe pacmupenue Bceenennoii. I[lepBoHaydanbHo,
yCKOpeHHOe pacmmpeHue BcemenHoit Obuio 00-
Hapy»XeHO Ui HaOJIOJIEHUs] CBEPXHOBBIX THIA la.
Ho mocnme TtmiatensHOro aHaim3a MOMYYEHHBIX
PE3YJIbTAaTOB 6I)IJ'I CAcJIaH BBIBOJA O TOM, UTO Hallla
Bcenennas pacmupsercss ¢ yCKOpeHHeM. ITo
HaONOJIEeHNEe TMPOTUBOPEUHIIO BBIBOJIAM TEOPHH
OHHIITElHA, COMNIACHO KOTOpbIM  Bcenennas
JOTDKHA PACHIMPATHCS C 3aMEJICHUEM.

Bnnots J0 HACTOAIIECTO MOMCHTA, Mbl HE ITIOHU-
MaeM TPHUPOABI YCKOPEHHOTO pacmmpeHus Bce-
neHHod. CyIecTBYIOT pa3MYHbIe TUIIOTE3bI, Tpe-
TEHAYIOIIME HA OINUCAHUWE TaKOTO paCIIMpPEHHS
Bcenennoit. Illupoko pacnpocTpaHeHO MHEHHE,
YTO 3TO SIBICHHE MOKHO OOBICHHUTH CyHaIeCTBOBA-
HUEM «TeMHOU »Heprum». OXXKUIaeTCs, 9TO TeMHAS
SHEpPrus 3TO — JIM0O CBOMCTBO Bakyyma, JIHOO
Kakoe-To HOBoe (u3uueckoe moie, Jubo s
OOBSICHEHHSI JTOTO SBJICHWS HEOoOXOInMMa HOBas
Teopusi TpaBuTanMd. B cmydae, ecnu TemHad
SHEpTusl SIBJISETCSl BEIIECTBOM, TO OHa JOJDKHA
AMETh JK30THYECKHE CBOWCTBA: OTPUIATEIHHOE
JaBlicHHE M OYECHb HEOOBIYHYIO CBSI3b MEXKIY
JTABJICHWEM W TDIOTHOCTBIO ATOTO BEIIECTBA.

CoBpeMeHHasi KOCMOJIOTHSI TIOKa HE B
COCTOSIHUM OTBETHTh Ha Takue (hyHIaMEHTaIbHBIC
BONPOCH KaK, 9YTO Takoe MHQIIALNSA W YTO TaKoe
TeMHast SHeprusi? MMeercss Xopomio apryMeHTH-
pOBaHHAs TOYKA 3PEHHS, YTO JUISI OTHCAHUS ITUX
JIBYX 310X YCKOPEHHOTO paciiupenus BceneHnHoii
MOJKHO MPUMEHSTB T€ K€ MPUHITUIBI 1 MOJICIH.

B macrosimmee BpeMms CyIIeCTBYeT eIie OIHMH
noJX0Jl K 00BSICHEHHIO YCKOPEHHOTO PaCIIMPEeHUs
BcenenHo#t, B KOTOPOM HE HUCIOJB3YeTCs 00Iast
TCOpUA OTHOCHUTCIBHOCTH. OI[HI/IM U3 MIUPOKO
pacmpocTpaHeHHBIX METOIO0B UCCIIE0OBaHUS COBpE-
MEHHOTO YCKOPEHHOTO pAaCHIMPEHHs SBISIOTCS
UCTIOJh30BAHHE  MOJUMDUIMPOBAHHBIX  TEOPHI
rpaBuTanun. lHTEpEC K 3TUM TeoprsM TpaBUTAIHN
CBSI3aH C BOBMOXKHOCTBIO OOBSCHEHHS YCKOPEHHOTO
pacmupenus BecenenHoli 0e3 BBeAECHUS TMIIOTETH-
YeCcKOW TEMHOW SHEpTrud, (U3MUECKHE CBOWCTBA

ISSN 1563-0315
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KOTOpOW COBEpIIEHHO HesicHBI. [loMuMoO mprMeHe-
HUSL MOAU(UIIMPOBAHHON TEOPUH TPaBUTALUU IS
OOBSCHEHHSI COBPEMEHHOTO YCKOPEHHOTO pPAaCIIU-
penust BeeneHHoi, 3TH TeOpuu MOTYT OBITH IpUMe-
HEHBI I TONy4YeHHs B paMKaxX JTHX TEOPHH
MHOTHX acTpopHU3NUECKHX 00BEKTOB, MPECKa3aH-
HBIX OOIIel TeOpUEH OTHOCUTEIILHOCTH: JOMEHHBIC
CTEHKHA, KOCMHYECKHE CTPyHBI, YCPBOTOYHHEI,
0030HHBIC 3BE3/bI U T.II.

OCOOCHHOCTBIO 3TUX TEOPHUH SABIAETCSA TO, UTO
IDIOTHOCTh JIarpaHXKMaHa B HHUX HE SBISETCS
CKJIIpHOM KpuBH3HOH R, kak 310 Opuio B OTO.
JlarpanxuaH B 3TOM ciy4yae ABJISIETCS HEKOTOPOH
¢byHkuei ckansapHoit kpuBusael: F(R). OqHum u3
YAWBHUTENBHBIX OCOOEHHOCTEH B JTHX TEOPHUSIX
SIBJISIETCSI TO, 9YTO OHU MOTYT OOBSCHUTH HE TOJIBKO
vHGIIUI0 HA paHHeW crajguu BceneHHO#, HO H
COBpEMEHHOE YCKOpPEHHOe pacmmpenne Bcenen-
HOM, 4TO TAK)KE MOXKET OBITh MOJIC3HO ISl PEIICHHUS
po0iieM (GU3KMKH BEICOKUX HEPTUH.

Hannas pabGoTa oOpraHu3oBaHa CIEAYIONIHIM
oOpa3oM. B Hauane craThu JaeTcs KpaTKoe BBEIe-
mue B F(R) rpaBuranmio. B crnenyromiem paznerne,
MBI  paccMaTpuBaeM JeTalbHO  oOpa3oBaHHE
JOMEHHBIX CTEHOK Ha paHHell ctaauu BceneHHOH.
I'maBHAst yacTh pabOTHI MOCBSIIICHA HAXOXKICHHUIO 4,
6—MEpHBIX TUIOCKO-CUMMETPUUYHBIX pEIICHUH B
—aR™ rpasuranun. B mociemHeM pasmene Ha
OCHOBAHHM TIONYUYEHHBIX pPE3yJbTaTOB  JACTCS
3aKIIIOYCHHE.

F(R) moauduuupoBaHHble Te€OPUH TI'PaBH-
TalMH

Hmeetcst OrpoMHOE YUCIO HNOMYJISIPHBIX MOJU-
¢unmpoBaHHBIX Teopuii rpaButannu: F (R)-Teopus
l'aycca-bonne, HeJOKabHas rpaBUTALUS,
F(R)-rpasuranus Xopasa-JIuduiumia, nepeHopMu-
pyeMasi KoBapuaHTHas rpasBuTauus. [Ipocreium
IpUMEPOM MOIUGHULIMPOBAHHON TEOPHH SIBISIOTCS
F(R)-reopun [3]. MOKXHO 3aMETUTh, YTO CIIMCOK
nyOnukanmii mo reme F(R) -rpaBUTaliy OTPOMEH.
Pasnuunbie acnektel F(R) -rpaBuTaiu  00CYX-
natotcss B paborax [4] u [5]. F(R)-rpaButanus
Obuta BriepBble TpexaniokeHa B 1970 romy XaHcom
Anonedom byxmanem [6]. Jlanee, cTanma akTHBHBIM
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[T10cKO-CHMMETPHYHBIC PEIICHHUS B -0.R" TPaBUTAINN

UHCTpyMEHTOM uccienoBanus —CrapoOHMHCKOro
[7-11], xoTophlii HpUMEHSUT €€ i OOBSICHEHUS
uHusnuy B paHHeil Beenennoit. Hamomunm, uto
oOmiast Teopuss OTHOCHUTENBHOCTH SIBISIETCA TEO-
pUel, ONUCHIBAIOLIEH TPAaBUTALMI0 C MOMOIIBIO
METPHKH, KOTOpas B YETBIPEX M3MEPEHUSIX HUMEET
[I0JIEBbIE ypaBHEHUS C IPOW3BOJAHBIMH HE OoJjee
BTOporo mopsaka [12]. B oatoit pabore MbI
paccMoTpuM MOU(UITIPOBAHHBIE TEOpUH
TpaBUTAIUH, TIOJIEBBIE YPAaBHEHUS KOTOPBIX UMEIOT
MIPOU3BOJHBIE YETBEPTOTO MOPSIKA.

F(R) rTpaBuTamus omnpeaensercss 3aMeHoil R
ylieHa B JeWcTBUM DiHIITeiHA-I misbepra (yHK-
muer F(R) , tme R ckamip Puuum u F(R)
npou3BoibHas QyHKIMs oT R. Takum oOpazoM, Aist
MOIU(PUIUPOBAHHON TEOPUH I'PaBUTALINHU JIeiiCTBUE
MMEET BH/I:

1

§=—[ d*x/-g[FR) + Ln], ()

rae g — 0003HAYaeT ONpPENENUTENb METPUKA g,y
u L, —Jlarpamknan MaTepu.

OueBuaHo, 9To AckcTBUe (1) SBISICTCS OTHUM
U3 HauOosee MPOCThIX OOOOIICHUH JCHCTBUS
OnHmTeliHa-I mnpbepra. YpaBHEHHsS MMOJs, MONY-
YEHHBIE U3 3TOT0 JEHCTBUS, aBTOMAaTUYECKHU, Kak
MIPaBUIIO, KOBAPUAHTHEI U JIOPCHII-MHBAPHUAHTHEI 11O
TEM K€ IPUYMHAM, YTO U ypaBHEHUs DMHIITEHHA.

YpaBHEeHUS IBWXKEHUS MOIH(PHUIMPOBAHHOM
rpaBUTAIM, IOJYYCHHBIC BapUAIMOHHBIM MPUH-
IUTIOM U3 AercTBus (1) IMEIoT Clieqyromuil BUI:

1
Eg;wT(R) _R[,LVT,(R) —9uv T’(R) +

k2
+ V.V F(R) = == T, )

rae

dF(R)
R 3)

F'(R) =
v Ty, — TEH30p SHEPTHU-UMITYIICA MATEPHH.

JloMeHHBIE CTEHKH U OpaHbl B IPABATALMHA

B manmno#t pabore MBI OyaeM HCCIICIOBATh
MPOCTEHINE acTPOU3NIECKUE OOBEKTHI B MOJIH-
¢bunMpoBaHHONW TEOpPHH TPABUTAIMH: JOMEHHBIC
CTCHKH ¥ OpaHbl B 6-MEPHOM MpPOCTpaH-
cTBe-BpeMeHH. JlOMEHHBbIE CTEHKH BIIEpPBBIE OBLIN
MpeJICKa3aHbl B TEOPUU T'paBUTAlMK DiHINTEHHA. B
9TOH TEOpWMH OHHM OBUIM ONpeAeNeHbl KaK TOIO-
normdeckne  JedeKTh, BO3HUKAMOIINE, KOTIa
BaKyyM HMeEET pa3Hble KOMIIOHEHTHI.

Bpana —3T0 10 cyTH cTpyHa, TOIBKO, B OTIINYHE
OT CTPYHBI, OpaHa MOXET UMETh JII0OYI0 pa3mep-
HocTh. CTpyHa — 3T0 OfHOMepHast OpaHa. Toueuynas
yacTulla — HyJb-MepHas OpaHa. MemOpaHa, mpe-
JCTaBisfomasi co0oll JABYMEpPHYIO TOBEPXHOCTB,
SIBISICTCSI  TByMEpHOW OpaHod, winm 2-OpaHOM.
CymiecTByIOT Takke 3-OpaHbl, 4-OpaHbl, 1Ba BUAA
5-Opan, 6-OpaHbl, 7-Opanbl, 8-OpaHbl U 9-OpaHbI.
Takoe pazHooOpazue OpaH HABOAWIIO HA MBICITb, 9TO
TEopHst He MOXeT ObIThb chopMynHpoBaHa B Tep-
MHHaX OJIHUX TONBKO CTpyH. OKOHYATEIHHYIO
PEBOIIOLMOHHYIO CUTyaluio chopMrpoBaia OInH-
HaJlIaTUMEPHAsE CYyNeprpaBUTallUs — TEOpUs,
MMOCTPOEHHAsI Ha OCHOBE BCETO JIUINb JBYX HICH:
CyNepCUMMETPUH M OOIlel TEeOpUH OTHOCHUTEIb-
HOCTH.

Ha »stane co3ganus BceneHHON nOMEHHBbIE
CTPYKTYPBI MOTJIH OBITH C(HOPMUPOBAHBI MEXaHU3-
MoMm Kubb6ma [13], B pe3ymnprare 4ero pasindHbIC
obnactu ropsued BceneHHOW oxnaxkIanuck 0
Pa3HBIX M30JMPOBAHHBIX MUHHUMYMOB MOTEHIHAIIA.
JloMeHHBIE CTEHKH TakKXe MOTYT OBITh COpPMH-
pOBaHbI KaK TpaHWIbl (MCTUHHBIX) BaKyyMHBIX
ITy3BIPHKOB, CO3/IaBAEMBIX TIPU KBAHTOBOM pacriajie
noxkHoro Bakyyma. Kpome toro, Beenennas moxet
POIUTHCS OT KBAaHTOBOI'O TpOIlecCca TYHHEIUPOBa-
HUS U3 HAYETO B pa3HbIEe JTOMEHHbBIE CTEHBI MEXIY
Humiu [30,31].

B xocMmomornn mpenmonaraercs, 4YTO IPH
HACTYIJICHUH WHQISIIUA MOTYT BO3HUKATh TOIO-
norudeckne Jnedektel. OaHAKo, HCCIeIOBAHHS
MOKa3aJli, 4YTO Takue Ae(eKTbhl OO0 CHUX THOop He
oOHapyxeHbl. Ecnu B Hamiel BCENCHHON ecCTh
HEKOTOpbIe Ne(eKThl, TO MX IUIOTHOCTh IOJDKHA
ObITb OYeHb Majiod. Tomonorndeckue IeQeKTh
TaK)Ke MOTYT OBITh HCTOUHUKOM TEMHOW SHEPTUH H
KpymHOMacmTabHOU cTpykTypoit Beenennoit. [1oa-
TOMY HCCIEIOBaHUSI TOIOJIOTHUECKUX Je(EKTOB
TIOJIE3HBI JUTsI TIOHMMAaHWS WCTOPHM Halled Bce-
JICHHOM.

MOoHO TMOKa3aTh, YTO NPU HAITHYUH HEKOTO-
pOro ITMCKPETHOTO MHOXKECTBA BaKyyMOB MEXIy
HUMH CO3/aI0TCA JIOMEHHBIE CTEHBI. DTO 03HAyaerT,
YTO JOMEHHBIE CTEHKH BO3HHKAIOT, KOTJa CIIOH-
TaHHO HapyIIaeTcs MAUCKpeTHass TpyIIa CHUM-
METpPHHU.

[IpumepoM  HerpaBUTUPYIOIIEH  JTOMEHHOM
CTEHKH SIBJISIETCA TEOpHs PEabHOTO CKAISIPHOIO
TIOJISI C CAMO/IECTBUEM

L=30,p04p =592 —0D% (4

6 Becthuk. Cepus ¢pusuueckas. Nel (68). 2019



Jlxynymanues B.JI. u np.

[Ipy HamMUuMU AOMEHHOW CTEHKH MBI UMeEeM
HapylleHne CcuMMmeTrpun: ¢ — —¢. Bcenencrsue
4ero uMeroTcs 2 Bakyyma: ¢ = +9, u Mexay HUIMH
00pa3oBBIBAIOTCS AOMEHHBbIE CTeHKH. CkamspHoe
[oJie JOMEHHON CTEHKH ¢p B IJIOCKOM MPOCTpaH-
CTBE YIOBJIETBOPSIET YPaBHEHUIO:

d2
222> -9 =0, )
C I‘paHI/ILIHI)IMI/I yCHOBI/IﬂMI/Il

¢(r = £o) = 19, (6)
4TO MPUBOAUT K CICAYIOMIEMY PCHICHULO!:

¢(2) = Oth, 7
2

roe A2 = o7
Takum 00pa3zoM, KOrzna MPOUCXOJUT CIIOHTAH-
HO€ HapyIIeHHe CUMMETPHUHU B BHIE (Ha30BOTO Iie-
pexona, BO3HHMKAIOT TOIMOJIOTHYECKUE Je(EKTHI.
Tononornyeckue aedexTsl 3aBUCAT OT BUAA Hapy-
LIEHUS CUMMETpUU. B ciyuae JOMEHHBIX CTEHOK
HapylIaeTcss AUCKpeTHas CUMMETpHsl Z,, BCIEA-
CTBUM YEr0 W BO3HUKAET JABYMEPHBIM IJIOCKUI

ne(eKT.

72 == [() st 20t ol - 20”) (7)

OTIpeneNsieT UCTOYHHK S(PQPEKTHBHOM TeoMeTpu-
4eckoil MaTepuu. 3aMeTuM, 4YTO YpaBHEHHUS
nekenus B F(R) -rpaBuTanuu, 3amicaHHbIE B
BuaE (9) UMEIOT CTPYKTYpY, KOTOpasl COBNAJAET C
YpaBHEHUSAMU DUHIITENHA, B KOTOPBIX HCTOYHUKOM
IPAaBUTALMOHHOTO TOJs SBISETCS APPEKTUBHBIN
TEH30p PHEepruu-ummyibca (10).
Kak 65110 cka3aHO BO BBEIEHWH, MBI HCCIIETyeM
crenyomyto Gpopmy F(R) rpaBUTALNH :
F(R) = —aR™, 11
rae « > 0 u n HEeKOTOpble KOHCTAaHTHI. BriOmpas
F(R)~R™, MOXHO TOKa3aTh, 4TO TAaKUE MOJEIIU
HaXOIATCS B XOPOILIEM COITIaCHU C HAaOIroAaTeNb-
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4, 6 -mepHble miIockue pemenuss B —oR"
rPaBUTALUM

B stom maparpade MBI paccMOTpUM IUIOCKHE
pewieHruss B MOAWGUIMPOBAHHON TEOPUM TIPaBH-
tanu — aR™ B 4 U 6-MEpHBIX MPOCTPAHCTBAX —
BpPEMEHH, aHAJIOTHYHO TOMY KaK 3TO OBUIO CIEeNaHO
B [1, 2], B koTopoii thick brane paccmaTpuBamacek B
5-MepHOM MPOCTpaHCTBE-BPEMEHHU.

JMomennasn cmenka
[Ipexxne Bcero, TIpaBUTALMOHHOE JAeHCTBHE
UMeEET CIIeIYIONTUH BUI:

s = J a*x /=P g|-2+F®)]. (8)

Mspl ucxomum u3 Toro, uro 8mG =c=1.
[locne Bapmanuu rpaBUTAIIMOHHOTO neicTBUs (8)
OTHOCHUTETHFHO 4-MEPHOTO METPHYECKOr0 TEH30pa
Jap MBI [IOJIy4aeM YpaBHEHUS JBUKCHUS:

1 ~
Rh —S65R =77, ©9)
npoberaloT 3Ha4YeHUs a,f,...=

rne HWHIECKCHI
0,1,2,3,u

(10)

HeiMH JaHHBIMU [14-20]. YT0OBI HCCIEIOBATH
HAaCTOsAIlee YCKOPEHHOe paciiupeHre BceneHHoi,
CyIIECTBYIOT HEKOTOPHIC TUANA30HBI 1, KOTOPHIE
HE MPOTHUBOpPEYAT HAONIONATEIEHBIM KOCMOJIOTH-
4yecKuM JaHHBIM. [loaToMy mpencraBiseTcs ecrec-
TBEHHBIM pacCMaTpUBaTh 3T 3HAYEHUS N I
JTOMEHHBIX CTEHOK.

MBI OocTaHOBMMCS Ha CJEAYIONMEM BBIOOpE
METPHUKU 1)1 4-MEpHON JOMEHHOMN CTEHKHU:

ds? = e?P@D(dt? — dx? — dy?) —dz?, (12)

[oncraBus MeTpuky (12) B hopmyasl (9) u (10),
MOXXHO TOJYYUTh CIEIYIOLIUE ypaBHEHUsS] OUH-
mTelHa:

Recent Contributions to Physics. Nel (68). 2019 7



[T10cKO-CHMMETPHYHBIC PEIICHHUS B -0.R" TPaBUTAINN

dz3

2@ [3 (%)2 +2 (M)] 6d4ﬁ Fre +36 (5 ’j) Frer + 36 |8Frrr o h Fr| 25

dz?

—2|-1152F4a (%) - 489-"RR] (dzﬁ) 1[ 96Fpp (dﬁ) + ZTR] (‘;275) _

dz

rie mepsoe ypaBHeHume coorsercTByeT (£) |
(9,( g,/) KOMITOHCHTaM YPaBHEHHUSI MOJU(HUIMPO-
BaHHOH TEOpPHM TpaBUTAIMH, BTOPOE YpaBHEHHE
ectb (%) KOMIIOHEHTa YpaBHEHHS MOIAUPHIIHPO-
BaHHOW T€OpHUU rpaBUTAIluU. BeieacTBrue TOXIECTB
buankn ypaBuenne (13) sBnseTcS cleACTBHEM
ypaBuenust (14). Ham ynoOHee wuccienoBaTh
nmocienHee ypaBaenue (14) 3-ro mopsmka B CHITY
TOT0, YTO TepBble TpU ypaBHeHUs (13) ABisroTCS
Oornee CIOXKHBIMH YPaBHEHUSIMU 4-T0 MOpsAKa.
Ckansipaast kpuBuzHa R B MeTtpuke (12):

R= a(‘;f) +6(2L). (15)
Takum obpazom, u3 (15) F(R):
F@) = —a[(@) +6(LE)].  ao)

VYpaBuenue (14) mocne MOACTAHOBKHU CKaJsp-
HOM KpuBHU3HHI (16) MpuHUMAET BU:

2(n—2)
nn—-1) n —n2

, 4An®—Tn+4 ”+1[3”2
B'B n B

ﬁlll —

6ﬁ’(2ﬁ’2+ﬁ”)2

(n-1na

+(1287% + 68") " =0. (17

[anee mMbI nccnenyeM mpuOIMKEHHOE TOBEIE-
Hue pemennil ypaBHeHus (17) B touke z = 0. B
Havaje KOOpAWHAT, IEHTP JAOMEHHON CTEHKH I
ypaBHeHus (17) umeeM creaymoliee pa3ioKeHUEe B
pan Teinopa:

(18)

rne By, ¥,0 HEKOTOpble KOHCTaHTHL. YTOOBI
o0ecreuynTs peryaspHOCTh pPELIeHWH B Hadale
KOOpAWHAT (B LEHTPE JOMEHHOM CTEHKH) MBI
cobupaeM Bce crnaraemble ypaBHenus (17) co

Blzl = Bo +vy2z° + -

—3(%)237,2—3 BTR+ +72 ﬁ(d—f) Frn + 18288 5

(13)

(14

dz3 dz

crenensmMn z%73 W mpupaBHMBaeM HMX K HYJIIO.

Brmmonaus BBIIIICCKA3aHHOC, TOJTYyYHM:

L6-1)=0-2) (19)

ITociie HECIOKHBIX BBIYUCICHUN —IOJYyYHM
yCIIOBHE I &

§ =222 (20)

Takxe, 4YTOOBI 00€CIEUYUTH PErYJSPHOCTD
ypasHenus (17) Heooxomumo urobsr B’ G0 GBI
KOHEYHbIM Tipr Z — 0, 49TO TpWBOAMT K & > 3.
VYYuThIBask 3TO YCJIOBHE HAXOIUM, YTO PEIICHHUS
MOTYT CYIIECTBOBATh JIHMIIb KOTJa N HAXOIMUTCS B
CIICAYIOIIEM MMPOMEIKYTKE 3HAUCHHIA:

1<n<2 (21)

Uwucnennoe pemnienne ypasaeHus (17) npuBoauT
K pe3yJjbTaTaM, PUBEAECHHBIM Ha pUCYHKax 1 u 2,
rae  mpenacraBieHbl  (GasoBbIM  MOPTpET Ui
4-mepHOW TOMEHHOW cTeHKH (puc. la) m OpaHbI B
6-T MEPHOM TIPOCTpaHCTBE — BpeMeHu (puc. 10),
YTO II03BOJISIET CPABHUTH IIOJIyYEHHBIE PE3YyJIbTAThI
c Merpukoi S5-tu  MepHoil  thick  brane,
paccMoTpeHHo# B paborax [1, 2].

Thick brane 6 6-mepnom npocmpancmee-
6peMeHuU

B »stoii pabotre MBI paccMaTpuBaeM MOJIENb
thick brane B 6-MepHOM NpPOCTPaHCTBE — BPEMEHH.
Bbpanst Moryt ObITh pa3meneHsl Ha ToHKHE U thick
brane. ToHkue OpaHbIl MMEIOT HAENBTA-NOIO00HYIO
JoKanmu3anuilo Matepuum Ha Opanme [21, 22]. C
peaJMCTHUECKOW TOYKH 3peHus, OpaHa JOJDKHA
MUMETh HEKOTOPYIO TONIMHY. [IOHATHE «TOIIUHAY
OpaHbl JaeT HOBBIE BO3MOXXHOCTM U HOBBIE
npobiemsr [23]. Bpana nomkHa yIIOBIETBOPSTH
JIBYM TJIaBHBIM TPeOOBaHUSIM: 1) perieHus JOKHBI
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OBITh pEeTyNApHBIMH H JHOO ACUMITOTHYECKU
IJTOCKUMHU, 100 uMeTh de Sitter (antH — de Sitter)
ACHUMIITOTHKY; 2) OOBIYHAS MaTepus MOJHKHA OBITh
JIOKaJiu30BaHa Ha OpaHe. BoJbIIMHCTBO Mojenei
TOHKMX OpaH WCIOJNB3YIOT CKAISPHBIE TOJNS B
pamMKax TeOpHH TpaBHUTalu OWHIITEHHa [23].
OpHaKo, MOKHO OBUTO OBbI 0XKHJIATh CYIIIECCTBOBAHUE
OpaHO — MOZOOHBIX PEIIEHUH B BAKyyMe TaKKe JJIs
HEKOTOPBIX BUJOB MOJAUMDUIMPOBAHHBIX TEOPUN
rpaBUTAINI, HA3BIBAEMBIX TCOPUSIMHU IPABUTAINH C
BBICIIIUMH POU3BOIHBIMHU.

I'paBuTalIiOHHOE AEHCTBHE UMEET CIAEAYIOIINN
BUJI:

(22)

s =J dx/=fg|-2+F®)]

[Toce Bapuwaryi TpPaBUTAIMOHHOTO JEUCTBHS
(22) orHOCUTENBHO 6 -MEPHOTO METPUYECKOTO
TEH30pa Jyp MBI MIONyYUM aHAJOTHYHBIE ypaBHE-
HUS JBUKCHUS Kak U B mpenbaynmx 3anadax (11,
12). MBI ocTaHOBUMCS Ha CJEIyIOIIeM BEIOOpE
metpuku i thick brane:

ds? = e2PD(dt? — dx? — dy? —

—dz? — dv?) — dw?, (23)
rae (QyHKius Oera 3aBUCHT TOJILKO OT TMISATOM
KOOPAMHATHI Z, 3TO O3HAYaeT, YTO KOOPJHHATHI
X =[t,x,y,z,v,w]. [loncraBuB metpuxy (23) B
¢dopmynst (9) u (10) MOKHO HOITYUUTH CIEAYIOIIUE
YPaBHEHHUS JIBIDKCHUS:

3

20B(@) [5 (%) +2(LL 5)] 10“‘ L Frr +100 (% B) Frrr +

+100 (%£) [12?RRR

+ Fus] (55) -

1 dp d*g
——[—72003—"RRR (£ ) - 120TRR]( ) (24)
dp 2B dp\? F
——[ 480TRR( ) +2TR]( )—S(E) Frtz,
apg\? _ . (dB)? _dﬁ dﬁ@ d3p dp
10 () = -5(2) Fr— 55 Fr + 2 +300 (dz) Frr + 50 5 2 Frp (25)
B mHameit pabore ynoOHee wccienoOBaTh
nocnenHee ypaBHenue (25) 3-ro mopsjaka B CHIy . 3m—=3) .
TOrO, 4YTO TICPBBIE TPU YPABHEHUS SBISIFOTCS B - n(n—1) B -
YpaBHEHUAMHE 4- TO MOPSIKA.
Mertpuka (23) umeeT cienyromiee BhIpaKCHUE 6n: —10n+ 6 182
JUISl CKIISIPHOW KPUBU3HBI R: B — B'B" — ~ % —
ap a’p
R =30 + 10 (26) 2 yn—m 208" (3B"2+8")
( ) ( ) —(30B8"* +108")~ BT =ea—— =0. (28)
Takum o6paszom, u3 F(R) = —aR™:
Hccnenyst aHaNOTHYHBIM 00pa3oM MpUOIIH-
ap a2p KCHHOC pCIICHHE YPaBHECHHUH B HyJIC MOJIYYHM
F(R) = —«a [30 (d—) + 10 ( )] . (27)  Takue ke OTpaHUYCHHS HA N:
Ucnonesys Beipaxkenue anst F(R) u3 (27), Mbl 1 <gl < 32’
MoJiyyaeM ypaBHEHHE I METPUUECKOU (DyHKIMH > 3.
B:
ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 9
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UucneHHO pemias BCE TPU YpPaBHEHHS JUIS
JIOMCHHOW CTEHKH B 4-MEPHOM TMPOCTPAHCTBE —
BpemMenn u thick brane B 5 mw 6 — MepHBIX
MIpoCTpaHCTBax — BpPEMCHHU, MOKHO IMOJYYUTH

(a3oBbIe TOPTPETHI AJIsI BCEX TPEX MOJENe ¢ n =

o
o

[l el I VI 0 s S R T

ot
LI T | O

=

a)

Pucynoxk 1 — ®a3oBer1ii moptper 11t 4-MepHOH (a) 1 6 MepHoii (6) Opansic n = 5/3

a

5]

5/3 (pucyHok 1) u rpaduk macmtabHBIX (PaKTOPOB
(pucyHok 2). Ananmusupysi rpadukd pUCYHKa 2,
MOXHO  pacCMOTPETh  IIOBEJCHHE  Tpa(HKOB
byukumii a’, tae a — MaclTabHbIi GaKkTop u3

ypaBHenwuii (14), (17), (25).

=] 0o

- =
[T T T T

=
I

il B I

a
L

-1

o

0)

.'f".
xR o iy
1 [}
II. \-
5_. L
BARE):
1.0F k
L8 F}-\.
i cdr s
i T
| s e
i - b
- ,' 1 i
:"”_J g
o
Li
)
f
5 1 1
2 4

Pucynok 2 — I[Ipoduns GpyHKIMH %, rae a = ef@ pn = g,y =2,B= >

7

1) 6 — mepHbIe Opanbl, 2) 4 — MepHbIe TOMEHHbIE CTEHKH, 3) 5-MepHbIe OpaHbI
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3akiaouyenne

Takum oOpazoM MBI HCClieOBaIN 4-MEpPHBIC
JIOMEHHbIE CTCHKHU U 6-MepHyto thick brane B —aR™
IpaBUTAlUKM. bBbUIM  TOMy4YeHBI  PEryJsApHBIE,
IUTOCKO-CUMMETPUYHBIE PELICHUS] B BaKyyMe MpH
OTNIpEIENICHHbIX 3HAUCHMUAX MapameTpa n u 6 .

[lony4yeHHble pewIeHUs] MPEACTABIAIOT OOJBIION
MHTEpeC, TaK Kak SBISAIOTCA  BaKyyMHBIMH
PELICHUSIMH, B OTJIMYHE OT aHAIOTUYHBIX PEIICHHH
B 001I1el TEOPHU OTHOCUTEIEHOCTH.

ABTOpBI BBIP@XKAIOT OJAroZapHOCTH TPAHTY
MOH PK, MPH mnporpammsr: BR 05236730, B
paMKax KOTOPOTO BBIMOIHAETCS 3Ta padora.
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O HOBOM HATIPABAEHUA
B TEOPUN TPABUTALUMOHHOTIO AMH3NPOBAHUSA

B aaHHOM paboTe aaeTcs KpaTkmii 0630p COCTOSIHUSI MPOBAEMbI FPABUTALMOHHOIO AMH3MPOBa-
HMS. AAHHOE MCCAEAOBaHME, Kak MOKas3blBAET aHAAM3 AMTEPATYpPbl, MOXKHO Pa3AEAUTb Ha TPW HacTu.
MepBas — M3y4yaeT rpaBUTALMOHHBIE AMH3bl B MPEAEAAX COAHEYHOM CUCTEMbI; BTOpasi — rpaBMTa-
LMOHHbIE AMH3bl B MacluTabax raAakTMK M UX CKOMAEHWI; TPEeThe — MCCAEAOBAHUE rPABUTALIMOHHbIX
AVH3 B MacluTabe BceaeHHOM.

Mbl oTMeuaem, UTO AaAbHerlllee UCCAEAOBAHME rPaBUTALIMOHHOIO AMH3MPOBaHUS B MacluTabe
FaAAKTUK M MX CKOMAEHUI CAEAYT PACCMATPUBATD U C YUETOM HAAMUMS TAAO TEMHOM MaTepmm, BKAIOYAs
€ro HecTaLMOHaPHbIN XapakTep.

KAtoueBble CAOBa: rPaBUTALMOHHBIE AMH3bI, TEMHAs MaTEPUS, TAAO TEMHAs MaTeEPMS.

Chechin L.M."?, Kurmanov E.B.?2

'Fesenkov Astrophysical Institute, Kazakhstan, Almaty
2Al-Farabi Kazakh National University, Kazakhstan, Almaty, e-mail: ergaly 90@mail.ru

On the new direction in the theory of gravitational lensing

In this paper provides a brief overview of the state of the gravitational lensing problem. Its research,
as the analysis of the literature shows, can be divided into three parts. The first is studying gravitational
lenses within the solar system, the second is gravitational lenses on the scales of galaxies and their
clusters, the third is the study of gravitational lenses on the scales of the Universe.

We note that further study of gravitational lensing on the scales of galaxies and their clusters should
be considered taking into account the presence of dark matter halo, including its non-stationary nature.
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IpaBMTAUMSIABIK AMH3AAAHY TEOPUSICBIHAAFBI XKaHA 6aFbIT TypaAbl

ByA >KyMbICTa rpaBUTALMSABIK, AMH3aAQHY MOCEAEC KyMiHe KbICKalla LOAY >KacaAblHaabl. OHbl
3epTTey, 9AeOMETTepAl Taaady KepceTin oTbipraHaan, yw Oeaikke Geayre 6oaaabl. bipiHwici —
rpaBUTALMSIABIK, AMH3aAapPAbl KYH >KYMEC] LIeriHAe 3epTTey, eKiHLWICi — rpaBUTALMAABbIK, AMH3AAAPAbI
raAaKTMKaAap MeH OAapAbIH LIOFbIPAAHYbIHAAFbI MacLITabTapAa 3epTTey, YLIHLICI — rPaBUTALMSIABIK,
AVMH3aAapAbl OAEMHIH MacluTabTapbiHAQ 3EPTTEY.

[paBUTALUMSAABIK,  AMH3aAapAbl  FaAakKTMKaAapMeH  XOHe  OAapAbIH  LIOFbIPAQHYbIHAAFbI
MacwTabTapbiHAQ OAQH 8pi 3epTTey YIiH KapaHfbl MATEPUSHbIH FAAOChbl MEH OHbIH, CTauMoHap
€MeCTITiH eckepe OTbIPbIN KapacTbIpy Kepek.
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O HOBOM HaIrpaBJICHUHN B TCOPHUHU I'PABUTALITUOHHOT'O JIMH3UPOBAHUSA

BBenenue

[Tocne cozpanus OTO BO3HUKIM BOIIPOCHI IO €€
SKCIIEpUMEHTANIbHOW TmpoBepke. Kitaccmueckumu
SKCIIEPUMEHTAMU SIBJISIIOTCS CMEIIICHUE YacTOTHI B
rpaBUTALIMOHHOM TI0JIE, CMEIIEHHUE Tepereyus
Mepkypust B TpaButanoHHoM moje CoHia, a
TaKKe OTKJIOHEHHWE JIyded CBeTa B IIEHTPaJIbHO-
CHUMMETPUYHOM TpaBHUTAlIMOHHOM Toyie  (TIoJie
IBapumunbaa) [1]. OToT 3ddexT cranm HavaaoMm
HUCCIIEIOBAaHUM 1O T'paBUTALMOHHBIM  JIMH3aM,
BKJTFOYAIONIHE KaK cllaboe, TaKk M CHILHOE JTUH3HU-
poBanue. CeMeHCTBO IpaBUTAIIHOHHBIX JTHUH3 OBLIO
paclIupeHo 10 BpalllalOIIUXCS TeJ, 3apsHKEHHBIX
TN, 10 HECKOJIBKUX TeJ H.T.1.

BaxHpli 3Tanm B WM3yYEHHHM T'PaBUTAIIMOHHBIX
JTUH3 OBUT CBSI3aH C HOBBIMH IIPEICTABICHHUSIMH O
MarepuanbHOi cTpykType Bcenmennoil. K uucmy
HOBBIX CyOcTaHIuii BO BceleHHOW, OTHOCHTCS
TEMHas SHEPTUs U TeMHasl MaTtepusi. TeMHas SHep-
TUs B KOCMOJIOTHH — THITOTeTHYeCKas (hopma dHep-
THs, AIMEIOIIasi OTPULIATEIIFHOE JaBJICHIE U PaBHO-
MEpHO 3aIlOJIHSIONIAsi BCe MPOCTpaHCTBO BceneH-
Hoii. OHa He coOupaeTcsa B cryctku. CoriacHo
OTO, rpaBuTanys 3aBUCUT HE TOJBKO OT MacChl, HO
U OT JaBJICHUS, MPUYEM OTPHUIIATEIILHOE JaBJICHUE
JIOJDKHO TIOPOKJIATh OTTAJIKMBAHUE, aHTUTPABHUTA-
uuio [2].

Jpyroii aKkTyalnbHOW HpoO0IeMOii COBPEMEHHOU
KOCMOJIOTHH, KaK OTMEUEHO BEIIIIE, SIBISCTCS TEM-
Has Marepus. ACTPOHOMUYECKHE HAOIIOCHHS T10-
Ka3bIBAIOT, YTO TEMHAs MaTepHs B OCHOBHOM KOH-
LHEHTPUPYETCS BOKPYT KPYIMTHOMACIITAOHBIX KOCMHU-
YeCKHUX O0BEKTOB THIIA TAJAKTHK M UX KJIaCTEPOB.

B nawame mpomuioro Beka acTpOHOMBI YCTa-

Bpaienue 6oliee OTIaleHHBIX YacTel rajJakTHUK He
MOIAJIOCh 3aKOHaM HEOECHOW MEXaHHWKH. OTO
MOJIOKUIIO HA4aJlo MOKMCKaM HOBOM, CKPBITON Mac-
Chl, KOTOPYIO BIIOCJICICTBHH Ha3BAIM TEMHOM
MaTepuei.

OCHOBHBIE IIPOSIBIICHUS TEMHON MaTepuu —
HEOOBIYHO OOJBIIME OTHOIIECHUS Macca — CBETHU-
MOCTbH B IPYIIAX U CKOIJICHUSX T'aJaKTUK, IJIOCKUE
KpUBBIE BpalieHusi Ha Tnepudepur ITUCKOBBIX
TaJIAKTUK U W30BITOYHOE TPABUTAIMOHHOE JIMH3H-
poBaHHE OOBEKTOB 33aqHET0 (OHA Ha CKOILUICHHUSX
rajakTuk [3].

Cy1iecTByeT HECKOJIBKO CIHOCOO0B M3MEPEHUs
TPAaBUTAI[HOHHOTO TONISI B CKOIUICHHAX TaJaKTHK,
OJIMH W3 KOTOPBIX — TPaBUTALMOHHOE JIHH3UPO-
BaHUeE.

Pacmipenenenne TemMHON MaTepuu HaOIIOZArOT
M0 CHJIBHOMY U clIabOMY TPaBUTAIIHOHHOMY JIHH-
3MPOBAHUIO — MTOSBJICHUIO0 MHO)KECTBEHHBIX N300pa-
JKEHUH TaJaKTHUK U UCKaXeHUI0 ux (Gopmbl. OHOM
U3 TIEPBBIX KHHUT, B KOTOPOW JaeTcsi M3JI0KECHHE
(V3UKN TPaBUTAIMOHHBIX JIMH3, SIBJICTCS MOHO-
rpapust [4]. K cumcmy HemaBHUX — crared
MOCBSIIIEHHHBIX TPABUTAIIHOHHOMY JIMH3UPOBaHUIO
OTHOCSITCSI, HAIIPUMED. CIICIYIOIIUE PaOOTHI.

B pabGote [5] B merpuke Ppunmana-Pobepr-
coHa-Yokepa Obuta BbIYHCIEHa ciabas KapTHHA
JUH3UPOBAHUS, BO3HHUKAIOIIAS U3 KPyITHOMAcCIIao-
HOU CTPYKTYPBI [JIs IIPOU3BONIBHOI () M HyIIeBOIl
KOCMOJIOTHYECKOM KOHCTaHThl A . s maHHO#
KOCMOJIOTHYECKOH MOJeNnH 3aqaHHoi (2 u criekTp
MOIITHOCTH  (PIYKTyaluil TUIOTHOCTH, aBTOPOM
BBIYKMCIICHBI ~ CTaTUCTUYECKUE CBOMICTBA MO
MTOJIIPU3ANAH I TPOU3BOJILHOTO PaCIpEICICHIS

HOBHUIIH, YTO HEKOTOPBIC 3BE3/IbI M FAJIAKTUKY BeyT  KPACHOTO CMCHICHUS HCTOYHHKA B  MPOCTOM
cebs WHade, YeM NpeAcKashlBala TeopHs.  3AMKHYTOH (opme.
2 0
02(0)=C,,~ 36721~ 1+ 2) [ 3 2| [akkp(k) nan = <1,
P V74 1+ QOZ o
03(0)=C,,~367°2(1+2(1-Q,)2)} [ dkkP(k) ~ nnn z <=1
0
Q,+Q,z
C(Q,.z)~(Q,,z)="0 "=
( 0’2) ( 0’2) 140,z
1% 2/Q,
Ow)= Ejde'ecpp (O (@0) =182 [dx0f’w’(2)P(w/x)
0 0
Ol@) 9Q; 7
o) 22 [l af)r 6 0

2
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rie z — KpacHoe cmeuieHue, C — Koppekuus

kpuBusael, C =~ — KoppensiuoHHas QYHKIHS,

PP
Q(w) — CIIEKTP MOIIHOCTH TOJSPU3ANNOHHBIX

(mykryanwid. (1) moKa3bIBaET, 9TO BKJIAA B CHEKTP
MOIIHOCTU TOJIIPU3AIUOHHBIX (QIYKTyaluil Mpu
00paTHOM YIJIe @ OT CTPYKTYphI Ha PACCTOSHHUH X
HCXOMUT U3 CIHEKTpa MOUIHOCTH (QIIyKTyaruu

X'(9)=sz(z

Uy +Vy)) %
_l_—

~7)=

(2) ypaBHEHHE SBISETCS OCHOBHBIM PE3YIb-
TATOM JTaHHOU paboThl. OH CONEPIKUT BCE TEPMHUHBI,
KOTOpbIe TpeOyeTcs Jisi TOJHOTO ONMHCAHUS YIJia
OTKJIOHEHMS cnaboil JMH3Bl 10 HopsAaka c¢ @ Ha
HEJIMHEWHBIX ITKaIax.

B pabote [7] paccmoTpeH n3rub cera B 6oJee
o0IeM ciydae TpaBUTHPYIOLIETO OO0OBeKTa Ha
KOCMOJIOTHYECKOM (DOHE C IEPEMEHHON CKOPOCTHIO
pacmupenuss H (t) CoxpaHHUB 3HAYEHHS PacCTOs-

HUHU OT HAOJIOAATENs O 00BEKTA JIMH3UPOBAHUS U
0 (UKCUPOBAHHOTO WCTOYHHKA, aBTOPBI TIOCT-
pPOWJIM 3aBUCHUMOCTHh YIJIa W3rH0Oa, W3MEPECHHOTO
JByMsI Pa3IMYHBIMK HaOopaMu HaOonmaTeneii B

9TOM  NPOCTPAHCTBE-BPEMEHH, OT  CKOPOCTH
n3menenuss H (t):
H(t)=H, + At —t,) 3)
2 4
7 I rs
0, = amry (5)
rrs

rne vy =ry +71,, Fg — pacCTOsAHUE OT UCTOYHHKA

710 00BEKTa, ¥, — PAaCCTOSAHHE OT HAOMIOJATENS 10

obobekta, H (t) — mapameTp Xa00ma.

’Jj;( ;(IU +V ]d;(+ 33+c4+
0

IJIOTHOCTH TIPH BOJHOBBIX YHCIAX OOJBIIEC YeM
@/x . B [6] uccnemyercs cnaboe KOCMOIOIHIECKOE
JTUH3UPOBAaHUE B  HENWHEHHBIX  MaciiTadax.
ABTOpamMU paccuWTaH TOJHBIA Yrojl OTKJIOHEHUS
cnaboif TUH3BI BIUIOTH 10 Topsanka c¢ . Ilomyuen

MTOJTHBINT HA0Op ypaBHEHHH JUTSI BBIYHCIICHUS BCEX
BO3MOKHbBIX YJICHOB JIMH3UPOBAHU.

U—1+V—J +£(U +V )
C

2
C C

5 , i )
aB'  h
2¢*

OpmHako, MPUOTMKEHUE TOHKOHW JIMH3BI, OCHOBAH-
HOe Ha HopMmaibHOM Tpoduie HaBappo-Dpenka-
VYaiita, oTnM4aeTcs OT TOYHOTO PENSITHBUCTCKOTO
pacdera.

Yrona oTkIOHEHUs s NPOQUIs TUIOTHOCTH
HDYV:

2
a=—28 4 167p,0, R [log£+F(x)j (6)
xR X 2
rie
arctan A (\/1 -x° )
, x<lI
(Vi-)
F(x)=41, x=1 (7
arctan(\/xz—l)
_ x>1
(¥ -1)
A

p(R.t)=p,(t) 51e[’:‘] b, e(§] +1),

p(R’t2)=(pNFW _bzpb(tz))e_[&)] +p,(8,), (8)

0,
A B [8] mokazaHbI pe3yJbTaThl MPHOIMKSHUS Parw =,Db(t2)—°2-
TOHKOH JMH3BI Ha OCHOBE MOJM(HIIMPOBAHHOTO R 1+ R
npodwis miotHoctu HaBappo-®Ppenka-Yaiita Ha R R
tdone wmerpuxkun Dpunmana-Pobeprcona-Yokepa.
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O HOBOM HaIrpaBJICHUHN B TCOPHUHU I'PABUTALITUOHHOT'O JIMH3UPOBAHUSA

BapuoHHbIe TPABHTALIMOHHbBIE JIUH3bI

DddexT TrpaBUTAMOHHON JNHH3BI OBLI MpE.-
ckazaH A. DUHIITEITHOM, KOTOPBIHM B paMKax 00mIei
TEOPUU OTHOCUTEIHHOCTH BIIEPBBIC IPABUILHO
BEIUMCIIMII yTONI OTKJIOHEHHWS Jlyda CBeTa B
rpaBuTaliionHoM nose [9, 10]. 3akoH 00 OTKIIOHE-
HUU JTy4a CBETA B TPABUTAIIIOHHOM TIOJIE:

_2GM

0
¢’R

, ©)

rae G — rpaBUTAIlMOHHAS TTOCTOSIHHAS, ¢ — CKOPOCTD
cBeta, M 1 R — COOTBETCTBEHHO Macca U pajuyc
rpaBUTALMOHHOTO Mmapa. OIHUM W3 MEPBBIX CIie-
[IHAIMCTOB, KTO MCCIIEI0BA TPABUTALIMOHHbIE JIMH-
3b1 ObUT KazaxcTaHckuii actpodusuk [.A. Tuxos
[4].

W3BecTHO, 9TO TpaBUTAIIMOHHBIE JTMH3BI TO3BO-
JIAIOT MOJIYYHUTh HE3aBUCHUMYIO OT IPYTMX METOJI0B
WCCIIEJIOBAHNH, OIEHKY BEIWYMHBI TOCTOSHHOU
Xab0sa, TO3BOJIAET OIICHUTh MacChl TI'paBUTa-
[MOHHBIX JINH3, OOJBIIAS YaCTh KOTOPOH M3TydaeTr
MaJIo 3JIEKTPOMArHUTHOW SHEPTHUH JJISl TOTO, YTOOBI
ObITb OOHApYXEHHOW C TOMOIIBIO CTaHAAPTHBIX
ACTPOHOMHUYECKHX MeTofoB. C TIOMOIIBIO 3TOTO
METOJla MOXHO BOCCTAaHOBHUTH paclpejeieHue
[IOBEPXHOCTHOM IIJIOTHOCTH YJAJICHHBIX CKOIJIEHUH
TaJIaKTHK.

Celiyac M3BECTHO Y€ HECKOJIBKO HAaJIeXKHBIX
TPaBUTAIMOHHBIX JIMH3. B OCHOBHOM 3TO naiekue
kBazapsl ULAS J1342+0928, ULAS J1120+0641
n300paXeHUs1 KOTOPBIX Pa3MHOXKEHBI MOTAAaI0IH-
MU Ha JIy4 3peHws 00yiee ONMM3KUMU TaTaKTHKAMH.

B xonue 80-x TromoB craiv HaOIIOLATHCS
TpaBUTAIMOHHBIC TUH3BI HA CKOTUICHUSIX TAIaKTHK.
[Ipu 3TOM OBLTO OOHAPYIKEHO, YTO ClIa0bIe rOIyObIe
TaJlaKTUKW, HAXOAAIIUECs 32 JIMH3UPYIOUIUM
CKOIJICHHEM, HWMEIOT BBITSIHYTBIE JIyroo0pasHbie
¢dopmel. M3yyas wu300pakeHHs D3THUX TallaKTHK,
HCKa)XCHHBIE CKOTIEHHEM, MOYKHO C/IeTIaTh BBIBOJI O
pacrpesiefIeHMd BeIIecTBa B CKOMJIEHHM U O €ro
nosiHoM Macce. Korzia B kauecTBe JIMH3HI BEICTYIAET
1enas rajakTHKa WIM CKOIUIGHHWE TaJlaKTHK, CBET
MIPOXOUT CKBO3b CaMy JIMH3Y.

HccnenoBanne TrpaBUTAMOHHBIX JIMH3 JaeT
BOXHYIO HH(POPMAITHIO T O0OHAPYKEHUS TEMHOMH
Mmatepun. O030p COBpPEMEHHBIX IMPEICTABICHUI O
cocTaBe W TMpHpOJe TEMHOHM MaTepuu JaH B
HepaBHUX paboTax [11-24]. B 3TuX cTaThsiX aBTOPHI
Tak)Ke 00CYXIal0T PA3IIMIHBIE CIIOCOOBI IPSIMOTO H
KOCBEHHOI'O JETEKTUPOBAHMS TEMHOM marepuu. B
HUX OOOCHOBBIBAETCS, YTO TMOJABIAIOLIAs YacTh

TEMHOI MaTepuH MMeeT HeOapUOHHYIO IPUPOAY U
MIPaKTHYECKH HE B3aWMOJEHCTBYET ¢ OapHOHHOM
MaTepueil OTIINYHBIMHU OT TPABUTALIUHU CIIOCOOAMH.

O TrpaBUTAaMOHHOM JIMH3UPOBAaHHH B
NPOCTPaHCTBE — BpeMeHHU — ne Currepa

Hamra Beenennasi, kak mokas3bIBalOT MHOTOUYHC-
JeHHBIE uccaenoBanus [25], oOmamaer psimom
I00aNbHBIX BHEUTHUX (U3NYECKUX XapaKTepHUC-
TuK. K HUM, B 9aCTHOCTH, OTHOCATCSI pacIIMpEHE
Bceenennoli, yckopeHHoe pacuivpenue BceneHHoln
u Bpaienue Beenennoil. Otu cBolictBa Beenennoit
MOKHO OOBSCHUTH Ha 0a3e KOHIICTIIUH KOCMHYEC-
Koro Bakyyma [26]. Tak 4TO B KauecTBE METPUKHU
MIPOCTPaHCTBa-BpeMeHN BceneHHOH BrIOEpeM MeT-
puky ne Cutrepa.

B nanbneliniem Oynem cyHMTaTh, YTO CBET
pacnpocrtpansieTcs B miockoctn @ =7/2, a camo
MPOCTPAHCTBO — BpPEMs MPUOJIMKECHHO SBIISETCS
cepuyecKl — CHUMMETPHYHBIM, TaK YTO MOXHO
cuurate @ =0. [Ipy 5THX YCIOBHAX METPHKA J€

Currtepa nprodpeTaeT CIIeIyIonTuil BUI:

2M A
ds’ =| 1+ 2=+ 2y | +
r
(10)
2M A’
T O P A 2
r

rne M — macca ranakTHKK MM UX CKOIUIECHHS.
Ucnons3ys MeTos, N3NOKEHHBIH B paboTtax [27-

28], MOXHO TOKa3aTh, YTO €W COOTBETCTBYET

[TOKa3aTeNb MPEJIOMIICHHAS TPaBUTAIIIOHHOTO TOJIS:

2M  Ar?
nrl+—+ .
r 3

(11)

OTtcroia Jerko BBIYUCIHUTH YIOJl OTKJIOHEHUSA
mydeit cBera. OH IMEET BUI:

2
z4_M_'_2Ap
p 3

0

, (12)

B KOTOPOM BHINHCAHBI cllaraéMble, 00YCIIOBICHHBIE
Maccoi TpaBUTHPYIOUIETO OOBEKTa M  KOCMO-
JOTHYecKUM A — diieHOM.

Jis  paneHeiiimero  oOCYXKAEHHs BblOepeM
CIEeIYIOIUE CKOIUIEHHSI B CBEPXCKOILJIEHUU J[EBbI:
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Tabauna 1 — Paguyc, Macca CKOIIEHUS rajlakTHK

Haspanue r - 10%cu m - 10%2
Crkomnerne NGC 7582 9.00 1.20
Crkomnerne NGC 5033 7.20 1.00
Cxkomnerne NGC 2997 14.40 5.00
Crkomnerne NGC 1023 17.10 6.00

Cromnenue desi 111 6.30 0.80
Cxomutenne Jlpakona 12.00 1.55
Ckorutenne 301010l Pr1ObI 16.00 5.50

Onupasice Ha 3HAYEHUs] 3THX MApaMETPOB HU

—2

BEJIMUMHY KocMosormueckoro wiena A = 10°° cu?,  mpenomnenus (12).

Taﬁmma 2 - Bxmage! — moka3areib MIPCIOMIICHUS CKOIJICHU S I'aJIaKTUK

OLCHUM HX HanOOJIbIINE BKJIaJbl B IIOKa3aTcCJib

Hazpanue QM/r) - 107 (A?3) - 107
Crkomnenne NGC 7582 1.97 2.70
Crkomnenne NGC 5033 2.05 1.73
Cxomnenne NGC 2997 5.14 6.91
Ckoruterne NGC 1023 5.19 9.75

Cxormutenue [esbr 111 1.88 1.32
Cxomnenue Jlpakona 1.85 4.80
Ckoruterue 307010l PrIObI 5.08 8.53
HOZ—)TOMy YTJIbI OTKJIOHCHUA nyqeﬁ CBCTa 6YHyT COOTBCTCTBCHHO PaBHBI:
Ta6auna 3 — [Tokasarens NperoOMIICHHUS CKOIUICHNE TAJIAKTHK U YTOJI OTKIIOHEHUS Jy4ell cBeTa

Ha3zpanue n-107° 0
Ckoruternne NGC 7582 4.67 9.34"
Cxkomutenne NGC 5033 3.78 7.56"
Cxomnenne NGC 2997 12.05 24.10"
Cxomnenune NGC 1023 14.94 29.88"

Cxomnenue Jesst 111 3.20 6.40"
Cxomenue JIpakona 6.65 13.30"
CkoruteHue 301010 PrIObI 13.61 27.22"

3aKkiIoueHne

B pabote maercsi 0030p HEKOTOPBIX TEOPETH-
YEeCKUX HCCIEOBAHUN TPABUTAMOHHOTO JTHH3UPO-
BaHUsI, BKIIFOYAsl pe3yJIbTAaThl OTEYECTBEHHBIX HCCIIe-
noBanuid. [Ipu 5TOM OBLTA MOAYEPKHYTA TEHICHIIMS
WCCIICIOBaHUsI TPABUTAIIMOHHOTO JIMH3UPOBAHHS C
Y4ETOM BEpOSTHOM HECTAallMOHAPHOCTH Mapamerpa
Xabbma. YMoOHAcCTpoeHHE JTHX paboT ITO3BOJISIET
OymMatb O  LenecooOpa3sHOCTH — PacCMOTpPEHHUs

ISSN 1563-0315
eISSN 2663-2276

BPEMEHHON TMEPEMEHHOCTH M JAPYTHX KOCMO-
JIOTUYCCKUX ITapaME€TpPOB B TCOPUH TI'paBUTAIIMOH-
HOTO TMH3UPOBaHMs. B 4acTHOCTH, pedb MOKET HITH
0 HECTAIIMOHAPHOCTH Tajo TeMHOW Matepnun. Heob-
XOIMMOCTb TaKOTO PACCMOTPEHHS 00y CIIOBIICHA TEM,
YTO Macca Tajo TajJaKTUKA COCTABIIET €€ OOJBIIYIO
gacTb (ropsika 90 % Bceit ee macchn). Llenbio Hammmx
WCCIIEIOBAHNH sBNSeTCS (POPMUPOBAHHUE TEOPHH
TPaBUTAI[MOHHOTO JIMH3UPOBAHUS TIPH 3aJaHHOU
(HOBOW) HECTAITMOHAPHOCTH TEMHOW MaTCPHH.
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CTATUCTUYECKMI AHAAU3 IK3OMAAHETHbIX CUCTEM
MO CIMNEKTPAAbHbIM KAACCAM LEHTPAAbHbIX 3BE3A

MccaepoBaHME 3K30MAQHETHbIX CUCTEM SBASIETCS aKTyaAbHbIM HarpaBAEHWMEM, OHO YBEAMYMAO
HallM NPeACTaBAeHMS O BceAeHHOM M AQAO AOMOAHUTEAbHbIE BO3MOXXHOCTU M3y4deHne (PU3MYeCcKUX m
AVNHaMMYECKMX CBOMCTB MAQHETHbIX CUCTEM. B HacTosee Bpems MOATBEP>XKAEHHbIX 3K30MAAQHET OKOAO
4000. Lleabto HacTosien paboTbl IBASETCS BbISSBAEHUSI HEKOTOPbIX CTAaTUYECKMX 3aKOHOMEPHOCTEN
3K30MAQHETHbIX CUCTEM [MyTEeM CTATUCTMYECKOrO aHaAM3a Mo MOCAEAHMM AQHHbIM EBPOMEencKoro
KaTaAora ro 3K30MAAHETbIM CMCTEMaM. Takoi aHaAM3 HEOOXOAMM AASI AAABHEMLLErO MCCAEAOBAHUS
9K30MAAHETHBIX CUCTEM, 0COBEHHO MPK U3YYEHUN AMHAMUYECKOM SBOAIOLMM B 3Tare HECTALUMOHAPHOCTU.
B cBSI3M C pasBUTMEM MHCTPYMEHTAAbHOM 0asbl U YAYULLIEHMEM METOAOB MOMCKA OOHapY>KMBAKOTCH
MAQHETbI 3eMAEMOAOBGHOI0 TUNA, Kak KameHncTas naaHeta Ross 128 b. Mbl BbINOAHWMAM CTaTUCTUYECKMIA
aQHAAM3 MO KOAMYECTBY 3K30MAAHET B 3aBUCUMOCTM OT CMEKTPAAbHOOI0 KAAcca LEHTPAAbHOM 3BE3ADI.
OKa3aA0Cb, YTO BOABLLMHCTBO M3BECTHbIX 3K30MAAHET BPALLLAETCS BOKPYT 3BE3A CMEKTPAAbHbIX KAACCOB
F, G, K u M. Mbl BbisIBUAM, UTO 3BE3AbI KAacca G MMEIOT HanmbOAbLLIEe KOAMYECTBO 3K30MAAHETHbIX
CMCTEM, COOTBETCTBEHHO CreKTPaAbHblii KAacC G MMeeT HamboAbllee KOAMYECTBO 3K3omnAaHeT. o
3HauYeHUsIM 3(pPEKTMBHOM TemriepaTypbl LEHTPAAbHOM 3BE3Abl MO Hallel CTAaTUYeCKOW AMarpamme
MO>XHO OMPEeAEAUTb, K KaKOMY KAACCy OTHOCUTCSl Ta MAM MHas 3BE3AQ, BOKPYr KOTOPOW BpallaeTcs
3K30mMAaHeTa. MIHTepecHo, y GOAbLIMHCTBA 9K30MAAHET HAaKAOHEHMS AexkaT mexkay 80 1 95 rpasycamu,
MPY 3TOM 3KCLEHTPUCUTETbI MOTYT BbITb PAa3AMYHbBIMM. Tak>Ke MOCTPOEHO PaCNpPeAEAEHMe 3K30MAaHET
MO apryMeHTY MepULIEHTPA M MO HAKAOHEHMIO OpPOUT.

KAtoueBble CAOBa: 3K30MAQHETHblE CUCTEMbI, LIEHTPaAbHAs 3Be3AQ, CMEKTPAAbHbIM  KAACC,
NepeMeHHOCTb MacC, OPOMTAAbHbIE SAEMEHTbI, CTATUCTUYECKMI aHAAM3.

Minglibayev M.Zh., Shomshekova S.A.

Al-Farabi Kazakh National University, Kazakhstan, Almaty
Fesenkov Astrophysical Institute Kazakhstan, Almaty,
e-mail: minglibayev@gmail.com, shomshekova.saule@gmail.com

Statistical analysis of exopplanet systems by spectral classes of central stars

The study of exoplanetary systems is an important field of research, which increased our understand-
ing of the universe and gave additional opportunities to study the physical and dynamic properties of
planetary systems. To this day the list of confirmed exoplanets are near 4000. The purpose of this work
is to identify some of the static patterns of exoplanetary systems by statistical analysis according to the
latest European catalog data on exoplanetary systems. Such an analysis is necessary for the further study
of exoplanetary systems, especially when studying the dynamic evolution in the nonstationary stage. In
connection with the development of the instrumental base and the improvement of the search methods,
earth-like planets are discovered, like the rocky planet Ross 128b. We performed a statistical analysis of
the number of exoplanets depending on the spectral class of the central star. It turned out that most of
the known exoplanets revolve around stars of the F, G, K and M spectral classes. We have revealed that
stars of class G have the greatest number of exoplanetary systems, respectively the spectral class G has
the greatest number of exoplanets Interestingly, most exoplanets have inclinations between 80 and 95
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degrees, while eccentricities can be different. The distribution of exoplanets were constructed according
to the argument of the pericenter and the inclination of the orbits.

Key words: exoplanetary systems, spectral class, central stars, mass variability, orbital elements,
statistical analysis.
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DK30MnAaHeTaAbIK, )XYHeAepAiH, OPTaAbIK, XKYAAbI3AAPbIHbIH,
CNeKTPAIK KAACCbl 60MbIHILA CTaTUCTUKAABIK, TAAAQYbI

IK30MAAHETAAbIK XKYNEAEPA| 3epTTey KasipriKe3Ae 63eKTi GOAbIN TabblAaAbI KOHE FaAAMAbI TYCiHyTe
>koHe (PU3MKAABIK, AMHAMMKAAbIK 3€PTTEYAep YLIiH KOCbIMLIA MYMKIHAIKTEP 6GepAi. ByA XKyMbICTbIH
MakcCaTbl 3K30MAAHETaAbIK, XKYMeAep OOMbIHIIA €YpPONaAblK, KaTaAOrTbIH COHFbl AEPEKTepi apKblAbl
CTaTUCTUKAABIK, TaAAQYyAap >KYPridy GOAbIN Tabblraabl. Kasipri yakbiTTa GeKiTiAreH 3K30MAaHeTaAbIK,
Kyreaep wamMameH 4000 kyparAbl. byA Makaaaparbl CTaTUCTMKAAbIK, TaAAAyAap 3K30MAAHETAAbIK,
JKYMEAEPAIH AMHAMMKAABIK, SBOAIOLIMSICbIH OAQH Opi Kapam 3epTreyre KaxkeT. TexHMKaAblK, 6a3aHbiH
AaMybl XKOHE 3K30MAAHETAAbIK, >KYMEAEPAI i3Aey 9AICTEpiHIH AamyblHa 6GalAaHbICTbI, XXEp Topi3Ai
naaHetaAap Ross 128 b tabbiaabl. OpTaAbIK, KYAABI3AbIH CMIEKTPAIK KAACbIHA TOYEAA] 3K30MAaHeTaAap
CaHblHa CTaTUCTMKAABIK TaAAQY XKYPTi3iAAi. Beariai ak3onaaHeTarapabi kebici F, G, KoxkeHe M cnekTpaik
>KYAABI3AAPbIHBIH, alHaAaCblHAAFbl MAaHeTaAap. biz G KAacblHAQFbl YKYAAbI3AQPAbBIH alHaAAACbIHAQ
3K30MAAHETAAbIK >KYMEAep CaHbl KOmn eKEHAIrH aHbIKTaAblK. OpTaAblK >KYAAbI3AbIH 3((EKTUBTI
Temnepartypa MeHAEpiHe coikec, Oi3AIH CTaTMCTUKAAbIK AMarpamMambi3AaH, 3K30MAaHETa KaHAau
CMEKTPAIK KAACTafbl XXYAABI3AbIH MaHbIHAQ aHAAATbIHAbIFbIHA KO3 >KeTKidyre 60AaAbl. bip Kbi3bifbl,
3K30MAaHeTaAaPAbIH, KenuwiAiri 80-HeH 95 rpaAycka AeiHri KeAGeyAikKe ne, aA SKCLUEHTPUCUTETTEpI
apTYPAI 60AYbl MyMKiH. COHbIMEH KaTap, 3K30MAaHeTaAapAbIH apryMeHT MepULEHTPI >kaHe KeAGeyAik

LIaMaAapbl 6OMbIHLLIA AMAarpamMma TYPFbI3bIAAbI.

Ty#iH ce3aep: 3K30MAaHETAAbIK, XYHeAep, CMeKTPAIK KAACC, OPTAAbIK, XKYAAbI3, alHbIMAaAbl Macca,

Op6VITaAbIK SAEMEHTTepP, CTaTUCTUKAADBIK TaAAQy.

BBenenne

WccnenoBanus 3K30IIaHETHBIX CHCTEM B Ha-
CTOSIIIEE BpeMs SBISICTCS aKTyalbHBIM HarpaBlie-
HHUEM B aCTPOHOMUI U HeOecHOl MexaHuKe. OCHOB-
Has 3a/laya B M3YYCHUH SK30IUIAHET — BBISBICHUS
3aKOHOMEPHOCTEH 00pa3oBaHMs W DBOJIONHUS IUTA-
HETHBIX cucTeM. OTKPBITHE U TOATBEPKIACHUE IK30-
[UIAHETHBIX CUCTEM B OCHOBHOM OBLIM BBIIIOJHEHBI
KOCMHUYECKUMH Teseckonamu. [lepBas sk3ormianeTa
51 PEG b u ee uentpanbHast 38e31a 51 Peg B co-
3Be3aun lleraca Obima otkpeiTa B 1995 rony [1]. K
HacTosmeMy BpeMeHH BHe COJHEYHONH CHCTEMBI
W3BECTHBIX, TOATBEPIKICHHBIX SK30IIAHETHBIX CH-
creM Oosee 4000 [2]. B aKk30IIaHETHBIX CHCTEMax
pacmpeneneHus IEHTPATLHON 3BE3/IbI, 110 BHIMMO-
My, HE OXBAaThIBACT BCEX CIEKTPAIbHBIX KIACCOB
3Be37. K ToMy ke ecTh psiji MHTEPECHBIX 3BE3[ C
IJIAaHETHBIMUA CUCTEMaMH CTIEKTPAIBHBIN KiTace KO-
TOPBIX YETKO HE OTPECIICH.

[IpencraBnsier HHTEpEC aHATU3 paclpeeiieHUe
[IEHTPAILHON 3BE3Ibl DK30IUIAHETHBIX CHCTEM IT10
CIIEKTPATbHBIM KJIACCaM W aHAJIU3 COOTBETCTBYIO-
el 3K30IIaHETHOW CUCTEMBI B CBSI3M C CBOMCTBA-
MU POJHUTEITHCKON 3BE3IIBI OCOOCHHOCTH XapaKTe-
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PUCTHKH TUIAHET BXOAIIUE B ATy cucteMy. Ocoboe
BHUMaHue OyJeT yleseHbl HeCTalOHAPHBIM 3BE3-
JlaM, KOTOPBIE MEHSIOT MacCy CO BPEMEHEM H3-3a
KOpITycKyJisipHOro m3nyuenue [4-9]. Kak n3sectHo,
3BE3/bl [0 COpOKa MPOLEHTOB HCXOIHOH Macchl
BO3BPALIAOT 00PAaTHO B KOCMOC B BUJE IBUIH U U3-
myudenus [8].

W3BecTHO, UTO 3BE3/1bI POKAAIOTCS U3 OOJIBIIO-
ro ra3o-TIbUIeBOro objaKka B pe3ysbTaTe Iporecca
BpallCHUA U I'PaBUTAIUOHHOT'O CXKaTus U I[aJ'II)HCI\/'I-
LIer0 ero ymioTHeHus. DopMupyromascs 3Be3-
Jla OKpY’KE€Ha Ta30-IIbIJIEBBIM JUCKOM, B KOTOPOM
MEJUICHHO YCTaHOBIMBAETCS PAaBHOBECHUE MEXKIY
CUJIOW TpaBUTAllMM U JaBJICHHEM Taza. BHyTpeHss
TeMIIepaTypa 3B€3bl YBEIUIUBACTCS, U 3AIlyCKACT-
Csl IPOLIECC TEPMOSJICPHOTO CHHTE3a, B pe3ybTaTe
4ero 3Be37a «3axuraercs». OZHOBPEMEHHO B AUCKE
(hopMHpYIOTCS TIepBHIC HEOOIBIINE MPOTOTIIIAHETHI.
Korna 3Be3na nonHocThio chopMUpOBaHa, a U3 JIUC-
Ka IIOCTENEHHO BHIBETPUBACTCS I'a3 U IbLIb, IPEBpa-
LIAsCh B THICSIYM MEJIKUX IpoTorianeT. C TeueHrneM
BPEMCHHU B PE3YJIbTATC CTOJIKHOBCHU S MPOTOIIAHET
1 00pa3oBaHusl CPEPHUUECKUX TeNl OOJBIINX pa3Me-
poB Bo3HWKarOT TuraneTsl [10-11]. PaGoueit rpym-
noii MextyHapoTHOTO ACTPOHOMHUYECKOTO COI03a
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CTaTUCTUYECKUI aHAN3 dK30IJIAHETHBIX CHCTEM T10 CIICKTPAJIbHBIM KJIaCCaM HNEHTPAJIbHBIX 3BE3/

(MAC), ObUTO TIPEUIOKEHO BBECTH TPAHUILYy IO
Macce Mexy miaHetaMu 1 3Be3famu (M = 13 macc
IOnmuTepa). Ita Macca cauTaeTCst JOCTATOYHOM st
TIOIJICPKAHMSI PEAKIMH TOPEeHUs Bo1opoia. HbIMH

CJIOBaMH, TUIAHETa — 3TO OOBEKT ¢ MacCOU, MCHb-
mreit 13 mace IOmurepa (macca FOmurepa 2*1077kr),
a 00BEKT ¢ OOJIBIION Maccod CUMTAaeTCs] KOpHYHE-
BBIM KapJIMKOM WK 3Be370M [1].

1 1 1

4,500 L L ;

4,000

3,500

3,000

2,500

2,000

Frequency

1,500 |

1,000 -

500 +

T T T
1,985 1,990 1,995 2,000

exoplanet.eu, 2019-01-22 ¥

2,005

Year of Discovery (year)

PP[CyHOK 1- KyMyJ'IHTI/IBHI)Ie PE3YABTATHI KOJIMYECTBA SK30IUIAHET, OTKPBITHIX JI KaXXA0ro roga

OCHOBHBIE METObI
IJIAHET

o0Hapy:KeHUue 3IK30-

MeTon0B 0OHApYKEHUsT 3K30TUIAHETHBIX CH-
cTeM O4YeHb MHOTO. Ho ecTh OCHOBHBIC METOJIBI, C
MTOMOIIBIO KOTOPBIX OOHAPYKEHO HaUOOJIbIlIee KO-
JIMYECTBO 3K30IUIaHET. MHOTHE U3 ATHX METOJIOB
0Ka3aJlUCh OCTATOYHO TPYJIOSMKUMH — TPEOYIOIIN-
MU OCOOBIX yCJIOBHIA HAOIkOIeHUH (OYCHb BBICOKO-
rO pa3pelieHus, BHICOKOW TOYHOCTH OIPEICICHUS
KoopauHAT U T.1.). Hamboee 3ppekTHBHBIMU OKa-
3aJIMCh JIBa MeTOAa. MeToA A0IIEPOBCKOM CIIEKTPO-
CKOTHH (OH € METO/I JIy9eBBIX CKOPOCTEH ) — METOT
OCHOBAaH Ha TOM, YTO IUIAHETa U 3BE3/1a BPAIlaloTCs
BOKpYT o0riero mneHtpa Macc. OpOuranbHoe Bpa-
IICHUE 3BE3/bl MPUBOJNUT K TOMY, YTO JIMHUH B €€
CIEKTPE MEPHOANICCKH CMEIIAIOTCS TO B OJIHY, TO B
JIpyryto ctopoHy. CKOpOCTh 3BE3/Ibl, KHABEICHHAS
IJTAHETOM, OKa3bIBAETCS MOPSIKA BCETO HECKOIb-
KHX JICCATKOB WM JTAXKE €JIMHUI] METPOB B CEKYHLY,
OJIHAKO TPELU3UOHHBIC CICKTpajbHbIE HAOJIO/IC-
HUS MTO3BOJISIIOT e¢ 00HapykuTh. FIMEHHO MeTO/I0M

JTOTIIEPOBCKOM  CTIEKTPOCKOMUU  OBUIO  OTKPBITO
OOJILIIMHCTBO 9K30IUIaHeT. HalOmogeHus: TpaH3u-
TOB — 3TOT METOJl OCHOBAaH Ha TOM, UTO IPH IJIaHEeT-
HOM CHCTEMBI «C pebpa» IIaHeTa, ¢ TOYKU 3PCHUS
3eMHOT'0 HAOJIIOIATeNsl, MOXKET TIEPHONIECKHU TIPO-
XOAWTH TIO0 AWCKY 3BE3/1bl, HE3HAUYUTEIHHO (0OBIYHO
Ha 1-3%) ocnabnss ee Oneck. Tounsle poTomerpu-
YecKrue HaOJIOJICHNsT TIO3BOJISIIOT TIOCTPOUTH «KPH-
BYI0 OJieckay (rpaduk 3aBUCUMOCTH OJIECKa 3BE3/IbI
OT BPEMEHH) M HAUTH PainyC TUIAHETHI U TIEPHO]T €€
BparieHus mo opoure [12]. O4eHb, MHOTO KOCMHYE-
CKUX amlmaparoB ObLIO 3aJ€HCTBOBAHO JJIsI OTKPHI-
THSI HOBBIX DK30TUTAHETHBIX cucTeM. Pabota Muccumn
Kepler okazanach 04eHb MII0JOTBOPHOM, Oytaromapst
olHOBpeMeHHbIM HaOmoneHusM 3a 200 000 3Be3n
B co3pe3anu Jlebens, koTropoe HaxoauTcs B Mired-
HoM Ilytu. B pe3ynbrare KOIM4eCTBO BHE COJIHEY-
HBIX TJIAHET, OTKPBITHIX METOAOM TPAH3UTOB PE3KO
Bo3pociio. Ha pucyHke 2 mpeacTaBieHbl BCe BO3-
MO’KHBIE METO/IbI OOHAPYKEHHUS IK30IUIAHET, TPe-
JIOKCHHBIE Pa3HBIMH HMCCIEIOBATEISIMH B Pa3HbIC
rojpl [2].
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Pucynoxk 2 — KymynsTuBHBIE pe3yabTaThl KOTHUECTBA HK30IIIAHET,
OTKPBITBHIX Pa3TMIHBIMU METOAAMH K HadaTy Ka)KIOTo roja

OcHOBHBbIE XapPaKTePUCTHKH JK30MJIaHeT-
HBIX CHCTEM

W3BectHO, uTo CoNHEWHAs cHCTEMa SBISETCS
[IEPBOM IIAHETHOM CHCTEMON CBOMCTBO KOTOPOM
OTHOCHUTEIFHO XOpOIIo u3ydeHa. Bce »sk3ormia-
HETHBIE CHCTEMBI 00J1a1at0T OoJiee WM MEHee I0-
JTOOHBIMM CBOMCTBAMU COJIHEYHOU cucTeMbl. bob-
IIMHCTBO AK30IUIAHETHBIE CUCTEMBI C IIEHTPAIbHON
3BE31I0H 001aMaf0T OAHON TIaHeTon [2-3].

Criopajueckasi akTUBHOCTb 3BE3JIbI — BCIIBIIII-
KH U BBIOPOCHI KOPOHAIIBHOW MAacChl, — OKa3bIBaeT
BaXHOE BIIMSHUE HA DBOJIIONNIO aTMOC(ep TUIaHeT,
0CcOOEHHO eclH MJIaHeThl Ha Oun3kux opourax. [To-
CKOJIBKY 3BE€3/[Hasi aKTUBHOCTh BO3PACTAET C YMECHb-
IIEHWEM 3BE3/IHOTO BO3pAacCTa, IMOCIEACTBHS ITHX
IKCTpEMallbHBIX SIBICHUN JUIa atMocdep TaHeT
O0COOCHHO Ba)KHBI IS

Bricokue MOTOKM 3BE3THOTO M3IYYECHUS B MSAT-
KOM pEeHTreHe U KpaitHeM yibTpaduoiere (XUV)
MPHUBOJAT K HArpeBy M TOCIEIYIOIIEMY pPAaCIIH-
PEHUIO0 BEPXHUX CJIOEB aTMocdephl U K 00pa3oBa-
HUIO HAJITCTUIOBBIX aTOMOB, KOTOPBIC TAKKE MOTYT
BIUATh HAa DHEPreTHYecKuil OaiaHc B Tepmocdepe
TUTaHeTHI. B 3aBUCHMOCTH OT cocTaBa atMochepsl
1 3QPEeKTUBHOCTH HAarpeBa COCTOSIHUS BEPXHHX aT-
Mocdep MOTYT MEHSTHCSI OT TUAPOCTATUYECKOTO K
TUAPOAMHAMHUYECKOMY pexkumaM. OpOUTHI BHECOJ-
HEYHBIX IUIAHET CHIIBHO Pa3liMdacTcs MO BEIUYH-
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HC OKCHCHTPUCUTETA U 11O BCIIMYMHC HAKJIOHCHMA.
®dopMupoBaHHS BHECOJTHEUHBIX IIAHET BIPSIMYIO
3aBUCUT OT MAaccChl LICHTPaIbHOU 3Be3/bl. BbIsICHU-
JIOCh, YTO PACIPOCTPAHEHHOCTh IUIAHET-TUTaHTOB
OBICTPO PACTET C yBEIMICHUEM MaCCHI 3Be31. Taxxke
OKa3aJI0Ch, YTO TUIAHETHI Y 3BE3]] MPOMEKYTOUHBIN
macchl (1.5-3 maccer ConHia) GOJBITMHCTBE CBOEM
MAaCCUBHBI U HAXOJSATCS HA MIUPOKUX OpPOUTAX C Ma-
JIBIM dKCTeHTprucHTeTOM [11].

N3 3a comneunoro Berpa ComHIle U OOJBITHH-
CTBO 3Be3]1 kiacca G TEpsSIOT Maccy cO CKOPOCTBIO
10* maccer connia B roa. HecrannonapHsie 38e3-
JIbl PAHHUX CIIEKTPAJIBHBIX KJIACCOB TEPSFOT MacCy
HaMHOTO 0OoJjbIle, HarpuMep 3Be3abl WR TepsroT
Maccy co ckopocthio 10 Macchl conHIa B rog. A
3BE31IbI KJlacca M TepsIrIoT Maccy o CKOpOCThio 107
©-107 maccel conHIa B rof. Takue CyIIeCTBCHHBIC
MTOTEPH Macc IMEeHTPAITLHON 3BE3/bl CHIIBHO BIHSIIOT
Ha JIMHAMHUYECKYIO JBOJIIOIUIO COOTBETCTBYIOILIMX
9K30IUIAHETHBIX CUCTEM. Y CTAaHOBJICHA TECHAs B3a-
MMOCBSI3b MEXKIY IBOJIOIMUOHHBIMA HU3MEHEHHSIMH
POIUTEIILCKOM 3BE3/IbI U IK3OIJIAHETHOW CHUCTEMBI.
Ha paHHHX CTaqusiX 3BONIOIHH IJIAHETHBIX CUCTEM
poauTennckas 3Be3na Haxoautcsa Ha [maBuo# Ilo-
CJICJIOBATEILHOCTH M TPOTOIUIAHETHBIN MCK ellle
coxpaHnsiercsi. B 3Tol cragum akkperusi BeliecTBa
MIPOTOIIJIAHETHOTO JFCKa Ha IOBEPXHOCTh POJIH-
TEJILCKOM 3B€3/1bI MOJXKCET BbI3bIBATH DJIIN30ANYC-
CKHE aHU30TPOMHBIE BBIOPOCHI MAacChl — JDKETHI,

Recent Contributions to Physics. Nel (68). 2019 23



CTaTUCTHYECKHI aHaJIN3 K30IJIAHETHBIX CHCTEM 110 CIICKTPAJIbHBIM KJIaCCaM HNEHTPAJIbHBIX 3BE3/

KOTOpBIC OKa3bIBAIOT BIUSHHE Ha (OPMHUPOBAHHE
IJTaHET, a TaK)Ke MOTYT BBI3BIBATH UX Pa3pyIICHUE.
B HekoTOpBIX ciydasx Impu MHOTOKpPATHBIX COpo-
cax 000JI0YEK MOTYT OOpa30BBIBATHCS IIJIAHETHI C
Pa3HBIMH OKCHEHTPUCUTETAMH ¥ HAKIOHEHUSMHU.
JIxeTsl, (hOpMUPYIOIIMECS HAa Pa3HBbIX PACCTOSHH-
SIX OT 3BE3JIHOTO 3KBATOPa, OKA3bIBAIOT BIIUSHUE
Ha Bce mapaMeTpsl opOuT. [l pacdera momeneit
HO,I[OGHLIX IUIAHCTHBIX CUCTEM MOXXHO IHPHUHATH
AHU3OTPOITHBIA XapaKTep MPOIECCOB TOTEPH Mac-
Chl. A BOT Ui (DOPMUPYIONINXCS TUTAHET BIIMSHUC
ACCUMCTPUYHBIX JOJITOXKMUBYHIIUX KETOB MOXKET
OBITh 3HAYUTEIBHBIM. HanmpuMep, HAKIIOH TUIAHET-
HOM OpOUTHI MOXET HM3MEHHTHCS Ha HECKOJIBKO
rpaaycoB. Hamu, mo pasiuyHbIM KaTajoram ObLI
MPOBEJICH CTATUCTHYSCKUH aHAJM3 10 KOJIHYe-
CTBY TIOJTBEPKICHHBIX DK30IIAHETHBIX CUCTEM TIO
CIIEKTPaJIbHBIM KJIacCaM UX POAMUTENbCKUX 3Be3/. B
KauecTBEe CHCTEM, MOX0KUX Ha CONHEYHYIO, OBLIH
BBIOpaHBI CUCTEMBI, YbH TNIAHETHI ABIKYTCS 10 Op-
6I/IT3M C MaJIbIM SKCHECHTPUCUTETOM, U HE UMCIOIIUEC
MAaCCUBHBIX IIJIaHET B 30HE A(PPEKTUBHOU 3eMHOM
opoutsr [4,8].

Knaccnq)mcamm INIAHETHBIX CHCTEM II0
CIHIeKTPAJBbHBIM KJIacCaM POAUTEC/IbCKHUX 3BE3/1

Oka3anoch, YTO OOJBITUHCTBO M3BECTHBIX K-
30IUTAHET BPAIIAlOTCs BOKPYT 3BE37] CHEKTPaIbHBIX
knaccoB F, G, K u M. Hame CoHlle OTHOCUTCS K
knaccy G. Macchl 3Be3]] ATOr0 Kjlacca COCTaBIISIFOT
ot 0,8 no 1,7 comHeyHOl Macchl. MBI OOHAPY KA,
4TO 3Be3/b!I Kilacca G MMEIOT HanOOIIbIIIee KOJIHYe-
CTBO 3K30IJIAHETHBIX CUCTEM. MBI IOCTPOWIN TUa-
rpaMMy TI0 CHEKTPaIbHOMY KIIACCY LEHTPaIbHBIX
3BE3]] MOATBEPIKICHHBIX 3K30IUIAHET M0 KaTaJlory
«The Extrasolar Planets Encyclopaedia» [2].
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Pucynoxk 3 — Pacnipenienienue Sk301u1aHeT
I10 CIIEKTPaJIbHBIM KJIaccaM LEHTPAIBLHOM 3Be3/bl

[Tocne oOpa3oBaHUs HEKOTOPHIX TUIAHET, BHY-
TPH POAUTEIHCKOW 3BE3/IbI MOTYT MPOTEKATh SAEp-
HBIC PEaKIUH TOPSHUS U30TOMOB BOIOPOAA, TN,
JUTHSI ¥ 00pa, MOCIIE Yer0 OHU MEJJICHHO OCTHIBAIOT.
[HoBepxHocTtHas Temneparypa 1000 -2000K. Stum
KapJuKaM TPUCBOCHBI CIEKTPaIbHbBIC KiIacchl L u
T [13]. B naunoe Bpemst uzBectubl L-1;T-5;WD-2;
sdBV-2. Hmwxke mpuBeeHO CTATUCTHICCKUN aHAIH3
0 CIEKTPAJIbHOMY KJIACCY IEHTPAJbHBIX 3BE31 00-
HapY>KEHHBIX SK30IUIAHET M0 UCTOUYHHKY.

CraTtucTuyeckuii aHaau3 IUIAHETHBIX CH-
CcTeM M0 OpOMTAJBLHBIM NapaMeTpaM eBpoOIeii-
CKOI'0 KaTaJI0ra IK30IJIAHeTHBIX CHCTEM

OK30IUIaHeThI 110 Macce JENATCS Ha TPU THIA!
[Inanersr — ruranTtel Takue kak HOmurep u Carypu
(c maccoit 6onpire 60 mace 3emnu wm 0,19 mace
Onutepa); Hentynsl, Takue kak Ypan u Hentyn (¢
Maccoit 6ompiie 7 Macc 3emnn); ImaHeTs 3eMHO-
ro THMa Takue kak 3emis 1 Benepa (macca MeHbIIe
7 macc 3emin). [lo creneHn HarpeBa M3ITydeHHEM
POIUTENBCKON 3BE3/BI IJIAHETHl ACIATCS Ha 7 TH-
noB: ropsiane R/Rad < 0.1; ouens Termbie 0.1 < R/
Rad < 0.4; Termbie 0.4 < R/Rad < 0.8; xomomHbie
1.3 <R/Rad < 3; ouens xonomgusie 3 < R/Rad < 12;
nensabie R/Rad > 12, 3aece R — Gonbinas mosy-
ocb opouTHI TaneTsl, Rad — panuyc s dexruBHoON
3eMHOM opOuTHI [1].

Ha pucynke 4 MOXHO OTMETHTH pa3iWYHbIC
9K30IIAHETHl C PAa3HBIMU 3HAYCHUSIMU IO TEMIIe-
paType IEeHTPaIbHOM 3Be3/bI U IO OOJBIION MMOITy-
ocu muanetsl: HD 149382 b: a=0.0256 (AU), T
ot 39500 K; NY Vir (AB) c: a=7,54 (AU), T
o 33000 K HIP 77900 b: a=3200(AU), T
~13700 K; Betta Cir b: a=6656 (AU), T .,  =8676
K. Ha nmmarpamme camas Oonbiuast 3¢¢exTuBHas
TeMmIeparypa LEHTPaJbHOH 3BE3Ibl BOKPYI KOTO-
poii BpalaeTcs 3K3011aHeTa o] HazBaHneM NSVS
1425 (AB) d: a=3.74 (AU), T,  =42000 K [2].

[lo 3HayeHmsaM >(PPEeKTHBHONH TeMIEpPaTypHI
HEHTPAJILHOM 3BE31IbI MOXKHO OTIPEJICIIUTh K KAKOMY
KJIacCy OTHOCHUTCS Ta WIIM HMHasl 3Be3/1a, BOKPYT KO-
TOPOH BpalaeTcs IK30IJIaHEeTa.

Ha pucyHke 5. nmoka3aHo pacHpejiesieHue 3K-
30IJIaHET 10 SKCHEHTPUCUTETY U MO HAKIOHEHUIO.
gammalLeo b: i=172,1°, e=0,144; VB 10 b: i=96,9°,
e=0,98; HD 131664 b: i=167,1 , e=0,638; HD 190
228 b: i=4,5°, e=0,5; WASP-80 b: i=89,92°, e=0,07.
VY OOoJIBIIMHCTBA 3K30IUIAHET HAKJIOHEHHUS JIeXKaT
Mexay 80 u 95 rpamycoB MpU ITOM IKCIICHTPUCH-
TETBI MOTYT OBbITh pazinnunbiMu. Hampumep, HATS-
67 b: i=79,02°, e=0,014 u HD 80606 b: i=89,285°,
e=0,93366 [2].

ef.host.
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Pucynoxk 4 — PacnipenienieHue 3k301uiaHeT 1mo 3G GeKTUBHON TeMIeparype
LHEHTPaJIbHBIX 3BE3/1 U 110 OOJIBIION MOIYOCH IK30IIAaHET

Ha pucynke 6. moka3aHo pacmpefie/iCHUE 9K30-  PUICHTpPA AK30MJIAHET OdYeHb pasnuyeH. Hampu-
IUIaHET 10 apryMEHTy IEPUIIEHTPa U 0 HAKJIOHE-  Mep, caMble MajJeHbKHE 3HAYEHUS Y DK30ILIAHETHI
nuto. Kappa And b: i=121°, ®=129,5°; betta Picb:  WASP-6 b: i=88,47°, ®=1,7° u Gonbliue 3HaYCHUS
i=88,87°, ®=189,3°, PSR1257 12 d: i=47°, ®=108,3°;,  aprymeHra nepuieHrpa y sk3omianerst WASP-162
Kepler-46 ¢ i=87,25° , ®=329.4°. Apryment me- b:i=89,3°, ®=358,1°[2].
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PI(ICyHOK 6— PacnpeneﬂeHI/Ie OK30IUTAHET IO apryMEHTy IEPULEHTPA U 11O HAKIIOHCHUIO

[IpoucxoxaeHre SKCICHTPUCUTETOB BHECOJ-
HEYHBIX IJIAHET-TUTAHTOB MOJYKET OBITH BBI3BAHO
JEHCTBHEM Pa3IUYHBIX MEXaHH3MOB: TPaBUTAIIMOH-
HOTO B3aUMOJICHCTBHS MEKIY COCSTHUMHU ITaHETA-
MH-TUT'aHTaMH, B3aHMOI[eI>'ICTBI/I$[ IIAaHEThI-TUT'aHTa
C TUTAaHETE3UMAIISIMU Ha PAaHHUX CTaIusIX 00pa3oBa-
HUS TUTAHETHOW CHUCTEMBI, BIUSHHS JIOTIOJHUTEb-
HOTO 3BE3JIHOTO WJIM IJIAHETHOTO KOMIIAHbOHA, W
T.1. [locnenuuit a3ddekt B psize ciaydaeB KaxeTcs
HanOosiee WHTEpecHBIM. CpemHsss CKOpPOCTh He-
KOTOPBIX IIJIAHET C BBICOKUM I3KCHECHTPUCUTCTOM
MOKa3bIBaeT Jpeild, coriacyronmics ¢ MpHCYT-
CTBHEM JIOJITONIEPHOAMYECKOTO KOMIaHboHa. [ pa-
BUTAallUOHHOC BJIIMAHHC 60Hee YAAJICHHOTO KOM-
MaHbOHA MOXET BBI3BaTh HAOIIOJAEMbIH BBICOKHIA
OpOUTANBHBIN AKCIEHTPUCUTET. ITOT dPPEKT OBIIT
MPEJIOKEH KaK MEXaHU3M YBEIIMYCHUS DKCIICHTPH-
CUTETa TUIAHETHI, BPAIIAIOMICHCS BOKPYT 3BE3IbI
16 Cyg B. Ognako, 94To Takoi Iporecc, IeHCTBYS
B OJMHOYKY, MPHBEN Obl K Ype3MEPHOMY KOJIHYE-
CTBY IJIAaHET KaK OYeHb BBHICOKUM (€>0,0), TaKk u ¢
oueHb HU3KUM (€<0,1) skcreHTpuCHUTETOM. Takmm
oOpa3oM, TpedyeTcs, 10 KpalHeil Mepe, elle OJuH
JIOTIOJTHUTEIIbHBIM MEXaHU3M JIJIsl BOCIIPOU3BEICHUS
HAOJIOIAEMOT0  paclpe/ieNIeHUsT MO DKCIICHTPUCH-
TETaM. q)aKTquCKH, HU OAWH U3 MPECATIOKCHHBIX
MEXaHU3MOB BO3HHMKHOBEHUS SKCIIEHTPUCUTETA HE
B COCTOSTHUH B OJIMHOYKY OOBSICHUTH HAOIIOTaeMOe
pacnpeziesiecHue 3KCIICHTPUCUTETOB BHECOTHEUHBIX
mianer [1].

IK30IIaHeThbl BOKPYT IBOMHBIX CHCTEM

BonbmmHCTBO MaHeT 0OHAPYKEHHBIX Y JABOM-
HBIX 3BE€3J]l HaXOAATCS Ha opOuTax «S Tuma» (Bo-
KpYT' OJHOM KOMIIOHEHTHOM JABOMHOM MX TaK)Xe Ha-
3BIBAIOT BHYTPEHHUMH IIJIaHETaMH) U OCTaJIbHbIE HA
opburax «P tuma» (BOKpyr o0emx KOMIIOHEHTOB;
TaKke opOuTa eIlle Ha3bIBAIOTCSl BHEIIHUMH WIN
mupkymOuHapueivu). [lo ganneiM [15] u3BecTHO
okouio 200 3K30IIaHET BOKPYT ABOMHBIX 3BE3HBIX
CHCTEM.

I[Ilarpanna SK30IITAHET I10 CIICKTPAIBHBIM
KJIaccaM JIBOITHBIX 3Be3/
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Pucynox 7 — Pacnpenenenue 3K30I1aHET
I10 CIEKTPAJIbHBIM KIaccaM JBOMHBIX 3BE31
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UccnenoBanrss AMHAMUYECKON HSBOJIOIMH JK-
30IUIAHETHBIX CHCTEM B JIBOMHBIX 3BE3/IHBIX CHCTE-
Max MOApPOOHO paccMaTpuBaiuch B pabore Muter-
spaugh, Mattew W u npyrue [16]. Ha pucynke 7
MIOKA3aHO KOJIMYECTBO HK30IUIAHET BOKPYI' JIBOM-
HBIX 3BE3Jl TI0 CIIEKTPaJIbHBIM KJIaccaM.

3akaouenue

Ilo craTucTHYeCKUM JaHHBIM U HAIlUM HCCle-
JIOBaHUSIM MOXXHO OTMETHUTh, YTO II0 MaccaM 00Jib-
I11e BCero OTKpHITO miaHeT tumna lOnurepa, To ecth
B uHTepBaie ot 0 1o 3 macc FOnuTepa.

Cyl11ecTBYIOT OIPEICIICHHBIE YCIOBHS, YTOOBI
cJleNiaTh TUTAHeTy MPUTOTHOM ISl dKU3HU 3€MHOTO
THIIA, ¥ Ha 3T YCJIOBUS BIUSAIOT HECKOJIBKO KIO-
yeBbIX (hakTopoB. Pa3mep u Temmeparypa 3Be3[bl,
a Takke opOWTa IUTAaHETHl BO MHOTOM OTpeeseT
COCTOSIHME >KMJIKOW BOJBI Ha moBepxHocTH. [lma-
HETBI, CIIMIIKOM OJIM3KHE K 3BE37€, HACTOJIBKO I'0-
psiune, 4To Jr00as BoJa Ha TIOBEPXHOCTH KHITHT, a
TUIAHETHl CIUIIKOM JalIeKO OT 3BE€3JlbI HACTOJBKO
XOJIOJHBIE, YTO Jr00as >KUAKas BOAA 3aMep3act.
Pa3mep u Macca miaHeThl ONPEENSIIOT, MOXKET JIU
oHa moanepxkuBath atmochepy [11,14]. Cambie
ropstuve 3Be3bl UMEIOT TemmepaTypy Ao 35 000

K. 3Be3anl ¢ temmneparypoit 10 000 K Gensle, ¢
temneparypoit 6000 K xénteie B TOM yucie Halla
Comnre, ¢ Temmnepatypoir 3000-3500 K kpacHbie
TUTAHTHI.

[TosTOMY, CTaTHCTUYECKHI aHAIU3 MO KOJIMYe-
CTBY IOJITBEPIKJICHHBIX K30TIAHETHBIX CUCTEM T10
CIIEKTPaJIbHBIM KJaccaM IEHTPAIbHBIX 3BE3/ U CTa-
TUCTHYECKUH aHaJIH3 10 OPOUTAIEHBIM DIIEMEHTAM
SIBJIACTCS] aKTyaJIbHBIM IS JTAIbHENIIIero uccieao-
BaHUs JIMHAMUYECKOH SBOJIFOIMIA IK30TUIAHETHBIX
CHUCTEM.

Wcnonw3yst pasznuunbie katanoru [2,3,15], Obut
MIPOBE/ICH CTATUCTUYECKUH aHaJIN3 K30MIaHETHBIX
CHUCTEM OKOJI0O HECTAIlHOHAPHBIX POJUTEIHCKIX
3Be3]] pa3HbIX CIEKTPAIbHBIX KiIaccoB. OKa3alioch,
YTO OOJIBIIMHCTBO M3BECTHBIX HK3OIUIAHET Bpalia-
eTCsl BOKPYT 3BE3]l CIIEKTpalbHBIX KiaccoB F, G,
K 1 M. Macchl 3tux 3Be31 cocTapisitoT oT 0,8 10
1,7M,. Msbl oOHapyxuu, 4To HauboIbIIee KO-
JIMYECTBO JK3OTUIAHETHBIX CHCTEM, IPHHAJIeKAT
3Be3aaM kiacca G.

Buaaropapuocru. PaboTa nognepxusaercs mpo-
rpamMmoi meneBoro puaancupoBanus BR05336383
AspokocMHUecKOro Komurera MuHncTepcTBa 000-
POHBI U a9POKOCMHUYECKONW MPOMBINUIEHHOCTH Pe-
cnyommkn Kazaxcras.
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MAPHBIE KOPPEASILMOHHbIE ®YHKLU WA
MAOTHOUN BOAOPOAHOMU MNAA3MbI

BblAM  MCccAepOBaHbl  CTPYKTYPHble CBOMCTBA TMAOTHOM HEUAEAAbHOM BOAOPOAHOWM MAA3Mbl.
[loTeHUMaAbl  B3aMMOAEMCTBMS  YaCTUL,  yuMTbIBalOLLMe  KBAHTOBO-MeXaHuueckue  3deKkTbl
AMUGPaKUMM U CUMMETPUM, OblAM MCMOAb30BaHbl B KAYeCTBE MOAEAU B3aUMOAENCTBUS. IAEKTPOH-
DAEKTPOHHbIE MapHble KOPPEASILMOHHbIE (DYHKUMU ObIAM MOAYUYEHb! MPU PELLIEHMU WMHTErPAAbHOMO
ypaBHeHns OpHuwTeiHa-LlepHrke B rvnnepuenHomM MNpUOAMXKEHMUM Ha OCHOBE MOTEHLIMAAOB
B3anmoAencTeusg. KBaHTOBO-MeXaHMUeckuin 3heKT CUMMETPUM PacCMaTPMBAACH AAS  PasHbIX
HarpaBAEHWI1 CMIMHOB 3AEKTPOHOB. DPEKT CUMMETPUM YUMTbIBAET MPUHLUMI UCKAIOYeHus [layau.
BAusiHue achdhekta CUMMETPUM Kak KBaHTOBO-MexaHMueckoro addekta 6oAee BbIPpa>keHO Ha MaAbIX
PacCTOsHUEX M B OOAEe MAOTHOM MAa3me. AHTMMAPAAAEAbHOE HarpaBAEHWME 3AEKTPOHHbIX CrMMHOB
YBEAUUMBAET BEPOSITHOCTb HAXOXKAEHWUSI SAEKTPOHOB Ha PacCTosiHUM R Apyr OT Apyra, napaAAeAbHoe
HarnpaBAeHWE YMeHblUaeT 3Ty BEepOSTHOCTb M3-3a 3anpera Ha MPUCYTCTBME ABYX SAEKTPOHOB C
OAMHAKOBbIMU CMIMHAMU B OAHOM M TOM XK€ COCTOSIHWUU. Pe3yAbTaTbl AAHHOM paboThbl ObIAM CPAaBHEHbI C
pesyAbTaTamy MeToAQ KAaccuyeckoro conoctaBaeHus (“classical mapping”). OcHoBHas uaes
KAQCCMYECKOro COMOCTABAEHUSI COCTOUT B TOM, YTOObl YCTAaHOBUTb B3aMMOCBS3b MEXKAY KBAaHTOBOW U
3TAAOHHOM KAAQCCMYECKON CUCTEMaMM, Takylo, YTOObl CTPYKTypa KAACCMUECKOM cucTembl OblAa Takas
e, KaK Y pacCMaTpuBaeMoin KBAaHTOBOW CUCTEMbI. PesyabTaTbl AaHHOM paboTbl NMOKa3bIBAIOT XOpoLuee
coraacue ¢ pesyAbTaTamy MeTOAd KAACCMUYECKOrO COMOCTABAEHUS B TMMMEPLENHOM NPUOAMMKEHNUM C
MOCTUKOBOM (PyHKLIMEN N KOMMbIOTEPHOrO MOAEAMPOBAHMSI.

KAroueBble cAoBa: HemAeaAbHas NAa3ma, NapHble KOPPEASLMOHHbIE (PYHKLMM.

Ismagambetova T.N.!, Gabdullin M.T."2

'[ETP, al-Farabi Kazakh National University, Kazakhstan, Almaty
2Kazakh-British Technical University, Kazakhstan, Almaty, e-mail: gabdullin@physics.kz

Pair correlation functions of a dense hydrogen plasma

The structural properties of a dense non-ideal hydrogen plasma were investigated. The interaction
potentials of particles, taking into account the quantum-mechanical effects of diffraction and symmetry,
were used as an interaction model. The electron-electron pair correlation functions were obtained by
solving the Ornstein-Zernike integral equation in the hypernetted-chain approximation based on the
interaction potentials. The quantum mechanical symmetry effect was considered for different directions
of electron spins. The symmetry effect takes into account the Pauli exclusion principle. The effect of the
symmetry effect as a quantum mechanical effect is more pronounced at small distances and in a denser
plasma. The antiparallel direction of electron spins increases the probability of finding electrons at a
distance R from each other, the parallel direction reduces this probability due to the prohibition of the
presence of two electrons with identical spins in the same state. The results of this work were compared
with the results of the classical comparison method (“classical mapping”). The main idea of the classical
comparison is to establish the relationship between the quantum and reference classical systems, such
that the structure of the classical system is the same as that of the quantum system in question. The
results of this paper show good agreement with the results of the classical mapping in the hypernetted-
chain approximation with the bridge function and computer simulation.

Key words: non-ideal plasma, pair correlation functions.
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TbifbI3 CYTEKTi MAA3MaHbIH, XXYIN KOPPeAsLUSAbIK, (hyHKUUSIAAPDI

TbIFbI3 MAEAA eMeC CYTeKTi MAa3MaHblH KYPbIAbIMABIK, KacueTTepi 3epTTeAAl. Andpakums meH
CUMMETPUSIHbIH  KBaHTTbIK-MeXaHMKaAbIK,  3deKTiAepiH  eckepeTiH OeAlleKTepAiH — acepaecy
NMOTEHLMAaAAAPbl BCEPAECY YATICI peTiHAE KOAAAHBIAAbL. DAEKTPOH-IAEKTPOH >KYM KOPPEASIUMSAbIK,
(DYHKUMAAAPbI BCEPAECY MOTEHLMAAAAPbIHbIH, HEri3iHAe runnepuenTbl >KyblkTayAarbl OpHLITENH-
LlepHuKe MHTErpasAbl TEHAEYIH ey 6apbiCbiHAA aAbiHAbI. CUMMETPUSIHBIH, KBAHTTbIK-MEXaHUKAABIK,
appexTiCi IAKTPOH CMIMHAAPbIHBIH, 8PTYPAI BaFbITTapb! YLIiH KapacTbipbiAAbl. CummeTpust adhdekTici
[MayAunAiH WbIFapbin Tactay NpUHUMNiIH eckepeai. CummeTpus 3eKTICiHIH KBaHTTbIK-MEXaHMKAAbIK,
ahhekT peTiHAEri acepi XaKbIH KALWbIKTbIKTAPAQ XX8He TbIFbI3 MAA3MaAa >KakCbl KOPIHeAl. DAEKTPOH
CMMHAQAPbIHBIH MapaAAeAb emMecC OarbiTTapbl SAEKTPOHAAPAbIH 6ip-6ipiHeH R kawbIKTbikTa 6GOAY
MYMKIHAITIH YAKENATEeAl, aA mapasreAb OarblT OyA MYMKIHAIKTI Kilwipenteai, cebebi 6ip kynae
CMMHAQPbl OipAert eKi SAeKTPOH OOAYbIHA TblbIM CaAblHFAH. BepiAreH >KyMbICTbiH HaTMXKeAepi
KAQCCUKaAbIK,  CaAbICTbIPY — 9AicCiHiH  (“classical mapping”) HeTuXXeAepiMeH  CaAbICTbIPbIAFaH.
KAaccrKaAbIK, CaAbICTbI-PYAbIH, HEri3ri OMbl — KBAHTTbIK, >KOHE 3TAAOHADIK, KAACCMKAABIK, )KyHeAepAiH
apacbliHAQ KAACCMKAABIK, XKYMEHIH KYPbIAbIMbI KQPACTbIPbIAbIN OTbIpFaH KBaHTTbIK, XKYHEHiKiMeH Bipaeit
GoAaTbiHAAM GaliA@HbIC OpHaTy. bBepiAreH >KYMbICTbIH, HaTWMXKeAepi KemipAik yHKuMsachl 6ap
rUNMnepuenTbl  >KYbIKTayAaFbl KAAQCCUKAAbIK, CaAbICTbIPDY ©AICI MeH KOMIMbIOTEPAIK MOAEAbAEY
HOTMXKEAEPIMEH >KaKCbl YMKACTbIK, KOPCETEA,.

TyiiiH ce3aep: MAEA eMeC MAa3Ma, XXYNTbIK, KOPPEASUMSABIK, (hyHKLLMS.

1. BBeaenue

B nmanHoli pabore paccmarpuBaeTcs TUIOTHAS
BOJOPOAHAS IIA3Ma, IIPEACTABISAOAS 3HAYUTEIb-
HBI MHTEPEC KAK B TEOPETHUUYECKOM, TaK U B MpaK-
TUYECKOM IUIaHE, HalpUMep, HenJeanbHas Ijia3Ma,
BCTPEYAIOIIAsICS B TEPMOSAJEPHBIX peakTopax. B
IUIOTHOM WJIM HEHJEeaJbHOU IIa3Me 3HAUUTEIbHYIO
pOJIb UTPAOT MEKYACTUUYHBIE B3auMopeicTBus. B
TAKOW IJIa3ME CPEIHEE MEKYACTUUHOE PACCTOSIHUE

HMEET OJUH TMOPSAJOK C TEIIOBOW JITMHOMN
BOJIHOM wactull. B mioTHON 11a3Me BBICOKA
BEPOSITHOCTh  CTOJIKHOBEHHUU C TaKUM MAaKCHU-
MaJIbHBIM COJMKCHHEM, YTO CTAaHOBUTCS Ba)KHBIM
y4eT BOJHOBOM  TPUPOABI  CTAIKUBAIOIIMXCS
YaCTHII.

[Torenumanel B3auMozeicTus [1-3], ucmoib-
3yeMble B 3TOM CTaTbe, YUYUTHIBAIOT KBAaHTOBO-
MexXaHH4YecKre dPPEeKThl TUPPaKIUN U CAMMETPHN
Ha MaJbIX PaCCTOSIHUIX:

2
2 —_th| 2 _r .
e e /1 [ b 2] 2 l 22
Uy (r) = 22| 1—th| 2 T )N 1—e s | =5 8 k,TIn| 1——e * (1)
r a, +br 2
by A, = (Ze)
Te egep — 3apsia HacTun a u o, 4, = Oe3pa3MepHble apameTpsel: [ = — mapamerp
1/27Z'm kaT a
a B
— TemwioBas JJMHA BONHBL Je  bpois, a
mm CBSI3H, r,=— — TapaMeTp IUIOTHOCTH,
m,=—-"—t— -  [pHBeIeHHas  Macca, Ay
(mu + mb) 3 /3
2 a= — CpemHee pacCTOSHUE MEXKIY
k 4rn,

B

= —= — pammyc [ebas, Takxke
? 4ﬂeZZnIZf
j
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3JeKTpoHaMu, ap — paauyc bopa. IlepBoe cnarae-
Moe yuuThiBaeT 3G¢eKT TUpaKiuud, BTOPOEC —
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[TapubIe KoppensuuoHHbIe (PyHKIIUN IUIOTHOH BOJOPOIHOM IIa3MbI

s dext cuMMeTpur (YCPEIHEHHOE HaIpaBICHHE
SNIEKTPOHHBIX CITUHOB).

[TapameTp BBIpOXKACHUS 15 SJIEKTPOHHON KOM-
TIOHEHTBI OTIpeNIEIseTCA CIEAYIONIUM BEIPAKEHUEM:

2

k,T 4N r

0= =2 —| Z°= )
E 174 r-

F

I'ne Er—sneprus @epmu anekTpoHOB, 0>>1 — Kitac-
cuueckas 1iasma, 0=1 — cmabo BBIpOXKICHHAS
w1azMa, 0<l— BBIpOXKICHHAs MJ1a3Ma.

Jns  ydera pa3HBIX HampaBleHHH CIIWHA
3NIEKTPOHA HMCIIONIb30Bajiach cieAyiomas (opmyna
BMECTO BTOPOTO ciaraeMoro B opmyie (1):

2

-
S(T
U"(r)=-kThn| l+exp| ——
. ; 3)
ﬂ b
rae S = 1 cooTBEeTCTByeT MapajuleIbHBIM CIIMHAM,
S = 0 — aHTHMNapaIeNbHBIM CIIMHAM.

2. ITapHble KOppeasinMOHHbIe GYHKIIUH

[MapHble KOppensiuMOHHBIE QPYyHKIMU g(T) ObLIH
paccynTaHbl HA OCHOBE MHTETPATBHOTO YPaBHEHHUS
Opnmrreitaa-lepauke [4]:

- -> o

W) = C() + 0] Cl=r b= D,

B runmeprenHoM npudmmxenun (HNC):

Ce) = H) =g =52,

B

N N

e h(r)=g(r)—1 — monHas KoppeisAIHOHHAS
5

¢byukiust, C(r) — npsMast KOppensaiuoHHas (GyHK-

nusa, u(r) — TOTGHIUAN  B3aUMOJCHCTBUSA.

VYpaBuenust (4) u (5) ObUIM pacCYMTAHBI YHCIICH-

HBIMH METOIaMH.

Ha pucynke 1 mpeacraBieHBI 3IEKTPOH-3JIEK-
TPOHHBIE TTOTEHIIUAIEI B3aUMOJICHCTBYSI, TTOJTyYeH-
HBIE B JaHHOU paboTe, B cpaBHeHmH ¢ [5]. Ha pucyH-
ke | moka3aHbl rpadUKH IMOTCHIUAIOB B3aWMO-
JEHCTBUS TIPU Pa3IMYHBIX 3HAYCHHUSX IapaMmerpa

BeIpokaeHus t=0=0 (uepHast), 0.1 (kpacHbIe KBapa-
Thukn), 1 (cunue xpyxoukn), 10 (cupeHeBble KBa-
paruku). Cunss (t=0=1) u Owuprozosas (t=0=10)
JIMHUY — PEe3YIIBTaThl Ha OCHOBE nmoTeHnuana (1) npu
YCpPEIHEHHOM HaIlPaBJICHUH JIEKTPOHHBIX CIIMHOB.

Ha pucynkax 2-4 mpencraeieHsl rpaduku
JNIEKTPOH-3JIEKTPOHHBIX MAaPHBIX KOPPENSHOHHBIX
(YHKIUH, pacCUMTaHHBIX HA OCHOBE MOTEHLMANa
(1), B cpaBHeHuu c pabotoit [6]. Ha pucynke 2
MIPEJICTABIIEHBl  AIIEKTPOH-JIEKTPOHHBIE MapHBIE
KOoppensiuonneie  ¢yHkuun mpu =1, [=0.5.
CIUIOIIHBIE JIMHUM — Pe3yNbTaThl KIacCHYECKOTo
comnocrtasienus (“‘classical mapping”) B runnepuen-
HOM TIPUONIKEHUH C MOCTHUKOBOM (hyHKumen [7-
10], momryuennoit B [11] Ha ocroBe [12-15] (HNCB),
TOYEYHBIE JIMHUM — Pe3yJabTaThl KBaHTOBOTO
MonenupoBanus Monte-Kapmo (QMC). UYepnsie
JWHUU — JUIA TIApajuleJIbHBIX CIIMHOB, KpacHBIE
JUHUU — A7 aHTUIapaJUIeNbHbIX cHouHOB. Ha
pUCYHKE 3 TIOKa3aHbl 3JIEKTPOH-DIEKTPOHHBIE
napHble KOppEJSIHOHHbIE (YHKUUM TpH T=1,
I'=0.5 u r=6, I'=3. Cronomnsie manu — HNCB,
nyHkTupHbIe TuHIA — HNC [16], Toueunble TuHIHA
—QMC [17]. YepHble TMHUU — Is=1, KpaCHbIE JIMHUU
—1,~6. bupro3zoBas u cupeHeBast TMHUN — HA OCHOBE
norenimana (1) npu r=1 u r~=6. Ha pucynke 4
MOKa3aHbl JIEKTPOH-IEKTPOHHbIE MapHbIE Koppe-
namuonHble QyHKIuu mpu 1.=1, [=0.07 un =6,
I'=0.4. Cronommnsie muann — HNCB, myHKTHpHBIE
auHuu — HNC, toueunsie muann — QMC. Yepnsle
JIMHWUH — =1, KpacHbIE JTMHUU — Is=6. 3eeHas U CH-
HSsI IMHUY — HA OCHOBe noTteHuuana (1) mpu r=1 u
1=6.

Ha pucynkax 5-6 mpenacTtaBieHBl 3JIEKTPOH-
3NIEKTPOHHBIE TIAPHBIE KOPPENSIUOHHbIE (PyHKITHH,
TONTyYeHHbBIE B TaHHOW pabore, B cpaBHeHHH C [18].

Ha pucynke 5 mpencraBieHbl 3J€KTPOH-3JIEK-
TPOHHBIE MapHbIC KOPPEJSIIUOHHBIE (PyHKIUU TpU
=06, t=0=0.5 (uepHas nmuHus), 1 (kpacHas uHUA), 4
(3enenas nmuHUs), 8 (cupeneBas ywmHuUsA). Croiomni-
HBIMH JIMHUSIMH O0O3HA4YEHBI Pe3yJbTaThl Kiaccu-
YECKOI0 COMOCTABJICHUS B TUIIEPLICTTHOM MPUOIIH-
JKEHUU C MOCTHKOBOH (DyHKITHEH, KBaIpaTUKaMu —
KOMITBIOTEPHOTO  MojenupoBaHus Monre-Kapio
(PIMC). Ha pucyHke 6 moka3aHbl 3JEKTPOH-IJIEK-
TPOHHBIE TAPHBIC KOPPEISAIMOHHbIE (PYyHKIHUU MpU
=0, t=0=0.5 (yepHas nmuHus), 1 (kpacHas nuHusc), 4
(3enenas nmuHUs), 8 (cupeneBas ymHuUsA). Croiomni-
HBIMH JIMHAAMU 0003HA4YEHBI PE3YNbTaThl KIIACCH-
YECKOTO COMOCTABIICHHUS B TUIIIIEPLIETTHOM MPUOIIH-
KCHUU C MOCTHUKOBOH (DYHKLHMEH, KpyXKOUKaMH —
Kkjaccuueckoro conoctasnenus (PDW). Crunommnas
CHHASA U OUPIO30Bast IMHUKM 0003HAYAIOT AIIEKTPOH-
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JJIEKTPOHHBIC TIAPHBIC KOPPEISIHUOHHBIC (YHKIMH
Ha ocHOBe moTeHIHaia (1) mpu t=0=4 u 8.

O¢ddexT cUMMETpUH YYUTHIBACT NPUHIIMII
[Maynu, KOTOpBIHA 3ampeniaeT OAHOBPEMEHHOE MPH-
CYTCTBHE JIByX OJIMHAKOBBIX YACTHI[ C TIOIYICIBIM
CIIMHOM (B JaHHOM CIly4yae 3JICKTPOHOB) B OIHOM
KBaHTOBOM COCTOSIHHH, YTO YMCHBIIIAET BEPOST-
HOCTB HAXOXKJICHUS YaCTHII Ha PACCTOSHHH T APYT OT
Ipyra. Bausnue sgdexra cuMMETpUH Kak KBaHTO-
BOo-MexaHn4deckoro dddexra Ooyiee BBIpaKEHO Ha
MaJIbIX PacCTOSHUSIX U B OoJiee IUIOTHOM TUIa3Me.

Pe3ynbrarsl JaHHON pabOThI TOKA3BIBAIOT XOPO-
niee corviacue ¢ pe3ylbraTaMyd MeToja KJIacCHYec-
koro comnocrtaBneHus (“classical mapping”) B
TUTTIEPIICTTHOM MPUOJTNKESHUH ¢ MOCTHKOBOH (DyHK-

OcHOBHasT ujaesd KIACCUYECKOTO COIOCTAaBIICHUS
COCTOWT B TOM, YTOOBI yCTAaHOBHUTH B3aUMOCBSI3h
MEXKJy KBAaHTOBOM M JTaJJOHHOM KJIACCUYECKON
CHCTEMaMH, TaKyl0, 4TOOBI CTPYKTypa KJIacCH4ec-
KO cHCTeMBl ObLla Takas *e, KaKk y paccMarpH-
BaeMOM KBaHTOBOH cucTeMbl. C IMOMOIIBIO ITOTEH-
Maja B3aUMOJICMCTBUSI, YUHUTHIBAIOIIETO KBAaHTO-
BbIe 3 (EKThI, MBI MOXKEM PEIIUTh KOPPENISIIHOH-
HbIe (YHKIMH ATaJOHHON KIAaCCHYECCKON CHUCTEMBI,
HCIIONIB3YSl KJIACCHMUECKUE METONbI MHOTHUX TEM, a
MMEHHO TEOPHUH KHUAKUX COCTOSHUH. DTOT METOI,
npemokeHHsli  JIxapma-Bapnmanoit n ap. [19],
KJIACCUYECKUN METO]| COTIOCTABJICHUS, ObLI yCIIeIII-
HO TMpPUMEHEH K pa3Iu4YHbIM 3JICKTPOHHBIM
CHCTEMaM C HEOONBIIMMH BBIYUCIATEILHBIMH

el M KOMIIBIOTEPHOTO  MOJEIMpoBaHus.  3arparamu [20-25].
'R
—
~
<
ooy
*_
r'=r/r,
Pucynox 1 — IMapnsrit norennuman [laymn s t=6=0, 0.1, 1, 10
1.0 e iy
0.8
061
i {
® 4l —
' — g
- ° g0
' g (1)
0.0 —'R’, v T e T ¥ 1
0 1 2 3
PucyHoK 2 — DJIEKTPOH-3JIEKTPOHHBIE TTapHbIE KOPPEJSIHOHHbBIC QyHKIUN
npu rs=1, I'=0.5
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PucyHok 3 — DieKTpOH-3JIEKTPOHHBIE MAPHBIE KOPPEISIIMOHHbIC (yHKIHN
npu 1s=1, '=0.5 n rs=6, ['=3

004 : : :

0 1 2 3

PucyHok 4 — DneKTpOH-3JIEKTPOHHBIE TAPHBIE KOPPESIUOHHBIE (PyHKIUU
npu 1s=1, '=0.07 u rs=6, ['=0.4

1.2- =0
1.0 omman
p;
0.84 W —1t=0.5
— —t=1
% 0.6 =4
"y t=8
0ad ./ = PIMC[t=.5]
'y = PIMC[t=1]
02] * / = PIMC[t=4]
T e/ = PIMC[t=8]
AL
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X

PucyHOK 5 — DJIeKTPOH-3IIEKTPOHHbIE TTAPHbIE KOPPEISIIIHOHHbIE (Y HKIIHH
npu 1:=6, t=0=0.5, 1, 4, 8
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1.21

o PDWI[t=0.5]

o PDW[t=1]
PDW/[t=4]
PDW/[t=8]

0

X 2 3

PucyHok 6 — DIeKTpOH-2JIEKTPOHHEIE TapHBIE KOPPEISIIMOHHEIE ()yHKIIH
mpu 15=6, t=0=0.5, 1,4, 8

3. BuiBoabl

ObddexT cUMMETpUH YYUTHIBACT TPUHIIMIT
uckmoueHust [aynu. Bnusaue apdexra cummerpun
Kak KBaHTOBO-MeXaHW4eckoro »sddekra Oomee
BHIPOKEHO HA MAaJbIX pACCTOSHHUAX W B OoJyee
IUIOTHOM IJ1a3Me. AHTHTIapaieIbHOE HapaBieHHE
UIEKTPOHHBIX CIMHOB YBEIMYUBAET BEPOSTHOCTH
HAXOXKJCHHUS 3JICKTPOHOB HA paccTOSHUM R npyr ot

JIpyTra, mapajuieIbHOC HAIIPABICHHE YMEHBIIIACT 3Ty
BEpOSATHOCTh M3-3a 3alpeTa Ha MPHCYTCTBHE ABYX
AJIEKTPOHOB C OIMHAKOBBIMH CIIMHAMU B OJHOM U
TOM K€ COCTOSTHHH.

Oma paboma 6Ovira noodepocana Munu-
cmepcmeom obpazoeanus u nayku Kasaxcmana no
epanmy na npoexkm NeAP05134366.
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IAEKTPOHMEH COYAEAEHAIPYAIH, XXOHE
KYMICIEH KATITAY INMPOUECTEPIHIH,
NMOANMUMUATI YAAIPAEPAIH AEOOPMALUMNAAAHYDBIHA OSCEPI

MMOAMUMUMATI YABIPAEPAIH MEXaHUKAABIK, AehOopPMaLIMSAAHYbIHA SAEKTPOHMEH COYAEAEHAIDY XKoHe
KYMICMeH KanTay MpoLecTepiHiH, acepi 3epTTeAAi. [MOAMMMMATI Heri3aiH KypblAbIMbIHA €piTiHAI
CiHipIAreHHiH MeTaAAbIK, KabaT KaAbIHAbIFbI 1 UM-A€H 5 UM-Abl KypaAbl. KymiC aiiHaCbIHbIH, KOPIHETIH
>KOHE MH(PPaKbI3bIA alMarbiHa KaTbiCTbl 6eTTi kantaybl 8097 %-Abl Kypaasbl. AY-6 CbI3bIKTbIK,
YAETKILLIHAE 3AEKTPOH LLOFbIPbIHbIH, OpTalla 3Hepruscbl 2 MeB, uHTerpasabl Tokta 1000 pA-re
AERIHTT UMNyAbCTepal Xibepy >xuiairi 200 Hz MeH MMMyAbC y3akTbiFbl 5 s 0GOAaTbiH ramma
COYAEAEHY XYPri3iaai. YAriaepaiH XXyTbiAy ao3acbkl: 10, 20, 30 xaHe 40 MIp-aAbl Kypaabl. YATiAepAiH
AedhopMaumscbiH BIpecTi Co3bIAy pexkumiHae Instron 5982 yHuMBepcaAAbl CbiHAy MallMHaCbIMeH
6eAME TemriepaTypacbiHAQ XKYPrisiaai. bepiareH usmkaabik hakTopAapAblH 8CEPiHEH KOMIMO3UTTI
MaTepuassapAbiH,  KYPbIAbIMABIK, e3repicTepi ayaaa APOH-2M Ttuntec peHTreHaik amdpakTo-
metpiHae CuK, 293 K TemnepaTypacbiHaa coyaeaeHymeH (hacy=1,5418 A) 3epTTenai.

Taza yaGipre kaparaHaa yAGipAepAl MeTanpay HoTuxKeciHAe 6epikTik weriHiH Ac=105 Mlla
>KOHE MAACTUKAABIAbIFbIHbIH, Ag=75% anTapAbikTait ecyi GeArineHai. Bya ecy meTaapaHAbIPbIAFaH
YABIPAEPAIH KYPbIABIMbIHbIH 63repy epeKklleAiKTepiHe >KoHe OAapAbIH XMMMSABIK, BHAEY LapTTapbiHa
6aAaHbICTbl.  MeTaAAQHABIPbIAFAH  MOAMUMMUATI  YABIPAEPAIH  SAEKTPOHAbI  COYAEAEeHYi  OHbIH
cepriMAIAiK xoHe 6epiKTiAiK kepceTKilwTepiH ToMeHAETeAl. MeAwepi 6CKeH caiblH KOHLEHTPALMSCbI
apTaTblH XXOHe MOAMMMUATIH MAaKpOMOAEKyAa TYMIHAEPIHIH Y3iAiC TypiHAae 6oAaTbiH MaTepuasAbIH
PETTeAreH KYPbIAbIMbIHBIH, Oy3bIAybIMEH >KOHE KarnTaAFaH KYyMICTiH >aHa das3arapbiHblH ManAad
GOAYbIMEH TYFbI3bIAAQTbIH KYMIC TOTbIFbl TYpiHAE GOAATbIH KamnTayAarbl >kaHa (ha3asapAbiH, Manaa
6OAYbIMEH GaMAAHBICTbI OOABIM KEAEA].

TyiiH ce3aep: MOAMMMMA, KOMIMO3UTTI MaTepuasAap, KyMiCreH MeTaaAady, MeXaHMKaAbIK,
Aedopmaumst, cepnimainik MoayAi, FKOHI MOAYAI, SAEKTPOHABI COYAEAEHY, MAaTEMATUKAABIK, MOAEAD.

Agishanova N.Zh., Muradov A.D., Aldzhambekova G.T.
Al-Farabi Kazakh National university,
Kazakhstan, Almaty, e-mail: naz-1596@mail.ru

Influence of silver metallization and electron irradiation on the processes
of mechanical deformation of polyimide films

The effect of silver metallization and electron irradiation on the physical and mechanical properties
of polyimide films is studied. The metal layer of the polyimide base impregnated into the structure was
from 1 to 5 um thick. The coatings on the surface contained 80+97 % of the relative silver mirror in the
visible and infrared regions. The irradiation was carried out on a linear accelerator ELU-6 with an
average electron beam energy of 2 MeV, an integral current of up to 1000 uya with a pulse frequency of
200 Hz and a pulse duration of 5 us. The absorbed dose by the samples was: 10, 20, 30 and 40 MGy.
Deformation of the samples was performed at room temperature in the uniaxial tension mode on the
universal testing machine Instron 5982. Study of Structural changes in composite materials in the result
of the impact of these physical factors was studied in the x-ray diffractometer type DRON-2M in air at
293 K, CuKq radiation (Aacy=1.5418 A).

©2019 Al-Farabi Kazakh National University
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A significant increase in the mechanical characteristics as a result of metallization of films
compared to the pure film, so the increase in the tensile strength by Ac=105 MPa and plasticity by
pe=75%, which is associated with the peculiarities of changes in the structure of metallized films and
the conditions of their chemical etching. Electronic irradiation of the metallized polyimide film
worsens its elastic and strength parameters, which is caused by the formation of new phases in the
coating in the form of silver oxide, the concentration of which increases with increasing dose, and is
also caused by a violation of the ordered structure of the material in the form of a rupture of the
macromolecules of polyimide and the formation of new phases of silver in the coating. The
mathematical model, which is in good agreement with the experimental data and allows to predict the
elastic properties of silver metallized polyimide films, is obtained.

Key words: polyimide, composite materials, silver metallization, mechanical deformation,
modulus of elasticity, young's modulus, electron irradiation, mathematical model.

AruwanoBa H.OK., Mypaaos A.A., Aaakambekosa I'.T.

Kasaxckuii HaumMoHaAbHbIN YHMBEPCUTET MM. aAb-Dapabu,
KasaxcraH, r. AAMaTbl, e-mail: naz-1596@mail.ru

BAusiHne meTarAn3auumn cepe6bpPOM M SIAEKTPOHHOTO 0OAYUYEHUS
Ha npoueccbl AepopmaLuM MOAMMMUAHBIX MAEHOK

MccAepAOBaHO BAUSIHME METaAAM3aLMKM CepebpOM M DAEKTPOHHOrO OOAyYeHMs Ha (DU3UKO-
MexaHW4ecKne CBOMCTBA MOAMMMMAHDBIX MAEHOK. MeTaAAMYeCcKnii CAOM WMMPErHMPOBAHHOIO B
CTPYKTYPY MOAMMMMAHOM OCHOBbl MMEA TOAWMHY OT 1 A0 5 uym. [TOKpbITUS Ha MOBEPXHOCTM
copaepxkaan 80+97% OTHOCUTEABHOIO CEPEOPSHOro 3epkasa B BUAMMOM M MH(DPAKPACHOM 06AACTSIX.
O6AyueHre MNPOM3BOAMAOCH HA AMHENHOM yckopuTeae DAY-6 CO CpeaHeil 3Heprven mnydka
3AEKTPOHOB 2 MeV, mHTerpasbHoM ToKe A0 1000 pA € 4acToTOM MOCbIAKM MMMNyAbCcOB 200 Hz n
NMPOAOAXKMTEABHOCTBIO MMIMYAbCOB 5 us. oraolieHHble A03bl 06pasuamm coctaBasamn: 10, 20, 30 n
40 MGy. Aedopmaumio 06pasuoB MPOU3BOAMAM TMPM  KOMHATHOM TemrepaType B pexume
OAHOOCHOIO pacTs>XKeHUsl Ha YHMBEPCAAbHOM MCMbITaTeAbHOM MatunHe Instron 5982. CTpykTypHble
M3MEHEHNS B KOMMO3MTHbIX MaTepuanax B pe3yAbTaTe BO3AENCTBUS AQHHbIX hm3mnyeckmx akTopoB
M3YYaAUCb Ha PEHTreHoBCKOM aAudpakTpometrpe TMna APOH- 2M Ha BO3ayxe npu TemnepaType
293 K, CuKq n3ayuennem (hacu=1,5418 A).

YCTaHOBAEHO  3HaUMTEAbHOE MOBbIWEHNE MEXaHWMUYECKMX XapaKTEPUCTUK B  pe3yAbTaTe
METaAAM3aLMKN MAEHOK MO CPaBHEHWMIO C YMCTOM MAEHKOW. Tak yBeAMueHue npesesa NMPOYHOCTM Ha
Ac=105 MPa 1 naacTMYHOCTM Ha Ae=75%, KOTOPOE CBSI3aHO C OCOBGEHHOCTSAMM M3MEHEHUS
CTPYKTYPbl METAaAAM3MPOBAHHbIX MAEHOK U YCAOBUAMM UX XMMMYECKOTrO TPABAEHMS. DAEKTPOHHOE
00AYyYEHME METAAAMBMPOBAHHON MOAMMMMAHOM TMAEHKM YXYALIAET ee yrnpyrue u MpPOYHOCTHbIe
rnokasaTteAu, 4TO BbI3BaHO oOpa3oBaHMeM HOBbIX (ha3 B TMOKPbITUM B BUAE OKUCKM cepebpa,
KOHLIEHTPpaUMs KOTOPbIX BO3pacTaeT C YBEAMYEHMEM AO03bl, a TakXKe BbI3BAHO HapyLUleHMEM
YNOPSAOYEHHOM CTPYKTYpPbl MaTepuaAa B BUAE pa3pbiBa 3BEHbEB MAKPOMOAEKYA MOAMMMMAA W
ob6pasoBaHMeM HoOBbIX (ha3 cepebpa B MOKpbITMM. [oAyuyeHa mMaTemaTuMyeckass MOAEAb, KOTopas
XOPOLLO COrAACOBbIBAETCSl C SKCNEPUMEHTAABHBIMU AQHHBIMW M MO3BOASIET NMPOrHO3MpPOoBaTh ynpyrue
CBOWCTBa METAAAM3UPOBaHHbIX CEPEOPOM MOAMUMUAHBIX MAEHOK.

KAtoueBble CAOBa: MOAMMMMA, KOMMO3UTHbIE MaTepuaAbl, MeTaAAM3aumnsi cepebpoM, MexaHu-
yeckas Aecopmaumsi, MOAYAb YNpPyrocTi, MOAYAb KOHra, aAekTpoHHOe 0OAyYeHMe, MaTeMaTyeckas
MOAEAb.

Kipicne

MeTangaHapIpelIFal  MOJIUMEPJII  MaTepuar-
JApJBIH KaCUETTEPIiH aly MeH 3epTTey KaKeTTLIiri
OJIapJIbIH KOCMOCTBIK CajachlHIa, 3JCKTPOHHMKAIa
JKOHE JIe KeH KOJIIAHBICTAaFbl Tayapiapibl HIbIFapy
VIIiH KeH ayKpIMIa KOJJIAaHYbIMEH OalIaHbBICTHI.
JKana marepuanmapabl TaHIayaFbl HETI3r1 OarbIT-
Tap op Typai Merannmay (QaszamapblHBIH MEXaHH-
KaJIbIK CHITaTTaMaJIapblH CaKTall OThIpa KaJIbIH/IbIK-
Tapbl OOWBIHIIIA KOMIO3UTTI YAOIpiaep i amy yUIiH
OarpiTTanFaH [1-5]. MerannanapIpbUIFaH MOIHMEp-
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7l MaTepHanapAblH €H IMEepCIeKTHBTICI- KOFaphl
TEPMOTYPAKTBUIBIKKA, JTHAJIEKTPIIIK CHIIaTTamManap-
Fa JKOHEe a3FaHTail yiiraro KoddduimeHTke wue-
MOJIMUMHUJT OOJIBIT TA0BLIAAEI [6-8].

bynnait Toxipubenepmeri 6acTel cypakka me-
TaNJaHJBIPbUIFAaH KalTay TYPiHIH 9CEpiH, OHBIH
KYPBUIBIMBIH JKOHE ITOJIMMEpPJIl KOMIO3UTTI Mare-
pHaNAbIH MEXaHUKAIBIK KacHETTEepiHe KarTay
CHUITaTTaMachlH aHbIKTAY >KaTabl. EKIHIII jKaFbIHaH
0acTel OOJIBITT MEXaHWKAIBIK JKYKTEMEHIH HAKTHI
TYpiH cUNATTay YIIIH TYTKBIPIBI CEpIiMIi OpTa-
JapIblH aHBIKTAyIIbl TEHACYJEPiH aiy OOoJIbIn
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DJEKTPOHMEH COYIICNECHAIPYAIH KOHE KYMICIIeH KanTay IPOLECTEePiHiH MOIUIMUATI YIIIpIepaiH AedopMannsuiaHyblHa dcepi

caHayiajibl, OJ MaTCPUANJIBIH 9P TYpJii MEXaHHKa-
TBIK (CTaTUKANBIK, JUHAMUKAIBIK JXoHe T.0.) acep
eTyJIepie  SKCIUTyaTalldsIBIK — CHIIaTTaMalapbiH
0oJDKay bl KaMTaMachl3 erei [9-14].

COHIBIKTaH TYTKBIP CEpIiMIUIEPAl, METajIaH-
JBIPBUTFaH TIOJIMMEPI MaTepuangapAbly OepikTi-
JIKTI jKoHEe 0acKa Jla MEXaHHWKAJbIK cUIaTTamaliap-
ITBI 3epTTEY, ONapIbIH MEXaHUKANBIK TOpPTiOiHE Karl-
Tay KYPBUIBIMBIHBIH SCEPIH aHBIKTAY, OJIAP/IbIH TOp-
TiOIH OoJDKay 9ICTEePiH OHIEY Ka3ipri Ke3e e3eKTi
JKOHE MaHBI3IBI ic OOJBIT Ta0BITAME! [15-22].

Kazipri s>kyMBICTBIH MaKCaThl KYMICIICH METaJI-
Jlay MEH OIEKTPOHABI COyJeNeHy MeJIepiHig
TTOJIMAMHUITI YIIOIpAiH MEXaHUKAIBIK aedopmarus
MPOIECTEePiHE SCEPiH aHBIKTAY.

3epTTey daicTemeci

MeTanmaHasIpbUTFal  TOJTUAMHUITI  YIIOipiiepmi
3epTTey 2 Ke3eHJIE KYpri3inmi: OipiHIm Ke3eHi
MeTaJTaHIBIPBUTFAH  YIIOIpIIepAiH YATUIepiH aiy
peTiHIE KapacThIPbUIABI, ajl EKIiHII Ke3e€HI OChI
YITLIepAiH MEXaHUKAaJbIK KaCHETTEePiHIH e3repyiH
YHpEeHY oHE OCHI MPOIECCTIH MEXaHU3MIH Kepce-
TETIH MaTEMAaTHKAIIBIK MOJCTIH KYPaCThIPBLIYbI
KapacThIPBLUIIBL.

Bipinmn ke3eH eki caTbliaH — Kypajajbl.
TexHONMOTUANBIK Ti30€KTiH OIpiHIN CATBICHI op
TYPJi KaIBIHABIKTaFel AB-UMuI jarsl Heri3iHzmeri
MOJMUMUATI yAOipaepai amyabl KaMTHIBL. TexHo-
norusiblK cerzdacel 90 °C- Ta keneci kenripyi Oap
xoHe 1 meH 2 carat 180 °C-Ta apansiFeiaaa yioip-
JIiH OpaMfa OpallyblHa COWKEC TePMUSUIBIK IUKIIH-
3alUsACH TaCHallbl TPAHCIIOPTEPIiH KOTE3UsIIBIK Ka-
OaTpiHa (QuIbepIep apKbUIBl JIAKTBIH HUTEPUIin
IIBIFATHIHBIH OOJIKAIbL.

ExiHmni ke3eHi OpraHuKaibIK epiTKIIITe, CyJIbI-
CHUPTTI CLITUIL epiTiHAICIHIE, Ta3anay, KaiTa Kaj-
MBIHA KENyIIi MeTalMEeH XellaThupiiey, Iuaiu30eH
Tazanay jxoHe 220 °C-Ta MeTalablH TePMOXUMUS-
JIBIK, KQJIITBIHA KeTyi 0acTanKel MOJUUMUITI YI0ip-
JIepaiH Ti30eKTeNn eHJCY HETi3iHIe opaMIbl METa-
JAHIBIPBUIFaH YAOipaepal aimy OOJbIl caHaladbl.

MeTtannaHaslpbUFal  TIOIMAMHUATI  YIOipIep
epiTIHII CIHIPIITeHHIH MOJUUMHUATI HET13 KYpbUIbl-
MbIHa TyTac (Oip HeMece EKiKaKThl) METAIIIBIK
Kabar TypiHAe Kacanapl. MeTanaelK —¢aszackl
KaIBIHIBIFBI 1-7IeH 5 UM-re AediHri O0NaThiH KyMic
apKbUTBl  OpbIHAANAbl. KOHCTPYKIMS YATUIEpPiHIH
CyMMapJibl KaJbIHABIFBI 0OacTamkbl YJIOIp KaJbIH-
IbIFbIHA coMikec 25-100 pum kypanbl. MertangaH-
IBIPBIIFAH KamTayjap KyMiC alHAachlHA KAThICTBI

KOpIHETiH jkoHe WH(QPaKpI3BUI alMarblHIa OeTTe
8097 % kypanel. MeTangaHABIPBUIFaH MOJUU-
MHITI YIOipiepaiH ajdslHFaH OpaMIapblHaH €Hi 5
MM K9HE KYMBICTHIK Y3BIHABIFBI 50 mm 00iaThiH
YATiiep Keciiai, cojaH COH YATiIep 9p Typii
Jo3a/a  DIEKTPOHAAPMEH CAyJIeNeHIIpy Makca-
ThIHJA S5 Tomka OeiiHmi. YurimepmaiH Oip TOOBI
Oakpulay peTiHZE KOJIAHBUIBII  COYJIEJICHYTre
YIIbIpaMapl.

Yurinepai coyneneHnipy chBBIKTEL JJIY- 6
KYIIEHTKIMIHAE KYPri3iigi. DIeKTPOH MIOFBIHBIH
opTalla SHEPTHACH UMIYJIbCTEPl KiOepy >KUiMiri
200 Hz MeH uUMIyIbC Y3aKTBIFBI 5 [S OOJNaTHIH
naTerpanasl Tokta 1000 pA-re neiin 2 MeB
Kypaapl. Op TONTHIH YITUIEPMEH KYTBUTYy J03aChl
(D)- 10, 20, 30 sxore 40 MI'p Kypazsl.

Keitin ynrinep ynuBepcanabl Instron 5982
ChIHAY MallMHACKIHIA OipecTi co3y peXuMiHae
OemMme TemmeparypachlHa JaedopMartusIaHIb.
MexaHMKaJBIK ChIHAYJIAPABIH KYPri3ily MeTomo-
Jorusickl  yHUBepcanael Instron 5982  cwiHay
MaIlIMHACBIH KOJIJJaHyFa Heri31eIl.

IKCNEePUMEHTTIK HITHHKeJepP >KOHe OHBIH
TAJTKbLIAYJIAPBI

Kelibip Meranmapia OKCHATEPIiH OOIYbIMECH
aAMUJIKBIIKBUIAB  (PparMEeHTTepl KaTaln3aTOPIIbIH
JKOKTHIFbIHA KaparaHJa ©Te JKOFaphl JKbUITaMIBIK-
MeH MMHIU3aIUsIaHa b, Oip yaKbITTa ajbIHFaH
KYWENepAiH TYTKBIPIBIFBl OipliamMa KeTepilei.
Kytinipynen keitin mukigeHOereH UMUITI TOITap-
JIBIH CaHbl TOMEHJICHI1, al MOJUUMHUITI YIOipiep-
JIiH TEPMUSUTBIK TYPBIKTBUTBIFBI KOFAPBIIAIbL.

MeTtanaplk KabaThl METAJIBIK OeJIeKTepi
(hopManay HOTHXKECIHJIE KacalbIH/bL: OackiHIa Ag
MOHJApHI YiOipiepain OeTiHAe KilIKeHe KpHCTai-
JapAbl TYFbI3aibl, onap AudQy3usuiaHy bl KeyeKTi
KaHAIIapIbIH JKyHeci HeTi3iHmeri KaWTa KalblHa
KeIylli KYMICTiH HOHJApBIHBIH JCEpiHEH oceli.
bertig Mopdonoruscel — HAHOKYPBUIBIMIIBIK, JKOHE
OeTTik KabaTTHIH KeJieMiHe Kapad OipTeKTi emec
Oonpim  kememi. HoTmkeciHme CBHIPTKBI KabOaTh
TBIFBI3 KamTajdraH MeTannablH ommemi S50 HM-re
KYBIK IoHIH kepcereni. Jonnepi OerTik Kkabarra §-
10 HM-Te HWe >XoHE MONMMAMHUATIH MaTPHIATBIK
Heri3zepi apacelHOa apalmIbIKTapMeH OeiHreH.
MeTtanasiH CHIPTKBI Ka0aThIH/Ia MaKCHMall METallFa
ne OoyaTeiH yiOipiep KeneMi OOHBIHIIA KaTaH
TaChIMaJIIayIIbl TPATUCHTI Oap JKOHE OJI MaTepHal-
IBIH TepeHiri OoliblHIIA a3aiiManbl  OOJIBII
tabsutazsl (1-cyper a, 6, B).
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a — KOFaprbI Kabat, O — imKi KabaTel, B — KeCLIreH Ke3Jeri yioip

1-cyper — KymicTeNnreH NOMMUMHITI YAOIpIEPIiH KOFApFbl METAIBIK KabaThiHBIH COM cypertepi

Metanaplk O€TTIK KaOaThIHBIH KadaTTalysl
(memamunanus) OapiblK MOMUMEPINi  KaOaTTBHIH
tyTacTeirel 160 MIla (GemMe TemrepaTypachIHaa)
MeH 100 MIla (200°C-tan >xofapbl) JeHiHTI
KepHeyae Oy3bUTMalbIHIITA OaKbITaHOANTEI.

AnFamkela Tasa MOJMUMHATI yiaOipaiy Oip-
©CTi CO3BLTYy KE3IHJETi CaJbICTHIPMAIBl Y3apyIbIH
CBIPTKBIl MEXaHUKAIBIK KEpHEeyre ToyeNAUTiTriHiH
OHBIH aXbIpayblHa JEHIHTI 3epTTey apKBUIBI
MeXaHHUKaJIBIK KaCHeTTepi 3epTTENreH.

2-cypeTTe KepceTinreHaed OipiHmm Ke3eHIe
kepHey 0-1MIla apanbiFeiHAa OOJNIOBl  JKOHE
y3apyneiH 3%-fa neiiiH kerepinmyi OaKbLIaHIBL.
Byn KyObIIBIC 3aTTapIblH MaKpOMOJEKYJalapbl
KEepHEy opeKeTi OAaFrbIThIMEH KBIJIAaM TY3YJICHEI.
Bbepinren kepueynepaiy 1-gen 40 MIla-ra netiin
OHBIH CO3BUTYBIHBIH CEPHIMIUTITIH KepceTyli,
I'yk  3aHBI OPBIHJANIATHIH MaTepUaNJIbIH
CaJIBICTBIPMAaIIBI CHI3BIKTHI ©Cyi Oaiikanansl. bepin-
TeH ailMaKTa TaJNIIBIK TPi3Aec MONIUMEPIi MaTpH-
LaHBIH arbIChl OaFbITHIMEH MaKpOMOJIEKyJajap-

a5

JIBIH CO3YyBI OpBIHAananasl [23-25]. MakpoMoieky-
nanapaa (—C=0) >xaHama OailnaHbICTapIBIH Y3i-
JMyiHe COWKEC VATiAe epiKci3 3IIaCTHKATBUIBIFBI
JTAMUJIBL.

6 = (40+50) MIla apansirsiHAa YATIHIH Y3apysl
OCHCHI3BIKTHIK 3aHIBUIBIFBIMEH XKYpriziieni. Anai-
Jla, OHBIH CepIiMIl KacHUeTTepl cakKTanajbl, Oipak
I'yk 3anpI opeiHAanMaiine. Keitiari kepHeyaiH ecyi
(0>50 Mlla) yiriHiH ITUTACTHKANBIK —aFbICHIHA
okeneni. COHFBICBI Y3apyAbIH HSKCIIOHCHIUAI B
eCyiMEeH aJBIHBIN, YATIHIH Y3UTyiMEeH asKTaiajbl.
Ocbl ke3le monuMeple OCH30J1 CaKHHATapbIHBIH
apacelHa OaiNaHpICTapABIH Y3UTyl OoNambl >koHE
OJI ©3/IT1HCH NECTPYKTUBTCHETI.

Kymicnen MeranmaHAbIpbUIFaH —IMTOJUUMUATI
yrOipnepiH OipecTi co3bUTy Ke3iHJeTi MeXaHWKa-
JIBIK KaCHUETTEPiHE aCepi Ta3a CoyJIeIeHOCTeH KoHEe
MeTaIJaHIBIPbUTFaHap YIIiH CaJbICTHIPMAIIBI Y3a-
PYIBIH (€) TycipiireH KepHey/ieH (G) Toyemaiiri 3-
CypeTTe KOPCEeTUITEeH.

1 L

a0 60
G. MPa

2-cypet — bipecTi co3buTy Ke3iH/eri Ta3a MOTHUMHUITI
YIIOipIiH CaTbICTHIPMAIBI Y3apyhl
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DJEKTPOHMEH COYIICNECHAIPYAIH KOHE KYMICIIeH KanTay IPOLECTEePiHiH MOIUIMUATI YIIIpIepaiH AedopMannsuiaHyblHa dcepi

CypeTtte KepceTinrenae, ynobipain MeTannaH-
IBIPBUTYBI OHBIH IDTACTHKANBIK KAacHETTEpiH apT-
TBIpaJAbBI, CaJbICTBIpMalbl y3apysl 120%-ra neifin
KeTeJll, COHJlali-aK OepIKTUTIK IIeriH apTThIPaBbI,
Tycipinren y3imy kepHeyi~175 Mlla-ra xeteni.
Meranganbaran yI16ipMeH caJbICThIpFaHa
MeTaJIIaH/IBIPUTFAaH YIOIpJe CaJbICTHIPMAIIBl y3a-

g%
120 ¢
100 ¢
SOt

60 |

1

pybi~90 %-ra, am Oepikrinmik meri~135 MIla-ra
apraznel. Eckepe keTy Kepek, 3epTTeNleTiH YIOipaiH
Y3y OpHBIHAA TOJUUMHITIH €31 KepiHemdi, ai
KyMic Ka0aThIMEH KallTalfaHAapbl OHBIH aiiMa-
FBIHIA Kalamel. bi3miH skarmaiibIMbI3na yioipiep-
IH ~ KYMICIIEH METaJJIaHABIPBUTYbl  METaJJIbIH
XUMHSITBIK OHJICY 9J1iCIMEH JKYPri3iii.

2

o, MMNa

0 35 70

105

L
wn

140 1

1 — Taza ynbip, 2 — KymicTenreH ynoip

3-cypet — bipecTi co3buTy Ke3iH/Ieri CoyJieieHOereH MOJTUMMHUATI YIOipiaepain
KYMICIIeH MeTaJlaya MeXaHUKaIIbIK KaCHeTTepiHe acepi

[Momuumunari yaoipiaepAiH MeTalJaHybl OHBIH
MEXaHHUKaJIbIK, KOPCETKIIITEPiH aliTapiabIKTail nope-
xene jkakcaprtanpl: Oepiktinmiri ~175 Mlla-ra xe-
TeAi, an canbICTRIpMalbl Y3ty y3apysl 120%-ra
IediH apTtambl. by mapameTpiepmiH ecimi Taza
yioipnepmen cansicteipranna Ac=105 MIla xone
Ae=T75%-11b1 Kypaubl.

OcbiHIail MeTanIaHABIpbUIFaH  MaTepHaliap-
JIbIH MEXaHUKANbIK KOPCETKILITEpiHiH e3repicTepi
OCBl YIOipiepai amy omici — KYMICTI XUMUSIIBIK,
OHJICY dJIiICIHE OallJIAHBICTHI.

4-cyperTe KepceTinreHaed, MeTalgaHIbIPbII-
raH yiriiepae (2 KUCBIK) CBI3BIKTHI €MeC 3aHbl
OoiibIHIIA cepmiMIi y3apybl KEpHEY HHTEPBAJIbIHIA
0=(50+140) MIIa GaxputaHanpl. YJTiHIH TUIACTH-
KanbIK arbickl 6140 Mlla kepHey ke3iHIE TYFbI-
3puTafbl. ON y3apyAblH AKCIOHEHITHANIR 6CyiMeH
Oepiie/i xoHE MaTPHIIAHBIH OCH30J/IbI CaKMHAIa-
PBIHBIH apachIiHIarbl OalaHBICTAPBIHAA Taia
0onaThiH Oy3bUTYyJIAp CEKUIMI OHBIH Y3UIyiMeH
asixTananel. Ochl mpoLeccTiH OapibIFbl TOIUMEpPIT

42

MaTepHaJIbIH JEeCTPYKIMSICHIMEH Oip yaKbITTa
KOHE METaNAbIK KalTayJlapAblH IoHIEpi apachiHaa
OaiinaHpICTapABIH Y31TyiMeH Oepineni.

AJBIHFAaH SKCHEPUMEHTAIABIK aHBIKTaMaliap
HeTi3iHAe cepmiMai aliMarblHAa CoyeleHOereH
KyMiclleH MeTaJlaHbIPbUIFaH MOJIMUMHITI YIOip-
Jep YUIH CepmiMITIKTIH opTamia MOIYJb MOHI
aHbIKTaIabI, 011 31,7 MIla-ra TeH.

3epTTey KOPBITHIHIBICHI OOMBIHINIA, TAMMA CIYJIIe-
JICHYZIH op TYPJIi I03aIaphIHBIH KYMICIICH MeTaIaH-
JOBIPBUFaH  TONMUMHUITI  YIOiphepaiH  OepikTimik
MopaymiHe ocepi l-kecteme kepcerinreH. Kecre
OOMBbIHIIA KYMICIIEH METAIIAaHBIPbUFaH IOJHH-
MUATI  YIOIpJIEpiH  ANEKTPOHABI  CoyJeJeHYiHIH
Jlo3aapbl apTKaH CalbIH, CepIiMIi JKoHE OepiKTLIIK
KOPCETKIllli TOMEHJICTCH/IIKTEH, OHBIH OEpIKTLIIK
MOJTyJTh KOPCETKIIi Jie azasmpl. KymicrieH Merannan-
JBIPBUFaH TMOJMHUMUITI  YIOIpIAEPIiH 3JIEKTPOHIIBI
COyIIeNIleHy/IiH apHaibl JI03aJapbIHBIH acepi CeKii
MEXaHUKAJIBIK KOPCETKIIITEPiHIH IKCIIEPUMEHTAIIIBI
ToyenaiiKTepi 4-cyperTe KOpCeTire .
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£,%
120

a, MMNa

140 175

4-cypet — CoyneneHOereH KyMiCIIeH MEeTaIJaHIbIPbUTFaH TOJTMUMHU/ITI
yn6ipaepain 6ipecTi CO3bLTY Ke3iHIIETI CaTbICTRIPMAalIbl Y3apyAbIH 63repyi

1-kecte — KywmicmeH MeTangaHABIPBUTFAH — HOJHUMHITL
ya6ipaepnin  cepmimainik  moxymiHiH  (E)  smexTponms
coyneneny nosacsiHaH (D) esrepici

Cayneneny no3sacsl (D), Bepikrinik moxymi (E),
MI'p MlIla
10 31,1
20 31,0
30 30,1
40 27,0

S-cyperte (a, 0) kepcerinrenaepai 4-cyperreri
aHaJIOI'Thl OEepUIreH KOpCETKIIITEPMEH CajbICThIpa
OTBIpa, DJEKTPOHABI COyJENeHydIH KyMiclieH
METaJIaHBIPbUIFAaH  TOJMMUMUITI  yIOipiepain
MEXaHUKaJbIK KacHeTTepiHe acepi Tepic ocepiH
oepeni. CoyJeneHy /103achl ©CKEH CaiiblH KYMiCIICH
MeTANIaHIBIPBUIFaH  TOJUUMHATI  YAOipiepain
MEXaHUKAJIBIK KOPCETKIMTEPlI eNeyii e3repicke
ysipaiiasl.  [lo3ansly 10-mHan 40 MI'p-re apr-
KaHJBIKTaH MaTepuainbiH Oepiktimiri 160-tan 80
MIla-re nmeiin TeMeHAedl, IFHU 2-€CeTe, ajl MakK-
CHMAaJIJIbl CANBICTRIPMaNBl Y3y y3apysl ~100 % -
naH ~18%-Fa meiin ToMeHel, SFHHA 5 ecere Aeiin
TOMEH/E].

CoyneneHreH KyMiCIEH MeTalJaHIbIpbUIFaH
NOJMAMUITI YIOIpIepAiH MEXaHHUKAJIbIK KepceT-
KIIITEPiHiH e3repicTepiHiH cunarramachl OOHBIHINA
OepiITeH MaTeMaTHKAIBIK MOJAEIIHIH KOJTaHBLTYhI
5-cyperte (a, 0) KOCBHIMIIA KHCBHIK CBHI3BIKTApMEH
KepceTiireH. MaTeMaTHKalblK MOJENb  TOJBIK
TYpZE CepIiMi aiiMakKTaFbl MPOLECCTEP TIYeIIi-
JIKTEpiH *KOHE CBHI3BIKTHI TYpAe Kanall Ooica, Cbl-

ISSN 1563-0315
eISSN 2663-2276

3BIKTHI €MEC KHCBHIK aiMarbIHIAFbIIall 3JCKTPOH-
JApMEH COyJIeJIEHTeH MaTepuaijap YVIIH aHBIK-
taiapl. bipak Monmenb Taza MOJMMMHUITI yiOipiep
YIIiH CaNBICTBIPMaJbl CaNBICTRIPMAlbl Y3apyablH
KCHET ©3TepIiCiH CHUITaTTall aaMaiapl, MeXaHUKaJIBIK
kepHeyi 6 = (0+1) MITa.

6-cypeTTe KYMICIIEH MeTaJlaHABIPBUIFaH II0-
JTUUMUATI YIOipiai MaTepruaIapablH MEXaHUKAIIBIK
nedopmalysiFa JCHiH OJKOHE Y3UTyleH KeHiHTi
VIIBIpaFaH  pPEHTreHOTpaMMalapbl  KepCEeTiIreH,
COHJIai-aKk  AJIGKTPOHJIBI  COYJICJCHY  JI03aChl
Y3iIyIeH Keiinri 6ipecti co3buty acepineH 40 MIp
6omanel. bipecTi co3plTy MEH Y3UIy HOTHXKECiHIE
coyneneHOeren  ynbipyiep — yumiH  y3iiIMereH
ynbipnepmern (1 KHCHIK) CaJBICTBIpFaHIa OipiHIIi
MaKCHUMYyM WMHTEHCHBTINIri (~16° ke3inge) ~78 °-ka
a3asibl, KBUDKYMEH ~6°-Ka Kapaii (2-KUCBhIK) ecei.
Coynenenren ynOipain 40 MI'p 103a apKbUibl
y3imymeH Oipre Oipecti aedopmanus y3iaMmercH
YIOIpMEH CaNbICTBHIpFaH/Aa Typa COHAAH JKBIDKY-
MeH (3-KuchIK) OepiireH MakcUMyMHBIH 20° Ko-
CBIMIIIAa MHTEHCUBTUTIKTIH TOMEHACYIH TYFBI3a]Ibl.

1-KMCBHIKTBIH OIpiHIIII MAaKCUMYyMbl aJIFaIllKbl
MaTEepUANJIBIH KaKChl PETTENITeH KYPBUIBIMBI 0O0JI-
FaHBIH KepceTeli. VHTEHCHUBTUTIKTIH TOMEHICY1
KOHE MUKTIH OypsiuTapAbiH (2 koHEe 3-KHCBIK)
ecyiHe Kapail ®bUDKYBl MaTepralaapaa KypbUIbIM-
HBIH TOPTINTUIIrT OY3bUIAJBI JKOHE TMOJMUMUJTIH
MaKpOMOJIEKyNalapblHbH Y311yl Kypeni. by
e3repicTep KOMITOHIBIK IANIBIpay HOTHXKECIHIE
PEHTTEH/IIK CoyJIeNieHy e YJIO0ipJepaiH JKaHa Iia-
mpIpay IEHTpiHEe CIEKTp YIKeH OyphITapbiHa
(6>70°) KBUDKHIBL
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o, MlMa
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1 — skcnepumenTi; 2 — ecebi
D =10 MI'p (a); D =40 MI'p (6)

5-cypet — KyMicnieH MeTaqaHABIPbIUIFAaH TOJTHUMHUTI YIOIpIepIin
6ipecTi co3bUTY Ke3iHe CaNTbICTHIPMAIbI Y3aPybIHBIH JICKTPOHIBI
CoyJIeNIeHy 03achiHa OaliIaHBICTHI ©3repici

180
160 4
140
120
100

80

intensity, abc unit

60 -
40 -

20

1 — anFalKsl y3iIMereH coyseneHoeren Metanaanasipbuiran yinoip (D=0);
2 — coyneneHOereH y31IreH MeTanaaHabIpeutFad yiaoip (D=0);
3 — y3iireH coyesieHreH MeTanganaAsIpelFan yioip (D=40MIp).

6-cyper — Mexanukaiblk AeopManisFa yIIblparaH, KyMiCIIeH MeTaJlJaHIbIpbUIFaH
MTOTMUMU/TI YOIl MaTepHaIgapAblH PEHTTEHOT paMMaliapbl

0=25° men 0=37° ke3iHJe KOChIMIIIA MTUKTEPIIH
TYBITJAYBl MEH KYIICIlI METaIIbIK Karrayjaapaa
OCBI ocep eTYJepAiH HOTIKECIHAE ITUAICKTPHKA-
JIBIK KacueTTepi 0ap KYMiC TOTBIFbI TOpi3Jec jKaHa
¢azamap maiima Oongel. OBl THUKTEPIiH KYIIEHOi
MeETaJIIaHIBIPBUIFaH YIOIpIACPIIH SJICKTPOHIBI CaY-

JIeTIeHy1 CoyJeJeHy J03achIMEH apTaThlH KaHa
(azanapablH ©CyiH TYFbI3a/Ibl.

CraTuKalbIK KepHEYJIep ocepiHiH (Y3UTy KepHe-
yiner 80%) TemmepaTypalbiK 3epTTeyJiepi coyJie-
nerOereH ynoip y3iNreH TemiepaTypa CallbICThIP-
MaJIbl y3iny y3apysl ~90% kesinge 290°C Kypansl,
all KepHeviiH OachblHAH V3LUIViHe HeHiHT1 VaKbIThI
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24 MuHYT apanbiFbiH KepceTTi. CoynenenyaiH Jo-
3acel 20 MI'p-re apTybIMeH y3iiny OoiFaH Temre-
parypacsl 230°C-Ts1 Kypansl. CoyneneHy 103achl-
HbeIH 40 MI'p-re neiiiHri ecyi y3ilny TemiepaTypa-
coibiH 95°C-ke TOMeHiereHin KepceTesi, an ya-
KBITHI KEpHEYIiH OacTayblHaH Y3inyiHe neiin 8§ Mu-
HYTTBI, SFHU KEPHEYIIH ocep €Ty YaKbIThIHBIH
MaTepuaNIbIH Y3UTyl OacTtamranra neiin 3 ecere
neiiin KpicKapraH. OCBIHBIH 09pi 3JIEKTPOHABI CIy-
JIeNIEHyMEH KOMITO3UTTI MaTeprania KYPhUTBIMIIBIK
©3repiCTepAiH TYBIHAAyBIMEH OallIaHBICTHI, OJap
OHBIH  TCPMOMEXAHUKAIBIK  KOPCETKIIITEPiHiH
TOMEHICYIHE OKEIe/Ii.

KopbIThIHABI

1. Taza ynOipMeH caJbICTBIpFaHAa KYMICIEH
KanTayJdFaH TOJMMUMHATI YIOIpIepaiH MeXaHUKa-
JBIK KOPCETKIIMTEepi KaKCapThUIaAbl, OEpiKTLIIK
meri Aoc=105 MIlla MeH mIACTUKAIBUIBIFEI
Ae=T75%-re neiiin ecyiH TyFbI3abl. by e3repictep
MeTaJIaHIBIPbUIFaH YIOipIIepaiH KYpbUIBIM epeK-
METKTEpiHe JKOHE OHBIH XUMHSIBIK  OHIACY
mIapTTapbiHa OalIaHBICTHI.

2. KyMicrien MeTanmaHIbIphUFaH TMOTHUMHUATI
y/10ipnepaiH 3JEKTPOHABI CIyJeNeHyi OHBIH Ccep-
MMl XKoHE OepiKTUIIK KOpCeTKIITepiH TeMeH-
nereni. Kymic TOTBIFBI Topizaec jkaHa (a3anapasiy
naiina OOMybIMEH TYFBI3BUIATBIH CEPHIMALIIK MO-
IyJli TO3aHBIH ©CYIMEH TOMEHICHi, KOHIICHTpa-
IUSACHI JI03aHBIH 6CYIMEH apTaJbl.

3. DNexTpoHABI COyJIeNleHy HOTHXKECiHJIe
KYyMiCIIeH KaIlTayJfaH TOJHUMHITI yIOipiepIin
MEXaHUKAJIBIK KOPCETKIIITEPiHIH TOMEHJEYl Io-
JIUUMHITIH MaKpOMOJIEKYJIaJapbIHbIH OYbIHIAPbI-
HBIH Y3UIyl TYpiHIE PpETTeNreH KYpPBUIBIMHBIH
Oy3bUTyBIMEH JKiHE KamnTayJaFbl KYMICTiH >KaHa
(azanapbIHbIH Maiaa 00IybIMEH TYBIHIAJIbL.

4. Bepinren MaTeMaTHKaJIbIK MOJENb CEpIiMi
aliMakTa coyJieJeHOeTeH VIIiH Kamaid Oojica op
TYpJi J103aja DIEKTPOHJAPMEH COYJIENICHIeH JKC-
MEPUMEHTAIIBl aHBIKTaMaTapMeH JKaKChl KelliCesi.
Bepinren MoxenaiH keMeTiMeH coyJlielneHOereHaep
MEH 3JCKTPOHJAPMEH COYJICIICHICH KyMICIeH
METaJTAHIBIPEUTFAaH  TTOJIMAMHUATI  YIOipIepIin
CepIiM/Ii KaCHETTEPiH OOmKayFa OOIa bl
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ON THERMAL STABILITY OF ANTIMONY THIN FILMS
FOR SOLAR CELLS APPLICATIONS

Antimony has received considerable attention due to structural archetype for a variety of sulfide and
sulfosalt minerals. In this work Sb thin films with thickness of ~ 300 — 400 nm were grown by radio
frequency magnetron sputtering, in order to use as a precursor to synthesize chalcogenide semiconduc-
tors for solar cells applications. It was shown the influence of annealing temperatures to the structure
of the as-deposited Sb films. Antimony thin films were deposited on a glass substrate and subsequently
were annealed at different temperatures 300°C, 400°C, 500°C in argon gas ambient. Structural charac-
terization of the films analyzed by Raman scattering spectroscopy, two different excitation wavelengths
were used: 532, 632.8 nm. Raman bands both the symmetric (A, ) and nonsymmetrical (E) phonons
were identified. Transmittance measurements and morphology studies of the films showed stability of
annealed films at temperatures at 400 °C and the results of Raman spectroscopy showed their high
polycrystalline structure.

Key words: antimony thin films, RF magnetron sputtering, RTP, Raman spectra.
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KyH anemeTTepiHAE KOAAQHY YLUIH )KYKa aHTUMOHUYM
KAObIKLLIAAAPbIHBIH, XXbIAY TYPAKTbIABIFbI

Cypbma (Sb) epTypAai cyabdma, xxeHe CyAb(OTTaAFaH MUHEPAAAAPFA KYPbIABIMABIK apXeTUMNTEPAIH
apKacblHAQ YAKEH KOHIA 0OeAiHAI. Bya >xymbicTa KaabiHAbiFbl 300-400 HM 6oAaTbiH >kyka Sb
KabbIpLIaKTapbl PAAMOXMIAIK  MarHeTPOHAbI Lialliblpay SAICIMEH ©CiM, OAapAbl KaAbLIOTEHWATI
>KapTblAai ©TKI3riTEPAT OHAIPY XXK8HE 0OAapAbl KYH 6aTapesiAapbl CaAaCbiHAQ KOAAAHY YLLiH MPeKypcop
peTiHAE MaAaAaHy MakcaTblHAQ >KacaAAbl. TYHAbIpbIAFaH Sb KabbiKaAapbIHbIH, KYPbIAbIMbIHA >KaHY
TemrnepaTtypacbiHbIH, acepi KepceTiareH. Sb >kyka nAeHKaAapbl LWbiHbl Cy6cTpaTTapFa KOMbIAbIM, aproH
opTacbiHAA 8pTYpPAI Temnepatypaaa: 300 °C, 400 °C, 500 °C kbi3ablpyfa yiubipaabl. KabbikwarapAbliH
KYPBIABIMABIK, cMMaTTamacbl PamaH CrneKkTpOCKOMUSICbIH ManAaAaHa OTbIPbIM, €Ki TYPAi TOAKbIH
Y3bIHAbIFbI 532, 632,8 HM ManAaAaHbIn TaAAQHAbI. Eki cMmeTpusAbl (A1g) JKOHE aCCUMETPUSIAbIK, (Eg)
(hOHOHAAPABIH aPAAAC LALLIbIPAHK bl GEAAECTEPI aHbIKTAAAbI. TaCbIMAAAQY CNEKTPI MEH MOP(OAOTUSIABIK,
3epTTeyaepai eawey 400 °C Temniepatypa Ke3iHAE MAEHKAAApPAbIH TYPAKTbIAbIFbIH KOPCETTi >KeHe
PamaH cnekTpoCKOMNMSCbIHbIH, HOTUXKEAEPi OAAPABIH, >KOFapbl MOAMKPUCTAAABI KYPbIABIMbIH KOPCETTI.

Tyiin cesaep: cypbma >kKyka KabblpllakTapbl, MarHeTPOHAbI Liallblpay, Te3 MiCeTiH neL,
KOMOMHAUMSIABIK, bIAbIPAY CMEKTP.

© 2019 Al-Farabi Kazakh National University



On thermal stability of antimony thin films for solar cells applications

LLloHranoBa A."2, MypatoB A."?, PaxmeTtoB b.'2,
Ainmaran6eTos K.'?, XXantyapos C.'2
"TOO ®OusmnKo-TeXHUUYECKUn MHCTUTYT, KazaxcTaH, r. AAmatbl

2CaTnaeB yHuBepcuTeT, KazaxcraH, r. AAmatbl
e-mail: sh.a.k90@mail.ru

TepMM‘leCKaﬂ YCTOﬁHMBOCTb TOHKUX MA€HOK aHTUMOHUU
AAS NTPUMEHEHUA B COAHEYHbIX DA€MEHTaXxX

Cypbma (Sh) noaAyumaa 3HauMTEAbHOE BHMMaHMWE M3-32 CTPYKTYPHOrO apxetura AAs PasAMUHbIX
CYAb(UAHBIX M CYAb(DOCOALTOBbIX MMHEpPaAAOB. B 3Ton paborte TOHKME MAeHKM Sb TOAWMHON ~
300-400 HM BbIpaWMBAAUCL METOAOM PAAMOYACTOTHONO MArHEeTPOHHOrO PacChbIAEHUS C LEeAblO
MCMOAb30BaHMS MX B KauyeCTBe MPeKypcopa AAS MOAYHEHMS XaAbKOT€HMAHbIX MOAYNPOBOAHMKOB M
MX MPUMEHEHMS B 0OAACTU COAHEYHbIX IAEMEHTOB. BbIAO MOKa3aHO BAMSIHME TemrepaTyp OTXKMra Ha
CTPYKTYPY OCaKAEHHbIX MAeHOK Sb. ToHkue naeHku Sb GbiAM OCaXKAEHbI HA CTEKASIHHbIE MOAAOXKKM
M B AAAbHENLIEM MOABEP>KEHbI OTXKMIYy MpW pasAMuHbIX Temnepatypax: 300 °C, 400 °C, 500
°C B aproHoBoi cpeae. CIpyKTYpHYIO XapaKTEPUCTMKY MAEHOK MPOAHAAM3MPOBAAM C MOMOLLbIO
CMEeKTPOCKONMUN KOMOMHALIMOHHOIO paccesiHWs CBEeTa, MPW MCMOAb30BaHWM ABYX PasHbIX AAMH BOAH
BO30OYy>KAeHus:: 532, 632,8 HM. bbian VlAeHTVICbVIU,leOBaHbI MOAOCbI KOMOMHALIMOHHOIO paccesiHuns
KaK CUMMETPUUHBIX (A, ), Tak 1 HecummeTpuuHbIX (E) (hOHOHOB. M3MepeHusi CriekTpoB NpormycKaHms
1 MopdoAornyeckmne MCCAeAOBaHVIS{ MNAEHOK MOKa3aAM CTaGMABHOCTb OTOXOKEHHbIX MACHOK npu
Temneparypax 400 °C, a pe3yAbTaTbl CMEKTPOCKOMUM KOMOMHALMOHHOIO pacCesiHusi MoKasaAm Mx
BbICOKYIO MOAMKPUCTAAANYECKYIO CTPYKTYPY.

KAtoueBble cAOBa: TOHKME MAEHKM CYypbMbl, MarHETPOHHOE pacrblAeHWE, NMedb ObICTPOro OTXKMIA,

CMeKTPbl KOMOWMHALMOHHOTO paccesiHms.

Introduction

Thin film solar cells (SC) based on CIGS
(copper indium gallium selenide), CdTe (cadmium
telluride) have been extensively studied due to their
semiconducting properties and they were always
cheaper than first generation SC due to technology
of producing. CIGS and CdTe has reached solar
cells achieving certified solar energy conversion
efficiencies of 20.81 and 20.4%, respectively.
However, researches on photovoltaic area are aimed
at reducing the cost, which include raw material and
the manufacturing process. The scarcity of In and
Ga in CIGS and high toxity of Cd in CdTe made
research to search for alternative materials. As an
alternative material in last decades high interest is
caused by such compounds based on Sb such as
antimony selenide Sb,Se,, stibnite Sb.S,, copper
antimony sulfide CuSb_ S antimony telluride
Sb,Te,. Among the listed structures Sb,Se, appears
to be a promising candidate for photovoltalc because
of the following advantageous features: Sb,Se, has
an ideal low-band-gap value (1.2—1.0 e¢V) and a
high optical absorption coefficient (around 10° cm™!
near the absorption onset) [1, 2], which permits a
strong visible—near-infrared sunlight absorption.
The constituent elements of Sb and Se in Sb,Se,
are relatively earth-abundant, inexpensive, and
low-toxic. Antimony can be grown on different

substrates. For example antimony forms an abrupt
interface with III-V semiconductors such as InP or
GaAs [3] without chemical reactions. Also, on the
Si [111] substrate films were polycrystalline and
displayed a preferential orientation about the (111)
axis in a direction perpendicular to the film plane
of the substrate [4]. Also, there are several studies
on changes in structure characteristics with growth
pressure [5, 6]. Like other semi-metals of the group
V-A, antimony crystallizes at ambient conditions in
the trigonal A7 structure (space group R3 m, No.
166) [7].

One of the most important discoveries in the
field of solid-state physics and chemistry is that
the properties of a body depend directly on the
microstructure, i.e. from the chemical composition,
the bounding nature (atomic structure), and body
dimensions in one, two or three directions. Other
words, if one of the set of parameters changes,
then the properties of the body also changes. In this
work we analyzed the influence of the annealing
temperatures to the structure of the Sb films using
Raman scattering spectroscopy.

Experimental methods
Antimony thin films were deposited by radio

frequency magnetron sputtering technique from Sb
target onto the glass maintained at room temperature
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at sputtering pressure 5* 10~ mbar. The Sb target was
made by powdering of the bulk material and then
annealing of the powder at about 700 °C in furnace
for rapid thermal processing (RTP). Sputtered thin
films (thickness of ~500-600 nm) were annealed at
different temperatures in the RTP furnace at 300 °C,
400 °C, 500 °C in Ar ambient (300 sccm) during 10
minutes at maximum temperatures. The morphology
of'the films were studied on SEM (JEOL). Transmit-
tance spectra of antimony films were measured on
the QEX10 Quantum Efficiency/Spectral Response
(SR) with a measurement range of 190-1100 nm.
The Raman spectroscopy (RS) measurements were
done using Solver Spectrum. The RS were analyzed
by a single-stage spectrograph with a multichannel
CCD detector and excited with the 532 nm line of an
Ar-ion laser and with the 632.8 nm HeNe /aser. The
surface of the specimen was focused with the help
of 100x objective with a laser spot diameter of ~1
um when an HeNe laser line (632.8 nm) is used as
excitation source and ~0,72 pum when an HeNe laser
line (632.8 nm).

0000 1142 SEl
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a) 300°C b)
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Results and discussion

Morphology and transmittance studies. The
morphology of antimony films annealed at different
temperatures from 300 °C to 500 °C is shown in figure
1 a, b. The surface of the specimens annealed at 300
°C and 400 °C are smooth and no visual changes after
annealing, their thickness remained in its original
form, which demonstrates the stability of the films
at about 400 °C. Also, the stability of the antimony
thin films confirmed by transmittance spectroscopy.
The results of transmittance measurements are
illustrated in figure 2. The transmittance spectra of
the as-deposited and annealed films at 300°C and
400°C can be divided into two parts, from 300 nm
to 400 nm and from 400 nm to 1100 nm. In part
300-400 nm spectra films has highly transparency.
From 400 nm absorbance of the annealed films goes
up because of a higher orderliness of the crystal
structure. In case of film obtained at 500 °C became
almost transparence (fig.2), there is remains of
antimony on top of glass can be observed (fig.1 ¢).

0000 14 45 SEI

30kV . X1,500  10pm

400 °C c) 500°C

Figure 1 — SEM of antimony films prepared at different annealing temperature

Structure analysis. The A7 structure of Sb-I
is trigonal, with six atoms per hexagonal unit cell
occupying the 6c¢ position (fig.3). Changes in a
condition of growth lead to lattice distortions. The
structure is rhombohedral distortion of simple cubic
structure, which forms layers of atoms arranged
along the hexagonal axis. Two distortion modes
lead from the parent cubic-primitive (cP1) to the A7
(hR2) structure: a rhombohedra elongation along a
cubic [111] direction and a pairing of the original
cubic (111) lattice planes. Atoms in red mark
opposite corners of the distorted cube. According to

ISSN 1563-0315
eISSN 2663-2276

the group-theory there are two Raman active modes
for the A7 structure at ambient-pressure: A, mode
at 150 cm™ and a two-fold degenerated E, mode at
115cm™.

Our thin films were investigated with two
different excitation wavelengths: 532 nm, 632.8
nm. RS from 50 to 350 cm” under different
excitation wavelengths. The laser power for each
laser wavelength are the same 50 mW, integration
time were kept at 60s for both red and green laser
lines. All spectra were measured through a 100X
objective.
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Figure 2 — Transmittance spectra of as-deposited and annealed

at different temperatures antimony films

In figure 4 shown Raman spectra of our work
and adapted literature data of polycrystalline and
amorphous antimony recorded at room temperature
[6, 8]. Since the spectra have different intensities,
for correct comparison spectra of the testing samples
were divided by maximum intense peak, for each
spectra maximum is different at about 150 cm™.
The E. mode at 115 cm! identified in the red laser
line. The reason of sensitivity of Sb-I phase on the
excitation wavelength either high integration time
or dependence of Raman scattering efficiencies

Figure 3 — Crystal structure of Sb-I
(hexagonal setting) [6]

well-known 1/A* (A is the excitation wavelength)
[9]. Proceeding from the last assumption, more
phonon modes should be identified with less exciting
wavelength. The Raman spectroscopy results of
annealed samples at temperatures of 300 and 400
°C confirm the morphology and transmittance
spectroscopy study results of the films. The crystal
structure of the films is polycrystalline with the A7
structure showed two peaks at 115 cm —1 and 150 cm
— 1, in agreement with [5, 10], whereas amorphous
antimony phonon (a-Sb) modes at ~ 145-150 cm™! [8].

exciting wavelength 632,8 nm
500°C

) 150
115
400°C

300°C

Intensity (arb.un.)

exciting wavelength 532 nm

500°C

itk A AN

‘ — e \Adan
150
l 400"

300°

Intensity (arb.un.)

Cc
C

‘\L a-Sb (ref.8)

c-Sb (ref.6)

c-Sb (ref.11

150 200 250
Raman shift (cm'1)

50 100

300 350

50 100 150 200 250

Raman shift (cm™1)

300 350

Figure 4 — Raman spectra of antimony
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Conclusion

Thin films of antimony have been grown on glass
substrate using RF magnetron sputtering technique
and then annealed at different temperatures in order
to test stability of the film structure. Analyzes of
the transmission spectra and the study of surface
morphology showed the stability of thin films of
antimony up to 400 °C, which confirmed by high
quality Raman spectroscopy measurements. The
data obtained by the Raman spectroscopy method
are in good agreement with the literature data
obtained from high-purity antimony powders,
which are Alg mode at 150 cm™! and a two-fold

degenerated E. mode at 115 ¢cm™!. In the future,
the films will serve as precursors for chalcogenide
structures.
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OMTUYECKME U CTPYKTYPHbIE CBOMCTBA
KEPAMUK ALN, OBAYYEHHbIX MOHAMMU C2+

[poBeAEHO MCCAEAOBaHME BAMSHUS 0OAydeHust mMoHamm C?* Ha M3MEHEHWe OMTUYECKMX W
CTPYKTYPHbIX CBOMCTB KepamuK Ha ocHoBe AIN. Bbibop umoHa C?* 00yCAOBAEH BO3MOXKHOCTbIO
MOAEAMPOBaHUs 06pasoBaHusi AeeKTOB B MPUMMNOBEPXHOCTHBIX CAOSIX, A TakXKe obpasoBaHMeM
KapOmAHbIX a3 B CTpyKType npm obaydeHmn. CoraacHo aaHHbiM XRD B cTpykType 06AyYeHHbIX
obpasLoB HabalopaeTcsi obpasoBaHme npumecHon hasbl, xapakTepHoit aasi Rhombohedral Al,C,,
HaAMuMe KOTOPOW OBYCAOBAEHO MMIMAQHTALMEN WMOHOB YIAEpOAQ B MPUNOBEPXHOCTHbIE CAOM He
6oaee 150 HM. CHu>keHMe MHTEeHCMBHOCTM TSL criekTpa AAS 0O6AyYeHHbIX 00pasLoB 06YCAOBAEHO
BO3HMKHOBEHMEM Ae(EeKTOB, a TaKXe YBEAMYEHMEM KOHLIEHTpaALMK MPUMECHbBIX aTOMOB, KOTOpble
MPUBOAST K 3amelleHmnio atomoB Al 1 N B cTpykType. Ipu Ao3e 06AyueHns 10'° nox/cm? HabAoAaeTCS
pe3Koe yBeArUeHMe CNeKTPa MOTAOLLEHMS U BEAMUMHbBI ONMTUYECKOrO MOTAOLLEHMS.

KAtoueBble cAOBa: KepaMnueckme MaTepranbl, PaAMaLMOHHbIe AeDEKTbI, XMAAOKM, KPUCTAAAMYECKast
CTPYKTYPQ, TI>KEAbIE UOHbI.

Gladkikh T.", Kozlovskiy A.'?, Kenzhina 1.2, Kanuikov E.?, Zdorovets M.

'L.N. Gumilyov Eurasian National University, Kazakhstan, Astana
The Institute of Nuclear Physics of Republic of Kazakhstan, Kazakhstan, Astana
3SSPA “Scientific-Practical Materials Research Centre of NAS of Belarus, Belarus, Minsk
e-mail: artem88sddt@mail.ru

Optical and structural properties
of AIN ceramics irradiated with C2* ions

Resistance to high doses of radiation is one of the important factors of applicability of functional ce-
ramic materials in future thermonuclear reactors. Also, nitride materials (BN, AIN, Si,N,) are considered
as the most suitable candidates for the development of optical and diagnostic windows, insulation mate-
rials, reactor walls. The effect of irradiation with C?* ions on changes in optical and structural properties
of AIN-based ceramics has been studied. The choice of C?* ions is due to the possibility of modeling
defects formation in the surface layers, as well as the formation of carbide phases in the structure during
irradiation. According to XRD data, the formation of an impurity phase characteristic of the Rhombohe-
dral Al,C, is observed in the structure of irradiated samples, the presence of which is due to the implan-
tation of carbon ions into the surface layers of not more than 150 nm. The decrease in the intensity of
the TSL spectrum for irradiated samples is due to the appearance of defects, as well as an increase in the
concentration of impurity atoms. That leads to the substitution of Al and N atoms in the structure. At the
irradiation dose of 10" ion/cm?, there is a sharp increase in the absorption spectrum and the magnitude
of the optical absorption.

Key words: ceramic materials, heavy ions, hillocks, crystal surface, radiation defects.
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C?* noHaapbiMeH cayreaeHreH AIN kepamukarapbiHbIH,
KYPBIAbIMADIK, XX8He ONMTUKAAbIK KacueTTepi

AIN-HerisaeAreH kepammkaHbiH, OMTUKAAbIK, )KOHE KYPbIAbIMAbIK KacueTTepiHaeri e3repictepre C2+
MOHAQPbIMEH COYAEAEHYAIH acepiHe 3epTTey Xyprisiaai. C2* MOHbIH TaHAQy 6ETOH KabaTTapbliHAAFbI
aKayAapAbIH KAAbINTACyblH, COHAAM-aK COyAE KE3IHAE KYPbIAbIMAA KapOUATIK (hasarapAblH nansa 6OAYbIH
MOAEAbAEY MYMKiHAIriMeH 6ariaaHbicTbl. XRD aepekTepine caiikec, Rhombohedral Al,C, KocnacbiHbiH
(hpaszaAblk, CMMATTAMaChbliH KAAbIMTACTbIPY COYAGAEHAIDIATEH YATIAEPAIH KYPbIAbIMbIHAQ 6GaiKaAaAbl,
OAapAbIH 60AYbI KEMIPTEK MOHAAPbIHBIH 6eTTiK KabaTTapra 150 HM-HEH apTbiK EMEC MMMAAHTaUMSCbIHA
6anAaHbICTbl. CayAeAeHreH YATiAep YuwiH TSL crekTpiHiH KapKbIHAbIAbIFbIHbIH TOMEHARYI akayAapAblH
naiaa OOAybIMEH, COHAAM-aK, KypambiHAa Al >xeHe N aTomaAapblHbIH, aAMaCTbIPbIAyblHA SKEAETiH
KOCMaAapAbIH aTOMAAPbIHbIH KOHLUEHTPALUMSACbIHbIH apTybiMeH 6arAaHbICTbl. 105 MOH/CM? CayAeAeHy
A03acCbl KemerimeH abcopbums CNeKTPi MeH OMTUKAAbIK, CiHIPY LaMacbiHbiH KYPT YAFalobl GaikaAaAbl.

TyiiH ce3aep: KepamuKaAblK, MaTepuansap, PaAMauMsAbIK, aKayAap, XMAAOKTap, KPUCTaAAbI

KYPbIABIM, ayblp MOHARP.

BBenenue

OO0men3BecTHO, YTO HAKOIUIGHWE pajuallu-
OHHO-MHJIyIIMPOBAHHBIX JIe(PEKTOB KpHCTAIIINYC-
CKOM CTPYKTYpBlI OKa3bIBacT CHJbHOE BIIHMSIHUE Ha
(YHKIIMOHATBHOCTD Pa3IMYHBIX (YHKIIMOHAIBHBIX
U OCOOCHHO ONMTHYECKUX KOoMIOHEHTOB [1-3]. B
ciydae oOJTydeHus! MOTOKaMH HEMTPOHOB B CTPYK-
Type HaOmomaeTcsi o0pa3oBaHHE BaKAHCHOHHBIX
nedekToB u nap OpeHKes, KOTOPBIE SIBISOTCS OC-
HOBHOW MPUYMHOW PaJUalliOHHOTO MOBPEKICHUS
MarepuasioB. OIHAaKO M3-3a MalOd JIOCTYIHOCTH
HCCIIeIOBATENbCKUX PEAKTOPOB M BBICOKOW OCTa-
TOYHOH paJMOAKTUBHOCTH, MAJSI MOJICIUPOBAHMS
s¢dexToB 00IydeHusT HEUTPOHAMHU M OTCIIEKHBA-
HUSl JUHAMHUKUA WU3MEHEHUsI CTPYKTYPHBIX CBOMCTB
1 paboyMX XapakTEPHUCTUK MOKHO HCIIOJIb30BATh
YCKOPHUTEIH TsDKENbIX HOHOB [4-7]. Ilpn aTom o0uy-
YCHUC TSKCJIIBIMU MOHAMU MHUIUHUPYCET NU3MCHCHUC
XUMHAYECKUX M (U3MUYECKHX CBOWCTBA Marepuaa
3a cueT 00pa30BaHMS KaCKaTHBIX Ie(PEKTOB W II0-
CleyIoNIel OBICTPON AUCCHUITAIIMH SHEPTHU B IIPH-
MOBEPXHOCTHBIX 00nacTsax marepuana [8-10]. B To
K€ BpeMs B CTPYKTYpE MOTYT BO3HHMKHYTH JOMOJI-
HUTCJIbHBIC HCKaXXCHUA W HAIIPSAKCHUA, KOTOPBIC
BJIMAIOT Ha MEXaHMUYECKHE CBOWCTBA, a 00Iy4YeHHE
BBICOKHMH (hmroencamu (Beimre 10 mon/cm?) mo-
JKET TMPUBECTH K YaCTHYHON WMJIM MOJHOH aMopdu-
3alUU KPUCTAUIMYECKOH CTPYKTYphl. [Ipu obmyye-
HUW HU3KOdHEPreTHIHBIMA HMoHamu (mo 0.1 M»aB)
JOMUHUPYIOIIUMHA SABJIAIOTCA AACPHBIC IMOTCPU, B
pe3yibTaTe Yero B CTPYKType HaOIIONAIOTCS Kak
baynctudeckue 3PQPexThl, Tak U 3PGEKTH mepe-
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MEIINWBaHMA 3a cYeT (POPMHUPOBAHUS TEPMHUECKHX
mukoB. [Ipu aTom nanubIe 3¢ (dekTh HabIIOAAI0TCS
B MaJIOM IPHIIOBEPXHOCTHOM CIIO€ TOJIIUHON He
6oxee 100-500 um [11,12]. B cBOrO ouepe b ToUHAS
nHpOpMaLUs O Mpoleccax B3auMOJCHCTBUS Haje-
TaIOIIMUX MOHOB CO CTPYKTYPOI MaTepHaia, a TaKkxke
MOCEAYIOMMX 32 THM ()a30BBIX NpPEBpPAIICHUSIX
HeoOXonuma Kak Aisi (yHAaMEHTalIbHBIX HCCIe-
JIOBaHUH, TaK W MPOTHO3UPOBAHUSA paJUALMOHHON
CTOHKOCTH KOHCTPYKLIMOHHBIX MaTepHalloB MOJI-
BEpXKEHHBIX paauauuu [13-15].

B pabore npencTaBieHbl pe3yabTaThl U3yUSHUS
BiMsiHUA 00mydeHus moHamu C*' ¢ sueprueit 40
K3B Ha CTpyKTypHBIE U ONTHYECKUE CBOMCTBA Ke-
pamuk AIN, uHTEpEC K KOTOPHIM OOYCIIOBIIEH IPH-
MeHeHuto AIN B kauecTBe MaTepuana ajisl siIepHON
9HEPTEeTHKH OOYCIIOBJICH BBICOKOH KOPPO3HOHHON
CTOMKOCTBbIO U paJIMallMOHHOW YCTOMYMBOCTBIO K
MIPOAYKTaM JeNICHHs, a TAK)KE MaJlbIM MOMEePeYHBIM
CEUCHMEM 3aXBaTa TETIOBBIX HEUTPOHOB.

3KCHepHMeHTaJ'[I>Haﬂ qacTb

Oo6nyuenue oopasioB AIN (CRYSTAL GmbH,
Germany) mpoBOIMIJIOCH Ha YCKOPHTENE TSIKENBIX
noHoB «J[11-60» AcranuHckoro ¢umuana WHCTH-
tyta Snepuoit ®usnku nonamu C** ¢ sueprueit 40
k3B ¢ daroencom ot 10" 1o 10'° non/cm? npu Tem-
neparype obmyuernus 300 K. CormacHo pacueram
MaKCUMaJIbHOM JUTMHBI TPoOera U dHePreTHUECKUX
MOTEPb HAJIETAIOUIMX HOHOB BBHIMOJHEHHBIX C IO-
MolIbio nporpamMmmHaoro koga SRIM Pro 2013, mak-
cuMalibHasl JuTiHA 1podera nono C* ¢ sHeprueit
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20 x3B/3apsn cocrasiser 136+10 HM, paanansHoe
OTKJIOHEHHE — 35 +5 HM, KOJIMYECTBO BaKaHCHH CO3-
TaBaeMBIX OJHUM HOHOM cocTaBmiio 268+20 BakaH-
CHIi/MOH. DHEpreTHYecKue MOTepH HOHOB Ha JIICK-
tponax dE/dx = 0.32 xoB/HM, sHepreTHuecKue
norepu Ha aapax dE/dx = 0.12 kaB/nm, sHeprus
MEPBUYHO-BBEIONTOr0 aroma cocTasisiet 25 3B, B To
BpeMs Kak HEPrusl CBS3M aTOMOB B KpHUCTaJUIMYE-
CKOI1 pemeTku cocranisier 3.36 3B.

Pentrenoctpykrypusiii ananmus (XRD) mposo-
muics Ha audpaktomerpe D8 ADVANCE ECO
(Bruker, 'epmanust) mpu HCHOJIB30BAaHUH H3ITy4e-
nust CuKa. s uaentudukanuu gas u ucciaenona-
HUS KPUCTAJUIMUECKON CTPYKTYPBI UCII0JIB30BaJIOCH
nporpamMmmHoe obecrieuenre BrukerAXSDIFFRAC.
EVAv.4.2 u mexnynapoanas 6aza panueix ICDD
PDF-2. YcnoBust CbeMKH PEHTTEHOBCKHX TU(paK-
torpamm: Hampsokenune — 10 kB, Tok — 5 MA, 20
= 30-55°, B kauecTBE MOTJIOTHUTEIIS MCITOJIH30BAJICS
HUKeJIEBBIH cosutep. [Ipu aHHBIX YCIOBUAX CHEMKU
rIyOMHa MMPOHUKHOBEHHS PEHTICHOBCKHX JIydel B
MaTepuai cocraBisieT He Oonee 300 HM.

M3MepeHust TepMUYECKU UHYITUPOBAHHOM JIFO-
muHecteHnuu (TSL) npoBoammmck ipu Bo30yxke-
HUM 00pa3loB NPH KOMHATHOW TeMIlepaType B Te-
YeHHEe JEeCSITH MUHYT yJIbTPa(HOIIeTOBON JIaMITOH
neiirepust (50 Br). Ilocie Bo30yXIeHUS CHSTHE
TSL crexTpoB MpOBOANIIOCE IPY JIMHEHHOM Harpe-
Be 00pasioB B quanasone 300 — 673 K ¢ moMomipio
ONTHYECKOI0 MHOTOKaHAJIFHOTO aHAIN3aTopa B JH-
anazone 300-800 HM.

Pe3y.]'[])TaTbI u oﬁcymeﬂne

Ha pucynke 1 nmpencraBieHsl pparMeHT peHTre-
HOBCKHX Jr(paKTorpaMm o0pasioB A0 U TOce 00-
JTy4eHus ¢ Hauboee BbIPaKCHHBIMU U3MECHEHUSIMU
TUPPaKIMOHHON KapTHHBL.

HccnemyeMblie HCXOAHbBIE 00pa3IIbl MPEICTABIIS-
10T cO00M MOMMKPUCTAIITMYECKHE CTPYKTYPBI C TEK-
CaroHaJIbHOTO THUIA PEIIETKON MPOCTPaAaHCTBEHHOU
cuaronnu P63mce (186). B cTpykType HMCXOIHOTO
oOpasua oOHapyKeHO Haluuue MpUMECHOW (asbl
ALO, — TPMKJIMHHON KPUCTAIUIMYECKOH CTPYKTYPBI
npoctpancTBeHHON cuHronuu P1(1), B mporieHTHOM
coaepxanuu He Oonee 4.5%, MPUCYTCTBHE KOTO-
poif 00YCIIOBICHO TEXHOJIIOTUIECKIMH ITPOIIECCaMHU
IIOJIyYEHHSL.

st 00myueHHBIX 00pa3oB Habronaercs Gpop-
muposanue (pasel Al,C, poMOOBUIHOH KpUCTAILIH-
YECKON CTPYKTYpPBI IIPOCTPAHCTBEHHON CUHI'OHUU
R-3m(166), Hamu4me KOTOpPOW OOYCIOBICHO MpO-
reccaMd MMIUTaHTanuu HoHoB C?' B MpPHUIIOBEpX-
HOCTHBIE CJIOM M 3aMEIIeHHEM HOHOB a30Ta HOHAMHU

yriepoJa B KpUCTANTUUECKOW pelieTke. Y Beanye-
HHe 10361 00ydeHust 10 10'° woH/cM? MPUBOIMT K
PE3KOMY CHUIKCHUIO WHTEHCUBHOCTEN U YIIHUPEHUTIO
TUQPaKIMOHHBIX JTUHUHN XapakTepHbX s AIN, a
TaK)Ke CHJILHOW acHMMETpHUU AU(PaKITUOHHBIX JTH-
HUN U CMCUICHHUIO MaKCUMYMOB B 00J1acTh MajbIX
VIJI0B, YTO CBHJIETEIBLCTBYET 00 00Opa3oBaHMU B
CTPYKType IOIIOJIHUTENFHBIX HANpPSDKEHUH U Je-
(dopmanmii B pedynbrarte oOnyueHus. B xoxe uccie-
JIOBaHUsI OBUIO YCTAHOBJICHO, YTO YBEITUUEHHE J103bI
obuydenust 10 10'° woH/cM? IPUBOAUT K yBEIM4e-
HUIO BKJIaJIla MPUMECHBIX ()a3 M CHUKECHHIO KOH-
neHTpaunu ocHoBHOHM ¢asel AIN. Ilpu sneprumsix
Haseraronux noHoB MeHble 0.3-0.5 MaB mipu B3a-
MMOJECHCTBUU HOHOB C KPUCTAJNINYECKOM pEIETKOMN
JOMUHHPYET MEPEHOC SHEPTUU Ha aTOMHBIE sIpa
(smepHBIC TIOTEPH ), IPUBOISIINE K CMEIICHHUIO aTo-
MOB B PE3YyJIbTATE YHNPYTUX CTOJKHOBEHHM, a Tak-
ke OanmmcTuueckux kackangax. [lpu atom B cimydae
€CII SHEPTUH HAJIETAIOIINX NOHOB XBATAET ISl CO3-
JaHus ICPBUYHO BBIGI/ITOFO aToMma, B pCHICTKE IMOsAB-
JSIeTCsl BAKAHCHSI, KOTOPYIO MOXKET 3aHSTh HAJIETaro-
IIMHA MOH. YBEIWYEHUE KOHIEHTPAIIMK TPUMECHBIX
(a3 B CTPYKType NMPUBOAMT K JOTIOTHUTEILHBIM HC-
KaXCHHUSIM MEKIUIOCKOCTHBIX pacCTOSIHUH U Jedop-
MaIu¥ KPUCTAJUTMYECKON PEIIeTKH, KOTOPhIE MOTYT
OKa3bIBaTh CYIIECTBCHHOC BIIMAHUEC HA ONITUYCCKUC
cBoiicTBa Kepamuk. B Tabmmue 1 mpeacraBieHbI
pe3ynbTaThl W3MEHEHHUS KPHCTaLUIOTpapuuecKux
XapaKTepUCTUK (TTapaMeTphbl KPUCTAIUTMYECKON pe-
LIETKH, CPEOHUH pasMep KPUCTAIMTOB, IUIOTHO-
CTH) B pe3yJibTare O0IydeHHUS.
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(002)
Al Oy
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30000
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Pucynok 1 — ®parmMeHT peHTTeHOBCKOH TU(PPAKTOTpaMMBbl
HCCIelyeMbIX 00pa3IoB 0 U MOCIe 00TydeHHs:
1) ucxomusiii; 2) 10 non/cm?; 3) 10'° uon/cm?
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Taéanna 1 — JlanHble KpucTautorpagUIecKux XapakTepUCTHK

Ne Ucxonublii 10" non/cm? 10" non/cm?
[TapameTp KpUCTaIITHUECKOM peLIeTKH c/a 1.6008+0.0005 1.6027+0.0003 1.6043+0.0004
Pa3mep kpucramiuTos, HM 103.21+5.31 92.234£3.45 78.37+4.64
TI70THOCTS, I/cM? 3.261 3.251 3.237
ITnorHoCTH AMCHOKALMi, M?- 10" 0.078 0.124 0.332

Kak BHIHO W3 IpeiCTaBICHHBIX JIAHHBIX YBe-
nryeHue QiroeHca o0ydeHUs] ¥ BHEIPEHHE MOHOB
yriepojia B MEXKIO0Y3JIHE HNPUBOAUT K HCKAKEHHIO
KPHUCTAJUTMYECKOW PEICTKH W YBEIMYCHHIO Tapa-
MeTpa c/a, KOTOpBI Xapakrepusyer jaedhopMariuio
PELIETKU MOA JIeHCTBUEM BHEIHUX (pakTopoB. YBe-
nrdeHue JieopManil KPUCTAUTMYECKON PEIIeTKH
NPUBOANUT K U3MEHEHHUIO €¢ pa3MEpoB M CIIel0Ba-
TEJIBHO U3MEHEHUIO TUIOTHOCTH Martepuaia. CHuke-
HHE TIOTHOCTH KEPAMHUK TIOJT JICHCTBIEM OOITyUeHHUS
00yCJIOBJIEHO 00pa30BaHNEM B CTPYKType oOnacTeit
Pa3ymnopsI0UYeHHOCTH BBI3BAHHBIC MUTPALMEH Jie-
(EKTOB M YBEIMUCHUEM KOHIICHTPAIUH TIPHMECHBIX
¢a3. IIpu 3TOM B pe3ynbTate 00aydYeHUsT HAOJHO/1a-
eTcsl yMEHbBLICHHE Pa3MEPOB KPUCTAJUTUTOB, KOTOPOE
00yCJIOBIIEHO TIpOIieccaMy IPOOIICHNS U yBEITHUEHHE
TUIOTHOCTH AUCIIOKAIMIA B CTPYKTYPE U CIIeI0BATEIb-
HO CHIKCHUIO MOJBMKHOCTH 3€PEH, UTO MPUBOJIUT K
CYIIECTBEHHOMY W3MECHEHHIO ONTUYECKHX W TPOBO-
JUSIIIUX XapaKTEPUCTUK KepaMuK. MI3MeHeHHe TUIoT-

HOCTH HNOJUKPUCTAITIMYECKON CTPYKTYPbI IIPUBOIAUT
K WHTEHCU(HKALUK IPOIECCOB HAKOIUICHHS JIHC-
JIOKalui, a ApoOJICHUE KPUCTAIIMTOB MPHBOIUT K
YMEHbIIeHUI0 TU()()Y3NOHHBIX PACCTOSHUH MEXKITy
TPaHUIIAMU 3€PEH M CIIEJ0BATEIILHO YBEIMYCHUIO
CKOpOCTH (DOPMHUPOBAHUSI U MUTPALMN TUCIOKAUI
B CcTpyKType. Pe3koe Bo3pacraHue IJIOTHOCTH JIUC-
JoKanuii mpu g03e obmyuenust 10'° non/cm? crue-
TENBCTBYET O JUCIOKaMOHHO-Ie()OpMaOHHON
HEYCTOMYMBOCTU U MOCIEAYIOUICH 3BOJIIOLUU JHC-
JIOKaIMi B CTPYKTYpE.

st oueHKH BIUsIHUS (toeHca oOIydeHus Ha
OINITUYECKUE CBOMCTBA KepaMUK OBbLIM NMPUMEHEHbI
METO/Ibl TEPMUYECKH MHAYLIUPOBAHHOM JIFOMUHEC-
uenuuu (TSL) m onrudeckoii abcopOrum. Ha pu-
CYHKE 2 IpejcTaBlieHa ANHAMUKA 3BOJIIOLUH CIIEK-
TpoB m3nydeHus: TSL ocrnoBHOTO Tika mpu 400 K B
3aBUCUMOCTH OT ycJIOBHH oOiyuenus. [lonoxenue
CIEKTPaJIbHBIX JINHUHA ONPENEIsUIOCh IPU TOMOILHU
rayCCOBCKOTO Pa3IOKCHHSI.

[nuHa BOMnHbI, HM
50000 600 400 300 : :
R m— |/|CXOAHbIVA
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Pucynok 2 — CnexrpansHoe pactpeznenerne ocHoBHoro nrka TSL (400 K)
B 3aBUCUMOCTH OT (hirroeHca o0y deH s
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OnTHYecKre U CTPYKTypHbIe cBocTBa Kepamuk AIN, o6myueHHbIX HoHaMu C?*

CnextpanbHas nuHug rpu 3.2 3B HaOmionae-
Masi Ha CIIEKTPEe OTHOCHUTCSI K OCHOBHBIM LIEHTPaM
pexomOuHanyu B AIN. Hannune mManbix MakcuMy-
MoB mipu 1.8 — 2.0 3B o0ycioBieHo yBenuueHHEM
KOHILIEHTPALMK [IPUMECEH B CTPYKTYpE B pe3yJibTa-
T€ BHEJIPEHUs MOHOB yrieponaa. CHIKEHUE WHTEH-
CUBHOCTH JUUIsl OOJTYYSHHBIX 00pa3Ii0B 00YCIOBICHO
BO3HUKHOBEHHEM /1€(DEKTOB, a TAKXKE YBEIUUCHUEM

MIPUMECHBIX aTOMOB, KOTOPBIE IIPUBOAAT K 3aMelle-
Huto atoMoB Al u N B cTpykType. Bo3HuKHOBEHHE
JIOTIOJTHUTENILHBIX 1e(DEKTOB B CTPYKTYpPE IPUBOIAHT
K noryomeHuto TSL 1IEeHTpOB M CHUKEHUIO NHTEH-
CHUBHOCTH CIIEKTPOB.

Ha pucynke 3 mpencraBieHbl CIEKTPHI OI-
TUYECKOTO TIOTJIOUIEHUSI KepaMHUK A0 U TMOCie
00ydeHus.

0.8

0.6+

044

OnTnyeckasi NNoTHOCTb

N

ot |
02 MV/’W

——10" von/em |
—— 10" nor/eM’
—— VicxogHein ||

T T T T
500 600 700 800
[lrnHa BOMHbI, HM

Pucynoxk 3 — CriekTpbl ONTHYECKOTO MOMIONIEHUS 00pa3IoB
JI0 ¥ TIOCIIe 00MyYeHHs

Kax BumHO M3 mpeacTaBiIeHHBIX JAaHHBIX B pe-
3yJbTaTe 00Jy4eHUs B CIICKTPE MOTJIONICHUS HE Ha-
OroTaeTCs TOSBIICHUE HOBBIX IMUKOB ITOTJIOMICHMS.
[Ipu sTOoM yBenmueHue (iroeHca OOIydeHHS MPH-
BOJIMT K YBEIHUEHUIO ITUKA CIIEKTPa MOTJIONICHUS B
obmactu 270-320 HM, 9TO OOYCIIOBJICHO yBEIHYE-
HUEM KOHIICHTpAIMK TOTJIOIAKIINX Je(EKTOB B
CTPYKTYpE MPHUIIOBEPXHOCTHOTO CJIOS, CBS3aHHBIX
C BHEJIpEHHEM HOHOB YTIIEpO/a B MEXKIOY3IHS pe-
metku. [Ipu mo3e obiyuenns 10" won/cm?, korga
KOHIIEHTpaIus 1e(eKTOB CBS3aHHBIX C 00pa3oBa-
HHEM TIPUMECHOM KapOuanoi daser Al,C,, Habiro-
JIaeTCsl Pe3KOoe YBEIWYEHHUE CIIEKTPa MOTIIONCHHUS
Y BEJIMYHMHBI ONITUYECKOT0 moriomieHus. [Ipu 3Tom
yBeJIMYEHNE BEIMYMHBI TIOTJIOMIEHUS TIpH OOIb-
mux (IaroeHcax CBHICTEIbCTBYET 00 yBEIHMUCHHU
JIe(PEKTOB B CTPYKTYpPE B PE3YJIbTATE MEPEKPHITHS
HOHOB W 00pa3oBaHME KacKamoB Ne(EKTOB M TIPHU-
MECHBIX BKJIIOUECHHI.

3akioueHne

Ha ocHoOBe mMoy4eHHBIX JaHHBIX YCTaHOBJIE-
Hbl 3aBUCHMOCTH M3MEHEHHUs Kpucrajiorpaduye-
CKHUX XapaKTEePHUCTUK, ONTHYECKUX U MPOBOJISIIUX
CBOWCTB OT 70361 oOiyuenus wonamu C>* ¢ sHep-
rueit 40 k3B. YcraHoBiIeHO, YTO B pe3yJsbraTe 00-
Jy4eHUsI B MIPUIIOBEPXHOCTHOM CJIO€ HAOFOIAeTCs
popmuposanue nmpumecnoi daser Al,C,, mpuBoss-
niel K I3MEHEHHUIO TNIOTHOCTH KePaMHUK M CPEIHETO
pa3Mepa KpHCTAJLUTUTOB, YTO CBHJIETEILCTBYET 00
uMILIa"Tanu noHoB C* u (opmupoBaHuu (assl
BHEJIpeHUs1 B CTpykType. OrmpeneneHo, 4To yBe-
JIMYEHUE KOHIIGHTPAIUU NMPUMECHBIX (a3 B CTPYK-
Type TPHUBOIUT K JOMOIHUTEIHHBIM HCKAKEHUSIM
MEXKIUIOCKOCTHBIX ~PAacCTOSHUM W aedopmanun
KPUCTAJUTMYECKOM PEIIETKH, KOTOPhIE OKa3bIBAIOT
CYIIECTBEHHOE BIIMSHUE HA ONTHYECKHE CBOICTBA
kepamuk. [Ipu noze obnyuenus 10'° won/cm?, Ha-
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6J'IIO}_'[3.€TC$I PE3KOC YBCIMYCHUC CIICKTPaA IMOTJIOIIC- boTamu 1o HCCICAOBAHNIO paJualluOHHBIX I[G(I)GK-
HHUA W BCIIMYHMHBI OINTHYCCKOT'O ITOTJIOIICHHSA, YTO TOB B K€paMHKaxX Ha OCHOBEC AIN, a TaKKE MOryT
CBUIACTCILCTBYECT 00 YBCIMYCHUN KOHUCHTpaluU BHCECTHU BKJIa[ B IOHUMaHWE MPOLECCOB Z[e(i)eKTOO-
,Z[C(beKTOB B CTPYKTYpC. HOJ’Iy‘-IeHHBIC PE3YJIbTAThI 6p330BaHI/I$I npu 06J'Iy‘-IeHI/II/I HU3KOSHCPICTUIHBIMU
XOpoHIo CorjaacCyroTcs ¢ NpoACIaHHbIMU paHEe pa- TSXKCIIBIMH HOHAMMU.
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MCCAEAOBAHUE HAHOINOPOLUKOB METAAAOB
METOAOM SAEKTPOHHOU MUKPOCKOITHNU

B paboTe npeacTaBAeHbl Pe3yAbTaTbl 3KCMNEPUMEHTOB MO MCCAEAOBaHMIO HAHOMOPOLLKOB METAAAOB
METOAOM CKaHMPYIOLLIEN SIAEKTPOHHOM MMKPOCKOMMIM CBEPXBbICOKOIO pa3peLLeHns 1 NpoCcBeYMBaloLLLEeN
MUKPOCKOMUKN. IAEKTPOHHAS MMKPOCKOMUS S9BASETCS OAHWMM M3 OCHOBHbIX METOAOB M3Yy4eHus
HaHOMaTEepPUaAOB, NMO3BOASIOLLMM HEMOCPEACTBEHHO YBUAETb MCCAEAYEMble 06bEKTbI. B ckaHmpytoLlem
DAEKTPOHHOM MUKPOCKOME AAS TMOAYHYEHWMS M300pa>keHUsI TMOBEPXHOCTM obpasua MCMOAb3YIOTCS
BTOPUYHbIE, OTPaXXEHHble W TOrAOLLEHHble 3AeKTPOHbl. OCTaAbHble M3AyUYEHUS MPUMEHSIOTCS Kak
AOMOAHUTEAbHbIE MCTOYHMKM MHOPMauuK. Pe3yAbTaTbl CKaHMpPYIOLLENn SAEKTPOHHOM MMKPOCKOMMK
MokasaAu, YTO HAHOKAACTEPbI HUKEAS M >KeAe3a MMeIOT hopmy, BAM3KYIO K CCHepUUeckon Co CPeAHNMM
AmameTpamm 50 M 65 HM, COOTBETCTBEHHO. Pe3yAbTaTbl MCCAEAOBAHUIA METOAOM MPOCBEYMBAIOLLEN
3AEKTPOHHOM Mukpockonum HIT HUMKeAs M eAae3a COrAacyloTCst C pe3yAbTaTaMu, MOAYYEHHbIMU C
MOMOLLbIO CKAHMPYIOLLLEN 3AEKTPOHHOM MMKPOCKOMWM CBEPXBbICOKOro pa3spelleHvs. B oTanume ot
HIT HukeAs M >keae3a ructorpamma pacrpeaeserust no pasmepam HIT mean mmeet GumoaasbHoe
pacripeaeAeHne. CpeaHUn AMAMETP 4YacTul, NepBoi M BTOpon pakumii paBeH 23.6 1 81 HMm,
cooTBeTCTBEeHHO. WMccaepoBaHns HIT Mean METOAOM CKaHMPYIOLLENn 3AEKTPOHHOM MMKPOCKOMMK
CBEPXBbICOKOrO paspelleHns W MpocBeYMBalolLel 3AEKTPOHHOM MWMKPOCKOMUM MOKa3aAM, 4To
HaHOKAACTepPbl MEAM 0OAAAQIOT YETKO BbIPaXKEHHbIMU KPUCTAAAOTPahMUeCcKnMM rpaHsMmn 1 pebpamu.

KAtoueBble CAOBa: HAHOMOPOLLKW, 3AEKTPUYECKMIA  B3PbIB  MPOBOAHMKOB, CKaHWpyloLwas
3AEKTPOHHAs MMKPOCKONMS, MPOCBeYMBatoLas SAEKTPOHHAS MUKPOCKOMMS.

Ibraev E.S.", Suyundykova A.S.", Partizan G."?, Nakysbekov Zh.T.!

'Al-Farabi Kazakh National University, Physical-Technical Faculty, Kazakhstan, Almaty
2Center for Innovative Technologies the Institute of Combustion Problems, Kazakhstan, Almaty
e-mail: gulmira.partizan@mail.ru

Investigation of metal nanopowders by the method
of electron microscopy

This article presents the results of experiments on the study of metal nanopowders by the method
of ultrahigh resolution scanning electron microscopy and transmission microscopy. Electron micros-
copy is one of the main methods of studying nanomaterials that allows you to directly see the objects
under study. In a scanning electron microscope, secondary, reflected and absorbed electrons are used
to obtain the image of the sample surface. The remaining emissions are used as additional sources of
information. The results of scanning electron microscopy showed that nickel and iron nanoclusters
are close to a spherical shape with an average diameter of 50 and 65 nm, respectively. The results of
studies by transmission electron microscopy of NP of nickel and iron are consistent with the results
obtained using ultrahigh resolution scanning electron microscopy. In contrast to NP of nickel and iron,
the histogram of the size distribution of copper NP has a bimodal distribution. The average particle
diameter of the first and second fraction is 23.6 and 81 nm, respectively. The results of scanning and
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transmission electron microscopy showed that copper nanoclusters have distinct crystallographic faces
and edges.

Key words: nanopowders, electrical explosion of conductors, scanning electron microscopy, trans-
mission electron microscopy.
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MeTtaaa HAHOYHTAKTAPbIH 9A€KTPOHADbIK MUKPOCKOMHUS B,A,iCiMeH 3eprrey

Makarasa METaAA HAHOYHTaKTapbIH XKOFapbl aXbIpaTy KabiAeTiHe Me CKaHUPAEYLLi SAEKTPOHAbIK,
MMKPOCKOMMUS  K8HEe  >KapblKTaHABIPYLbl  MUKPOCKOMWNS  BAICTEPIMEH  3epTTEeYAiH HaTUXKeAepi
KEATIPIAreH. DAEKTPOHADIK, MMKPOCKOMNUS SAICi 3epTTen oTbipraH 0ObekTiHi kepyre 6ipaeH-6ip
MYMKIHAIK 6epeTiH HaHOMaTepuanAapAbl 3epTTey aAicTepiHiH, 6ipi 6oAbIN Tabbiraabl. CkaHUpAeyLLi
DAEKTPOHABIK, MMKPOCKOMTA YATiHiH 6GeTTiKk KabaTblHblH CYpeTiH aAy YLiH XKYTbIAFaH, LUallblparaH
JKBHE eKiHLLI peTKi dAeKTPOHAAP KOAAaHblAaAbl. KaAFaH ceyAellblFapyAap KOCbIMLIA akmnapart Kesi
peTiHAe KOAA@HbIAaAbl. CkKaHMPAEYLUi 3AEKTPOHAbIK, MUKPOCKOMMS HBTUXKEAEpPi HUKEAb MEeH Temip
HaHOYHTAKTapbIHbIH calikeciHwe 50 >xaHe 65 HM TeH 60AaTbiH AMaMeTpAi cdepanbik, opmara
JKaKbIH MilliHre ne eKeHAIriH KepceTTi. HMKkeAb MeH TeMip HaHOYHTaKTapbl YLiH >KapblKTaHAbIPYLLbI
DAEKTPOHABIK, MUKPOCKOMMS BAICIHIH, HOTUXKEAEPI CKAaHUPAEYLLT SAEKTPOHAbIK, MUKPOCKOMNS 8AICiMeH
AAbIHFAH HOTWMXKEAEPMEH CaMKeC KeAeTIHAIrH kepceTTi. MbIC HaHOYHTaFbIHbIH HUKEAb MEH Temip
HaHOYHTaKTapblHaH aMbIPMALLbIAbIFbI  ©ALIEMI  GOMbIHILA TapaAy rMCTOPrpamMmachl  GMMOAAAbAbI
TapaAyFa Me ekeHairiHae. BipiHLi >keHe eKiHWi (pakuMsicbIHAAFbI GOALLIEKTEPAIH, OpTalla eALlemi
calkeciHwe 23.6 xxaHe 81 HM ne. CkaHMpPAeyLL SAEKTPOHABIK, MMKPOCKOMMS YKHE >KapblKTaHAbIPYLLbI
DAEKTPOHABIK, MUKPOCKOMUS SAICTEPIMEH 3epTTey HOTMXKEAEPI GOMbIHLLIA MbIC HAHOYHTAKTapbl HAKTbl

anKbIHAQAFAH KPUCTAAAOTPAUSABIK, KbIPbl MEH >KaKTapbl 6ap MilliHre ne eKeHAIriH KepceTTi.
Ty#iiH ce3aep: HaHOYHTaKTap, OTKI3riLUTEPAIH IAEKTPAIK XKapbIAybl, CKAHUPAEYLL SAEKTPOHAbIK,
MMWKPOCKOMMS, XKapblKTaHABIPYLUbI SAEKTPOHAbIK, MUKPOCKOMMS.

BBenenue

B pa3BuTHM COBpPEMEHHBIX HAaHOTEXHOJOTHI
3HAYUTEIHHYIO POJIb UTPAIOT WCCIENOBAHUS HAHO-
YaCTHIl METAIJIOB. DTO 00YCIOBJICHO, MPEKAE BCE-
T0, MIUPOKHUM CIIEKTPOM BO3MOXKHOCTEH UX MPAKTH-
YECKOTO TMPHUMEHEHUS, B KOTOPBIX HCHOIB3YIOTCS
crienn(pUUecKue CBOWCTBA KaK CaMHUX HAHOYACTHII,
TaKk 1 MOAU(DUIIMPOBAHHBIX UMK MaTepuaioB. Hau-
Oomee pa3paboTaHBl, HA CETONHSIIHUNA JI€HB, BO3-
MOKHOCTH HCHOJIb30BaHUA HAHOYACTHUI[ METAJIIOB
MIPH CO3/IaHUU HOBBIX MaTEePHajOB B KAYeCTBE KaTa-
nu3atopos [1-14].

B Hactosmiee Bpems pa3paOoTaH psiji OOIIHUX
METO/JIOB ITOJTyYEHUS] HAHOYACTHIL, OOJIBIINHCTBO U3
KOTOPBIX MOTYT OBITh MCIIOJNB30BAHBI JIJIsl TIOTyde-
HUS METAIMYECKUX HaHodacTull. OJHUM M3 Iep-
CIIEKTUBHBIX METOOB IOJIYYE€HHUS HAHOIIOPOIIKOB
(HIT) sBnsieTcst SAEKTPUYECKHU B3pPHIB POBOIHH-
koB (OBII) — HepaBHOBECHBII Tpolecc, MPU KOTO-
POM TOJ IEHCTBUEM UMITYIBCHOTO AJIEKTPHUIECKO-
TO TOKa MPOBOJHUK AUCIIEPTUPYETCS, U MPOAYKTHI
B3pbIBa MEPEMEIIMBAIOTCS C OKPYKAIOUIEH Ccpeaoit
[15-20]. Dnexrpos3psiBEBIe HII oGmagaroT psgom
npeumMyiects B cpaBHenuu ¢ HII, momydyeHHBIMU
JPYTUMH CIIOCOOaMU: YCTOWYMBBI K OKUCICHUIO M
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CIIEKaHUIO MPH KOMHATHOM Temreparype, Npu Ha-
IPEeBaHUU XapaKTEPU3YIOTCS BRICOKOH XMMHUYECKOM
u 1udHy3nOHHON aKTUBHOCTHIO [21-23].

B pabote npezacraBieHsl pe3ysibTaThl HCCIe10-
BaHuii Mopdonorun u ctpykrypsl HII meramos,
MOTy4eHHBIX MeTooM DBII MeTomaMu ckaHUpYIO-
LIEW U MPOCBEUMBAIOLIEH MUKPOCKOITHM.

ﬂeTaJ’l]{l IKCIIEPUMEHTA

HIT meTasnioB ObLTH ITOTy4EHBI METOIOM DJIEKTPO-
B3pBIBHOTO MCTIAPEHUS] METAIUTMIECKON MPOBOJIOKU B
armocdepe aprona. [Ipomenypa u aeranu SKcrepH-
MEHTOB JISTAIEHO ONKCaHbI B padoTax [24, 25].

OO6pa31el OB W3yYEHBI METOJAOM PACTPOBOM
3JICKTPOHHON MHUKPOCKOIUK C HCIOJIb30BaHUEM
ABTOPMHUCCHOHHOTO CKAaHUPYIOIIECTO 3JIEKTPOHHOTO
MHKPOCKOIIA CBEPXBBICOKOTO pa3pemieHust GUpMBbI
Zeiss mozmenu Gemini Ultra 55 Bmecte ¢ ycTpoii-
CTBOM JUJIsl PEHTI€HOCIIEKTPAIIEHOTO MUKPOAHAIIN3a
HCCIeayeMOoTo o0pasila B MHKPOCKOTE OT (hHUPMBI
— «Thermo Scientificy. Kpome Toro, st oneHku
YUCTOTHI 00pPa3IoB OBUI MPOBEACH PEHTICHOCIICK-
TpanbHbIH Mukpoaranns (EDX).

Tak ke OBLIM MPOBEJCHBI HCCICIOBAHUS B
LIEHTPE SJEKTPOHHOW MHUKPOCKONHUHU U CIIEKTPO-
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HccnenoBanue HaHOMNOPOIIIKOB METAJLIIOB METOAOM BHCKTpOHHOﬁ MUKPOCKOITUHN

ckormuu DpHcra Pycka (Ernst Ruska-Centre for
Microscopy and Spectroscopy with Electrons,
lepMaHus) ¢ UCIIOTB30BAHUEM MTPOCBEUMBAIOIIIEC-
ro snekTpoHHoro mukpockomna (I19M) FEI Titan
(60-300) u B Uncturyre snepHoit pusuku (Au-
maTel, Kazaxcrtan) ¢ momompio [1OM JEM-2100
JEOL. Hns mnpoBeaeHus: cemapauuu oO0pasibl
HII cycnens3upoBanuch B XMMUYECKUX PACTBO-
pax (rexcaH, u3omnpomnanoi). Jlanee mpoBoauIaCh
yIbTpa3BykoBasi oOpaboTka pactBopa (00beM

100 EHT=2000%V Signal A= inLens Dale § sep 2018
WOs 4dmm Mag= S5000KX File Name = Sample_2_Ni_138f

200 nm EWT= 500KV SgnalA=inlens Date §sep 201

WD= 9mm Mag= B000KX FileName =05 08 14 N 0008 m

cycrnensun 30 My, yacTota ynapTpasByka 27 kI,
MOIIIHOCTH TeHepaTtopa 120 Bt, BozneiicTBue mpo-
BOJMIOCH B TeueHue 30 MUHYT), MTOCIe Yero Kar-
JIM CYCIEH3UH C YaCTUI[aMH METallJla HAHOCHJIUCh
Ha KPEMHHUEBYIO MOIJIOKKY.

Pe3yabTathl u 00cy:k1eHue

Ha pucynke 1 npencrasnenst COM nzobpake-
nust HIT Hukenst n cenapupoBaHHBIX 00pasIoB.

200 Am EWT= 500K Signel A= inlens Dste 5sep 2018 Ureversity Sger.

WO= Gmm Mags S000KX File Name = 05_08_14_N_007 8

HaHOIIOPOIIKH (), arioMepaThl HAHOKJIACTEPOB
(b) u oTeNBHBIE HAHOKIIACTEPHI (C) TIOCTIE CENapaliy B FeKCaHe

Pucynok 1 — COM m3o6paxenus HIT nuxens

Ha CEM wu3o0paxenusix Ni BUIHO, YTO pa3me-
pBI TIOJIABIISIONICTO YMCIIA YACTHI[ HE MPEBBINIACT
100 am. IIpu aTOM HabMOMaeTCs 00pa3oOBaHUE IIe-
MOYEYHBIX CTPYKTYp M3 Menkux yactul (ot 10 mo
30 HM), a TAKXKE YACTHYHOE UX CIIEKAHHE MEXK]TY CO-
0oii (00pa3yroTCs Tak Has3bIBaeMble Ieiikn). Dop-
Ma yactull Ni Tak ke Onmska Kk cepuueckoii. Ha

pUCYHKE 2 TpeACTaBieH 3HEProANCIepCHOHHBIN
cnextp OBIT HIT Ni.

Kaxk Buano u3 cniektpa EDX, B cocTase nopoiika
Ni HpUCYTCTBYIOT B HE3HAYUTEIHHOM KOJIUYECTBE
MPUMECH YTJIepojia U KHUCIOPOa, YTO B MPUHIIHIIC
SIBIIIETCS] HOPMAJIBHBIM T.K. HanOoJIee yCTONYNBEIM
JJIA HUKCEJIA SABJISACTCSA COCTOSAHHE OKUCICHHA. Ha-
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JMYUE IPUMECH YTIIEPO/ia OOBACHIETCS YCIOBUSIMHU
IPOLIEAYPbI TACCUBALIUH ITOPOLIKOB.

Ha pucynke 3 mpexncrasnenst [I9M-nzobpa-
JKEHWE W TUCTOTpaMMa paclpelesieHHus 10 pa3Mme-
pam DOBIT HIT Ni.

Pesynbrater [1OM uccnenoBanmii HII mukemns
COTJIACYIOTCSI C PE3yJIbTaTaMu, MOJYISHHBIMH C MO-
motsio COM. Ha pucynke 3a BUIHO, YTO YaCTHIIHI

a Ni(1)

HIT nukens umerot chepuueckyro dpopmy. U3 nan-
HBIX TUCTOTPAMMBI CIIE/IYET, 4TO B 0Opasiie mpeood-
nmagaroT yactunbl auametpoMm 40-70 HM, cpemHuit
JMaMeTp KOTOphIX paBeH 50 HM. AHanW3 THCTO-
rpaMMBI TTOKa3bIBAET, YTO paclpeesieHrne HaHOYa-
CTHII HUKEIISl IO pa3MepaM SIBISIETCS] TayCCOBBIM CO
3HAYCHUEM CPEIHEKBAAPATHUSCKOTO OTKJIOHCHHS
= 36,6 HM.

Ni

Ni

4 6 8 s
Jueprusg, KIB

Pucynok 2 — Mukpodororpadus nopoika Ni (a) 1 9HEProJUCIICpCHOHHBIA PEHTTCHOBCKHIA cTIeKTp (0)

OrnocutesibHoe conepaanne, %

0 20 40 60 80 100 120 140 160
Jduamerp HaHOYACTHI, HM

Pucynoxk 3 — [I9M-n3o06paxenne HII Hukens (a) 1 TucTorpaMma pactpesielieHust o pasmepam (0)

Ha pucynke 4 mnpeacrasnenst COM-
nzobpaxenuss HII »xeneza u cemapupoBaHHBIX 00-
pasoB. Ha COM wm300pakeHusx mopomka Fe
BUJHO, YTO TNPHCYTCTBYET arjioMmepanus BOKpPYT
knactepoB pazmepamu ot 100 go 200 uM MeTamu-
YeCKHUX YaCTHIl ¢ MEHBITUMH pazMepamu (oT 10 mo
50 um). [Ipu sTOM HabmogaeTcss oOpa3zoBaHue Iie-
MOYEYHBIX CTPYKTYp U3 Menkux yactuil (ot 10 go
30 uam). @opma gactull Fe 6mm3ka k chepraecKon.

ISSN 1563-0315
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B arnmomeparax 4yacTuilbl ¢ OOJIBIIUM JUAMETPOM,
KaK TPaBUJIO0, KOATyJIMPYIOT ¢ 0OJiee MEITKUMH KJla-
crepamu. M3 pucynkoB 40 u 4B BHIHO, YTO TeKCaH
MO3BOJISIET CENapUpOBaTh OTJEIbHBIC HAHOKIIACTE-
pel xene3a. [Ipu 3TOM Auamerp KIIacTepoB Kolie-
omercs ot 50 mo 100 HM.

Ha pucynke 6 mpencrasiensr [19M-u300pa-
JKEHHE W TUCTOrpaMMa paclpeielieHus Mo pa3Mme-
pam HIT xenesa.
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EHMT = 500kvV Signal A=inLens Date 5sep 2018 University Siegen | 200 nm EHT = 500kv SignalA=InLens Date 5 sep 2018
WD= 4mm Mag=S000KX Fie Name = Sample_4_W_07 if m I WD= 8mm Mag= 5000KX File Name =05_08_14_Fe_004.4f

200 nm EHT = 500KV Signsl A=lInlens Date 5sep 2018 University Siegen
i WO= Omm Mag= S0.00KX Fie Name = 05_06_14_Fe_D134f

HAHOIIOPOIIKH (), arIoMepaThl HAHOKJIACTEPOB
(b) 1 oTesEHEIE HAHOKJIACTEPHI (C) TTOCIIE Cerapaniy B rFeKCaHe

Pucynok 4 — COM m3obpaxenns HII xenesa

wi(1)
2500 Fe
20004 Fe

1500
1000 —

500 Fe

0 I I T

0 2 4 6 8
DHeprus, k3B

Pucynok 5 — Muxpodotorpadus nmopouika Fe (a) u sHeproaucnepcHOHHBINA PEHTIEHOBCKUH crieKTp (0)
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a

OrnocurensHoe copepxanne, %

20 40 60 80 100 120 140 160 180
;[ll'd.\l(."[ P HAHOYMACTHILL, HM

Pucynox 6 — [I19M-uzo6paxenue HII xxenesa (a) u ructorpamMmma pacnpeiesieHus mo pamepam (0)

Pesynbratel [1OM uccnenoanuit HII xenesza
COTJIACYIOTCS C pe3ybTaTaMHt, TIOJTYYEHHBIMH C T10-
Motibio COM. Ha pucynke 6a BUAHO, UTO YaCTUIIBI
HIT >xenes3a nmerot chepuaeckyro Gopmy. U3 nan-
HBIX THCTOTPaMMBI CJIeIyeT, 4To B 0Opasiie mpeood-
nmagaroT yactunbl auamerpom 40-70 HM, cpenHuit
IaMeTp KOTOpBIX paBeH 65,5 HM. AHanu3 rucTo-

rpaMMBbl NTOKa3bIBAET, YTO PACHpEAeIeHUEe HaHOYa-
CTHII JKeJe3a TI0 pa3MepaM SBIISETCS TayCCOBBIM CO
3HAYEHUEM CpPEJHEKBAJAPATHUECKOTO OTKJIOHEHUS
=30 HM.

Ha pucynkax 7, 8 mpeacTaBieHBI pe3yJIbTaThl
rccienoBanuii mopoukos Cu METOJ] OM CKaHUPYIO-
el 3JIEKTPOHHOW MUKPOCKOIIUU

10 pm EMT= 5000V Signel A=inlens Dete 5 sep 2018
1 WDs= Gmm Mag® 100KX [Fils Name = 05_08_14_Cu_DOO S/

Liniversity Sagen

Uneversey Ssgen

Mag= G0DOKX  File Name = 05_08_14_Cu_D10&

HaHOIOPOIIKH (@), ariioMeparbl HAHOKJIACTEPOB
(b) 1 oTHETBHBIC HAHOKIACTEPHI (C) MOCHE CeMapalliy B TeKCaHe

Pucynoxk 7 — COM uzobpaxenust HIT mean

100 nm EWT= 500KV SgrelA=inlens Dute 5 sep 2018 Ureversmy Sisgen
WD= dmm Mag=10000KX FieName = Sample_1_Cu_005
200 ren EHT = 500KV SgnaslA=inlens Daie 5sep 2018
WO = Smm
ISSN 1563-0315

eISSN 2663-2276
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a Cu(1)

5000

4000

3000

2000

1000

Cu 6

Cu

e \ o

T T T T 1
2 4 6 8 11

JHeprud, KB

Pucynok 8 — Mukpodororpadus nopomuika Cu (a), 3HEproJUCIepCHOHHBIN PEHTTEHOBCKHIA criekTp (0)

Ha pucynke 9 npencrasiens! [IOM m3o0paxe-
HHE W TUCTOTpaMMa pacHlpeesICHHs 0 pa3Mepam
HII meqn.

Pesynbratel [IOM wuccnenosanuit HII meau
COTTIACYIOTCSI C pe3yJbTaTaMH, ITOTYYECHHBIMH C
nomolipio COM. B otnnuu ot HII Hukens u xe-
ne3za HII menu mmeroT 6mMozansHOE pacmpererne-
Hre. CpemHHUN AWAMETp YaCTHUIl TIEPBOM W BTOPOH

OTtHocuTeBbHOE cogep:kanue, %o

o
=
1

=
1

'S
=
1

[
=
1

¢paxmym paBen 23,6 u 81 HM cooTBeTcTBeHHO. Ha
pucynke 10 mpeacraBiieHbl MUKpodoTorpaduu Ha-
HOKJIACTEPOB MEJH, OTYUEHHBIE METOI0M IPOCBE-
YUBArONIeH 3JeKTPoHHOH Mukpockomnuu (II1OM). Ha
COM u [1DM-u3o6paxkenusx nopomrka Cu BHIHO,
4TO HaHOKJIacTepsl Meu (pasMepsl oT 20 1o 50 HM)
001a71a10T YETKO BBIPAKEHHBIMHU KpHCTaJIOrpadu-
YeCKUMH I'PaHsAMHU U peOpamu.

10 20 30 40 50 60 70 80 90

Jlnamerp HAHOYACTHIL, HM

Pucynoxk 9 — [I9M-n3o6paxenne HII mequ (a) 1 rucTorpaMmMa pactpeneneHus 1o pazmepam (0)

Kpome TOTO, BHI MHOTOTpAaHHUKOB HaHOKJA-
CTEpOB MEIU HE COBCEM HICHTHYHBI MPOCTHIM
(opMaMm pocra KpHUCTAIJIOB, XapaKTEPHBIX s
KyOW4YecKo#il CHHTOHHH M TOYEYHOH Tpymnme m3m.
MoHO cKa3aTh, YTO 3TO HECKOJIBKO HCKaXKCH-
Hble (neopMupoBaHHBIE) TPOCThIE POPMBI COOT-
BETCTBYIOIIME KPUCTAIJIaM C TOYEUHOW TIpymnioun
m3m. [lo-BuaumMoMy, 3TO OOBSICHSETCS CBEpX-
HEPaBHOBECHBIMH YCJIIOBUSMH MOJYYCHHSI ITOPOIII-

KOB. OTO MOITBEPKIAET M 3JICKTPOHHOIpaMMa
HaHOKJacTepa MeJH, NpUBEJEHHas Ha pPHUCYHKE
108, rae mpucyTcTByIOT 3anpeweHubie s 'K
PEIIeTKN U XapaKTEpHbIE IUIsl NPUMHUTHBHON Ky-
OMYECKOW PEIIETKH MaKCHMyMBbl OT IIOCKOCTEH
(110) u (211). Bo3moxkHO, 4TO UCKaKkeHUE (HOPMBI
KPUCTAJUIUTOB IIPOUCXOAMT 32 CUET BCTPAUBAHUSA B
CTPYKTYPY HE THUIMYHON AJI MEJIU CBEPXPEIIETKH
C MPUMUTHUBHOHN PEIIETKOM.
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———— 100 nm

Pucynoxk 10 — I[I9M-u306paxkenus (a), [IDM-u3o00paskeHne BEICOKOTO pasperieHus (0)
1 3JIEKTPOHHOTPaMMa HAaHOKJIACTEPOB MEH (B)

3akjouenune

CEM wuccnegosanust HIT Ni mokaszaiu, 4To
pa3Mepsl MOAABIISIIOIIETO YHCia YaCTHUI] He TPEBhI-
maet 100 am. [Ipu sToM Habmromaercs oOpas3oBa-
HHUE 1IETI0YEUHBIX CTPYKTYP U3 MEJIKHX dacTul (oT
10 mo 30 HM), a Tak € YaCTUYHOE MX CICKaHUE
Mexy co0oit (00pa3yroTcs Tak Ha3bIBaeMBbIE LICH-
ku). ®opma gacturm Ni Onm3ka K CPEpUICCKOM.
Pesynbprater [I19M nccnenosannii HI1 Hukens co-
IJIaCyIOTCSl C pe3yJIbTaTaMH, IMOJIyYeHHBIMH C I10-
Motisio COM. Aranu3 narasix [I19M nonrsepam,
4TO0 B 0o0Opasuax MpeoOsafaroT YacTUIBl JAHaMe-
TpoM 40-70 HM, cpeAHMI TUaMeTp KOTOPBIX paBeH
50 aMm. Uccaenoanns mopomrka Fe metomom COM
MoKa3alli, YTO MPUCYTCTBYET arjioMeparysi BOKpyT
kyactepos pazMepamu ot 100 1o 200 HM MeTamu-
YeCKUX YaCTHI] C MEHBITUMH pazmepamu (ot 10 mo
50 um). [Ipu >TOM HabmoMaeTCst 0Opa3oBaHue Ie-
MOYEYHBIX CTPYKTYp M3 Meakux vactul (ot 10 mo

30 am). ®opma vactun Fe 6imska k chepuieckoi.
B arnmomeparax yacTuipl ¢ OOJIBIIUM JTHAMETPOM,
KaK MPaBHII0, KOATYIHPYIOT ¢ 60Jee METKUMH Kila-
CTepaMH, 3TO OTPaKCHO HaMmH B pabote. Pesyib-
tatel [IOM uccnenoBanuit HII sxene3a cormacy-
IOTCSI C pe3yJIbTaTaMH, MOJYYSHHBIMHU C TOMOTIIIBIO
COM. U3 naHHBIX TMCTOTPaMMBI pacipeaeseHus
110 pa3Mepam clie[lyer, uTo B o0pasiie npeodiaa-
FOT JacTuibl auamerpoM 40-70 HM, cCpemHUNA Tra-
METp KOTOPBIX paBeH 65.5 um. Pesynbrarer [1OM
nccaenosanuit HII menn cormacyroresd ¢ pesynbTa-
TaMH, IOTYICHHBIMH ¢ ToMoIsi0 COM. B otnnun
ot HII Hukens u ene3a rucrorpaMmma pacnpeje-
nenus mo pasmepam HII mMenu mmeer Oumoanb-
Hoe pacupenenenne. CpenHHHA OUaMeTp YaCTHII
NEepBOM U BTOpOU (pakiuu paBeH 23.6 u 81 HM,
cootBeTcTBeHHO. COM 1 [I19M-uccinenosanus HIT
Cu 1moka3zany, 9TO HaHOKJIACTephl Meau (pa3Mephl
ot 20 10 50 HM) 001aIat0T YETKO BBIPAKCHHBIMU
KpucTauiorpapuuecKuMu rpaHsIMu U peOpamu.
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CUHTE3 YITAEPOAHbIX HAHOCTEH
METOAOM XMMMYECKOTO OCAXAEHUS
13 TA3OBOM ®A3blI
B MAA3ME BbICOKOYACTOTHOTI O PA3PSIAA

PaboTa nocssiuieHa cMHTe3y yraepoAHbix HaHocTeH (YHC) METOAOM XMMMUYECKOT 0 OCAKAEHUS 13
rasoBoi a3sbl B NAa3Me BbICOKOYACTOTHOrO (BY) pa3psaa npu pasAMUHbIX 3HaYeHMsX MolwHocTr BY
pa3psiAa M MCCAEAOBAHMIO MX CBOWCTB. B pe3yAbTaTe NpoBeAEHHbIX MCCAEAOBAHUM ObIA OMpeAeAeH
ONTUMAAbHbIM MapameTp MolHocTM BY paspgaaa aas pocta YHC ¢ coBeplleHHOW CTPYKTYpoO#.
YCTAHOBAEHO, UTO AaAbHelillee yBeAMYeHMEe MOLLHOCTM BEAET K arAomepaumun 3apoapbiwein YHC m
006pa3oBaHMI0 HAHOKAACTEPOB M MHOIOCAOMHOM rpadpeHoi CTPYKTYpbl, 06 3TOM CBMAETEAbCTBYIOT
MMKPOCKOMMYECKnii aHaan3 obpasuoB. Mopdonaorus un ctpyktypa YHC 6biAM MccAeAOBaHbl C
MOMOLLIbIO CKaHWpYtoLLen 3AeKTpoHHOM Mmnkpockonuu Quanta 3D 200i (SEM, FEI company, USA) n
CNeKTPOCKONMU KoMOUHaLMoHHOro paccesHus ceeta Ntegra SPECTRA. YCTaHOBAEHO, YTO B MEXaHM3Me
dopmurposaruns YHC noHHoe obAyueHne Ar urpaet BaxkHyio poAb. OOGAyUeHre MoHamu Ar ycuanBaeTt
MOBEPXHOCTHYIO peakumio B pa3e pocTa, BKAKOYAS aACOPOLMIO YTAEBOAOPOAHbBIX PAAMKAAOB Ha
060pBaHHbIX CBSA3SIX (AeekTax), B TO BPeMs KakK yBEAMUEHME MOHHOrO OOAydeHus (yBeAmMueHwue
BY MowHOCTM) NpengarcTBYeT AaAbHeWleMy BepTMKAAbHOMY POCTY YIA€POAHbIX HAHOCTEH W3-
3a 3(ppekToB TpaBAeHUs. AaHHOEe SBAeHWE 0ObICHAETCS MosiBAeHMeM arAomepurpoBaHHbix YHC ¢
yBEAMYEHNEM MOLLIHOCTM paspsaa.

KAloueBble cA0Ba: yrAepoAHble HAHOCTEHbI, XMMMUUYECKOe OCaXXAEHME N3 ra30Bon (hasbl B NAA3Me,
BbICOKOYACTOTHbIN Paspsia, CNEKTP KOMOMHALMOHHOIO paccesiHus CBeTa.

Yerlanuly Ye.", Batryshev D.G.", Hori M.?
"Laboratory of engineering profile, Al-Farabi Kazakh National University,
Kazakhstan, Almaty, e-mail: yerlanuly@physics.kz
2Nagoy University, Nogai, Japan
Synthesis of carbon nanowalls by the method
of plasma enhanced chemical vapor deposition
in a radio-frequency discharge plasma

The work is devoted to the synthesis of carbon nanowalls (CNWs) by the method of plasma en-
hanced chemical vapor deposition in a radio-frequency (RF) discharge plasma at various values of RF
discharge power and the study of their properties. As a result of the study, the optimum power parameter
for growth of CNWs with perfect structure was determined. It has been established that a further increase
in power leads to the agglomeration of nuclei of the CWNs and the formation of nanoclusters and a mul-
tilayer graphene structure, which is evidenced by the microscopic analysis of the samples. The morphol-
ogy and structure of the CNWs were studied by using a Quanta 3D 200i scanning electron microscopy
(SEM, the FEI company, USA) and Ntegra SPECTRA Raman spectroscopy. It has been established that the
ion irradiation of Ar plays an important role in the mechanism of the formation of the CNWs. Irradiation
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with Ar ions enhances the surface reaction in the growth phase, including the adsorption of hydrocarbon
radicals on dangling bonds (defects), while an increase in ion irradiation (increase in RF power) impedes
further vertical growth of carbon nanostructures due to the etching effects. This phenomenon explains
the emergence of agglomerated CNWs with increasing discharge power.

Key words: carbon nanowalls, plasma enhanced chemical vapor deposition, radio-frequency dis-
charge, Raman spectrum.
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JKorapbl XMIAIKTI paspsiaTa razabik, pazapaH
MAA3MOXMMMSIADBIK, dAICIMEH
KOMipTeK HaHOKAObIPFbIAAPbIH CUHTE3AEY

KyMbIC BpTYPAI  KyaTTaFbl >KOFapbl >KMIAIKTI CbIAbIMABIABIKTbI pa3psiATa rasablk, asasaH
NMAA3MOXMMUSIABIK, BAICIMEH KeMipTekTi HaHokblObipFarapabl (KHK) cuHTesaeyre >xeHe oAapAblH
KACMeTTepiH 3epTTey TaKplpblObiHA apHaAfFaH. XKyprisiareH 3eptrey HaTuxkeciHAe KHK cuHTesiHIH
ONTUMaAAbI KyaT napameTpi aHbikTaaAbl. KyaT wamachl 6yA KepceTKillTeH »ofFapbl 6OAFaH >Kafaanaa
KHK arromvpaumsinaHbin  HaHOKAQCTepAEp >kKaHe Ker KabaTTbl rpadeH Ty3eai. AabiHFaH KHK
MopdOoAOTUSChI >kaHe KypblAbiMbl Quanta 3D 200i (SEM, FEI company, USA) a3AeKTpOHAbI CKaHMpAeYLLi
MuKpockonusg xeHe PamaHablk, Ntegra SPECTRA crnekTpockonuschbl KeMeriMeH capantamMa HerisiHae
3eptTenai. KHK kaabintacybiHaa 6eTTiH aproH MOHAQPbIHbIH COYAEAEHYi HOTUXKecCiHAe haszablk,
eCcy MeH KeMipCyTeK paAMKaAAApbIHbIH aACOPOLMSIAAHYbIHA aAbIM KEAEAI, aA MOHABIK, COYAEAEHYAIH
lwamaaaH Tbic 60Aybl KK paspsiaTbiH, KyaTblHbIH apTybl) WeriHAipy acepi HoTuxeciHae KHK ecyite
KeAEpri KeATipeAi. ATaaFaH KyObIAbIC KyaT LIAMACbIHbIH, ©CYiMEeH KaAbINTAaCKaH arAoOMepaumsiAaHFaH

KHK naraa 60AybIH TYCiHAIPEAI.

TyHin ce3aep: KeMipTekTi HaHOKAObIPFa, NMAa3MaAa XMMMSIAbIK, OYAbI TYHABIPY, >KOFapbl XKMIAIKTi

pa3psa, PamaH cnekTpi.

BBenenue

YriepoaHbie HAHOCTEHBI TIPEICTABIISIOT co00it
JBYXMEPHBII MaTepHai ¢ BEPTUKAIbHO OPUEHTUPO-
BaHHBIMH rpad)eHoBbIMU JrcTamu. Popma YHC no-
MoOHa TAaOMPUHTHOHN CTPYKTYpPE C TONIIUHOMN CIIOEB
nopsiJiIka HecKoibko HaHoMeTpoB. YHC BmepBwie
obutH ostydensl B 2002 romy npodeccopom Y. Wu
u 1ap. [1] MeToToM XUMHUYIECKOTO OCAXKIACHUS YTIIe-
pona B MukpoBosHOBo# minazme (MPECVD). beuo
NpEeACKa3aHo, YTO Takas CTPYKTypa U3-3a pa3BUTON
MTOBEPXHOCTH MOJKET OBITh WCIIOJNb30BaHA ISl W3-
TOTOBJICHUS TUCIUIEEB C IMOJICBOM dMuccHuei [2-4],
ANEKTPOIHBIX KaTalau3aTopoB [5], Hakomurtenei
sHepruu [6-8], narunkoB [9] u T.1. Takoit OonbmIoit
uHTepec yueHblx K YHC cBsizaH ¢ ee «CTeHOT0100-
HOI» CTPYKTYPOH C BBICOKUM COOTHOLICHHEM ILIO-
a1 TTOBEPXHOCTH K 00BEMY, K TOMY YK€ TIPOIIecC
nonyuenuss YHU daBnsieTcs 10BOIBHO pacnpocTpa-
HeHHBbIM [9-17]. Cunte3 YHC, kak mpaBuio, ocy-
MIECTBISIETCS METOJAOM XHUMHUYECKOTO OCAKICHUS
u3 Ta3oBoil a3kl B ycWJeHHOW TuiaszMe (plasma
enhanced chemical vapor deposition — PECVD) npu
OTHOCHUTEIHLHOW BBICOKOW TeMIiepaType pabodero
raza nopsaka 500-900 °C, Ho u3BeCTHBI pabOThI, KO-
TOpBIE HCIIONB30BaIH 00Jiee HU3KUE 3HAUCHHS TEM-
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nepatypsl 11 cuate3a Y HC Ha moanmoxkkax Kpem-
HUSI, OKCHJIOB U MeTauioB [9-22]. B.A. KpuBuenko
u Jp. B cBoeil pabore [23] mokazamu, yro YHC
MOTYT OBITh MCIIOJI30BaHbl B KAUECTBE MaTepualia
MoI0OHOMY YEepHOMY Tely, OOJIafaroIiuii MUHH-
ManbHBIH KO3 unment orpaxenus 0,13%, rie
OCHOBHBIM (JAaKTOPOM ONTHYECKHX XaPaKTEPHCTHK
SIBIISIETCSL CTPYKTYPHOE HECOBEPILEHCTBO, T.€. HAJIU-
4YUE KPAEBbIX COCTOSIHUI U PA3BUTON NOBEPXHOCTH.
Takum oOpazom, momyuenne YHC ¢ 3agaHHBIMH
XapaKTepUCTUKAMU SIBIISIETCSI MHTEPECHOU 3ajaueit
JUTSL UX TIPAKTHYECKOTO MPUMEHEHNS.

CymectByer MHOTO pador [1-23], mocssiieH-
HBIX H3YyYEHHMIO HPOLIECCOB BIMSHHUS MapaMeTpOB
cunrtesa Ha poct YHC. B padote Y.X. Liu u ap. [16]
[I0Ka3aHa 3aBHCHMOCTb YBEJIWYEHHUS IUIOTHOCTH
YIJIEPOAHBIX HAHOCTPYKTYP C YBEIMUYCHHUEM AaBJIe-
Hus raza ot 120 mo 300 I1a, kpome Toro B mporiecce
cHHTe3a (OPMUPOBAHKE PAJAUKAIOB yriepoja Bo3-
pacTaeT ¢ yBeJIMYEHUEM MOILHOCTH pa3psiaa oT 600
10 2400 Br, a 6omnpInne 3HaU€HHUS MOIITHOCTH pa3psi-
Jla pa3pyaoT MOBEPXHOCTh YIIIEPOIHBIX HAHOCTEH
Onmaronapsi yCUJICHHUIO IUIa3MEHHOIO TpaBieHus. B
padote H.J. Cho u np. [20] moka3aHbl pe3yJabTaThl
nosyyeHus: YHC ¢ BBICOKMMM 3JEKTPUYECKHUMHU
XapaKTePUCTUKAMU IIPY 3HAUYCHUAX MOLIHOCTH Pa3-
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psana 200-400 Br. IIpodeccop M. Hiramatsu u zp.
npoxeMoHcTpupoBam [24] cuare3 YHC ¢ ucmomns-
3oBaaneM metoga RF-PECVD mpu momrnoctn BU
100-400 BT. Bpiio 00HapykeHO, YTO B CiIydae Hc-
noJb30Banus ra3osoi cucrembl C F /H, ocaxnenne
YHC ocymectensercs nyqure, 4eM B ciydae CH,/
H,. Takum 00pa3oM, BO Bcex paboTax B IpOLECCE
CUHTE3a HUCITOJIB3YIOT 3HAYCHHUST MOITHOCTH pa3psijia
muHuMyM 100 BT, Te anektpoaHas cuctema u 00b-
€MBbI KaMepbl CPAaBHUTEIILHO UJCHTUYHBIL. B HacTto-
sIIel paboTe MBI TIpeaaraeM MeTor cuaTe3a Y HC
Ha KPEeMHHEBOH TOJIOKKE C HHUKEJIEBBIM KaTaju-
3aTopoM B 1iazMe BY paspsiga npu OTHOCUTENBHO
HM3KUX 3HaYeHusx BY MOIIHOCTH C MPUMEPHBIX
COXpaHEHHEM T€OMETPHUYECKHUX pa3MepoB KaMephl
U CHCTEMBI 3JIEKTPOJOB Ul HETOPOTrOro M3roTOB-
nenust YHC.

IJKCHepUMEHT H pe3yJibTaThl

PECVD-cunTe3 yriepoaHbIx HAaHOMAaTepHaJIoB,
B YaCTHOCTH YIJTICPOJIHBIX HAHOCTEH Ha KDEMHUEBOU
(Si) mmacTuHE ¢ TOHKUM HAHOCIOEM HHUKEJIEBOTO
(Ni) katanu3aropa nposoauics B RF-PECVD peak-
TOpE, COCTOSIINHI U3 IBYX MapajuienbHeix BY anek-
TPOJZIOB C HarpeBaTeseM 04 HUKHUM 3a3€MJICHHBIM
BY anexrpogom. [Tomnoxka Si/Ni Oblia mpUroToB-
JICHA METOJIOM JJICKTPOHHO-IYYEBOTO OCAXKJCHHMS.
bonee moapoOHOE ommcaHUE IKCIIEPUMEHTATBHON
YCTaHOBKH TIpE/ICTaBIIEHO B pabote [25].

[IpenBapurensHo nepen cuntesoM YHC mog-
7oKy Si/Ni moaBepramy MATKOM TEPMHUYECKOW U
IU1a3MeHHOH 00paboTKe B cpejie aproHa Jjisi O4UCT-
KH MTOBEPXHOCTH OT 3arpsi3HEHHs U POPMUPOBAHHUS
HaHOOCTpoBKOB Ni IIpu mapaMmeTpax paspsia: TeM-
neparypa 300-350°C, ckopocTh MOTOKa aproHa 7
cM’/MUH (CTaHAAPTHBIN KyOMYECKUI CaHTHMETp B
MuHyTy), nasienue 1,3 Top u mommocTs BY paz-
psana 9-15 Brt. Jlanee mocne 15 MUHYTHOM MSTKOM
00pabOTKH MOATIOKKH TEMIEpaTypy MOBBIIAIOT /10
500°C u B KamMepy HAIyCKAIOT UCTOYHHUK yTiepoaa
meran (CH,) co ckopocthio motoka 0,8 cm’/muH,
JIaBJIEHNE TpHU 3TOM yBennumuBaetces 10 1,8-2 Top, a
BpEMs CHHTE3a BbIJACPKUBAIOT 25 MUHYT.

[Tony4yeHnHsie 00pa3nbl B pe3ysbTare dKCIEepH-
MEHTaJIbHBIX paboT OBIIM HCCIEOBAHBI C MOMO-
LIBI0 CKaHUPYIOLIEH 3JIEKTPOHHOW MHKPOCKOIUEH
(CBM) u criekTpocKoIue KOMOWHAIIMOHHOTO pac-
cestaust cBeta (KPC)ans ouenku nx mopgoioruu u
CTPYKTYPHBIX XapaKTEPUCTHUK.

Ha pucynke 1 mpeacraBnen tunuunbii KPC
cnektp YHC, cuHTe3upoBaHHBI TpU TemIepa-
Type 500 °C, motoke Ar/CH ,razos 7/0,8 cm’/mun
u BY — momaoctu 10 BT. Kak BuaHO, ciekTp co-

crout u3 D-nuka npu 1361 cm!, G-niuka mpu 1583
cem! ¢ D’-mkom mpu 1618 em!, 2D-mmka mpu 2721
em! m G + D-niuka nipu 2955 em!. KosebarenpHasn
D-Moza cBs3aHa ¢ ie)eKTaMH B CTPYKTypax ¢ sp’-
ruOpunnzanueii, G-Moma cooTBeTCTBYeT rpaduro-
nmogo0HBIM MaTepuanaMm, D’-mHK XapaKTepusyeT
MOSIBJICHNE KPAEeBBIX TPaHul] rpad)eHa 1 HapyLeHne
CHUMMETPHUHU KOHEUHOTI0 pa3Mepa Kpucrasuia, 2D-1uk
(G °) sBnstercs BTOpoit rapMOHUKONW D-MO/BI M THK
G+D (D “’) mpencrasinser co00i KOMOWHAIIHIO TTH-
koB G u D. CootBetctBytone COM n3o00paxenne
JTaHHOTO 00pasiia MpeICTaBICHO Ha PUCYHKE 2.

CooTtHoleHus: UHTeHCUBHOCTEH NMKOB D u G
(I/1,), a Taxke 2D u G (I,/1,)ykasbiBaioT Ha cTe-
MeHb JePEKTHOCTH KPHUCTAlUIa, M XapaKTepu3yeT
COBEPIICHCTBO TIpad)eHOBOW CTPYKTYpHl [26]. 3a-
sucumocty [ /I, u L /I . or mommoctu BY paspsma
YHC noka3ansl Ha pucyHke 3. ['paduku mokassi-
BAIOT, YTO KAYECTBO CTPYKTYPHI CHHTE3HPOBAHHBIX
YHC yBennuuBaercssi ¢ yBEIMYEHUEM MOIIHOCTH
BY pa3psna, a npu 3HaYCHUSIX MOILHOCTH paspsja
13Bt un BbiIe yxynamaercs. bosee Toro, yBennde-
HUE MOIIHOCTH pa3psiia NMPUBOIUT K YCHICHHUIO
aproHoBO¥ 60MOAPAMPOBKH MTOBEPXHOCTH CHHTE3H-
pPYEMOTO MPOAYKTA, T.€. MNIA3MEHHOMY TpPaBIICHHUIO,
ripu 3ToM poct YHC npexpaniaercs, HO MOSBIAIOT-
cst IeEeKTHI B CTPYKTYPE, KOTOPBIE SIBIISIOTCSI OCHO-
BOH Ji1s1 HOBBIX 3apojsiiiein YHC. Takum oOpazom,
yBeJauueHue MoiHoctd BY paspsiga npensitcTByer
BepTuKabHOMY pocTy YHC ¢ oOpa3oBanuem creH,
HO cnocoOctByer pocty YHC B pamuanbHOM Ha-
MIPaBIIEHUH, YTO BEJIET K 00Pa30BaHUIO HAHOCTPYK-
Typbl TOJO0HOW MHOTOCIOWHOMY TI'pad)eHOBOMY
Mmatepuaiy. [lomoOHas cTpykTypa npeacraBieHa Ha
pucyHke 4.
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2,0

Mousocts, BT

Pucynok 3 — 3aBucumocTs KauecTBa cTpykTypsl YHC
ot mouHoctu BY pazpsana

Taxum 06pazom, ObUIO yCTAaHOBJIEHO, YTO OITH-
MaJIbHbIM 3HaueHueM MouiHocTu BY paspsana s
pocta YHC sBnsiercst 10-12 Bt. YceranoBieHo, uto
B MexaHmu3Mme popmupoBanus Y HC nonnoe o0myde-
HUE Ar UrpaeT BaXHYIO poinb [26-27]. OOnydyenne
HMOHAaMHU Ar yCHJIMBAET MMOBEPXHOCTHYIO PEaKIUio B
¢aze pocra, BKIII0Uas acOpOLMIO YIIIEBOAOPOIAHBIX
paanKagoB Ha 00OPBAaHHBIX CBA3SIX (AedeKTax), B TO
BpeMsl Kak yBelMUeHHe MOHHOTO oOmydeHus (yBe-
muaeHne BY MOIIHOCTH) TIPETATCTBYET MallbHEH-
[IeMy BEPTHUKaJIbHOMY POCTY YTJIEPOIHBIX HaHO-
CTeH u3-3a 3P PexToB TpaBieHus. J[aHHOE SBICHUE
0o0BsICHSIET TOsIBIIeHHEeM ariomepupoBaHHbix YHC
C YBETTMUYEHUEM MOIIHOCTH pa3psia.
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HV mag O | mode
15.00 kV| 50 000 x | Custor

Pucynox 4 — COM u3o6pakeHus MOIyYEHHOTO
Hanomarepuana B Ar/CH,nnasme BU-paspsina
npu Temneparype 500 °C, norokeAr/CH,razos
7/0,8 cM*/mMun n BUmomnoctr 14 Br

BriBOa

B nanHO#t pabore ObLI PacCMOTPEH CHHTE-
3a YIJIEpOAHBIX HAHOCTEH METOJOM XMMHYECKOTO
OCaXKJICHHS U3 Tra30BOi (a3bl B IIa3Me BBICOKOYA-
CTOTHOTO €MKOCTHOTO paspsma. OmpeneneHsl Om-
TUMaJIbHBIE MapaMeTpsl paspsaja A CUHTe3a Ka-
yectBeHHbIX YHC. OOHapyXeHo, 4TO yBeIHYeHHE
MOIIIHOCTH TIPUBOJUT K TPABIECHUIO MOBEPXHOCTH
CHUHTE3MPYEMOTI0 NMPOJIyKTa U BEAET K arjoMepanun
3aponeimieii YHC, BciemcTBue KOTOpPOro oodpasy-
I0TCS YTJIEPOTHBIE HAHOKJIACTEPHl 1 MHOTOCIIOWHBIE
rpad)eHOBBIE CTPYKTYPBHIL.
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COMPUTER SIMULATION
OF THE DENSITY OF THE STATE
OF THE NAF NANOCRYSTAL

At present, various theoretical research methods are intensively used to interpret experimental
results related to the study of the properties of defects in solids. Progress in this direction is possible
thanks to the improvement of computer technology and the development of modern quantum
chemical packages. The paper presents the results of computer simulation of the density of states and
the total energy of an ideal NaF nanocrystal (NaisFi4, NasFs, NajsF23) and with the simplest point
defects in various cluster compounds (Naj2F13, NaziF22). Simulation of characteristics is implemented
in the Atomistix ToolKit with Virtual NanolLab program in GGA (generalized gradient approximation)
functionality. Objects studied are quantum dots. The results obtained may be useful in the study of
nanocrystals.

Key word: NaF nanocrystal, density of states, band structure, total energy, computer simulation.
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2T. BUreAbAVMHOB aTblHAAFbl DYe KOPFaHbIChI KYLUTEPiHIH OCKepU MHCTUTYTbI,
KasakcTaH, AKkTe0e K.

NaF HaHOKPUCTaAbIHbIH, KYH TbIFbI3AbIFbIH
KOMIbIOTEPAIK MOAEAbAEY

Kasipri kesae KaTTbl AEHEAepAeri  akayAapAblH — KacverTepiH 3epTreyre  6GarAaHbICTbl
3KCMEPUMEHTAAAbI HOTUMXKEAEPAI TYCIHAIDY YLWiH TYPAI TEOPUSIAbIK 3epTTeyAaep 8AiCi GeAceHAi
KOAAAHbIAAAbI. BYA 6afFblTTaFbl MPOrpecc KOMMbIOTEPAIK TEXHOAOTMSIHbI XKETIAAIPY XKOHE 3amaHayu
KBAHTTbIK, XUMMSIABIK, XXMbIHTbIKTAPAbl 83ipA€Yy apKacbiHAQ MYMKiH 60AaAbl. bepiareH >kymbicta NaF
(Nai3Frs, NagFs, NapFa3) mAeaA HaHOKPUCTaAbl MEH KapanainbiM HYKTEAIK akayAapbl 0ap TypaAi
KAQCTEPAIK KOCbIAbICTapAblH (Nai2F13, Nazi1F22) Kyt ThiFbI3AbIFbI MEH TOAbIK, 3HEPrUSCbIHbIH KOMMbIO-
TEPAIK MoAeAbaeyi KepceTiareH. CunaTtTamasapAblH, MoAeAbaeHyi Atomistix ToolKit with Virtual
Nanolab 6arpapaamacbl  Herizinae GGA  (generalized gradient approximation) yHkuUmo-
HAAABIABbIFBIHAQ >KY3€re acblPbIAAbl. 3epTTEAreH OObEKTIAEP KBAHTTbIK, HYKTEAEPre >KaTKbI3bIAAAbl.
AAbIHFaH HOTMXKEAEPA] HAHOKPUCTAAAAPAbI 3€PTTEYAE MainAaAbl 6OAYbI MYMKIH.

Tyiin ce3aep: NaF HaHOKpUCTaAbl, Kyl ThIFbI3AbIFbl, 30HAAbIK, KYPbIAbIC, TOAbIK, 3HEprus,
KOMIMbIOTEPAIK MOAEABAEY .
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KomnbloTepHoe MoAeAMpOBaHMEe NAOTHOCTH COCTOSIHUS
HaHokpucTaaaa NaF

B HacToslee BpemMs MHTEHCMBHO MPUMEHSIIOTCS  Pa3AMYHble TeopeTMuyeckue MeTOAbI
MUCCAEAOBaHMS AAS MHTeprpeTaumMy 3KCMePUMEHTAAbHbIX PE3YAbTATOB, CBSI3aHHbIX C M3yueHuem
CBOMCTB Ae(EeKTOB B TBEPAbIX TeAax. [1porpecc B 3TOM HampaBAEHWM BO3MOXEH 6Aaroaaps
COBEPILEHCTBOBAHMIO  KOMMbIOTEPHbLIX  TEXHOAOIMIA M pa3paboTke COBPEMEHHbIX KBaHTOBO-
XUMMYECKMX nakeToB. B pabote npeacTaBAeHbl pe3yAbTaTbl KOMMbIOTEPHOTO MOAEAMPOBAHUS
MAOTHOCTU COCTOSIHUA M MOAHOM 3Heprum naeasbHoro HaHokpmcTtaaAa NaF (NaijsFqis, NasFs, NazaFas3)
W C NPOCTENLLIMMUM TOUEYHbIMU AedeKTaMM B Pa3AMUHBIX KAACTEPHbIX coeamHenusix (Naq2Fq13, NaziF2)).
MoaeArpoBaHMe xapakTepucTUK peaan3oBaHo B nporpamme Atomistix ToolKit with Virtual NanolLab B
dyHkumoHaabHocTM GGA (generalized gradient approximation). Mccaeayembie 06beKTbl OTHOCATCS K

KBAHTOBbIM  TOYKaM. r]O/\yLIeHHble PE3YAbTATbI

HaHOKPUCTAAAOB.

MOoryT OblTb  MOAE3HbIMM npn MCCAeAOBaHMUN

KatoueBble caoBa: HaHokpucTaaA NaF, MAOTHOCTb COCTOSIHMIA, 30HHas CTPYKTypa, MOAHas

3HEpPrusi, KOMMbIOTEPHOE MOAEAMPOBAHME.

Introduction

Currently, the properties of alkali halide
nanocrystals are of great technological interest on
the part of specialists in chemistry, physics, and
also engineers [1-7]. In [8], the results on adhesion,
bonding and construction, surface electron states
and other subtle effects in nano-lattices were
demonstrated. The processes of demetallization of
alkali  halide clusters by  shock-induced
fragmentation of cubic Naj4Fi» are discussed in
detail in [9]. The reactions arising during collisions
of NaF clusters with the silicon surface were
investigated in [10]. The X-ray diffraction study of
NaF nanocrystals in a photo-refractory glass is
described in detail in [11]. In [12-15], the
structural, electronic, dynamic, and thermodynamic
properties of alkali metal halides were calculated
from first principles using both full-potential and
plane wave pseudopotential methods. The use of
various effects, such as deformation, allows us to
consider the new possibilities of using alkaline
halide dosimetry crystals [16-18].

It is believed that nanostructured objects
include such objects, the characteristic dimensions
of which lie in the range from 1 to 100 nm. In
general, this dimensional limit is somewhat
conditional. The main feature of nanoobjects is
that, because of their smallness, they exhibit special
properties [19]. Since in nanocrystalline structures
the main part of ions lies in the outer layer, many
of their properties are revealed on their surface. In
many cases, these special properties can manifest
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themselves even when the size of nanoobjects
exceeds the conventionally set limit of 100 nm. In
[20], the energy of a 2x2x2 cubic cell of a NaF
crystal was calculated using the Hartree-Fock
method.

A deep understanding of the optical properties
of solids is impossible without a detailed
knowledge of their energy electronic structure.
Electronic processes in ionic crystals are
considered on the basis of an approximate
quantum-mechanical theory developed by Bloch,
Wilson, and others, called the band theory. In the
band theory, the motion of electrons and nuclei is
divided within the framework of the Born-
Oppenheimer adiabatic approximation.

One of the characteristics of the reflecting
property of a nano-object is the electron density of
states, which is an important parameter in statistical
and solid state physics [21], which determines the
number of energy levels in the energy interval per
unit volume or area.

In this paper, an attempt was made using
computer simulation using Atomistix ToolKit with
Virtual NanoLab to determine the density of states,
the total energy and the band structure of a NaF
crystal in various “negative” cluster compounds
(Na13F14, Nalen, Na4F5, Na22F23, NaZlez) at1 K.

Description of the object and methods of
research

Isolated alkali metal atoms Na and F halide
have the following electronic configuration: Na® —

Recent Contributions to Physics. Nel (68). 2019 75
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1s*2s72p®3s', F — 1s?2s?2p°. In the NaF matrix, the
ions of the corresponding elements take on the
following electron configuration — Na" — 1s*2s*2p°®,
F- — 1s2s%2p®. As a result, the valence electron
l%cated on the outer shell of Na” completely goes to
F".

The Najs3F14 cluster contains 27 ions, as shown
in Figure la, is a negatively charged cube with
indices (j, k, i) = (3, 3, 3) and with O, symmetry.
The NajFi3 cluster is obtained by removing the

.

NaisFi4 NaFi3
a b c

A
// -
'

Na® and F ions from the central region of the
nanoobject (Figure 1b). The NasFs object contains
9 ions, as shown in Figure lc, is a plane with
indices (j, k, i) = (3, 3, 1). The NaxF»; cluster is a
parallelepiped with indices (j, k,i)=(3, 3, 5),
containing 45 ions (Figure 1d). The Na F2, nano-
object, shown in Figure 1f, was obtained by
removing Na" and F ions from the center of the
penultimate layer [7]. The distance between the
centers of the nearest ions in NaF is 2.31A [22-23].

\ /‘\ /

NaziF22

NaxF2s3
d S

Figure 1 — The geometry of NaF clusters

In the adiabatic approximation, the solution of
the Schrodinger equation shows that the states of
an excess electron in a crystal with a periodic field
are described by the Bloch wave functions

0, (f)exp{_i[%_/zfj},

where the function (17 ) has translational lattice

symmetry, E is energy, k is the wave vector. For a
face-centered alkali halide crystal, the first Brillouin
zone is a fourteen-shaped truncated octahedron
shape; six faces have the form of squares, eight — the
form of regular hexagons. The I'" -point lies at the
center of the first Brillouin zone (k = 0), the X-point
lies at the center of the square plane, the L-point is at

ES [n]= In(r)gGGA (n(r)

Where n(r) is the density of a non-degenerate
ground state of a system of N electrons in a
potential v(r), corresponding to the ground state ¥
and energy E, ¢°“! is the universal functional
GGA, ex(n) is exchange-correlation energy of a
homogeneous gas with a density n.

the center of the hexagon. Along the [100] axis, the
wave vector value varies from 0 to kx, along the
[111] direction from O to k.. In all alkali halide
crystals, the maximum of the valence band and the
minimum of the conduction band are located in the
center of the Brillouin zone (point I'). The upper
hole zones are formed from the p-states of the
halogen and have a negative dispersion typical of the
p-zones. The bottom of the conduction band is s-
character, the effective electron mass is isotropic and
has a value of the order of (0,5-1)my.

Computer simulation of the objects of study
was carried out within the framework of the density
functional theory in the local density
approximation.

When performing calculations, the exchange-
correlation functional is approximated by a
generalized gradient approximation (GGA):

An (r)‘)n (r)dr

The main parameters of the computing resource
are: Intel (R) Core (TM) i7-4790 CPU @ 3.6 GHz
8 core processor, 8 GB RAM, system type — 64-bit
operating system, operating system — Windows 8.1.

The position of the electron is described by the
wave function v (x, y, z). The probability of finding
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an electron at a certain point (x, y, z) is described
by the expression |y (x, y, z)|>, where the total

probability I v (x, y,z)|2dxdydz is normalized
to one.

Electrons at the bottom of the conduction band
behave like free particles (with an effective mass)
trapped in a box. Consider the electrons of the
conduction band, but the result for holes is similar.
For our parabolic conduction band:

h2k?

2m’

(5-.)-

For electrons in a rectangular volume L.
through L, through L. with an infinite limiting
potential U (x, y, z) = 0 inside the box and outside
), the electron wave function y should reach zero
and take the form of a harmonic function inside the
region. Wave function solution:

v (x,y,z)=sin(k,x)sin (kyy)sin (k.z),

where k., k, 1 k. are wave vectors for an electron in
directions x, y and z. The real wave function in a
solid is more complex and periodic (with a crystal
lattice), but this is a good approximation for
parabolic regions near the edges of the zone.
Fulfillment of boundary conditions: when x, y
or z = 0, the sinusoidal functions vanish. On

Table 1 — Full and specific energy of NaF nanocrystal

opposite boundaries of the rectangular region, sin
(kely) = 0, sin (k,Ly) = 0, and sin (kL;) = 0,for
directions x, y and z. Allowed wave vectors satisfy:

kL. = mny, kyL, = wn,, k.L. = 7n.,

where n,, n,, n. are whole numbers [24].

Simulation results

Using computer simulation, the density spectra
of the states of the NaF nanocrystal were obtained
in various cluster compounds (Naj3Fis, NajoFis,
NayFs, NaxF2;, NayFap) at a temperature of 1 K
(Figure 2). The total and specific energy is
calculated not only in the indicated objects, but also
in their “positive” twins (table 1).

In Figure 2, a certain amount of energy levels
in the energy range from -20 eV to 20 eV are
clearly visible. In this case, in all spectra (Fig. 2 a —
/), the first pronounced narrow energy level is
located in the region of —18 eV. The main
relatively wide energy level is observed in the
region -1.5 + -2 eV to 0.5 eV. Then a series of
narrow energy levels is recorded in the energy
range from 3 eV to 16 + 20 eV. The characteristic
form of energy levels in the density spectra of
states indicates that a NaF nanocrystal in various
cluster compounds (NaisFis, NappFiz, NagFs,
NaxnF2, NaxFx») at 1 K can be attributed to
quantum dots.

Object Total energy, eV | Specific energy, eV Object Total energy, eV | Specific energy, eV
NaisFis -9140,61667 -338,5413581 NaisF13 - 8510,59120 -315,2070815
Nai2Fi3 -8480,54235 -339,221694 NaisFi2 - 7852,99247 -314,1196988
NauFs -3251,71604 -361,3017822 NasFq -2620,11205 -291,1235611
Naz2Fa3 -15030,90457 -334,0201016 NazsF2 - 14400,23120 -320,0051378
NaziF22 -14368,42587 -334,1494388 NazFai - 13742,51906 -319,5934665
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Figure 2 — Density of states of NaF nanocrystal in various cluster compounds
(NaisF14, Nai2F13, NasFs, NaxF23, NaziFa)

When plotting the dependence of the total
energy on the number of elements in the negatively
charged clusters NajsFi4, NajoF13, NasFs, NaxFos,
Nay F2, we observe that the points lie along a
straight line (Figure 3). A similar qualitative result
is obtained with positively charged clusters of
Nai4F13, NaisF12, NasFs, NaxsFaz, NaxnFa.

According to the table, the total energy in
negatively charged clusters of Na3Fi4, Nai2F3,
Na4F5, Na22F23,Naz1F22 varies from -3251.71604
eV to -15030.90457 eV. However, the specific
cenergy fOI‘ the Na13F14, Na12F13, Na22F23,Na21F22
clusters has a narrower interval in the region

78

from —-334.0201016 eV to -339.22161694 eV.
At the same time, for the NasFs crystal, the
specific energy is the smallest value of —
361.3017822 eV.

The total energy in positively charged clusters
Of Na14F13, Na13F12, N35F4, Naz3F22, N322F21 Varies
from -2620.11205 eV to -14400.23120 eV.
However, the specific energy for Naj4Fi3, Naj3F2,
Nays3F2, NaxFs; clusters also has a narrow interval
in the range from -314.1196988 eV to
320.0051378 eV. At the same time, for the NasF4
crystal, the specific energy is the highest value of —
291.1235611 eV.
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Figure 3 — Dependence of total energy on the number of elements in NaF clusters
Conclusion

Thus, in this work, in the framework of the
density functional theory, the density of states and
the total energy of the NaF nanocrystal are
calculated, and the results of computer simulation
of the band structure in various cluster compounds

(NaisFis, NaioFi3, NasFs, NaxFz;, NayiFz) are
presented at a temperature of 1 K. Simulation of
characteristics implemented in the program
Atomistix ToolKit with Virtual NanoLab. The
characteristic form of the density of states
suggests that these objects can be attributed to
quantum dots.
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U3YYEHUE NMAPAMETPOB
SAEKTPOHHOU AUTOTPA®UN INMOCPEACTBOM ACM

B paboTe paccmartprBaeTcs OAMH M3 METOAOB (DOPMMPOBAHMS MMKPO- M HaHO-M300paXkKeHmi
C BbICOKOM TOUYHOCTbIO KOHTPOAMPOBAHWSI MPOLECCa — 3AEKTPOHHas Antorpadus. o cpaBHeHMIO C
OCTaAbHbIMU TEXHOAOTMSIMM HAHOCTPYKTYPMPOBAHMS, B YAaCTHOCTM, C TaKMMM Kak poToAmTOorpacms,
peHTreHoBCKas AuTOrpacms, IAEKTPOHHAs AuTOrpadusi sBaseTcs 6oaee yHMBepcaAabHoW. Ecam
He TpebyeTcs BbICOKasi MPOU3BOAMTEABHOCTb, TO MOXHO OOOMTMCb TOAbKO OAHOM IAEKTPOHHOM
avTtorpacmeit. B aaHHOM paboTe onucaHbl TEXHOAOTMYECKME MPOLIECChl SAEKTPOHHOM AMTOrpacmm
Ha KPEMHMWEBOM MOAAOXKKE C MPUMEHEHMEeM pe3ucta Ha ocHoBe noAnmepa NMMMA. ObayyeHune
NPOBOAMAOCH B Kamepe CIM arekTpoHamu € aHeprueit 5 k3B, 15 k3B, 30 k3B 1 A03011 3KCnoHMpoBaHus
1-10000 MKKA/CM?. AHaAM3 MOAyYeHHbIX 0OPAa3LOB C MOMOLLbIO OMNTUYECKOM M aTOMHO-CUMAOBOW
Mukpockonuu (ACM) nokasaA 3aBMCMMOCTb LiBETa M COOTBETCTBYIOLLEN TOALLMHbI pe3ncTa OT AO3bl
006AyYeHus. Ha ocHoBe npoguAen TOALLMHBI PE3nCTa, MOAYUeHHbIX ¢ nomolbto ACM, BbiA NpoBeAeH
pacyeT TakMx MapameTpoB KakK MOAOXMTEAbHAS M HeraTMBHasi YyBCTBMTEAbBHOCTb, TakKXKe KOHTPACT,
KOTOpbIE SIBASIOTCS OMPEAEASIOLMMM MapaMeTpaMu AAS SAEKTPOHHOM AnMTorpacgumm. B oonoAHeHne K
3HAUYMMOCTM U3MEPEHHDBIX XapakTEPUCTUK: UYBCTBUTEABHOCTM M KOHTPACTA, MPeACTaBAEHHAs METOAMKA
OTKPbIBAET 3KCMEPUMEHTAAbHbIA CMOCOO M3yueHUs MPOLECCOB B3aUMOAEMCTBUS IAEKTPOHOB C
BELLECTBOM.

KaroueBble caoBa: anTorpadms, anektpoHHas antorpadms, ACM, metoa LeHTpudyrmpoBaHms,
NMMMA, ao03a 06AyUeHUs.
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Study of the electron lithography parameters by AFM

The paper considers one of the methods of micro — and nano — images formation with high ac-
curacy of process control — electronic lithography. Comparing to other nanostructuring technologies,
such as photolithography, x-ray lithography in particular, electronic lithography is more versatile. If high
productivity is not required, it is possible to use only one electron lithography. This paper describes
the technological processes of electron lithography on a silicon substrate using a polymer-based resist
PMMA. The irradiation was carried out in the SEM chamber by electrons with energy of 5 keV, 15 keV,
30 keV and an exposure dose of 1-10000 uC/cm?. The analysis of the obtained samples using optical and
atomic force microscopy (AFM) showed the dependence of the color and the corresponding thickness of
the resist on the radiation dose. The calculation of such parameters as positive and negative sensitivity
and additionally contrast was carried out on the basis of the resist thickness profiles obtained by AFM.
These characteristics are defining parameters for electron lithography. In addition to the significance of
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W3ydenne mapamMeTpoB EKTPOHHOH JHTOrpaduu nocpeactsom ACM

the measured characteristics: sensitivity and contrast, the presented technique opens up an experimental
way of studying the processes of interaction of electrons with matter.
Key words: lithography, electron lithography, AFM, spin-coating method, PMMA, exposure dose.
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2PYA MuKpoaAekTpoHMKa TeXHOAOTMSIChI XKaHe epeKLle Ta3aAarblll MaTeprarAap
MaceaeArepi MHCTUTYTbl (MTMW), Pecein, YepHoroaoBka K.

ACM apKbIAbl IAEKTPOHAbI AUTOrPACOUSIHBIH,
napameTpAepiH 3epTrey

>KyMbicTa npouecTi xxofapbl 6akbiAay ABAAINIMEH MUKPO- >X8HE HaHO-OeMHEAEpAi KAAbINTACTbIPY
9AICTEpPIHIH 6ipi—3AEKTPOHABIK AUTOrpadms KapacTbipbiAaAbl. backa, atananTkaHaa, poToamMTorpacms,
PEHTreHAIK AUTOrpacms CUSKTbl HAHOKYPbIABIMAQY TEXHOAOTMSAAAPbIMEH CAAbICTbIPFAHAQ, DAEKTPOHADI
AmTorpacus ambeban 60AbIn TabbiAaabl. Erep >korapbl 8HIMAIAIK KakeT 6oAMaca, Tek 6ip SAeKTPOHADI
AMTOrpausiHbl KOAAaHYFa 60AaAbI. ByA )KyMbicTa KpeMHmi TeceHiwiHaeri [IMMA noammepi HerisiHAeri
PEe3UCTi KOAAQHA OTbIPbIN, IAEKTPOHAbI AUTOrpPadUsIHbIH TEXHOAOTUSABIK, MPOLECTepi CUMMaTTaAFaH.
CayaeneHaipy COM kamepacbiHaa 5 k3B, 15 k3B, 30 k3B aHepruscbl 6ap 3AeKTPOHAAPMEH >KoHe
1-10000 MKA/cM? 3KcroHaTTay AO3aCbIMEH XKYPTi3iAAi. AAbIHFAH YATIAEPAI OMTUKAABIK, >K&HE aTOMAbIK-
KywenTkiw mukpockonust (AKM) kemeriMeH Taapay TYCiHIH >KoHe Pe3UCTiH TUICTi KAAbIHAbIFbIHbIH,
COYAEAEHY AO03aCblHA TaYeAAiAiri kepceTiaai. AKM 6onblHIWLA ecenTeAreH pesmcT KaAblHAbIFbIHbIH,
NPoUAbAEPI HETI3IHAE OH >KOHEe TepiC Ce3iMTaAAbIK XXOHEe KOHTPACT CUSKTbl MapaMeTPAEpAIH ecenTeyi
XKYPrisiaai. ByA cvnatTtamasap sAeKTPOHAbI AMTOrpatMsiHbIH, LWeLLyLLi napameTpAepi 60AbIN TabblraAbl.
OALLEHreH cMnaTTaMaAapAblH;: CE3IMTaAAbIK MeH KOHTPACTbIH, MaHbI3ABIAbIFbIHA KOCA YCbIHFAH TEXHMKA
DAEKTPOHAAPABIH 3aTTapMeH ©3apa 9peKeTTeCy YPAICTEPIH 3epTTeyAiH ToxipnOeAik sAiCiH alaAbl.

Ty#in ce3aep: AuTorpacms, aAeKTPoHAbIK, AuTorpadms, AKM, ueHTpudyrasay saici, [TIMMA,

SKCMO3MNUUNAAbBIK, MOALLIED.

BBenenue

Pa3zBuTHEe COBpEMEHHOW TEXHOJOTMH MHKPO-
JJIEKTPOHUKH WJET B HAIIPaBIEHUN MHHUATIOPH3a-
LMY DJIEMEHTOB HHTETPAJIbHBIX CXEM, a 3HAUUT, He-
MIOCPEICTBEHHO CBSI3aHO C YCOBEPLICHCTBOBAHHEM
MetoioB smrorpadun. B mocnennue 30 ner Hesa-
BHCHUMO U C NEPEMEHHON MOIyJISPHOCTHIO Pa3BU-
BaJIMCh MOJXO/bl, OCHOBAaHHBIC HA HCIOJIb30BaHUN
ITyYKOB YaCTHUIl YETHIPEX THUIIOB: PEHTI'C€HOBCKUX H
yIbTPapHOIETOBBIX KBAHTOB, SJIEKTPOHOB H HOHOB
[1]. OgHako B mocnenHUE TOAbl, KOrJa XapakTep-
HBIE pa3Mephl DJIEMEHTOB MHKPOCXEM CYIIECTBEH-
HO YMEHBUIMIIUCH, 1 CTOUT BOIPOC O NMPEOOJICHUH
Cy0-IecATH-HAaHOMETPOBOro pyOeka, TOJBKO Me-
TOJIBI AJIEKTPOHHO-TYYEBONH M MOHHOM JUTOTpadun
HMMEIOT TIOTEHIMAJ MPOJIEMOHCTPUPOBATh COOTBET-
CTBYIOLLIEE pa3peLICHHE.

Jlutorpadust — 3TO METOJ] HaHECeHHS H300pa-
JKEHHMsI Ha MOBEPXHOCTh C IMOMOUIbI0 MACKH WIH
mabnoHa. B ocHOBe nmuTorpaduu aeKuT HU3HKO—
XUMHYECKUH TPUHIUI TOYHOTO «BBIOOPOYHOTOM
CTPYKTYPUPOBAHUS TTOBEPXHOCTHU C LIEIbIO MOTyYe-
HUSI U300paKeHUsI WIK 33JaHHONW CXEMBI, a TaKKe
M0/Ipa3yMeBAONINI TOJTyYeHHE OTTHCKAa C COBEp-
LICHHO T'TIaJIKOH MMOBEPXHOCTH, KOTOpast, Oaroaaps

COOTBETCTBYIOIIEH 00paboTKe, MPHOOpeTaeT CBOW-
CTBO Ha OT/AEJIBHBIX CBOMX YYacTKax NPUHUMATh
crienuanbHyro Jtorpadckyro kpacky [2]. CoBpe-
MeHHasi TuTorpadus B OOJBIINX 00bEMax HUCIONb-
3yercs Uil IPOM3BOACTBA aulll, KapT, KHUT, Ia3eT
U YIAaKOBOK — IPUMEPOM MOXKET CIIy>KUTb JIIOOOH
[JIAJIKUM, CEpPUIHO BBIITYCKAEMbIN MPOAYKT C Ie4a-
TBHIO Ha HEM.

[Ipomecc (MHUKpO- W HaHO-) JUTOTpadUU CO-
CTOUT U3 MHOKECTBA TEXHOJIOTHYECKUX OTEpalui,
B COBOKYIIHOCTHU NpEIHAa3HAYCHHBIX A1 (YOPMHUPO-
BaHUs Pelbe()HOr0 PUCYHKA HA CHELUAIBHOM UyB-
CTBUTENILHOM cJloe (pe3ucTe) MpHU H3TOTOBICHHUU
MOJYIIPOBOJHUKOBBIX HPUOOPOB, HMHTETPAJIBHBIX
MHKPOCXEM M CBEPXIIPOBOJHHKOBBIX HAHOCTPYK-
Typ. ChopMUpOBaHHBIN Ha CHENHUATBHO HAHECEH-
HOM CJIOC PHCYHOK, KaK NpaBHJIO, HEOOXOOUM ISt
MTOCIIETyTOIIeH 00pabOTKM ITOBEPXHOCTH — TPaB-
JICHUs1, HAlIBUICHUS WJIH DJICKTPOOCAKACHUS, — ISt
nepeHoca peiabeHOro pucyHka HEHNOCPEICTBEHHO
Ha CTPYKTYPHBIN CIOU WM MTOUTOKKY [3].

B HacTosiiee Bpems o criocoOy BO3AEHCTBUS
mutorpadust pazuensiercs Ha ¢oronuTorpaduro
(oOmyueHue yapTpaduoICTOBBIM H3ITyICHHEM) [4],,
PEHTIeHOBCKYIO JuTorpaduio (0OmydeHHe peHT-
TeHOBCKUM H3ITy4eHUeM) [5], KOJUIOMIHYIO JIUTO-
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rpaduro [6], SICKTPOHHO-IIy4eBYHO (0OIydeHHE
aJeKTpoHaMu) [7] ¥ WOHHO-ITy4eByto (0OIydeHHe
noHammn) [8].

[IpenmymiecTBa NPUMEHEHHS MHOTOIYYEBON
AJIEKTPOHHOU TUTOTpadUu MPOSBISIOTCS B PA3INd-
HBIX 00JacTsIX — U BCE OHHM BEAYT K YMEHBIICHUIO
CTOMMOCTH ¥ YBEITMUCHHIO aIalTHBHOCTH TEXHOJIO-
TUYECKHUX TPOIIECCOB, UCMOIB3YEMBIX B IPOU3BO/I-
ctBe uHTerpaibHbix cxem (MC). lannas TexHosmo-
TUsl MOKET OBITh MCIOJIBb30BaHA KaK IS TUIACTHH
muamerpoM 300 MM, Tak 1 200 mMm [9]. Cam mMeTon
AJIEKTPOHHO-TTYYEBOM JIMTOTpadusi TPUMEHSETCS
JUTSL U3TOTOBJICHUS] CyOMUKPOHHBIX M HaHOPa3Mep-
HBIX TOMOJOTHYECKUX 3JEMEHTOB IIOCPEICTBOM
SKCIOHUPOBAHUST DIIEKTPOHHBIM JYYOM TIOBEpPX-
HOCTH MaTepualla YyBCTBHTEIILHOTO K OOJIY4YEeHHUIO
[2, 10]. B oTnmume OT 3MEKTPOHHOU iuTOTrpadum,
pasMepsl AIEMEHTOB B (POTOIUTOrpaprIecKOM Mpo-
1ecce NPUHIUIHAIBHO OTPaHHYCHBI JTHHOM BOJTHBI
MCTIONB3yeMoro u3myuenus [11].

OO6nacTh MPUMEHEHUs AJIEKTPOHHOM JHUTOrpa-
¢un — MoHeTHBIE ABOPHI, GoTonuTorpadus (U3ro-
TOBJICHHE MacOK), COTOBEIC Tenedons [12-14].

[IpuMeHEeHHE BIIEKTPOHHO-TYYEBOH JIUTOTpa-
¢$un no3BoseT:

a) TMOJTy4aTh JJIEMEHTHI PUCYHKA C pa3MepaMu
Mmenee win paBHbiME 0,01 MkM (a7 poTonmuTorpa-
¢un ve menHee 0,5 MKM);

0) ¢ BBICOKO¥ TOYHOCTHIO KOHTPOJINPOBATH JI03Y
AJIEKTPOHHOTO MyYKa, MTaJJafoIero Ha Pe3nUCT U MOJI-
JIOKKY;

B) JIETKO OTKJIOHSTH U MOJYJINPOBATH JIEKTPOH-
HBII IIyYOK C BBICOKOM TOYHOCTBIO 3JIEKTPUUYECKHU-
MU ¥ MarHUTHBIMH TIOJISIMU;

r) GopmMupoBaTh B pse CIydacB TOIOJIOTHIO
CXEMBI HETIOCPEJICTBEHHO Ha IIACTHHE;

JI) aBTOMATU3UPOBATH TEXHOJIOTHIO CO3JaHMS
TOTIOJIOTMYECKOTO PUCYHKA;

e) npoHUIMPOBATH
[15,16].

B nmanHO# paboTre mpencTaBIeHBI PE3yJIbTAThI
M3YYEHHUsI 0COOCHHOCTEH 3JICKTPOHHO-TYUEBOU JIH-
TOrpaduu, B YaCTHOCTH TAKUX BAKHBIX TIAPAMETPOB,
KaK KOHTPACT ¥ YyBCTBUTEIHHOCTH ITOJIMMEPA.

JJIEKTPOHHBIA  ITy4OK.

MeToauKa BbINOJHEHUS U pacueTnbl

CxemMaTH4YeCKH COBPEMEHHBIN MpoIlecc HaHO-
CTPYKTYPUPOBAHMS BBITIISAUT JOBOJIBHO MPOCTO
(puc. 1). CHagana Ha paboUyr0 TOUIOXKKY (OOBIYHO
9TO MJAacTHHA KPEMHHS) HAHOCUTCS TOHKHH CIIOM
pesucTa (TOJNIMHON IECSITKU- COTHH HAHOMETPOB).
CoBpeMEeHHBIC PE3HUCTHI MPEICTABISAIOT CO0O0H Imo-
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JMMEpPHBIE MaTepUalbl YyBCTBUTEIbHBIC K H3ITyde-
HUIO, pPAaCTBOPUMOCTB OOJIYYEHHBIX Y4aCTKOB JIHOO
yBEIUUMBAETCsl (PE3UCT TIO3UTHBHOTO TOHA), JTHOO
yMeHbIIaeTcs (PEe3UCT HEraTMBHOTO TOHA). 3aTeM
IIPOBOJUTCS SKCIIOHUPOBAHUE, HEKOTOPBIE 00JIaCTH
pe3ucTa MmoJBepraroTcsi 00IyYEHHIO AIIEKTPOHHBIM
WUJTU CBETOBBIM ITy4KoM [3].

CrenyromuM 1maroM SsIBJSIETCS HPOSIBICHHUE
(0OBIYHO HMCTONB3YyETCS YKUIKOCTHOE TpaBJIEHHUE),
13-32 U3MEHEHHUSI PAaCTBOPUMOCTH OOJyYeHHBIE 00-
JIaCTH MO3UTHBHOIO PE3HCTa PACTBOPSIOTCS TIOJIHO-
CTBIO JIO TIOJUIOKKU. B ciiyyae HeraTmBHBIX pe3u-
CTOB YJAJISIIOTCSI HEOOIyUEHHbIE YUYAaCTKH PEe3HCTa.
Hanee, kak MOKa3aHO Ha pUCYHKe 1, moiydyeHHas
CTPYKTypa TIOABEPTaeTcs CyXOMY «BEPTHKAIBHO-
My» TPaBJICHHIO U PUCYHOK U3 PE3UCTa EPEHOCUTCS
B IIOJUIOKKY. HO OueHb pacnpocTpaHEeHHBIM SIBJISI-
eTcs nporece «dT-opd», pU KOTOPOM MTPOUCXO-
IUT HalbUICHUE HAalPUMEp CII0S METaslia), a 3aTeM
B CHJIbHOM PAacTBOPUTEINIE YAAISETCS OCTAaBLUIMMCS
pe3uct. BmecTe ¢ pe3uctoM yaaisieTcss U CiIou Ha-
HECEHHOT0 MeTajula. B pesynbraTe Ha MOIJIOKKE
OCTaeTcsi pUCYHOK B BHE OOIy4YeHHBIX OOjacten
(MM MHBEpPCHBIN PUCYHOK B CiIydae HEraTUBHOT'O
pesucra). O4eHb 4acTo BMECTO CJIOB JUTOrpadus,
o0Jy4eHHe WM DKCIOHWPOBAaHUE YIIOTPEOISIOT
TEepPMHUH pucoBanue [3].

Heo0xomumble MaTepuaisl U JUIs TTOJTyYSHUS
CJIOSI pEe3UCTa: MOJIOKKA KPEMHUs, BaKyyMHBIH
HACOC, TUCTWIINPOBAaHHAS BOja, arnetoH, [IMMA
(monmmmernnmMetakpunat) Mapku DJII1-20. [ns pa-
00ThI OblTa coOpaHa yCTaHOBKA IIEHTPH(YTHpPOBa-
HUSL, JJIS TTOJTYYSHHUsI TOHKOTO CJIOSI PE3HCTa.

OKCMOHUPOBAHUE NPOBOAMIOCH B CKaHHPYIO-
meM JJIeKTPOHHOM MuKpockore (COM) Quanta
2001 3D, FEI Company. 17151 KOHTPOJIsi pe3yJIbTaTOB
9KCIEPUMEHTA UCTIONB30BAIICS ONTHYECKUI MUKPO-
cxorr DM 6000M, Leica.

Peanu3auusi HaHeceHUsI pe3UCTAa HA KPEeMHH-
€BYIO NIOJJI0KKY:

Jns Havanma MOpoU3BOAMTCS MOJATOTOBKA MOI-
JIOKEK C TIOMOIIBI0 OYUCTKH areToHoM. J[is Obl-
CTPOMl XMMHUYECKOW peakluuM alueTOH HarpeBaeTcs
1o 150°C B reuenne 10-15 cekynn. Jlanee moanox-
KU TIPOMBIBAIOT CHAJaJla B M3OIMPOIMIIIC (CIHPT) U
3aTeM B JUCTHJUIMPOBAHHOM Bojge. OCTaTKu BOJIBI
yIAIAI0T TIOTOKOM BO3Ayxa. BaxkubiM (akropom
SIBIIICTCSl OTCYTCTBHE Karleldb BOJBI WJIH IBUINHOK,
KOTOpPBLIC MOT'YT CYHCCTBEHHO IIOMCIIATH IIOJTYy-
YEHHWIO OJHOPOJHOTO CJOs pPe3HcTa MOCTOSHHOU
TOJIIMHEI.
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Pucynox 1 — IIporiecc mpoBeieHns AIEKTPOHHOM JUTOrpadun

HaHeceHWe pesucTta

MeToa HeHTpH(YTHPOBaAHHS

CywkKa npu t=150"

PucyHok 2 — TexHOJIOTHs HAHECEHHS PE3UCTa Ha KPEMHHUEBYIO TTOATIOKKY

Jlanee moasio)KKa yCTaHaBIUBAETCA B LEHTP
BaKyyMHO# mnpucocku. OdYeHb BaXXHO YCTaHO-
BUTH MOJJIOKKY B TOYHOCTH TI0 IIEHTPY, TaK Kak
OT 3TOTO 3aBUCUT Mepa pacHpOCTpaHEHHUs pac-
TBOpa IO TOBEPXHOCTU M KauecTBO 00pa3yeMoi
mieHku. CucrtemMa mMeHTpUuGYTHPOBAHUS HACTpa-
uBaetcsi Ha ckopocth 3000 obopoToB/MUH (UeM
MEHBIIIE CKOPOCTh BpAIIEHUS, TEM OOJIBIIIE TOJI-
IIMHA MJIEHKN). B MEeHTp MOAI0KKH ¢ TTOMOMIBIO
nuneTku HaHnocutcs pactBop IIMMA, Tommu-
Ha KOTOPOTO OMpENeNseTcs Mo IBETYy (HOopMH-
pyeMoil mieHku. Ha xayecTBO MJIEHKU BIIUSIOT
pa3Hble (PaKTOpPbHI, B TOM YHCJIC YUCTOTA U KOH-
LHeHTpalus mojuMepa B pacTBope. Tpebyemas
BSI3KOCTh pacTBOpa JOCTUTAETCS M00aBICHUEM
PaCcTBOPUTECIIA, U ONBITHBIM IIYyTEM HOI[6I/IpaeTC$I
HYXHasi KOHI[EHTPAaIHs.

[TomydenHas monuMepHasi MJICHKA Ha MOBEPX-
HOCTH MOJJIOXKKH IMOABEPTacTCA CYLIKE IIPU TEMIIC-
parype 150°C.

Oo6uyuenue B8 COM nipoBOIMIOCH TIPU CIIEIYHO-
[IMX MapaMeTpax: AuameTp mydka 30 HM, SHEPTHsIX
5;15; 30 x»B u 3nauenuu Toka 106,22 HA.

Jlo3a sKCHOHMPOBaHHUs ObLIA paccUMTaHa IO
creyroriei popmyie:

st

D=— (1)

CrhenyronpM IIaroM SIBJISIETCSl MCCIEI0BAHHE
00pa3LoB ¢ MOMOIIBIO ONTHYECKOH MHKPOCKOIIHHU.
Ha pucynke 3 mpeJcTaBieHbl ONTHYESCKHE MHKPO-
(hoTorpaduu 06pasmoB, 0OITYICHHBIX AIEKTPOHHBIM
IIy4KOM C 3Hepruei SkaB.

bbla poBeieHa cepust SKCIIEPUMEHTOB 0 00-
JTYYCHUIO 00pa3loB JICKTPOHHBIM ITYYKOM DHEPTH-
el 15 k9B, ontuueckue MUKpodoTOrpaduu KOTO-
PBIX MOKA3aHbI HA PUCYHKE 4.

Taxk e ObUTH TTOTyYeHBI ONTHYCCKIE MUKPO(hO-
Torpaduu 00pasloB C J1030i IKCIOHUPOBAHUS OT 1
10 10000 MK/ em? ipu suepruu 30 k3B (puc. 5).
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10 pm

0 pm

i 10 um

a) 0) B)

a) j103a skcronuposanus ot 1 1o 100 (MmxKi/cm?; 6) mo3a sxcrionuposanust ot 10 10 1000 (MxKi/cm?);
B) n03a skcrionupoBanst ot 100 1o 10000 (MxKi/ cm?)

Pucynok 3 — Onrrueckne MukpogoTorpadgun 00pa3nos 00IyIeHHBIX IEKTPOHHBIM ITyYKOM C dHepruei 5 koB

10 pm 10 um

| 10 pum

a) 0) B)

a) j103a skcrioruposanus ot 1 1o 100 (MxKi/ cm?); 6) no3a sxkcrionuposanust ot 10 1o 1000 (MxKi/ cm?);
B) 103a skcrionuposanus ot 100 1o 10000 (MxKi/ cm?)

Pucynok 4 — Ontrueckne MukpogoTorpaduu 00pa3oB 00IyIEeHHBIX dIEKTPOHHBIM ITyYKOM ¢ dHeprue 15 koB

' 10 pm I 10 pum 10 um: y

a) 0) B)
a) no3a skcroruposanus ot 1 1o 100 (MxKi/ cm?); 6) mo3a sxcrioruposanust ot 10 1o 1000 (MxKi/ cm?);
B) 7103a 3KcroHnpoBanus ot 100 1o 10000 (MxKu/ cm?).

Pucynok 5 — Onrrueckne MukpogoTorpaduu 00pa3noB 0OIyIEHHBIX IEKTPOHHBIM ITydKoM ¢ sHeprueit 30 xaB.

CrhenyromyM LIaroM SBJISETCS MCCIECAOBAaHME  OIpPEZEJICHA TOJIINHA PEe3UCTa, KOTOPas COCTaBIIET
00pa3oB ¢ MOMOIIBIO aTOMHO-CHJIOBOH MHUKpOCKO- 249,15 HM.
muu (ACM). [lns 31Ol 3amauu ObLT MCIIOJIB30BaH Pucynok 6 mpexacraBuser coboii Tonorpaduro
aTOMHO-CHJIOBOM MUKpockonm Solver Spectrum,  00pa3ioB, KOTOpPbIE OOITYYEHBI dJEKTPOHAMH C DHEP-
NT-MDT. b nonyyenst ACM u3o0paxkeHust 1 Tueit 5 k3B ¢ paznuyHoit 10301 SKCIOHUPOBAHUSL.
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a) 103a sxcrnonupoBaunust ot 1 1o 100 (MxKi/cm?); 6) no3a sxcrioruposanus ot 10 1o 1000 (MxKi/ cm?);
B) no3a skcronuposanus or 100 1o 10000 (MxKn/ cm?)

Pucynok 6 — ACM u3o06paxeHnst 00pa3oB 0OIyIeHHBIX MIEKTPOHHBIM ITy9KOM C SHepruei 5 kaB

Taxxe 6putn morydensl ACM n300paxeHust 00-
pas3uoB, OOJYYCHHBIX DJIEKTPOHHBIM ITyYKOM JHEp-
rueit 15 k3B, KoTopble moKa3aHbl HA PUCYHKE 7.

B xome maHHOTO WccienoBaHUS Takke OBLT
orpejieicH perbed MOBEPXHOCTU 00pasioB, 00JIy-
YEHHBIX 3JIEKTPOHHBIM IydykoM dHeprueil 30xsB

(puc. 8).
O0paboTka pe3yabTaTOB

Jlns  ycmemrHOro mpUMEHEHHS PE3WCTOB Ha
MIPAKTHKE, HEOOXOMMO 3HAaHWE HECKOJBKUX Iapa-
METPOB, Ha3bIBAEMBIX JO30BBIMH XapaKTEpHCTH-
kamu [17]. J{030BBIMH XapakTEpPUCTUKAMHU DJICK-
TPOHHBIX PE3UCTOB SIBJSIOTCA UyBCTBUTEIBHOCTh U
KOHTPACTHOCTh. UyBCTBHTENHHOCTH TTO3UTHBHOTO
pe3ucTa xapakTepu3yeT /103y, KOTOpYIo HE00X0 -

86

MO IepeiaTh y4acTKy 3TOr0 PE3UCTa AJIS €ro IOJ-
HOU MPOSIBKU 32 mpuemiieMoe BpeMs (00brdHo 1-2
MUHYTBI). UyBCTBUTEIBHOCTD, KaK U 103y IKCIIOHH-
POBaHUSI AJIEKTPOHHOT'O PE3UCTA OOBIYHO U3MEPSIOT
B Ki/em?[18].

IlocpenactBom Tomorpaduii, MOJYyYEHHBIX Ha
ACM, Obut moctpoeH mpoduias obpasma, o0iry-
yeHHOro 3Heprueil SkaB. U3 pucynka 9 BwisgBieH
napaMeTp TMOJIOKUTEIbHOH M HEraTUBHOW YyB-
CTBHUTENBHOCTH, KOHTpacTa i [IMMA wmapkn
OJII-20.

[lapameTp MONOXKUTENBHON 4yBCTBUTEIBHOCTH
OBIT paccuyuTaH MOCPENCTBOM Iporpammbr Origin.
Jluaus Havaa SKCIIOHUPOBAHUS COOTBETCTBYET Ia-
paMeTpy MOJOXKHUTEIbHONH YyBCTBUTEIbHOCTH. [la-
paMeTp MOJIOKUTEIBHON 4yBCTBUTEIBHOCTH AJI 5
k3B cocrasiser 15,64 MxKin/cm 2.
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a) o3a skcrnonuposanust ot 1 1o 100 (MxKu/ em?); 6) no3a skcrionuposanust ot 10 1o 1000 (MxKi/ em?);
B) 11032 9kcroHupoBanus ot 100 no 10000 (MxKu/ cm?).

Pucynok 7 — ACM u3o6paxeHnst 00pa3oB 00IydIeHHBIX MEKTPOHHBIM IyYKOM C SHepruei 15xB

IlonoBMHA TONIIMHBEI PE3UCTA XapaKTEPUYET
IapaMeTp HEraTMBHOM 4yBCTBHUTENbHOCTH. [lapa-
METp HEraTHBHOM YyBCTBUTEIBHOCTH A SK3B pa-
BeH 55,655 mxKu/cm?.

Jpyroil BaKHOM XapakTEPUCTUKOM HJIEKTPOH-
HOTO pe3ucTa SBIIETC KOHTpacTHOCTh. OHa SBIISI-
eTCsl XapaKTEPUCTUKON KPYTH3HBI pesibeda pe3ucra
nocJie mposieienus [19].

KoHTpacT ObLI BEIMKCIEH 1O CleAyIomiei dpop-
myte [20]:

D..

v=y@),

T V 9TO CKOPOCTh MPOSBICHHS 00JIACTH MPO-
OKCIOHUPOBAHHOMU € 11030 D, a v, — CKOPOCTh
HpOSIBJIEHUS 00JacCTH NPOIKCIOHUPOBAHHOU C

2)

ISSN 1563-0315
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1030d D, mapamerp y NPUHUMAETCA 3a KOH-
TPAaCTHOCTb.

[TapameTp NOJOXKUTETBHOIO KOHTpacTa UC-
MOJIL3yeMoro pesucta npu 5 k9B pasen 2,34, a na-
pameTp HeraTUBHOI'O KOHTpacTa coctasisieT 0,76.

Tak xe B mporpamme Origin ObUT TOCTpO-
eH mnpodunas obOpasna oO0IydeHHOTO JHepruen
15x3B. IlapameTp TOJOKHUTETHLHON W HETATUBHOMN
YyBCTBHUTEIBHOCTH, KOHTpAcTa OBbUT PacCUnTaH, KaK
ONUCHIBANIOCH BbIIE. [lapaMeTp MOJ0XKUTEIHHON
YyBCTBHUTENBHOCTH s 15 k9B pasen 42,86 MxKn/
cm?. [TapameTp HeraTUBHOM 9yBCTBUTEIBHOCTH JIJISI
15x3B cocrasmsier 84 MxKi/cm

Taxke OBUT BBIABICH TMOJOKUTEIHHBIA KOH-
TpactT npu 15 k3B, xoropslit coctaBnser 1,62, He-
raTUBHBIM KOHTpacT — 0,78.
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Pucynox 8 — ACM u3o6paskeHns 00pa3ioB 00IyYeHHBIX 3JIEKTPOHHBIM MYyYKOM ¢ 9Heprueit 30xk>B
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Pucynox 9 — ITpodpuins ACM u3obpaxkenus: oopasia
00IIy4eHHOTO0 ¢ SHepruei 5 kaB

Pucynox 10 — ITpoduns ACM uzobpaxeHus odpasia
00ryyeHHOTro ¢ 3Heprueit oomydenus 15 k3B

Becrauk. Cepust pusmyeckas. Nel (68). 2019




Msip3abexoBa M.M. u 1p.

CrnenyronmmM 3TanoM ObUIO WU3ydeHUEe MpoQu-  TraTHBHON uyBcTBHTEIbHOCTH 30K3B cocraBmser
751 00pasiia, 00JIy4eHHOTo 3JIeKTpoHamMu dHeprueit 86,25 MxKi/cm?.

30x3B. U3 pucynka 11 BbIsIBIIEH mapaMeTp MOT0XKH- [Honoxxurenbupiit koHTpacT npu 30 k3B g
TEJIbHOUN U HETraTUBHOM UyBCTBUTENBHOCTH, KOHTpa-  [IMMA paBen 1,17, HeratuBHbIM KOHTpacT s
cra st [IMMA mapku 2JIT1-20. coctasiser 0,65.
3akio4yeHue
0 o )
[ B nanHO# cTarthe OBUIO M3Yy4YEHO BO3ACHCTBHE

3JIEKTPOHHOTO Mydka Ha pe3uct [IMMA un BbIsB-
JICHBI J030BbI€ XapaKTEPUCTUKH. BEIABIEHBI Mapa-
METPBI TOJOKUTEILHOW YyBCTBUTEIHHOCTH JJIS 5,
15, 30 k3B, KoTOpBIE PaBHBI COOTBETCTBEHHO 15,64;
42,86; 83,14 mxKn/cMm?. DTH 3HAUEHUS XapaKTePH-
3YIOT MUHHMAJIBHYIO 7103y, HEOOXOJUMYIO JUIs TIOJT-
2004 Horo pactBopeHusi pesucta [IMMA mapku DJIII-
20. TakuMm oOpa3om, B paboTe OBLTH BBIYHCIICHBI
-250 - napameTpbl JIUTOrpadUuecKoro mporecca Mnpu pas-
HBIX 3HEPTUAX, TEM CaMbIM OIPE/IEIEHbI ONTHMab-
HBIE YCJIOBHS U151 00JIyUeHHUs TIOJIMMeEpa.
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Pucynok 11 — ITpoduns ACM u3o06pakenus oopasma oomy-

4eHHOTO ¢ Hepruei 30 B PabGora Oblia BBIMOJNIHEHA MPH  TMOJICPIKKE

MOH PK mno rpantoBoMy ¢uHaHcupoBaHUIO No
AP05134926 «TexHoJOTHSI 3JIEKTPOHHO-UOHHOMN
nurorpaduu s rosorpaduaecKon 3aTbl MOHET,

ITapamMeTp MONOKUTENBHON YYBCTBUTEIBHOCTH 0
CIIUTKOB U M3/ETHI U3 JparoleHHbIX METAJJIOBY.

st 30 k9B pasen 83,14 mxKu/cm 2. Tlapametp He-
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NUMERICAL SIMULATION OF FUEL COMBUSTION PROCESSES
TO REDUCE HARMFUL DUST AND
GAS EMISSIONS USING OVER FIRE AIR

Currently, air pollution is a huge environmental problem. The participation of energy companies in
environmental pollution by fuel combustion products and solid waste is significant. Above all, power
plants operating on solid fuel are one of the main sources of air, water and soil pollution. Until recently,
during coal combustion process the most part of attention has been paid to protecting the environment
from solid pollutants, such as ash. Very little attention has been paid to the gas products of combustion
reactions, especially to NOx 1 SO,.

Mainly NO and NO; of nitrogen oxides are found in the atmosphere. NO is an unstable component
that oxidizes to NO; during 0.5-3 to 100 hours. The toxicity of NO; is 7 times higher than the toxicity
of NO. Nitrogen oxides are most dangerous as an active ingredient in the formation of photochemical
smog. Currently nitrogen oxides are recognized as the most toxic atmospheric pollutants, and their
maximum permissible concentration is 6 times less than for sulfur dioxide. It is believed that emissions
of nitrogen oxides generated during combustion contribute to the oxidation of precipitation,
photochemical air pollution and depletion of the ozone layer.

In this regard, many studies are aimed at the development of technologies for environmentally
friendly combustion, which provide harmful dust and gas emissions at the level of international
standards.

One of the ways to reduce the concentration of nitrogen oxides NOy is the stepwise combustion of
a powdered coal mixture, in particular the "Over Fire Air" technology. The idea of this method is based
on the fact that the main volume of air is supplied to powdered coal burners, and the rest of the air is
supplied further along the height of the torch through special nozzles.

The article presents the study results of the Over Fire Air technology influence on the aerodynamic
characteristics of the combustion chamber of the BKZ-160 boiler.

Key words: energy, combustion, nitrogen oxide, injector, combustion chamber, aerodynamics.
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Over Fire Air-Abl KOAAQHDIN 3USIHADI LLIAHTa3Abl TO3aHAbI KAAABIKTAPAbI
Q3aMTy YLUiH OTbIHADBI XKaFy NPoOLEeCTePiH CAHAbIK, MOAEAbAEY

Kasipri yakpbITTa aTMocdepaAbiK, ayaHblH AaCTaHybl KYH TOPTIOIHAETT ©3eKTi SKOAOTUSIAbIK, MOCEAE
GOABIM OTbIP. DHEPreTUKAAbIK, KOCIMOPbIHAAPAbIH KOpLLUAFaH OpTaHbl OTbIHHbIH, >XKaHy 6HIMAEpPIMEH,
KaTTbl KAAABIKTApMEH AacTaHyblHa KATbICybl aMTapAbIKTal ABpEXKere >XeTKeH >XOHe MyHAaM
HblCaHAAPFa €H aAAbIMEH KaTTbl OTbIHMEH >KYMbIC >KacaliTblH, 8pi aya, Cy >KeHe TOMbIPaKTbl AaCTayLLbl
Herisri Ke3aepAiH 6ipi 6OAbIN caHaAaTbIH SAEKTP CTaHUMsAAPbI XKaTaAbl. COHFbI KE3AEPi KOMIPA >Kary
GapbiCbiHAA KOpLUaFaH OpTaHbl KaTTbl AACTaybllITapAAH, MbICaAbl, KYAAEH Koprayfa 6aca Hasap
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AYAQPbIAbIN KEAAi, aAanAd, >KaHy peakuMsiCbiHbIH, ra3abl eHiMaepi, acipece NOy neH SO KaTbICThI
MaceAeAep KMbIHABIK, TYAbIPbIN Typ.

ATMocepaaa a3oT TOTbIKTapblHbIH, iWiHAE HerisiHeH NO >xeHe NO; ke3peceai. NO 0,5-3-teH
100 car iwiHae NO3z AeiiH TOTbIFaTbiH OPHBIKCbI3 KOMMOHEHT 60AbIN Tabbiraabl. NO3 yAbiAbiFbl NO
YABIAbIFbIHAH 7 ece >KOFapbl. A30T TOTbIKTapbl (POTOXMMMSIABIK, TYMLUAHbIH, TY3iAYyi Ke3iHAeri 6eAceHA|
KOMMOHEHT peTiHAe KayinTiAiK TyablpaAbl. Kasipri yakblTTa @30T TOTbIKTapbl aTMOC(epaHbIH eH, ipi YAbI
AaCTayLIblAapbl GOAbIM TaHbIAFAH, aA OAAPAbIH, LLEKTI PyKCaT €TIATeH KOHLEHTPaUMACh! KYKIpTTi ra3oeH
CaAbICTbIpFaHAa 6 ece a3. JKaHy 0apbICbIHAA KaAbIMTacaTbiH a30T TOTbIKTapPbIHbIH KAAABIKTApb!
aTMOCEpPaAbIK, bIAFAAABIH, TOTbIFYbIHA, ayaHblH (DOTOXMMMSIABIK, AACTaHyblHa >KOHE 030H KabaTblHbIH
a3fblHAAAYbIHA 8KeAin coKTbipaAbl. OCbl TYPFblAA KOMTEreH 3epTTeyAep 3USIHAbI LAHra3AbIK, TO3aHAbI
KAAABIKTApPbl  XaAbIKApPaAblK, CTaHAQPTTap AEHreriHAe LWbIFYbIH  KaAaFaAalTbiH  Tasa  Kafy
TEXHOAOTMSIAAPbIH XKacayFa OarbITTaAFaH.

A30T TOTbIKTapbiHbiH NOy KOHLEHTPAUMAAAPbIH KEMITYAIH OCbIHAQM TOCIAAEPIHE LUaHKOMIpAi
KOCMaHbl caTblAail >KafyAbl ailTyFa 0OOAaAbl, OHbIH illiHAE HakTbipak antcak, «Over Fire Air»
TEXHOAOTMACHI. ATaAFaH BAICTIH M8HI ayaHblH HEri3ri KeAemi LaHKeMipAi XaHapFblAapFa, aA KaAFaH
aya aAayAblH OUIKTIri GOMbIMEH apHalibl COMAOAAP apKblAbl GepiAETIHAITIHE Heri3aeAeAi.

Makanapa Over Fire Air TexHoaoruscbiHbiH BK3-160 ka3aHAbIFbIHbIH, >KaHY KamepacblHbIH,
A3POAMHAMMKAAbIK, CMMATTaMaAApPbIHA 8CEPIH 3epTTey HOTUXKEAEPi KEATIPIAreH.

Ty#HiH ce3aep: sHeprus, >kaHy, a30T OKCUAi, MHXKEKTOP, XKaHy Kamepachl, aapoArHaMMKa.
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YucaeHHOE MOAEAMPOBAHME NMPOLLECCOB CXKUTaHUS TOMAMBA
AASl CHUXKEHUS! BpeAHDBIX NMblAera3oBbiX BbIGpocoB ¢ npumeHeHnem Over Fire Air

B HacTosliee BpemMsi OCTPOM 3KOAOTMYECKON NMPOOAEMON SIBASIETCS 3arpsi3HeHWe aTMochepHoro
BO3AyXa. YyacTue 3HeprornpeAnpusaTuii B 3arpsa3HeHMM OKpPYy>KatoLlen cpeAbl MPOAYKTaMM CropaHms
TOMAMBA, TBEPABIMM OTXOAAMU 3HAUMTEALHO, 1 3TO, MPEXKAE BCEro, SIAEKTPOCTaHLMM, paboTaloLme Ha
TBEPAOM TOMAMBE U SIBASIOLIMECS OAHWM M3 OCHOBHbIX MCTOUYHMKOB 3arpsi3HeHUs BO3AyXa, BOAbl M
nouBbl. AO MOCAEAHEro BPEMEHU MPWU CKUIaHWK YIAS BHUMaHME YAEASAOCH 3alumMTe OKpy>Katollen
CpeAbl OT TBEPAbIX 3arpsi3HUTEAEN, HANPUMEP 30Abl, 3HAUUTEABHO CAOXKHEE OOCTOUT AEAO C ra30BbIMM
NPOAYKTaMM peakumin ropenust, n ocobeHHo ¢ NOx n SO,.

B atmocdepe u3 okcmpoB asota BcTpedvaloTtcs B ocHOBHOM NO u NO,. NO sBasietcs
HEeYCTOMYMBbLIM KOMIMOHEHTOM, KOoTopbiii B TedeHne oT 0,5 — 3 Ao 100 u okucasietcs Ao NOa,.
TokcnuHoctb NO2 B 7 pa3 Bbiwe TokcuyHocTM NO. HamboAbllyld OMacHOCTb OKCMAbI a3oTa
NPEACTABASIOT KaK akKTVMBHbI KOMMOHEHT npu 06pa3oBaHum hoToxmummueckoro cmora. OKMCAbI a30Ta
MpU3HaHbl B HACTOSILLEE BPEMS HAMOOAEE TOKCUUHBIMU 3arpS3HUTEAIMU aTMOCEpDI, a X NPEAEAbHO
AOMNYCTVMasi KOHLUEHTpauMsl B 6 pa3 MeHblUE, YeM AASl CEPHUCTOro rasa. Cumraercs, YTo BbIOPOCHI
OKCMAOB a30Ta, 06pasyIoWmMXCs MpU FOPeHMM, CMoCOOCTBYIOT OKMCAEHMIO aTMOCEPHbIX OCAAKOB,
(POTOXMMNYECKOMY 3arpsi3HEHMIO BO3AYXa M UCTOLLLEHUIO O30HOBOIO CAOSI.

B 3TOM CBA3M MHOIME WMCCAEAOBAHMS HarnpaBAeHbl Ha Pa3paboTKy TEXHOAOTUI 3KOAOTUMYECKU
UMCTOrO CXKMraHus, obecrneumBaiolIMX BPeAHble MblAera3oBble BbIOPOCbI Ha YpOBHe TpeboBaHMit
ME>KAYHAPOAHBIX CTaHAQPTOB.

OAHUM 13 CrnocoBOB CHUXEHUSI KOHLEHTpauum okcMaoB aszota NOy sBAsieTCs CTyneHuyaToe
CXKUraHue MbIAYTOAbHOM CMeCH, B 4acTHOCTM TexHoaorma «Over Fire Air». CyTb AQHHOrO MeToAQ
3aKAIOYAETCsl B TOM, UTO OCHOBHOM 06bEM BO3AyXa MOAAETCS B MbIAEYTOAbHbIE FTOPEAKM, @ OCTAAbHOM
BO3AYX — AdAee MO BbICOTe (hakeAa yepes crielmabHble COMAQ.

B cratbe npeAcTaBAeHbl pe3yAbTaTbl MCCAEAOBaHUS BAMSIHMS TexHoaorum Over Fire Air Ha
AdpoAMHaMMYECKME XapakTepPUCTUKM TOMOYHOM Kamepbl koTAa BK3-160.

KAloueBble cAOBa: 3HePrus, ropeHne, okCma a3oTa, MHXXEKTOP, TOMOYHas KaMmepa, adpoAMHaMMKa.

Introduction industry, they have changed the system of view on

its role and place in the modern and future society

Energy is one of the leading industries of many  radically. The new system of view is reflected in the
industrialized countries. These countries have  Smart Gird concept — the smart energy system,
switched to the innovative development of this  which should be the basis of the national energy and
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innovation development policy of any country and
should be taken into account in the development of
the domestic energy.

Efficient energy use is a prerequisite for
economic and social development, as well as
improving the ecology.

In the "Kazakhstan-2050 Strategy" N.A. Nazar-
bayev noted that: "Kazakhstan is one of the key
elements of global energy security...".

Worldwide, the use of renewable energy
resources (the share of solar and wind energy in the
total energy consumption of the Republic of
Kazakhstan is about 0.02%) is an integral part of
measures to solve environmental problems.

Oil

20% Atomic energy 4 0%
Gas 'f
10% Hydroenergy iRenewablE energy*0,5%
0% : 0,0%
1970 1890 2010 2030
al

However, solar and wind energy production is
relatively expensive compared to traditional
sources.

The country's coal power plants generate more
than 80% of energy. Therefore, “in the future, coal
will have been playing a significant role in the
country's energy sector” [1-4].

Energy is one of the leading industries in many
industrialized countries, including Kazakhstan. It
should be noted that more than 80% of all energy
produced in the world is produced by combustion
organic fuel (Figure 1) [5]. In Kazakhstan, about 70%
of electricity is generated from coal, 14.6% from
hydro resources, 10.6% from gas and 4.9% from oil.

m Renewable energy™
m Hydroenergy

M Atomic energy

m Coal

 Gas

m Oil

1670-
1990 2010 203Q; *including biofuels

1690- 2010-

b)

Figure 1 — The share of energy sources in the period from 1970 to 2030

The main part of electricity in Kazakhstan is
generated by 37 thermal power plants operating on
coal from Ekibastuz, Maikubinsk, Turgai and
Karaganda basins.

Production of electricity by burning solid fuel
(coal) for our country is the traditional and most
developed way due to the presence of hard coal huge
reserves. Therefore, in spite of the beginning of the
search process for Kazakhstan of alternative, more
environmentally friendly ways of obtaining energy,
for a long time the power plants operating on solid
fuels will have been being the basis of energy
production and energy security of the country. The
quality and quantity of gas emissions and waste of
thermal power plants is greatly influenced by the
type of used fuel [6-9].

The coal of Kazakhstan is cheap energy fuel, the
reserves of which will be enough for many hundreds
of years. At the same time, its low sulfur content and
low nitrogen content (not more than one percent)

should be noted. However, at the same time, the coal
of Kazakhstan, being a good energy fuel in its
reactivity, has one big drawback — high ash content.
The ash content of coal supplied from individual
Kazakhstani fields to thermal power plants sometimes
exceeds 70%. In compliance with the law in the UK it
is — 22%, in the USA — 9%, in Germany — 8%.

The presence of ash in the fuel affects on its
quality negatively, since ash reduces the amount of
heat per unit mass of fuel. The smallest solid
particles of ash are captured by the flow of flue gases
and are carried away from the burner, forming fly
ash, which pollutes and sometimes floods the
convective heating surface.

During combustion of all types of fossil fuels,
one of the most harmful products of combustion are
NOx oxides, which damage both the environment
and human health.

Thus, one of the actual tasks in the development
of new and operation of existing combustion devices
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is to reduce the concentration of carbon and nitrogen
oxides during the combustion products.

Reducing NO, emissions from fuel combustion
at TPPs plays an important role in reducing the total
level of nitrogen oxides NOx emitted into the
atmosphere. When using methods to reduce NOy in
calculating the amount of NO,, it should not be used
the traditional percentage of NO; of the total amount
of NOy (10%), as this leads to very significant errors
in the calculations.

One of the ways to reduce the concentration of
nitrogen oxides NOx is the stepwise combustion of a
powdered coal mixture, in particular the "Over Fire
Air" technology. The idea of this method is based on
the fact that the main volume of air is supplied to
powdered coal burners, and the rest of the air is
supplied further along the height of the torch
through special nozzles [10-15].

Mathematical model describing the process
of heat and mass transfer during combustion of
coal dust in the combustion chamber of the boiler
BKZ-160 on Almaty thermal power plant

Many experimental and analytical studies are
conducted under simplified conditions that differ
from the actual conditions of the combustion
process. For example, many of them are conducted
under the conditions of burning large particles when
they are burned in a large excess of air. Some
researchers assumed that the temperature of the
medium during the combustion process would not
change, and the combustion would proceed in one of
the extreme regimes: kinetic or diffuse. Such
simplification of the combustion process
misrepresents its essence and does not allow to
determine the aerodynamics and heat transfer
occurring in a real combustion chamber.

During the combustion of solid fuel in a
powdered state, turbulent processes of heat and mass
transfer of reacting components and products of
their interaction occur in the combustion chamber.
Equations based on the laws of mass and momentum
conservation describe such processes. For reacting
streams in which heat transfer processes and
chemical reactions occur, it is necessary to solve the
energy conservation equation and add the mixture
components conservation equation or the mixture
fractions conservation equation and their changes
additionally. Turbulence is described by transport
equations for turbulent characteristics.

The system of basic equations of the
mathematical model used in this project to describe

ISSN 1563-0315
eISSN 2663-2276

the processes of turbulent heat and mass transfer
during the combustion of solid fuel in a powdered
state (powdered coal flame) [15-20]:

a) The mass conservation equation, or the
continuity equation:

op 0
- ___- ), 1
PR i(pul) (M

b) The law of conservation of momentum:

0 0
—(pu.)=——(pu.u.)+
at(p ) ox, (pu;u;)

o o L@
+g(TU)'g+Pfi
j i

Here f; is bulk forces, z; is viscous stress tensor.

Turbulent flows are characterized by velocity
pulsations that contribute to the mixing of
transported characteristics, such as impulse, energy,
and component concentration, and also cause
fluctuations in these characteristics. Since the
pulsations can be small in scale, but have a high
frequency, directly calculating them is a very
difficult task in practical technical calculations.
Instead, the instantaneous (exact) determining
equations can be averaged by the time, represented
as an average over an ensemble, which leads to
modified systems of equations that need less costs to
solve.

However, the modified equations contain
additional unknown variables. Therefore, additional
turbulence models are necessary for their
determination.

Many turbulence models used in computational
practice are based on the concept of vortex
(turbulent) viscosity. In contrast to molecular

viscosity v, turbulent viscosity V, is determined by

the state of turbulence and does not relate to the
properties of the fluid. Turbulent viscosity can vary
greatly from point to point in space depending on the
type of flow. Sometimes, when calculating turbulent
flows, v; is assumed to be constant. However, such a
rough description of turbulence is permissible in
those cases where the value of turbulent transfer is
not significant or the use of more complex structures
seems to be unjustified.

In this project, the standard k-&¢ model of
turbulence is used to describe turbulence.

Recent Contributions to Physics. Nel (68). 2019 95



Numerical simulation of fuel combustion processes to reduce harmful dust and gas emissions using Over Fire Air

¢) Energy equation:

0 0 oq:”
< (ph) = ———(puh) -4
at(p ) i(p ih) |
o o : 3)
+—+u —+T. —+S
ot ox, ' ox !

here h is enthalpy; qireS is energy flow density due

to molecular heat transfer, Sq is energy source.

The source term S, takes into account:

- heat flow due to convective exchange
between particles and the gas phase — Sj ;

- the combustion heat, which takes into account
the presence of solid particles of powdered coal fuel
in the total flow of the mixture — Sus;

- heat due to radiation — Sy, the contribution of
which, in the flame zone, is about 90% or more to
the full heat transfer.

Therefore, we have: S, = Sq + Sapr+ Shp

Heat exchange through radiation, as mentioned
above, makes the maximum contribution during
powdered coal fuel combustion in the combustion
chambers of industrial boilers. In this regard, the
simulation of radiant heat transfer in the study of
heat and mass transfer in the combustion chambers
is an important step in the calculation of heat
exchange processes with physics and chemical
transformations.

d) Conservation law for a substance component:

The concentrations of the mixture components
in the element’s volume are recorded through the
corresponding balance ratio, which takes into
account the physics and chemical processes that
influence on the concentration change of these
substances.

In the element’s volume, the total mass is
determined by the sum of the masses of all
components involved in the chemical reaction of the
coal particle combustion:

m=m,. 4)

n

In general form the equation describing the
concentration of the mixture components is written
as follows:

0 0
£ (o) puc)-
)
ofmea],
ox,| o, 0ox, o

n,eff

where SC is source term, taking into account the

contribution of chemical reactions to changes in the
components concentration.

For multicomponent mixture, the source term is
determined by the relation:

S, =20,,, (6)

where @ is the speed of the chemical reaction,

which is written as follows:

dc
n,r = ?AB = k(T)CACB '

e

The speed of the reaction depends on the
temperature and concentrations of the substances A
and B involved in the reaction (starting,
intermediate, final products). The speed constant of
the reaction k(T) is written as an exponential
temperature dependence in the form of the
Arrhenius law:

k(T)=k,e "7, (7)

where: ko is the constant, in the first approximation,
is not dependent on temperature, E [kcal / mol] is
activation energy, R=1.986 [kcal/mol-K] is
universal gas constant.

Results of modeling the coal combustion
process, using «Over Fire Air» technology

The combustion chamber of the BKZ-160 boiler
(Figure 2a) has a design steam capacity of 160 t/h,
at a pressure of 9.8 MPa and a superheat temperature
of 540 °C. Thermal power of the combustion
chamber is 1244 MW. On the sides of the
combustion chamber there are 4 blocks of straight-
through slot burners, directed tangentially to the
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central conventional circle. To study the influence of  total air volume supplied through injectors in the upper
OFA, 3 modes were selected: 0%, 10% and 20% of the = part of the combustion chamber (Figure 2b) [21-26].

Injectors

OFA

&
a ‘\F\

Iy
¥ femp

a) Traditional combustion mode b) Combustion using OFA Injectors

Figure 2 — General view of the combustion chamber
of the BKZ-160 boiler and its divisionon control volumes

The location of the injectors applied to the “Over Figures 3 and 4 show the results of computational
Fire Air” technology and the determination of the  experiments on the effect of OFA technology on the
level where the secondary injected air mixes  aerodynamics of flows in the combustion chamber of
thoroughly (Figure 2b) are very important to create ~ the BKZ-160 boiler. There is also comparison with
the conditions for the efficient combustion of coal  the basic combustion mode of solid fuel, when there

powder. is no additional air supply (OFA = 0%).
E 201
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a) OFA-0% 6) OFA-10% B) OFA-20%
Figure 3 — The distribution of velocity vectors in the longitudinal section
of the combustion chamber of the BKZ-160 boiler
ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 97

eISSN 2663-2276



Numerical simulation of fuel combustion processes to reduce harmful dust and gas emissions using Over Fire Air

Analysis of the figures shows that the use of
OFA-injectors in the area above the combustion
devices does not have a significant effect on the
aerodynamic picture in longitudinal sections along

Section 7=481 m

—= outward vector
—= inward vector

a) Burner cross section

the height of the combustion chamber (Figure 3), i.e.
it does not violate the general combustion mode of
powdered coal and removal of combustion products
from the combustion chamber.

Section 7 =10.15 m
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Figure 4 — The velocity vector field in the cross sections of the combustion chamber of the boiler BKZ-160

However, if we look at Figure 4, which shows
the distribution of the velocity vector in the cross
section of the installation of burners (Figure 4a)
and in the cross section of the installation of OFA-
injectors (Figure 4b), here we see that the
supplying of an additional air amount through the
OFA-injectors supports the vortex process of
combustion. This affects favorably on the intensive
mixing of the fuel and oxidizer, and, consequently,
on the complete combustion of coal particles,
which lead to a reduction in mechanical
incombustion and in harmful dust and gas
emissions, such as NOx.

Conclusion

The study conducted a comprehensive study on
the creation of energy-saving and environmentally
friendly technologies (Over Fire Air technology) in
order to increase the efficiency of thermal power
plants and minimize harmful dust-gas emissions into
the atmosphere when high-ash Ekibastuz coal is
burned in the combustion chambers of the BKZ-160
power boilers.

The “Over Fire Air” technology has been
described and applied to optimize the combustion of
coal dust in combustion chambers. The methods for
its implementation in power boilers of thermal
power plants have been developed. The experience
of foreign experts in reducing harmful emissions
into the atmosphere have been studied.

The analysis of the "Over Fire Air" technology
and the methods of Kazakhstan's energy fuel
combustion were carried out taking into account its
peculiarities, as well as the design features of the
combustion chambers of operating TPPs industrial
boilers. The existing technology “Over Fire Air” has
been adapted and supplemented to a specific low-
grade Kazakhstan fuel having an ash content of ~
40-50%.

Various systems of staged air supply were
investigated: the systems of separate (SOFA) and
dual “sharp” blast (CCOFA). The aerodynamics of
the flue space was obtained (the aerodynamic
picture of introducing additional air streams into the
chamber according to the Over Fire Air method and
the wvelocity distribution in the combustion
chamber).
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PLASMA GASIFICATION OF SOLID FUELS

This article presents the results of thermodynamic analysis and experiments on plasma gasification of
solid fuels from the example of Kuuchekinsky coal (KC). Thermodynamic calculations of plasma gasifica-
tion showed that synthesis gas used in heat and power engineering, metallurgy and the chemical industry
can be produced from solid fuels. Gasification (KC) allows to obtain synthesis gas with a maximum yield
of 98.3% (CO — 43.5%, H2 — 54.8%).

To perform thermodynamic analysis, the TERRA software package is used, which is designed for
numerical calculations of high-temperature processes and has an extensive database of its own thermo-
dynamic properties of 3000 individual substances. The program allows you to determine the equilibrium
composition of the thermodynamic system (coal + oxidizer), consisting of 20 chemical elements. The
calculation is carried out automatically within the data bank created during the program. The thermody-
namic data bank contains properties of more than 3000 individual substances formed by 65 elements in
the temperature range 300-6000 K.

Experimental researches of plasma gasification of coal in various gasification agents were carried
out at the facility, which is a cylindrical plasma reactor with systems of electricity, water, steam, gas and
fuel supply.

Key words: plasma torch, plasma reactor, coal, gasification.
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KaTTbl OTbIHHbIH, MAA3MaAbIK Fa3nUKaLMACDI

ByA Makanaaa TepMOAMHAMMKAABIK, TaAAQy >keHe KyyeKKMH KeMipiHiH MbICaAbIHAQ KATTbl OTbIHADI
MAA3MaAbIK, FaspAaHAbIPY 6GOMbIHLWIA 3KCMEPUMEHTTEPAIH HOTUXKEAEpi KeATipiAreH. [l1aasmasarbi
raspAaHAbIPYAbIH TEPMOAMHAMUKAABIK, €CenTepi >KbIAy >X8He 3HepreTmkasa, MeTaAAypruspa >koHe
XMMMNS OHEPKOCIBIHAE KOAAAHBIAATbIH CMHTE3 rasbl KaTTbl OTbIHAAPAAH aAbiHYbl MYMKiH eKeHiH
KepceTTi. KyuyeuknH kemipiH razpaHablpy crHTes radbiH 98,3 % (CO — 43,5%, H2 — 54,8%) eH >kofapbl
OHIMAIAIKIEH aAyFa MyYMKIHAIK 6epeai.

TepMoAMHAMMKAABIK, TAAAQYAbl OPbIHAQY YLUIH >XOFapbl TemnepaTypaAblK, MPOLEecTepAi CaHAbIK,
ecentepre >xaHe 3000 >eke 3aTTapAblH TEPMOAMHAMMKAAbIK KACUETTEPiHiH KeH AepeKKOpbIHa
ne TERRA 6arpapAamanbik, nakeTi KOAAaHbIAAAbl. baraapaama 20 XMMMSIAbIK, SAEMEHTTEH TypaTbiH
TEPMOAMHAMUMKAADIK, )XYMEHIH (KeMip + TOTbIKTbIPFbILL) TeNe-TeHAIK KypaMblH aHbIKTayFa MYMKIHAIK
6epeai. Ecentey 6araapAaama GapbICbiHAQ >KacaAFaH AepekTep GaHKi iliHAe aBTOMATTbl TYPAE XKy3ere
acbIpbiAaAbl. TepMoAMHammKabiK, aepektep 6aHki 300-6000 K TemnepartypaAbik, AMarnasoHbiHAA 65
3AeMeHTTeH kypaafaH 3000-HaH acTam >Keke 3aTTapAblH KaCMeTTepiH KaMTUADI.

TyiiH ce3aep: NAa3Manblk, aray, MAA3MaAbIK, PeaKTop, KOMIp, rasAaHAbIPY.
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lMAa3meHHas rasud)m(au,uﬂ TBEPAbIX TONMAUB

B 3TOM cTaTbe NMpeACTaBAEHbl PE3YyAbTATbl TEPMOAMHAMMYECKOrO aHaAM3a W 3KCMEPUMEHTOB Mo
NMAQ3MEHHOM ra3sudukaLmm TBEPAbIX TOMAMB Ha npumepe KyyuyeknHckoro kameHHoro yras (KKY).
TepMoaMHaMnyUecKme pacyeTbl MAA3MEHHOM ra3ndmkaL MM NokasaAm, YTo CUHTE3-Ta3, MCMOAb3yeMbIN B
TEMNAO3HEPreTUKe, METAAAYPIUU 1N XUMUYECKOW MPOMBILLUAEHHOCTM, MOXKET NMPOU3BOANTLCS N3 TBEPABIX
Tonams. l[a3udmkaumsa (KKY) no3BoAseT noAyyaTb CUHTE3-Ta3 C MAaKCMMaAbHbIM BbixopoM 98.3% (CO
—43.5%, H2 — 54.8%).

AAS BbINOAHEHUS TEPMOAMHAMMYECKOTO aHaAM3a UCMOAb3YeTCS NMporpammHblin komnaekc TERRA,
NpeAHasHauYeHHbI AAS UMCAEHHbIX PACUYETOB BbICOKOTEMMEPATYPHbIX MPOLECCOB M 0OAaAaIOLMIA
OOLIMPHOM COOCTBEHHOM 6a30M AaHHbIX TepMOAMHamMueckmx cBorcTB 3000 MHAMBMAYAAbHbIX
BellecTB. [TporpamMma Mo3BOASET OMNPEAEAUTb PABHOBECHBINM COCTaB TEPMOAMHAMMYECKOW CUCTEMbI
(yroAb + OKWMCAMTEAb), cocToswein u3 20 XMMMYeckMx 3AeMeHTOB. Pacuet ocyulecTBageTcs
aBTOMaTMYECKM B MPeAeAax CO3AAHHOrO NMpu nporpamme GaHka AaHHbIX. B 6aHKe TepMOAMHAMUYECKMX
AaHHBIX 3anucaHbl cocTBa 6oaee 3000 MHAMBMAYAAbHBIX BELWECTB, 06pa3oBaHHbIX 65 sIAeMeHTamM,

B MHTepBaAe Temnepatyp 300-6000 K.

KAtoueBble cAOBa: MAA3MOTPOH, MAA3MEHHBIN PeakTop, YroAb, radudukaums.

Introduction

Since coal is one of the main sources of energy
of the 21st century, much attention is paid to the
problem of its efficient and environmentally friendly
combustion throughout the world. Compared to
other fossil fuels, coal reserves are approximately
four times the oil reserves (estimated at 41 years) or
gas reserves (at 67 years) [1].

The global energy industry at present and for
the foreseeable future is focused on the use of fossil
fuels, mainly low-grade coals. It should be noted
that the deterioration of the quality of power coals
is observed everywhere, and not only in the UIS
countries, but also in developed European countries.
Today in the world thermal power plants produce
more than 40% of electrical and thermal energy.
Despite the fact that in the whole history there have
been ups and downs in the activity of using coal,
it still remains one of the most important fuels for
energy generation, especially electric. According to
the statistics of 2011 [2], coal provides about 24%
of thermal energy and produces about 40.6% of
electricity in the world. At the same time, its use is
expected to increase in the near future.

Direct combustion of low-grade coals with high
ash content (40-50%), humidity (30-40%), sulfur
content (1-3%) and low volatile yield (5-15%) in
existing furnaces is associated with considerable
difficulties from — due to deterioration of ignition
and burnout of fuel, increase of mechanical burn and
harmful dust and gas emissions (greenhouse gases,

ash, nitrogen oxides and sulfur). Suffice it to say
that the problem of greenhouse gas emissions (car-
bon dioxide, methane, etc.) and the resulting general
warming has now grown into a human problem re-
lated to global climate change on earth, flooding of
vast land areas, desertification, etc.

Coal is a universal fuel because it can be burned,
hydrolyzed and liquefied, gasified, or even used as
a raw material for the chemical industry [3]. Coal
is a fuel suitable for mining, transportation, stor-
age and use, including in the form of dust [4]. Its
compactness and high energy density (about 30 MJ/
kg) intensifies the burning process [5]. There are no
leakage and spatter problems associated with other
fossil fuels, while explosions and self-ignition are
not as dangerous as fuel oil or gas [6]. The wide-
spread availability and significant reserves of coal
make its price stable and attractive [7].

The use of coal in the modern world is diverse.
It is used to produce electrical energy (thermal coal),
as a raw material for metallurgical (coking coal) and
chemical industry, to obtain rare-earth elements, for
the production of graphite.

The projected resources of coal on Earth are
currently more than 14.8 trillion tons, and world
industrial reserves of coal — more than 1 trillion.
t, which significantly exceeds the reserves and
resources of all other energy [8]. The global coal
market is more competitive than oil and gas, since
coal deposits exist on all continents, almost in all
countries, and mining is carried out almost in all
regions of the world.
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The overwhelming number of long-term fore-
casts of the global fuel energy balance confirm that
coal will remain the most significant of the avail-
able non-renewable energy sources until 2050. At
the current level of consumption of these stocks will
be enough for 250 years. For comparison, natural
gas will be enough for 65 years and oil for 45 years.
World coal consumption increases by about 2% per
year and at the same time coal prices, unlike oil and
gas, are highly stable.

Existing technologies of combustion and ther-
mal processing of solid fuels and their mixtures do
not fully meet modern requirements for improving
the efficiency of fuel use and ensuring the environ-
mental and economic indicators of energy facili-
ties. Combustion of non-project low-grade coal in
pulverized coal boilers presents significant difficul-
ties, because poor fuel quality negatively affects the
characteristics of the ignition process, stabilization
of the flare combustion and the process of fuel com-
bustion, and, in addition, significantly reduces the
environmental and economic indicators of TPS due
to the emission of harmful gases (NOx, SOx , CO)
and fly ash [9].

The situation is exacerbated due to the fact that
the reduction in the quality of power coals requires
an increase in the consumption of fuel oil or natural
gas in coal-fired TPS for kindling boilers, lighting
the torch and stabilizing the output of liquid slag in
furnaces with liquid slag removal [10,11]. For ex-
ample, in countries such as Russia, Kazakhstan, and
Ukraine, more than 15 million tons of fuel oil are
spent annually on coal-fired power plants, which is
economically inefficient.

Among the methods of coal processing, the
processes of its full or partial gasification received
considerable development. During coal gasification,
thermochemical transformations can cover not only
the organic, but also their mineral part, with the re-

sult that the target products are obtained from both
organic and ash mass of coal [12]. The methods of
partial gasification of low-grade fuels are based on
the use of combustible gas obtained during gasifica-
tion as a higher-reactive fuel than the original coal.
In the case of complete gasification of coal in the air,
a combustible gas (CO + H2 + CH4 + CO2 + N2)
and an inert ash residue with a low carbon content
are obtained. After separation of the solid residue,
combustible gas can be burned in furnaces or used
to illuminate a pulverized coal torch. When steam or
steam-oxygen gasification of the coal receive syn-
thesis gas (CO + H2) and inert ash residue. After
separation of ash, synthesis gas is used as an envi-
ronmentally friendly fuel and reducing gas in metal-
lurgy and for chemical syntheses [13].

Thermodynamic calculations

The industry of Kazakhstan ranks eighth in the
world and third after Russia and Ukraine among
the UIS countries in terms of the amount of coal
extracted. The balance of the energy resources of
Kazakhstan is mainly represented by black coal
and to a lesser extent brown. On the territory of
Kazakhstan there are large basins (Ekibastuz,
Karaganda, Turgai) and deposits (Borlinskoe,
Shubarkolskoe, Kuuchekinskoe).

The work used Kuuchekinsky coal (KC) with
the following thermal characteristics:

Kuuchekinsky coal — Karaganda
Kazakhstan:

region,

WY =7 %; A= 44 %;
Vil =21 %;
0 =3960 keal/kg

The composition of this solid fuel is given in the
table 1.

Table 1 — Composition of Kuuchekinsky coal (on dry weight), wt.%

C O H N S SiO

ALO, | Fe0, | CaO | MgO | KO0+NaO

45,75 6,05 2,8 0,73 0,67 25,3

15,2 2,4 0,4 0,35 0,35

To perform thermodynamic analysis, the
TERRA software package is used, which is designed
for numerical calculations of high-temperature
processes and has an extensive database of its
own thermodynamic properties of 3000 individual
substances. The program allows you to determine

ISSN 1563-0315
eISSN 2663-2276

the equilibrium composition of the thermodynamic
system (coal + oxidizer), consisting of 20 chemical
elements. The calculation is carried out automatically
within the data bank created during the program.
The thermodynamic data bank contains properties
of more than 3000 individual substances formed by
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65 elements in the temperature range 300-6000 K
[14].

The calculations were performed for the
following model mixture: coal + water vapor. The
calculations were performed in the temperature
range of 5004000 K at atmospheric pressure.
The criteria for selecting a model mixture were:
the achievement of the degree of complete carbon
gasification, the maximum yield of synthesis gas.

From Figure 1 it can be seen that the gas phase of
the plasma gasification products of the KC is mainly
represented by synthesis gas, the concentration of
which reaches at 1500 K 98.3%. Moreover, the total
concentration of atomic and molecular hydrogen is
higher than the concentration of carbon monoxide
in the entire temperature range and varies in the
range of 48 — 58%. With increasing temperature, the
concentration of carbon monoxide decreases from
43.5% at 1500 K and to 30% at 4000 K. The mineral
components of coal are completely transferred to the
gas phase at temperatures above 3200K (Figure 2).

One of the criteria for selecting a model mixture
was to achieve the degree of complete carbon
gasification (Figure 2), which is an important
characteristic of the process. The degree of carbon
gasification of coal is calculated by the formula:

Y - Cstart -C finish

-100%,
c

start

where C and C, . are initial and final concentra-
tions of carbon in coal and solid residue, respec-
tively.

Figure 3 shows the temperature dependence of
the degree of gasification of carbon in the KC. It can
be seen that the degree of gasification reaches 100%
at a temperature of 1200 K.

The specific energy consumption (Fig. 4) was
defined as the difference between the total enthalpy
(the current process temperature) and the initial state
of the system, reduced to 1 kg of the working sub-
stance (a mixture of KC and plasma-forming vapor).
The specific energy consumption for the gasification
process Q_ increases with temperature throughout
its range. For a temperature of T = 1500 K, at which
the output of synthesis gas reaches its maximum
(Fig. 1), the specific energy consumption for plasma
gasification of the KC is 1.82 kWh/kg.

Experiment

Studies of plasma gasification of coal were
carried out at an experimental facility (Figure 5),

which is a cylindrical plasma reactor with systems
of electro-steam-gas-dust supply. The installation
includes the following main technological units:
plasma reactor 1, slag collector 4, gas and slag
separation chamber 3, synthesis gas oxidation and
cooling chambers 6, coal dust preparation and
supply systems 9 and 10, steam generation and
supply systems or gas (not shown in the figure). The
power of the plasma reactor is regulated from 30 to
100 kW [15].

The combined type plasma reactor is a
cylindrical water-cooled body with a lid. A
graphite electrode and nozzles for feeding coal
dust and an oxidizer are installed in the lid. The
chamber of the plasma reactor is lined inside with
graphite (thickness 0.02 m). The inner diameter of
this chamber is 0.15 m, height — 0.3 m. Outside
the camera is covered by an electromagnetic coil 2,
and below — by a graphite diaphragm. The plasma
reactor 1 is supplied with current from a 200 kW
power supply through an inductive air choke. The
electric arc ignites between graphite rod (diameter
0.02 m) and ring (diameter 0.15 m) electrodes. The
distance between the rod and ring electrodes is
0.035m. The arc is localized in the electric arc zone
of the reactor (the distance from the reactor lid is
0.15 m), covered outside by the electromagnetic
coil 2, which ensures the rotation of the arc in a
magnetic field. Figure 6 shows a photograph of the
plasma reactor during testing.

The coal dust supply system includes a coal dust
bunker 10 connected to two dust feeders 9, of which
coal dust is fed through quartz tubes with rotating
springs to the plasma reactor 1.

Obtained in the process of plasma gasification
of the solid residue is removed in the slag collector
4. It is a water-cooled cylinder, inside of which is a
sampler. Its diameter is 0.22 m, height — 0.56 m. The
slag collector is lined with graphite. The synthesis
gas cooling chambers 6 are water-cooled stainless
steel cylinders, also lined with graphite.

The steam generator and the steam supply
system are equipped with a superheater and
insulated piping connected to the reactor. Heaters
are installed on the water supply pipeline, additional
sections of the superheater and control of the water
supply using a water rotameter make it possible to
obtain steam overheated to 140—160 ° C and control
its flow rate with high accuracy. This allows steam
gasification in a given energy-efficient mode. In
addition, in the case of supplying air to the reactor,
an additional valve is provided, which is connected
to an air compressor. Figure 7 shows a photograph
of the reactor steam supply system.
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Figure 1 — The change in the concentration of the gas phase
depending on the temperature of plasma gasification of the KC

Figure 2 — Changes in the concentration of the condensed phase
depending on the plasma gasification temperature of the KC
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Figure 3 — The dependence of the degree of carbon gasifica-
tion on the gasification temperature of the KC

Figure 4 — Specific energy consumption for the plasma gasifi-
cation process of the KC depending on temperature

1 — plasma reactor; 2 — electromagnetic coil, 3 — gas and slag
separation chamber; 4 — slag collector; 5 — elevator slag collector;
6 — gas extraction and cooling sections; 7 — safety valve;

8 — synthesis gas outlet chamber; 9 — dust killer; 6 — dust bin

Figure 5 — Diagram of a universal installation for plasma fuel
processing

ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 105

eISSN 2663-2276



Plasma gasification of solid fuels

Figure 6 — Plasma reactor with a rated power
of 100 kW

To cool all the main components of the
experimental setup, exposed to high temperatures,
is a water cooling system. It consists of a storage
tank, pipelines, pumps, as well as a system of valves
and rotameters.

The system of removal of combustible gas
includes a lined with graphite oxidation chamber
synthesis gas and its cooling in the form of separate
sections 6 and the system output gas 7 and 8.

The slag removal system consists of a slag
collector 4, equipped with a lift carriage 5.

The plasma gasification experiments were
carried out according to the following procedure.
The arc is ignited by the method of wire explosion
in a plasma reactor. Then from the bunker through
two ejectors installed on the reactor lid, coal dust
is fed, after which water vapor is fed into the arc
burning zone. With the help of steam the pulverized
coal mixture is sprayed in the arc burning zone. The
pulverized mixture enters the zone of an electric arc
rotating in an electromagnetic field and heats up
to high temperatures, forming a two-phase plasma
flow, where the processes of thermochemical
preparation and gasification of coal take place. The
solid residue obtained in the process is removed to a
slag collector. Gaseous products are fed through the
gas and slag separation chamber into the synthesis
gas cooling chamber. Then the gaseous products are
discharged into the ventilation system.

Figure 7 — Reactor steam supply system

Experimental studies of plasma gasification
of the KC were performed using water vapor
as a gasification agent. The experimental data
are summarized in Table 2, from which it can be
seen that in all experiments a high degree of coal
conversion was achieved, varying from 93 to 95.6%.

From table 2 it can be seen that the consumption
of coal was 4.0 kg/h, steam — from 1.92 to 2.4 kg/h.
In this case, the currents on the arc ranged from 240
to 250 A, the voltage ranged from 270 to 300 V, and
the electrical power of the plasma reactor was from
65 to 75 kW.

Sampling was carried out after the plasma reac-
tor in the cooling sections of the synthesis gas. The
proportion of carbon in the condensed products of
plasma gasification of coal was determined by the
absorption weight method. When determining total
carbon by the absorption weight method, carbon di-
oxide formed during sample combustion is absorbed
by ascarite (KOH or NaOH applied on asbestos)

Table 3 shows the measured values of the con-
centrations of gaseous plasma gasification products,
the degree of coal gasification Xc and the mass-
average temperatures T . As can be seen from
the table, during the gasification of coal, the main
component of the gas phase is hydrogen with a con-
centration of 57.8%, and the second is CO with a
concentration of 40%, which provides a significant
synthesis gas yield of 98.2%.
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Table 2 — Indicators of experiments on plasma gasification of the KC

experiment G, kgh G. . kgh LA U,B P, kBr X, %
number coal steam’ c

1 4,0 2,4 250 300 75,0 95,6

2 40 1,92 240 270 64,8 93,7

Table 3 — Results of physico-chemical studies of the formation of the final gaseous and condensed products of plasma processing

of the KC
experiment , Consumption, kg/h The composition of the synthesis gas, vol.% X, %
number (K) coal steam H, CcO N, 0,
1 3550 4,0 2,4 57,8 40,4 1,8 0,0 95,6
2 3500 4,0 1,92 55,8 41,5 2,7 0,0 93,7

In experiments with steam gasification of
coal, oxygen at the outlet of the installation is
absent, which indicates the correct choice of the
coal-oxidizer mass ratio. The concentration of the
ballast gas — nitrogen in both experiments does
not exceed 2.7% and is explained by the release of
nitrogen from the fuel into the gas phase together
with volatile coal. The total yield of synthesis gas
reaches a significant value and amounts to 97.3%
and 98.2% during steam gasification. The degree
of coal gasification, determined by the residual
carbon content in the collected condensed product
(solid residue), reached high values of 93.7% and
95.6%. The value of the mass-average tempera-
ture changed slightly and amounted to 3500K and
3550K. With steam gasification of coal, the maxi-
mum hydrogen concentration in the synthesis gas
(55.8-57.8%) is achieved with a very high degree
of gasification.

Conclusion
— Thermodynamic analysis was performed us-

ing the TERRA universal thermodynamic calcula-
tion program.

— Calculations were performed in a wide tem-
perature range (500 — 4000 K) at atmospheric pres-
sure in a plasma gasifier for Kuuchekinsky coal.

— For the calculations, a model mixture of coal
+ water vapor widely used in practice was chosen.

— Calculations showed that in all cases, as a result
of the full gasification process, synthesis gas is obtained,
which, depending on the composition, can be used as an
energy gas, a high-grade reducing gas in metallurgy, and
a raw material for the synthesis of motor fuels.

— Numerical experiments have shown that the
concentration of synthesis gas in the gasification
products of the investigated coals during steam gas-
ification is 98.3%. The yield of hydrogen is 54.8%.

— The experiments carried out confirmed the
results of thermodynamic calculations of plasma-
steam gasification of coal. The degree of coal gas-
ification, determined by the residual carbon content
in the collected condensed product (solid residue),
reached high values of 93.7% and 95.6%.

— The Ministry of Education and Science of the
Republic of Kazakhstan for targeted financing pro-
grams and grant financing projects (BR05236507,
BR05236498, AP05130731 and AP05130031) fi-
nancially supported this work.
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NCMOAb3OBAHUE TEXHOAOTUN
BUPTYAAbBHOW PEAAbHOCTU
AAl UBYHYEHUSA ®U3NKU

C passuTMeM WHGOPMALMOHHbBIX TEXHOAOTMIA PAa3BMBAIOTCS W APYruMe OTPaCAM, CTAHOBATCS
MOMYASIPHbIMUM COBEPLLIEHHO UHbIE, HE3HAKOMbIE MPEXXAE CMOoCOObl 06LLEHUS, TBOPEHUS, U3YUYEeHUS Yero-
Anb0. Taknm 06pa3oM, COBPEMEHHbIN MUP MPEAbSBASIET BCe BoAee HOBble TpebGoBaHMS K MpPoLeccy
o6yueHnsa. OAHAKO, HECMOTPS Ha pasBUTUE AMCTAHLUMOHHOIO M WMHKAIO3MBHOrO 06pa3oBaHus,
€CTeCTBEHHbIE HAyKW B CMAY CBOMX OCOOEHHOCTEN OTCTaloT OT APYrMX B cepe NpUMEHeHUs! HOBbIX
TEXHOAOTMIA. DTO O0BYCAOBAEHO TeMm, 4TO AAS 3(PDEKTUBHOrO NpuobpeTeHms HaeblKkOB paboTbl C
060pyAOBaHMEM M YMEHMSI aHAAM3UPOBATb 3KCMEPUMEHTAAbHbIE AaHHble, (OM3MKA, XUMUSI U Mpoune
TOYHbIE AMCUMIMAMHBI TPEBYIOT BbINMOAHEHMS AabopaTopHbiX paboT. OAHAKO AAS 3TOr0 HEOHXOAMMDI
creumasbHO 060pyAOBaHHblE AabOpAaTOpUM, KOTOpble HE BCErAaa YKOMMAEKTOBaHbl B YyuebHbIX
3aBeAeHMsIX. TOrAa Ha MOMOLLb MPUXOASIT HOBblE TEXHOAOTMM, TakMe Kak KOMMbloTepHas rpaduka,
AOMOAHEHHAs! PEAAbHOCTb, BbIUMCAUTEAbHASI AMHAMMKA U MIP.

B AQHHOM CcTaTbe PaCCMOTPEHO UCMOAb30BaHME COBPEMEHHbIX TEXHOAOTMIA B cchepe obpasoBaHms.
[MpoBeAeH aHaAM3 BHEAPEHUSI PAa3AMUHbBIX MHHOBALMOHHbIX pa3paboTok Ha 6a3e BUPTYaAbHOM peanb-
HOCTW B HEKOTOPble Chepbl COBPEMEHHOM >KM3HW. B paboTe npuBeaeHbl MpenmyLLecTBa M BO3MOXKHOCTH
npumeHeHus 06pa3oBaTeAbHbIX PECYPCOB, OCHOBaHHbIX HAa BUPTYaAbHOM peaAbHOCTH, B 06pa3oBaHum
W, B YaCTHOCTU, AASI M3yUeHUs (DM3NKK. ABTOpaMU NMPeACTaBAeH COOCTBEHHbIM MPOrpamMMHbIiA MPOAYKT,
MO3BOASIOLLMIA M3yUaThb (PU3MKY C MOMOLLBIO BUPTYAAbHON peaAbHOCTU. [TOAOGHBIN MOAXOA MO3BOAMA
CAEAaTb B3aMMOAEMCTBME C MPUAOSKEHMEM OOAEE MHTEPECHDBIM M 3aMOMMHAIOLLMMCS, a 00y4yeHne boaee
a¢hdexTrBHbIM. B kKauecTBe naaThopMbl pazpaboTku Bbiaa BbiIOpaHa MexxnaaTpopmeHHas cpeaa Unity
3D. OcHoBHOM hyHKUMOHAA bbIA HanmcaH Ha C#. [padryeckme MOAEAM CO3AABAaAMCh MPU MOMOLLM
Substance Painter. B ctaTbe paccMoTpeH mnpouecc pa3paboTky MPeACTAaBAEHHOIO MPUAOXKEHUS, ero
(PYHKLMOHAA, a TakXXe MOAb30BAaTEAbCKUI MHTEpPENC.

IMpoaeAaHHas paboTa MO3BOAMAQ aBTOPAM OMPEAEAWTb MPEVMMYLLECTBA UCMOAb30BaHUSI HOBbIX
TEXHOAOTMIA B U3yUeHMM (DU3MKM 1 MOKA3aA], YTO OHU OTKPbIBAIOT HOBbIE NMEePCNEeKTUBbI AAS MX LUMPOKOTO
NMPUMEHEHMS HAa PasHbIX 3Tanax o6ydyeHns B yUeOHbIX 3aBEAEHMSX PA3AMUHbBIX YPOBHEN. ITOT MOAXOA
MOMMMO MPUBEAEHHbBIX Bbillle MPENMYLLECTB AEAAET MpoLecc obydeHus 6e30MacHbIM, MHTEPECHbIM 1
60Aee AOCTYMHbIM. B pesyabTaTe 6bIAO MOAYUEHO HE TOABKO MPOrpammHoe obecrevyeHne, HoO U HOBbIi
OMbIT, KOTOPbIA BYAET MCMIOAb30BATbCS AASI AAAbHENMLLIErO PasBUTHS U MCCAEAOBaHMA.

KatoueBble caoBa: BupTyaabHas peaabHoCTb, unity 3D, leap motion, BupTyaAbHas cusmueckas
Aabopatopus, msmka.
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The use of virtual reality technology in the studying
of physics

With the development of information technology, other industries are also developing, completely
new and unfamiliar ways of communication, creation, and learning are becoming popular. Thus, the
modern world makes new demands on the learning process. However, despite the development of dis-
tance and inclusive education, the natural sciences due to their peculiarities lag behind other fields of
science. This is due to the fact that in order to effectively acquire skills in working with equipment and
the ability to analyze experimental data, physics, chemistry, and other exact sciences require executing
laboratory works. However, this requires specially equipped laboratories that are not always staffed in
educational institutions. Then, new technologies, such as computer graphics, augmented reality, com-
putational dynamics and others come to the rescue.

This article discusses the use of modern technologies in the field of education. The analysis of the
introduction of various innovative developments with the virtual reality into some spheres of modern life
was also conducted. The work introduces the advantages and possibilities of using educational resources
based on the virtual reality in education and, in particular, for studying physics. The authors present the
software that allows studying physics with the help of virtual reality. Such approach made the interac-
tion with the application more interesting and memorable, and learning more effective. As development
platform the cross platform Unity 3D environment was chosen. The main functionality was written in
C#. Graphic models were created using Substance Painter. Additionally, in the article the development
process of the application was considered along with its functionality and user interface.

The work done allowed the authors to identify the advantages of using new technologies in the
study of physics and showed that they open new prospects for their wide application at different stages
of education in educational institutions of various levels. This approach in addition to the advantages
mentioned above makes the learning process safe, interesting and more accessible. As a result, not only
software was developed, but new experience was gained, which will be used for further development
and research.

Key words: Augmented reality, virtual reality, unity 3D, leap motion, virtual physical laboratory,
physics.
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(Du3MKaHbl OKbITY YLUiH BUPTYaAAbI
LUbIHABIK, TEXHOAOTUSICbIH KOAAQHY

AKNapaTTbIK, TEXHOAOTMSIAQPAbIH AaMybIMeH 6acKa Aa CAAAAap AaMUAbI, GYPbIH TaHbIC EMEeC KapbiM-
KaTbiHaC, GipAeHeHi xacay, 3epTTey aaictepi TaHbIMaA 6oAaabl. OCblAaiiLLIA, 3aMaHAYU SAEM OKbITY
YAEpiciHe XaHa TaAanTap KOsiAbl. AAAMAQ, KALLUbIKTbIKTaH XXoHe MHKAIO3MBTI GiAiM 6GepyAiH AamyblHa
KapamacTaH, XKapaTbIAbICTAHY FbIAbIMAAPbI 63 epeKLIeAikTepiHe GANAAHBICTbI JKaHA TEXHOAOTMSIAQPAbI
KOAAQHY CaAacblHAQ HGacka cararapAaH apTTa KaAbln oTbip. ByA, Kypaa->kabAbIKTapMeH KyMbIC icTey
AQFAbIAAPbIH TUIMAT MEHTepY XKeHe 3KCNePUMEHTAAABI MOAIMETTEPAI TAaAAQY YLLIH (DU3MKA, XMUMWNS XKaHe
6acka AQ HaKTbl MOHAEP 3€PTXAHAABIK, SKXYMbICTAapAbl OPbIHAQYAbI KAXKeT eTeTiHAIriMeH 6arnAaHbICTbI.
Aranpa GyA YliH apHaibl KabAbIKTaAFaH 3ePTXaHAAQp KaXKeT, aA OAAPMEH dPAAibIM OKY OpbIHAAPbI
)ababikTara 6epmeriai. Ocbl xaraanaa KOMEKKE KOMMbIOTEPAIK rpadhvka, TOAbIKTbIPbIAFAH LbIHABIK,
ecentey AMHaMMKACh! )k8HE TaFbl AQ 6acKa >kKaHa TEXHOAOTUSIAAD KEAEAI.

byA makanaaa 6iaiM Gepy caracbiHAAFbI 3aMaHayM TEXHOAOTMSIAQPAbI MaMAAAAHY KApaCTblpbIAFaH.
Kasipri emipaiH keibip cararapblHa BMPTYaAAbl LIbIHABIK, —6a3acbiHAQ  TYPAI  MHHOBALMSIABIK,
a3ipAeMenepAi eHrizyre Taapay >KYPrisiaai. JKyMbiCTa BUMPTYaAAbl LWbIHAbIKKA HEri3pAeAreH GiAim
Gepy pecypcTapbiH OKy MpOLEeCiHAe, artarn anTKaHAQ, (M3MKaHbl 3epTTey YuliH, KOAAAHYAbIH
APTHIKLWbIABIKTapbl MEH MYMKIHAIKTEPI KeATipiAreH. ABTOPAAPMEH BUPTYyaAAbl LWbIHABIK, apKbIAbl
pu13MKaHbl 3epTTeyre MyMKIHAIK 6epeTiH >keke OGafrAapAAMaAbIK OHIM YCbIHbIAFAH. MyHAQm Tacia
KOCbIMLLUAMeH e3apa KapbIM-KATbIHACTbl KbI3bIKTbl 8pi eCTe KAAapAblK, aA OKY MPOLECIH HEFypAbIM
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THIMAI eTyre MyMKiHAIK 6epai. O3ipaey naatgopmackl petiHae Unity 3D naatdopmaapaabik, opTachbl
TaHAaAAbl. Herisri  dyHkumoHaa C#-ta xasbiaraH. [padmkasbik, mMopaeAbaep Substance Painter
KeMeriMeH »KacaaAbl. MakaAaAa YCbIHbIAFAH KOCbIMLLAAAPAbI ©3ipAeYy NMPOLEC, OHbIH, PYHKLMOHAAABI,
COHAQM-aK, NanAdAaHyLLbl MHTepgenci KapacTbIpPbIAFaH.

ATKApbIAFAH >XYMbIC aBTOpAapfa (hm3MKaHbl 3epTTeyAe XKaHa TEXHOAOTMSAAPAbl MaiAaAaHYAbIH,
APTbIKLLIbIAbIKTAPbIH aHbIKTayFa MYMKIHAIK OepAi XKoHe OAap 8pTYPAI AEHrenAeri oKy opbiHAAPbIHAAFbI
OKY MNPOULECIHIH 8PTYPAI Ke3eHAEpIHAE OAapAbl KeHIHEH KOAAQHY YLUIH >aHa MnepcrekTUBaAapAbl
allaTbIHbIH KOPCeTTi. byA TOCIA »KoFapblAa KEATIpIAreH apTbiKWbIAbIKTapAaH 6acka OKbITy MPOLECiH
Kayirncis, KbI3bIKTbl X8HE KOAXKETIMAI eTeai. HaTumxkeciHae 6GaraapAamanblk, KamTamachli3 eTy faHa

emMec, 0AaH api AaMy MeH 3epTTey YLIiH ManAaAaHbIAATbIH XKaHa TeXKiprMOe aAbIHADI.
Ty¥iH ce3Aep: TOAbIKTbIPbIAFAH LLbIHABIK, BUPTYaAAbI LbIHABIK, unity 3D, leap motion, BUpTyaAAbl

(pU13MKaAbIK 3epTxaHa, P13mka.

BBenenue

BHenpeHrne HOBBIX MH(OPMAIIMOHHBIX TEXHO-
JIOTUH, HAPALy C KOMITbIOTEepH3aIliel yueOHbIX 3a-
BEJACHUN U MHHOBALIMOHHOW JIE€SITEIILHOCTBIO MPO-
(heccopCKo-TperoaaBaTeIbCKOro COCTaBa BBICIIMX
y4eOHBIX 3aBEJICHUH, SBISIOTCS OCHOBHBIMH Ha-
MPaBJICHUSIMH KOMIUIEKCHOW MOJCPHH3AINN 00pa-
30BaHUsl, KOTOPBIM yJIEISIETCS 0c000e BHUMAHUE HE
TOJIBKO BO BceM Mmupe, HO U B Kazaxcraune [1, 2, 3,
4]. IlpumepoM TOMy SBIISIETCSI TIpOTpaMMa pPa3BU-
tust «{udposoit Kazaxcrany, pa3paboranHas mpa-
BHUTENBCTBOM pecnyOnukn. OaHON H3 1meneil naH-
HOHM TIpOTpaMMBbI SIBJISIETCS TTOBBIMICHUE TH(GPOBOI
TPAaMOTHOCTH HACEJICHUS, B TOM UHCJIE B CPEIHEM,
TEXHUYECKOM M TIPO(ECCHOHAILHOM, a TaKKe BBIC-
meM 00pa3oBaHUH, MTOATOTOBKA U TIEPETIOATOTOBKA
kaJipoB. Ha ceroHsIIHUI IeHb Mbl MOYKEM HaOJIFO-
JaTh MUPOBYIO TeHAeHIMo — Uunyctpusa 4.0 — no
MacCOBOMY BHEAPEHHUIO KNOEP(HU3UIESCKUX CHCTEM,
TAaKUX KaK MCKYCCTBEHHBIH HHTEJUICKT, BUPTYailb-
Has W JIOTIOJIHEHHAs PeajbHOCTh, KBAaHTOBBIC BHI-
gucienns, 3D meyaTs, a TaK)KE aBTOHOMHBIX pOOOT
B MPOU3BOJICTBO M MOBCEIHEBHYIO JKU3HB, BKIIOYAs
u obpazoBanue. Ha nannyro cdepy mHPpOpMaInoH-
HBIE TEXHOJIOTHH TAK)Ke OKa3bIBAIOT OTPOMHOC BIIH-
SIHUE, TIPUYEM HE TOIBKO CO CTOPOHBI KOMITBIOTEPH-
3aIiy BCEX OM3HEC-TIPOIECCOB BBICIIMX U CPETHUX
y4aeOHBIX 3aBEICHUN, Kak W JIFOOBIX OpraHW3aIlnid,
HO U CO CTOPOHBI BHEJIPEHUS HOBBIX METOJUK H
CPEICTB OOYYECHHS, OCHOBBIBAIOIIMUXCS HA COBpE-
MEHHBIX TEXHOJIOTHSIX. B mocienneM HampaBieHUH
BHJTHOE MECTO 3aHUMAIOT KOMIIbIOTEPHBIC 00yJaro-
e CHCTEMBI, HalPUMEp, TaKue KaK BUPTyaJIbHbIC
1a00paTOpUH, TO3BOJISIONIAE IPOBOJUTH OITBITHI
IIPU TOJIHOM OTCYTCTBHUU PEAIIbHON yCTAaHOBKH, B
KOTOPBIX BCE MPOIECCH MOJIETUPYIOTCS TIPH TIOMO-
M KoMIIbIoTepa [5, 6].

B nactosiee BpeMs BOCHPHUSITHE H3Y4aeMOTO
MaTeprana 00yJaroIIUMHUCS MOXET OBbITh YITydIIe-
HO C ITOMOIIBIO HOBBIX AJICMCHTOB BU3YaIH3AIlUU U

KECTOB, KOTOPBIE NPEUIAral0T COBPEMEHHBIE (-
POBBIE TEXHOJIOTMU. B 4aCTHOCTH, C TEXHOJOTHUEH
BupTyanbHOi peanmbroctn (VR — Virtual Reality)
Ha TIEPEIHUN TIIaH BBIXOAAT HOBBIE CTIOCOOBI 00-
Y4€HHUs, KOTOpBIE Jal0T BO3MOXHOCTH PAaCKpPBITH
MHTEpEC 00YYaIoUIerocsi K U3y4aeMOMy HpeaAMETY,
CTUMYJIUPYIOT MO3UTHUBHBIC SMOLUH, YCKOPSIOT
MPOLIECC M3YYEHUS M TOMOTAIOT JIyYlIeMy YCBOe-
HU10. VR npuBHOCHUT B Iiporiecc 00yueHHs 3JIEMEHT
UI'PBI, 4TO, 0€3yCIOBHO, IO3UTUBHO CKA3bIBACTCS Ha
pe3yJibTaTax 00ydYaronuxcs.

Tax, B [7] paccmaTpuBaeTCsl aHaIU3 BUPTyalb-
HOM cpeJibl, UCTIOJIL3YEMOM Il U3yUYEeHUS CTYJIEH-
TaMU BOIIPOCOB Pa3BUTHUS TypHU3Ma U CBSI3aHHBIX
C HHMMHU BO3JEHCTBHI. BupryaipHas pealbHOCTb
UCTIONIB3YETCsl AJISl IOJIHOTO IOTPY>KEHHs CTYIEH-
TaMH B OKpYKawollyro cpely. JaHHbII noaxon
CHOCOOEH NPEeAOCTaBUTh YYACTHUKAM LIEIOCTHBIN
ONBIT pealbHOM OKPY)KaIOIIe Ccpelbl, KOTOPhIA B
pealIbHOM IEHCTBUTEILHOCTH 00XOUTCS JI0OPOTO, B
0COOEHHOCTH JJIsI TPYI ¢ OOJBIINM KOJINYECTBOM
ydacTHUKOB. [lemaroruueckas LEHHOCTb TaKOTO
OTBITa JTOCTUTAETCS 3a CUeT IMOTPYKEHHs B Cpe-
Ty, OCHOBAaHHYIO Ha PEalbHOCTH, B3aUMOJICHCTBHS
CO CJIOXHBIMU U HEOAHO3HAYHBIMHM CUTYALMSIMU U
uHpOpMaIMel, a TakKe B3aMMOJICHCTBUSL C TIPO-
CTPAaHCTBOM, IPYTMMHU CTYJEHTaMH M IpenojaBa-
TessIMU. Pe3ynbTarsl 1EMOHCTPUPYIOT, YTO pa3pa-
00TKa MOIOOHBIX CIOKHBIX BUPTYAIBLHBIX CPEJ IS
00y4yeHHs1 BO3MOXKHA, OIHAKO OCHOBHasl mpoOliemMa
3aKJII0YAeTCs B IOCTH)KEHUH BBICOKOTO YPOBHS MH-
TEPaKTUBHOCTH.

W3yuenne u mpenogaBaHue MOHSATHH anreOpbl
9acTO CONPOBOKAAETCS MpodiieMaMH, KaK Ui CTy-
JICHTOB B IUIaHE TMOHUMAaHM, TaK U JUId Tpernojia-
BaTeNel B MiaHe nojgadn marepuana. B [8] mpuse-
JIeH IIpUMep Kypca, B KOTOPOM H3y4deHHUE anreopbl
MpeJyIaraeTcs ¢ MOMOIIBI0 TEXHOJOTHH BUPTYalb-
HOW peanbHOCTH. ABTOpaMu ObUT pa3zpadoTaH OT-
KPBITBIA 00pa3oBaTeNbHbBIN pecype Virtual Algebra
Tiles, KOTOPBIH JaeT BO3MOMXKHOCTh y4aIlUMCs pac-
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IIMPUTh CBOW 3HAHHS O TOHATHSX aireOphl, HC-
MOJIB3YSl KOMITbIoTep. PesymbraTel mokaszaim, 4To
TaKasi CHCTeMa OOYYEHUs! JUIsl CTYJIEHTOB SIBIISICTCS
Oonee koMdOpPTHOI, Mpeodpasyst mporece ooyde-
HUS B IPUSATHYIO 33124y .

B [9] Obuto mpoBedeHO WHCCIEMOBAaHUE, KAk
OJIapCHHBIC CTYACHTHI BOCIPHHHUMAIOT BHUPTYallb-
HbIe TIporpamMmbl. CTYIeHTHl ObUTH 3a4KCIICHBI Ha
BUPTYyaJbHBIH Kypc. [laHHble coOupamuch dvepes
ACUHXPOHHBIC (DOKYC-TpyNIBl HA WHTEPAKTUBHOU
JIOCKe 00CY)XIIeHUH, ¢ TIOMOIIBIO HAOIIOJIEHUH 3a
CUHXPOHHBIMHU 3aHATHSIMU B UX BUPTyaJIbHOM KJlac-
ce, a TaKKe WHIMBHUYaJbHBIX HHTEPBBIO C yd4acT-
HUKaMu. MccaenoBaHus moKasaiu, YTO BOSHUKAIN
HEKOTOpbIE TEXHHUYECKHE TPYAHOCTH B OCHOBHOM
u3-3a OMIMOOK omeparopa WM HEHCIIOIb30BAHUS
JIOCTYTTHBIX UHCTPYMEHTOB. C TOYKH 3peHus y4eo-
HOM MPOTrpaMMBbI U MEJaroruku, YYaCTHUKU YBHUJIC-
T HeOONBIIYIO PasHHUIy MEXKIY KIaCCHUECKUMH
W BHUPTYaJbHBIMH KIIACCHBIMH KOMHATamM#. MOXK-
HO CJ/IeNaTh BBIBOJI, YTO JUISI OJIAPEHHBIX YUYCHUKOB
Ka4eCTBO COACPKaHUsI U OOydYeHHs NPEBOCXOAMUT
peanbHOCTH cpen; o0yueHus. JlanHas wHpoOpMaIHs
MOXeT OBITh HCIOJb30BaHA B JaJbHEHIIEM st
yIy4dlieHusl KadectBa on-line oOpasoBanus 1100
JUTSL CO3JIaHUS HOBBIX 00pa30BaTEIbHBIX PECYPCOB.

B cratee [10] mu3ywyaeTcss BOCHpPHATHE IPETMO-
JlaBaTeliel B OTHOIIICHUU UHTETPAIlH BUPTYaIbHOM
peabHOCTH B TIPOIIECC OOYUIEHUS C IIOMOIIBIO TeMa-
TUYECKOI'0 HCCleoBaHus Ha (akysbrere UHGOp-
MaroHHbIX TexHoyoruit (UT) B yHuBepcureTe Ha
bmmxnem Bocroke. PecrioH€HTBI, ONPOIlIEHHBIE B
9TOM HCCIIEIOBAHNH, COCTOSUIN U3 TIPETIOIaBaTeIICH.
Bbin ucnonb30BaH KOMTUUECTBEHHBIA METOM: Cpeln
npenongasarencii UT B MHaTepHeTe ObLTa pacmpo-
CTpaHEHa aJanTHPOBAaHHAs aHKeTa, KOTopas olle-
HUBaJIa UX MHEHHE O BO3MOXXKHOCTH NMPUMCHCHUS
BHUPTYAJIBHOH PEaThbHOCTH KaK y4eOHOTO ITOCOOWS.
Cratuctuyeckue METONbl OBUTM  HMCTOJIB30BaHbI
JUISL aHaju3a JaHHBIX aHKeT. Pe3ymbTarhl, moiy-
YeHHBIE HA OCHOBE KOJMYECTBEHHBIX TAHHBIX, BHI-
SIBUJIM TOTOBHOCTB MpENoJaBaresiell UCIoJIb30BaTh
cucteMbl VR B KauecTBe AOMOIHUTENBHOTO 00yYa-
IOIIETO UHCTPYMEHTA, X HaMEPEeHHE BKIIIOUYUTH UX
B y4eOHBIii nporecc B OyynieM, Oapbepbl Ha MyTH
WCTIOJb30BaHMSI TEXHOJOTHH, MpeABapUTEIbHBIC
3HAHHUSA TI0JIb30BaTeNel B 00JIacT TeXHomorui. Pe-
3yJILTAThl TaKXKe MOKAa3ajH, 4To O0ydeHHE MOKET
OBITH MaKCUMalbHO 3QQEKTUBHBIM C MHTErpalueit
texHosjoruu VR. B crarbe Takke npuBeieHbl peKO-
MEHJIAIMN TSI 00JIeTYEeHUs UCTIONb30BAHMUS TEXHO-
norun VR B KadecTBe cpelncTBa 00yUyeHHUsI.

CriermanbHO pa3paboTaHHAs W MPOTECTHPO-
BaHHas cpela OOydYeHHsI BUPTYalIbHOW peabHO-
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ctH [11] MOXKeT npeAsnoKuTh CTyAeHTaM-MeIuKaM
CpeICTBa JOCTyNa K y4eOHBIM MaTepHuajaMm M X
MOBTOPHOTO M3YYCHUS, YIy4llas, TAaKUM 00pa3oM,
KadecTBO ycBoeHMs. Kpome Toro, mcrnonb3oBaHue
TaKAX CPEICTB OOY4YECHHS JeNaeT MEIUIINHCKOEe
oOpaszoBanue Ooyiee MOCTYMHBIM. B crarbe Takke
MOKa3aHo, YTO BUpTyaibHas peanbHOCTh (VR) 00-
JaaeT YHUKAIBHBIM TTOTEHIINAIOM I TpaHC(op-
Malliyd MEIUIMHCKOTO 00pa3oBaHUs M IMpeJyiaraet
yBEJIMYCHHE WHBECTUPOBAHMS B Pa3BUTHE TMOH00-
HBIX TEXHOJIOTHI W BO3MOYKHOCTH COTPYAHHYECTBA
C pa3paboOTUYHNKAMHU.

B [12] paccmatpuBaeTcssi HCHOJb30BAaHUE
TEXHOJIOTMH BUPTYaJlbHOU PEATbHOCTU JJIsl IO-
nydeHus: nHGopMauu 00 IBAKyalldu, YTO SIBIISI-
eTCsl KJIIOUOM K CHIJKEHHIO TpaBMaTH3Ma U yBe-
JUYEHUI0 YPOBHS BbDKUBaHUS. Cephe3HBIE HTPHI
(Serious games (SGs)) Ha OCHOBE MMMEPCUBHOU
BUPTYaJIbHOH PEalbHOCTH NPEICTABISAIOT COOOH
WHHOBAITMOHHBIA MOAXOJ]] K OOyYEHHIO M BOCIIH-
TaHUIO JIIOJIEN B UrpoBOMl cpene. JlaHHas cTaThs
HanpaBJicHa Ha TIOHMMaHUE pa3pa0OTKU W BHE-
IpEeHUsl MOJOOHBIX CEPhE3HBIX UTP B KOHTEKCTE
o0y4eHHsI 1 HcclleJJOBaHUI B 00JIaCTH 3BaKyaluu
3IaHUH, MPUMEHSIEMBIX K PA3IMYHBIM Upe3BbIYaii-
HBIM CUTYaIUsSM B TOMEIIEHNUH, TAKUM KaK MoXap
u 3emuerpsicenue. B [13] uzyuanach s dexTus-
HOCTb HCTIOJIb30BaHUSI UMMEPCUBHOW BUPTYallb-
HOM peabHOCTH JJISi U3YUYEHUS MOCJIE/ICTBUN U3-
MEHEHUsSl KJIuMaTa, B YaCTHOCTH IS W3Y4YeHUS
KHCIIOTHOCTH MOPCKOH BoJbl. MccnenoBanus mo-
Kazalld, 4TO TIOCJI€ OIbITa MOTPYKEHUS B BUPTY-
aJBHYIO PEaJbHOCTH JIOIU MPOJIEMOHCTPUPOBAIN
XOpOIINH YpOBEHb 3HAHMM, JIIOO03HATEIBLHOCTD B
obracTy HayKHd O KJIUMare, a B HEKOTOPBIX CIy-
yasx Mmoka3ajiu 0ojee OCO3HaHHOE OTHONICHHE K
OKpYy XKarollei cpeae. AHAIM3 TaKXKe MMOKa3all, 4To
MMMepCHUBHAs BUPTyaJbHAad PEaTbHOCTH SIBISETCA
MHOT000CIIAIONIMM JOMOJIHUTEIbHBIM MEXaHH3-
MoM 151 3 PEKTUBHOTO OOYUYCHHUsI, TAaK KaK YeM
OoJbIlie JFIOAM HWCCIENOBaId Cpeay MPOCTpPaH-
CTBEHHOTO OOyuYeHHs, TeM OoJiee BBICOKHH ypo-
BEHb 3HAHUH 00 M3MEHEHUH OKPYKAIOMIeH cpebl
OHU JeMOHcTpupoBanu. Kpome Toro, ycmexwm B
oOydeHnH ObUIM MMOKa3aHBl MPHU Pa3IMYHBIX YC-
JIOBUSIX: YPOBEHb YYaCTHUKOB (CpemHssl IIKOJIA,
CTYyACHTBHI KOJUIEIKa, B3POCIBIE), CTEMEHb (pe-
3yJAbTaThl OOYy4YEHUs, OTCIICKUBAHHE JAaHHBIX O
JBIDKCHUH B BUPTYyaJIbHOM MHpPE, KaYECTBCHHBIC
OTBETBI), W KOHTEHT (OBUIM TPOTECTHPOBAHEI
MHOKECTBEHHBIE BEPCHH 00 M3MCHECHHSIX KIMMa-
ta). Takum 00Opa3oM, UMMEpPCHBHBEIE BUPTYyallb-
HBIC CpeOnl ABIAIOTCA 3P (PEKTUBHBIM CPEICTBOM
pH U3yYECHUU U3MCHECHHSI KIIMMaTa.
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B [14] paccmarpuBaeTcsl HCIOJIB30BAaHUE TEX-
HOJIOTMM BUPTYaJIbHON PEaJbHOCTH JUISI U3YUYEHUS
apXWUTEKTypbl. biiaromapss cBoel 3MIMPUYECKOM
npuposae Texnosorust VR mMoxer ObITh OueHb -
(hekTMBHA JUIS TIONYYEHHS] APXUTEKTYPHOTO O00-
pasoBaHus. ABTOpamMHu pa3paboTaHO TPUIIOKEHHE
LADUVR, xoTopoe noiap30BaTeIN MOTYT HUCHOIb-
30BaTh Ha CTPOUTENBHOM TUTOIIAIKE [Tt O0Iee BHU-
MaTeJIbHOTO M3YYEHHUsI apXUTEKTYPHBIX JIeTaylell u
MIPOBEPUTH, YTO OHM y3HAJIM B UHTEPAKTUBHOM U 3a-
XBaTbiBatollel cpene. Takke B cTaTbe NMPUBEICHO
CPaBHEHHE MEXAY TPaJUIMOHHBIMA METOJaMHU 00-
YYEHUS U MPUMEHEHUEM TEXHOJOTUH BUPTyaJIbHOU
peanbHOCTH.

Hcnonp3oBanne MHHOBALMOHHBIX TEXHOJIOTHH
B MY3€HHOHN NeATENBHOCTH, TAKUX KaK TEXHOJIOTHS
BUPTYaJIbHOM PEaJIbHOCTH, SIBJISIETCS AKTyaJlbHbBIM,
[IOTOMY YTO JIaHHAsl TEXHOJIOTHUS MO3BOJISET Tpe-
CTaBIATH UH(OpPMaIHIo B OoJiee HArIIJHON, HHTE-
pecHOl W 3armoMHHAIOIEHCS popMe, B pe3ysbTaTe
Yero MOSBISAETCS BO3MOXHOCTh MPUBJIEYb OOJIBIIE
nocerutesied. B [15] mpeanokeHO pPyKOBOJCTBO
Mo pa3paboTke 00pa3oBaTENBHBIX WIP B COTPY-
HUYECTBE C My3eeM. ABTOPHI TIOKa3alu, YTO MUHH-
o0pazoBareibHbIe WPl C HCIOIb30BAHHEM TEX-
HOJIOTMM BHUPTYAJIbHOM pEeaibHOCTU 3HAYUTENIBHO
[IOMOTAl0T y4allUMCsl B H3YYEHHUHU XYJI0’KECTBEH-
HBIX KOHIICTIIINH.

B mamHO# cTaThe mpencTaBieH 00pa3oBaTeihb-
HBII pecypc, pealn30BaHHbIA B BUJIE NPUIIOKEHUS
¢ HaOOpOM MPaKTHUYECKHX 3aJaHUN Ul M3YUCHUS
(bM3HKH C MCTIONH30BAHNEM TEXHOJIOTHH BHPTYallh-
HOW peanbHOCTH. [laHHOE TIpHUIIOKEHHE pa3padboTa-
HO B MeXIyHapoIHOM yHUBEpCUTETE HHPOPMAIH-
OHHBIX TexHOJIoTHH (AnmaTel, Kazaxcran).

Pa3paboTka BHpTyaJbHOH Ja0opaTopuH 1O
dusuke

MexIyHapOTHBIH YHUBEPCUTET HWH(GOpMAIH-
OHHBIX TEXHOIJIOTUH MMEET OIBIT HCIIONb30BaHUS
WHPOPMAIMOHHBIX TEXHOJOTHH B Y4eOHOM TIpO-
necce. Hanpumep, nmo mucuuminae «Dusnka» na-
OopaTopHbIe pabOTHI BBIOIHSAIOTCS BHPTYaJIbHO C
MOMOIIbI0 Pa3pa0OTAaHHOIO aBTOPAMHU IPUJIONKE-
HUs. MopenupoBaHue (PU3MYECKUX IKCIICPUMEHTOB
ocymIecTBiseTcs B BUPTyanbHOH cpene [5]. Cry-
JCHTBI UMCHOT BO3MOXHOCTD 3a4aTh HAYaJIbHBIC I1a-
pameTphl U HaOI01aTh (PU3UYECKUH MPOIIECC CKOIb
YTOJHO MHOTO pas.

IIpencraBieHHbli B JaHHOM CTaTbe MPOEKT
CBsI3aH C MPUMEHCHHEM BHPTYaJbHOW pPEalbHOCTU
B Ipolecce M3ydeHHs (QU3UKUA. ABTOpaMH OBLIO

CO3/aHO TIPHUJIOKEHHE C HAOOPOM MPAKTHUYECKUX
3amaHuil Mo (u3mKe ¢ ucmonb3oBaHneM VR. Paz-
paboTaHHOE TPUIIOKEHHUE PEAOCTABIISIET JOCTYH K
(u3MYECKUM 3a7]a4aM 0 TaKUM pasjiesiaM, KakK KH-
HEMaTHKa, OCHOBBI JUHAMUKH, DJIEMEHTHI CTATHKH,
3aKOHbI COXPAHEHUS B MEXaHUKE, MEXaHHYECKHE
KosieOaHUs ¥ BOJHBI, MOJICKYJIsIpHAsT (PU3MKA U TEp-
MonuHamMuKa. OTHOW M3 OTIIMYUTENHHBIX OCOOCH-
HOCTEH MpeiaraeMoro MpHIOKEHHS SBIISETCS €ro
MOJUS3BIYHOCTD. [lomb30BaTeNo mpeaocTaBiseTcs
BO3MOJKHOCTh BBIOOpa Ka3aXCKOTO, PYCCKOTO WIIH
AHTJIMHACKOr0 Si3blKa B3aUMOJEHCTBUS C IPHIIOAKE-
HueMm. CrenoBarenbHO, JaHHBIH 00pa30BaTEIIbHBIN
pecypc MOKeT MPUMEHATHCS He TOIbKo B Kazaxcra-
HE, HO U 33 PyOeKOM.

B manHOM TIpOeKTE /IS pa3paboTKU IPOTpamMM-
HOTO 00CCTICUeHHs MCIOIB30BaJIach MEKITIAThOp-
MEHHasl cpeja pa3pabOTKH KOMIIbIOTEPHBIX HIP
urposoit aBmwxkok Unity 3D ot kommanuu Unity
Technologies [16]. [Ipunoxxenue paboraer ¢ mpo-
BOJIHBIM JaT4ukoM JBuxkeHust Leap Motion [17],
MpeTHA3HAYCHHBIM JJII PYYHOTO OTCIIC)KMBAHHS B
BUPTYaAJIbHON PEAIbHOCTH.

[IpencraBieHHOE MPUIOKEHUE BUPTYaJIbHOU
naboparopuu ¢ ucnosb3oBanueM Leap Motion co-
CTOWUT W3 KOMIIOHEHTOB, NMPUBEICHHBIX HA PUCYHKE
1. Crpykrypa coctouT u3 I'maBHOrO 3amycka, Ko-
TOPBIA OTKPBHIBACT TPUIOKCHHE M BBI3BIBACT JIBA
CIEIYIOINX MOJYJIS: 33/1a4H 10 paszzienam «Mexa-
HUKay», «DJIEKCTPOCTATUKA» U JP. U 3a/1a4H, C TMOJ-
nepkkoit konTposuiepa Leap Motion. [Tonb3oBare-
JIT0 BUJCH JUIIb Tpadudeckuii mHTEpdeiic, omHaKo
32 HUM CKPBIBAIOTCS €IIe TPU KOMIIOHEHTA: 00Iast
Mamnka, CoJIepiKariass MOJIENIA, CKPUMITHI U JIPyTHe
HEOOXOIMMEBIE PECYPCHl, OTIENIbHBIE NAlKH IS
KOHKPETHOHM 3ajJauyd M MaIka, HeoOXoaumas Jis
KOppeKTHOH paboTsl Leap Motion.

B3aumopaeiicTBue noiab30BaTENs C MPUIOKEHU-
€M OITMCBIBAETCS Ha PUCYHKE 2. 371eCh MPHUBEEHBI
BO3MOJXKHBIC JICHCTBUS, OCYIIECTBISIEMBIC TOJIB30-
BareneM. Tak, HampuMep, MOJIH30BATENh B Hadaie
paboThl JTOJDKEH MOJAKIOYUTh KOHTpoyuiep Leap
Motion. TompKkO TOCIE 3TOTO €My CTAaHOBHUTCS JIO-
CTyTIeH BeCch (DYHKIMOHAN NPWIOKEHHs. B Hem
OH MOYET BbIOpaTh 3ajauy, MOCMOTPETh YCIIOBUE,
pellieHne, BKIIOYUTh JIEMOHCTPAIMIO, a TaKXKe H3-
MEHATh ee mapaMeTpbl. Bee 310 mpoucxoaut Ora-
roaapst Menu Controller, Tak kak UMEHHO C MO-
MOIIIFI0 HETO T0JIh30BaTeIh B3aUMOJICHCTBYET C
MIPHIIOKEHUEM.

Ha pucynke 3 mpencTaBieHO TJIaBHOE MEHIO
MIPUJIOKEHUS C UHTETPUPOBAHHBIM B HETO KOHTPOJI-
nepom Leap Motion.
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2] TN
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—(O———  with 3D models, e
) scripts and prefabs
Main launcher
starts modules
of the program
Problems on . E —
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I”O "Electrostatistics" etc | per problem Problem
= with 3D models, resources
. scripts and prefabs
Main Launcher
© Problems — Leap Motion
= with Leap motion VR tool
Collection of
physics
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Pucynok 1 — /lnarpaMma KOMIIOHEHTOB npriiokeHust ¢ Leap Motion
Physics Problem
Connect
LeapMotion Open
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problem
Watch a
simulation
User Open

problems's
condition

Open solution

Choose a
mode

<<Include>>

Menu Controller

Pucynok 2 — JIluarpamma BapuaHTOB UCIOJIb30BAHUS

Kaxxgas 3amavya COIEpIKUT YCIOBUE, aHUMM-
POBaHHYIO CIIEHY 3aJlauM W pelneHue. Paccmo-
TPUM TIPUMEpP peaIM3aIUU 3aJ]a4l C MASTHUKOM.
VYcioBue 3agaud COCTOUT B CACAYIOIIEM: H3MeE-
HUTCS JIM TEPHUOJ KOJeOaHUsI MaTEeMaTUICCKOTO
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MasiTHUKA, €CIIM €ro NOMECTUTh B Boay? Mast-
HUKY TpHUiaHa HaeanbHO obOTekaemas ¢opmMma,
TaK 4TO TpeHHEeM 00 BOJY MOXXHO MpEeHEeOpeUb.
JlemoHCcTpanms dKCIIEpUMEHTA MpeACTaBlIcHa Ha
pucyuke 4 (a, 0).
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Ha4aTb

5

M- porpamme
FlacTponkmn

BriiTin

Pucynok 3 — ['maBHOe MeHI0 nprokeHus ¢ Leap Motion

Onvcarve

Pucynox 4 — [Ipumep 3amaqu ¢ Leap Motion

WHTepakTHBHOE YIIPABICHWE OPraHU30BaHO C
noMouplo0 KoHTposiepa Leap Motion, knaBuary-
pBI 1 Kamepsl 0030pa (ympaBiieHnEe MBIIIKOW), 4TO
MO3BOJISIET TAKXKE BpaliaTh 3D clieHbl B pa3IMYHbIX
HanpasieHusx. Kpome Toro, mporpamma mo3Bosisi-
eT YBEeIIMYHMBAThH MCCIIEAyeMble 00BEKTHI IS Ooliee
JeTanbHOro 0030pa. [Ipn M3MeHEeHUH MOJIO0KEHUI
U TO4eK 0030pa MPOUCXOTUT OOHOBJICHUE IHAIIO-
TOBOTO OKHA. MIHTEpaKTUBHOCTH B JaHHOI padore
SIBISIETCS. OCHOBHBIM TIPEHMYIIECTBOM, OOecreyn-
BaIOLIMM HATrJISTHOCTD U OBICTPOE YCBOCHHE M3yda-
eMOro MaTepHaa.

3akiouenune

Pa3paboTka IpelcTaBI€HHOI0 BUPTYaJIbHOTO
KOMIUIEKCa CTajla BO3MOXKHOM Oy1arogapsi pa3BUTHIO

COBpPEMEHHBIX HHPOPMAITMOHHBIX TEXHOJIOTHH. 1X
HBIHEIIHUH YPOBEHB MO3BOJISET BOIIOATE CaMble
pa3HOOOpa3HbIe MPOEKThI, YTO OTKPHIBAECT HOBBIC
TOPU30HTHI [yl CO3AaHUsl 00YUalOIUX PECYpPCOB U
MHCTPYMEHTOB Ha KaueCTBEHHO ApyroM ypoBHe. C
pa3BUTHEM TEXHOJIOTHI pa3BUBAETCS U OOILECTBO,
YTO, B CBOIO OY€pEb, TPEOYEeT MPUMEHEHHS HOBBIX
MoJIX0J0B B o0ydeHuu. Takum oOpazom, HCIOIb-
30BaHHME HOBEHIIMX TEXHUYECKUX CPEACTB ITOMO-
raeT C03/1aBaTh COBEPILICHHO JPYTUe, OPUTHMHAIb-
HBIE 110 CBOCH CTPYKTYpE 00ydaroiue nporpamMmmel,
WHTEPECHBIE HBIHEITHEMY IOKOJICHHIO CTYAEHTOB
W yYamuxcsi MHBIX y4eOHBIX 3aBefeHuil. [lomara-
€M, YTO CO3JlaHHas HaM{ BUPTyallbHas Jlaboparto-
pus no pucuuiuinHe «®Pu3nka» ecTh mporpamma,
KOTOpas OTBedaeT TPeOOBaHUSAM COBPEMEHHOCTH
u sBusgercs >PQPEKTUBHOW B H3YyUCHUH JaHHOTO
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npeamera. B HacTosiiee BpeMsi aBTOpaMu BEIETCs BnaromapHoctb. PaboTa BeIONHEHA TIpH DU-

MTOCTOSTHHAsT paboTa 1o pa3paboTKe HOBBIX Mpak-  HaHcoBOH momnep:kke KH MOH PK mo mporpamme

TUYECKUX 3aJIaHUH M WX UHTErPAllid B COCTAB jJla-  IPAHTOBOIO (PMHAHCHPOBAHUS HAYYHBIX UCCIICI0BA-

Oopartopuwu. uuii Ha 2018-2020 rr., rpant NeAP05135692.
Jluteparypa

1 Marmar Mukhopadhyay , Madhu Parhar. ICT in Indian Higher Education Administration and Management // ICT in Educa-
tion in Global Context Part of the series Lecture Notes in Educational Technology. —2014. — P. 263-283.

2 Chee-Kit Looi, W.L. David Hung. ICT-in-Education Policies and Implementation in Singapore and Other Asian Countries
// Upon What Does the Turtle Stand? —2005. — P. 27-39.

3 Uchenna R. Efobi, Evans S. Osabuohien. Technological Utilization in Africa: How Do Institutions Matter? //Technology
and Innovation for Social Change. — 2014. — P. 67-84.

4 Samia Mohamed Nour. Overview of the Use of ICT and the Digital Divide in Sudan. Information and Communication
Technology in Sudan. // Part of the series Contributions to Economics. —2014. — P.127-266.

5 Daineko Ye., Dmitriyev V. and Ipalakova M. Using Virtual Laboratories in Teaching Natural Sciences: An Example of Phys-
ics // Computer Applications in Engineering Education. —2017. — Vol.25, Iss.1. — P. 39-47.

6 Daineko, Y.A., Ipalakova, M.T., and Bolatov, Zh.Zh.. Employing Information Technologies Based on .NET XNA Frame-
work for Developing a Virtual Physical Laboratory with Elements of 3D Computer Modeling // Programming and Computer Soft-
ware, Volume 43, Issue 3, May 2017 —P. 161-171.

7  Christian Schott, Stephen Marshall. Virtual reality and situated experiential education: A conceptualization and exploratory
trial // Journal of computer assisted learning. —2018. — Vol.6, Iss. 34. — P. 843-852.

8 Juan Garzon, Julian Bautista. Virtual Algebra Tiles: A pedagogical tool to teach and learn algebra through geometry //Jour-
nal of computer assisted learning. — 2018. — Vol.6, Iss. 34. — P. 876-883.

9 Jessica Alison Potts. Profoundly Gifted Students’ Perceptions of Virtual Classrooms. //Gifted child quarterly. — 2018. —
Vol.63, Iss. 1. — P. 58-80.

10 Salsabeel F.M. Alfalah Education and information technologies, 23 (6), 2633-2653 (2018).

11 D. King, S. Tee, L. Falconer, C. Angell, D. Holley, A. Mills, Nurse Education Today, 71, 7-9 (2018).

12 Z.Fenga, V. A. Gonzaleza, R. Amorb, R. Lovreglioc, G. Cabrera-Guerrerod, Computers & Education, 127, 252 (2018).

13 Markowitz DM, Laha R, Perone BP, Pea RD and Bailenson JN Immersive Virtual Reality Field Trips Facilitate Learning
About Climate Change. //Front. Psychol. —2018. — Vol.9. — P.2364.

14 Sayyed Amir Hossain Maghool, Seyed Hossein (Iradj) Moeini, Yasaman Arefazar //Archnet-IJAR. — 2018. — Vol.12, Iss.3.
—P. 246-272.

15 Bossavit B., Pina A., Sanchez-Gil, 1., & Urtasun, A. Educational Games to Enhance Museum Visits for Schools. //Educa-
tional Technology & Society. — 2018. — Vol.21 (4). —P.171-186.

16 https://unity3d.com/company

17 https://www.leapmotion.com/

References

1 Marmar Mukhopadhyay , Madhu Parhar, ICT in Education in Global Context Part of the series Lecture Notes in Educational
Technology, 263-283 (2014).

2 Chee-Kit Looi, W.L. David Hung. ICT-in-Education Policies and Implementation in Singapore and Other Asian Countries.
Upon What Does the Turtle Stand? 27-39 (2005).

3 Uchenna R. Efobi, Evans S. Osabuohien. Technological Utilization in Africa: How Do Institutions Matter? Technology and
Innovation for Social Change, 67-84 (2014).

4 Samia Mohamed Nour, Overview of the Use of ICT and the Digital Divide in Sudan. Information and Communication
Technology in Sudan, Part of the series Contributions to Economics, 127-266 (2014).

5 Ye. Daineko, V. Dmitriyev, and M. Ipalakova, Computer Applications in Engineering Education, 25 (1), 39-47 (2017).

6 Y.A. Daineko, M.T. Ipalakova, and Zh.Zh. Bolatov, Programming and Computer Software, 43 (3), 161-171 (2017).

7 C. Schott, S. Marshall, Journal of computer assisted learning, 6 (34), 843-852 (2018).

8 J. Garzon, J. Bautista, Journal of computer assisted learning, 6 (34), 876-883 (2018).

9 J.A. Potts, Gifted child quarterly, 63 (1), 58-80 (2018).

10 Salsabeel F. M. Alfalah, Education and information technologies, 23(6), 2633-2653 (2018).

11 D. King, S. Tee, L.Falconer, C. Angell, D. Holley, A. Mills, Nurse Education Today, 71, 7-9 (2018).

12 Z.Fenga, V. A. Gonzaleza, R. Amorb, R. Lovreglioc, G. Cabrera-Guerrerod, Computers & Education, 127, 252-2 (2018).

13 D.M. Markowitz, R. Laha, B.P. Perone, R.D. Pea and J.N. Bailenson, Front. Psychol., 9, 2364 (2018)

14 Sayyed Amir Hossain Maghool, Seyed Hossein (Iradj) Moeini, Yasaman Arefazar Archnet-1JAR, 12 (3), 246-272 (2018).

15 B. Bossavit, A. Pina, I. Sanchez-Gil, & A. Urtasun, Educational Technology & Society, 21 (4), 171-186 (2018).

16 https://unity3d.com/company

17 https://www.leapmotion.com/

ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 119
eISSN 2663-2276



MEPEMTOMUAAP
IOBUAEMHDIE AATDI
ANNIVERSARY DATES

KALLIKAPOB BACUAUI NETPOBUY
(04.04.1919 - 27.09.1998)

4 anpeast 2019 roaa UCNOAHMAOCH 6bl 100 AET KPYMHOMY Ka3axXxCTaHCKOMY YUYEHOMY, CMELMAAUCTY
B 06AaCTM TENAOU3MKM U TUAPOAMHAMMKM, AOKTOPY (DM3MKO-MaTeMaTUUYecKmMx Hayk, npoceccopy
KawkapoBy Bacuauio NeTposuyy.

Kamkapo Bacunuit IlerpoBuu ponuics 4
anpenst 1919 roma B cenme Kokcy, I'Bapaeiickoro
paiiona, Tannel-Kypranckoit obmactu B cembe
BOEHHOCITYXKAIIETO.

B 1938 1. mocne OKOHYaHUS CpegHEH IIKOJIbI,
MOCTYNUJI Ha (PU3HKO-MaTeMaTHuecKuil (akymnbTeT
Ka3zaxckoro rocymapCcTBEHHOTO  YHHBEPCUTETA
nvenu C.M. Kupoga.

B mnauane Bemukxoi OTEUeCTBEHHOM BOMHEI,
oceHbpto 1941 ropa, ¢ 4eTBepTOro Kypca yIuiea Ha
(hpont. B coctaBe 40-0B0oii OTHETHHON CTPEIKOBOM
Opuraasl ob6oponsn Mocksy. Ilocne u3nedeHus B
rOCIHTaE 10 00OMOPOKEHHIO BOEBaJI B 3aI10JISIphE, HA
Tepputopun YkpauHsl, benopyccun, [Ipudantuky,

© 2019 Al-Farabi Kazakh National University

[Tonpmm, I'epmanuu. VYyacTBOBal B LITYpPME
bepnuna. 3akonunn BoiiHy B YexocioBakuu. bour
HarpaxaeH 00E€BbIMU OpIEHAMHU U MENAISMU.

BepnyBmmcs B Ka3l'V, mpomomkun yueOy u
B 1947 romy ¢ OTAMYMEM OKOHYMI YHHBEpPCHUTET,
MOJY4YMB  CIEUUAIBHOCTh  (PHU3MKA-TEOpEeTHKA.
B 1955 romy, mocine OKOHYaHHS aCIUPAHTYPHL,
3alUTHIT  IUCCEPTAlMI0 Ha COMCKaHHME Y4YeHOU
CTENeHH KaHauaara (pu3nKo-MaTeMaTHYeCKUX HayK
Ha TeMy: «HekoTopeie aBTOMOJENbHbIE CTPYWHBIE
JNBWOKEHHUS BSI3KOM HEC)KHMaeMOM  KHJIKOCTH.
PaGoran crapmuMm TnpernopaBareneM, a 3areM
IOTICHTOM Kadenp TeopeTHYeCcKor (Gpu3nku, oormei
Y MOJICKYJIIPHON (PU3UKH.

C 1965 mo 1971 rox B.II. Kamxkapos
paGoran mnpopekropoM 1o Hayke Kaszaxckoro
TOCY/IapCTBEHHOTO YHHBepcuTeTa. B 3ToT mepuon
OH MHOTO CHeNan A YKpemJeHUsl MaTepuaabHON
0a3pl HayuyHBIX MCCIEIOBAaHUH B YHUBEPCHUTETE,
MOATOTOBKH CIIEIIHAICTOB BBICOKOW KBATH(UKAIINT
(KaHAMOATOB M JOKTOPOB HAyK), YCTAHOBJICHUS H
pasBUTHS HAy4HBIX CBS3€H C APYTMMH By3aMHU U
Hay4HO-HcciaenoBarebckuMu nactutyramu CCCP
U IPYTHX CTpaH.

Jloktopckast  nuccepranusi  «lMccnenoBaHue
TEIUIO-M  MaccoOOMEeHa B CTPYHHBIX TEUEHHIX»
3amMiieHa UM B MHCTUTyTE Teropusuku CO AH
CCCP B 1971 rony. B atom xe rogy B.I1. Kamkapoy
MIPUCBOEHO 3BaHUE Tpodeccopa.

C smBaps 1971 roma u 10 TIOCTIETHETO CBOETO
mast B.UII.  KamkapoB pabortan  3aBeayroniuM
OpPraHU30BaHHON MM Ha (U3NYECKOM (haKynbTeTe
Kas3l'V kadenpsr pusndeckoil THAPOTTHAMUKH.

C 1972 no 1976 rox on paboran gexaHoMm ¢u-
snueckoro ¢akynpreta Kasl'y mumenn C.M.Kupoga.

B kpyr wunrepecoB B.II. KamkapoBa BXo-
AT MHOTHE O0JacTH 3HaHHsI — BOMPOCH oOuien
TEOPUHM OTHOCHTEIBHOCTH, MEXaHWKH >KUAKOCTH



raza ¥ IUIa3Mbl, MArHUTHOM TUIPOAMHAMUKU,
TEOPUH TUAPONAUHAMHYECKON YCTOMYMBOCTH U
HEHBIOTOHOBCKHUX KHJIKOCTEH, MPOOIEMbI TEOPUU
TOpEHUsl, KOCMOHABTUKA, HO OCHOBHOM BKJIAJ OH
BHEC B PA3BUTUE TEOPUU JAMUHAPHBIX CTPYHHBIX
TeueHnid. Ero paboTBI MO WMCCIEIOBAaHHUIO CTPYH
JKUJKOCTH € TECPEMEHHOM BS3KOCTBIO SIBISIFOTCS
00pasIoM TEOPETHICCKUX PabOT ITO THAPOAMHAMIKE
KareJbHbIX JKUAKOCTEH W MNpPEe/ICTABISIIOT BaXKHBIN
3Talm B Pa3BUTHUU THIPOAMHAMUKUA. MoHorpaduun
«Teopust cTpyd BSI3KOM >KHIKOCTH», HalHMCaHHAs
uMm BMmecte ¢ npod. JILA. Bymucom, n «Teruio- u
MaccoOOMEH B CTPYSIX BSI3KOH YKHIKOCTH», OKOJIO
200 myOmukanmii B HaywyHbIX uaganuax CCCP u
IPYTUX CTpaH, COCTABISIOT HAy4yHOE Hacjenue
npodeccopa B.I1. Kamxkaposa.

PaGorass  mpermomaBareneM, — 3aBEAYIOIIUM
kadeapoit, naexaHoM (akyabTeTa, MPOPEKTOPOM
yuuBepcutera, B.II.  KamkapoB  ocHOBHOM

cBOEW 3ajadeil cumTanm oOydeHHe W BOCHHUTAHWE
ctynentoB. OH pa3paboTtas W YUTAN CTyACHTaM
o0t kKypc «MexaHuKa», HOBBIE CIEIKYPCHI:
«l'a3oBass nuHamuka», «Teopuss MOrpaHUYHOTO
cnos», «MaruuTtHas TUaponuHamMuKa», «luapo-
NUHAMUKA aHOMAaJbHBIX skuakocted» u ap. Ilo
crieukypcaM «MarHuTHOH TUAPOIWHAMUKHY U

ISSN 1563-0315
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«'mapoarHamMuKa aHOMAJBHBIX >KUAKOCTEH» UM
HaITMCAaHBl METOIMYECKHE TI0COOUS IS CTYCHTOB.

COTHU BBITYCKHUKOB (PU3UUECKOTO (PaKyIbTETa
KasI'V, cymast ero ekunu o Kypcy oomeit puznku
U CIICIKypcaM, y4YacTBYs B padOTe CEeMHHApOB,
KOTOPBIMH OH PYKOBOJIWII, TPHOOIIATUCE K (PU3UKE.

B.II. KamkapoB BHeC BeCOMBIi BKJIal B
MO/ATOTOBKY ~ BBEICOKOKBAIM()MIMPOBAHHBIX —Hayd-
HO-TIEJJATOTMYECKUX KaJpoB. MM Obuio moaro-
ToBJeHO 15 kanamparoB Hayk. llpomomxast Hayd-
HBIC HCCIIEIOBAaHHS CBOETO YYHTENs, HAa Kadenpe
Tero(GU3nKN U MOJNEKYISIpHOH (QU3UKU padoTaroT
€ro yYCHHKH.

Mupnsiii Tpya B.I1. Kanikaposa Takxe oTMeueH
NPaBUTEIHLCTBEHHBIMH HarpajaMH.

Ha nocyre oH yBiekajcs My3bIKOH, IJFOOHI
ClIyliath ONEpy W BOOOIIE MEHHE, caM XOpPOIIOo
UTpaj Ha My3bIKAJIbHBIX HHCTPYMEHTAX. YBIICKAJICS
(dotorpadueii, ppid0og0BCTBOM. JIFOOMIT aKTUBHBIN
OT/IBIX, KOTOPBIH 0OBIYHO TIPOBOIUII C CEMBEH.

[Ipodeccop B.II. Kamxkapo Obur modpoxe-
JaTeNbHBIM, Pa3HOCTOPOHHE PAa3BUTHIM YEJIOBE-
KOM, TaJJAHTJIMBBIM YYSHBIM, OJICCTAIINM YIUTEIEM
U HACTaBHHUKOM, XOPOIIMM  OpPraHU3aTopoM,
WHTEJUIMTEHTHBIM U OPSII0YHBIM YEJIOBEKOM. YIIel
u3 )ku3HU 27 cenTsopsa 1988 roma.
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TAKMUBAEB HYPITAAU XKABATAEBUY

TaknbaeBy Hypraan >Kabaraesuuy, AOKTOpY (M3MKO-MaTeMATUUECKMX. HaykK, npodeccopy,
akaaemuky HaumonaabHom Akaaemmn Hayk Pecny6amkin KasaxctaH MCMOAHUAOCH 75 AeT

B nacrosiee Bpems npodeccop Taknbaes H.K.
BEIECT AaKTUBHYIO HAy4yHYI0 U TEAarOrHYecKylo
nestensHocTh B KasHY um. anp-®apabu: unrtaet
JIEKLIUHU TI0 CHEUHaIbHBIM KypcaM TEOpeTHYECKOM
(hm3uKH, acTpOHU3UKH U AACPHON QUBHKH, SIBITSICTCS
Hay4HBIM PYKOBOJIHUTENIEM JOKTOpaHTOoB PhD wu
MarucTpaHTOB, JBAK/bI TOIy4al 3Banue «Jlydmmii
npenonasarens BY3a». Ero ydyeHuku ¢ oTiinuuem
3AIUTUIN 3 KaHAUAATCKUE, 5 MarucTepckux u 3
PhD nuccepramum.

Taknbaes H.XK. yxe MHOTHE TOIBI SBISETCA
PYKOBOAMTEIEM W  HUCIOJIHHUTEIEM  HAy4YHBIX
MIPOEKTOB M NPOrPaMM, BBIIOJIHAEMBIX B paMKax
[Id®1 MOH PK. Um omybnukoBano cBeitre 340
HAyYHBIX cTaredl W padoT, BKIIOYAs MyOJIUKaIHN
B 3apyOCKHBIX BBICOKOPECHTUHIOBBIX HAYYHBIX
KypHaax.

B 1999-2001 romax Takubaes H.XK. Obut
maBHBIM  yueHbIM cekperapem HAH PK u
npeacrasutenieM Axagemun Hayk PK B AASA
(Accommammst Axamemuii Hayk Crtpan Aszum). B
1993 r. oH ObUT NPUHAT B COCTAB MEKAYHAPOTHOTO
yuyeHoro coBera llentpa @DyHAaMEHTAIbHBIX
UccnenoBanmit (r. Masmu, CIIA), B coctaB
MEXIYHapOIHOro ydeHoro coBeta JlabGopaTopun
TeopeTnueckoi pnznku OObeTMHEHHOTO MHCTUTYTA
snepHblx — uccnenoBannd  (r.Jlyona, Poccus),
ool mouetHbiM npodeccopom (Full Professor)
WuctutyTa dhyHnamenTansHol dusnkn (r.Momnmse,
Wranus), npodeccopom Muctutyra IlponBunyTsIx
3nanuii (1.Ceyi, IOxnHas Kopes), ¢ 2012 mo 2016
roas! Obl1 npeacraBureneM KaszaxcraHa B ydeHOM
coBere Asmarcko-Tuxookeanckoro LlenTpa 1O
Teopernueckoii Guszuke (APCTP) .

H.)K. Taku6ae pommics 07.01.1944 1. B mocenke
l'azenkent Henanexko ot TamkenTta. Ero panHee
JETCTBO MPOIUIO B KPYIVIOCYTOYHOM JIETCKOM
caxy B MockBe, MOCKONbKy ero orer Takxubae
XKabara CyneitmenoBuu 0bu1 actupantom OMAH
CCCP um. JlebeneBa (0H cTay HEpBBIM Ka3axoM —
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JIOKTOpOM (PU3UKO-MATeMaTHYECKUX HAyK), a MaTb
Tneybeprenona I'ynbxxan AckapoBHA — CTYIEHTKOM

MocKOBCKOTO Mearoru4eckoro WHCTHUTYTA
nmenn Kpynckoit. 3akonunB yuyeOy, B Hauaie
50-X TOMOB, MOJIOZAsT CEMbs Iepeexana B AJMa-
ATy 1O TpUTTAIIEHUIO TPEe3UACHTa AKaIeMHUH
Hayk Ka3zaxctana 3HaMEHHMTOTO y4€HOTro-reosora
Carmaesa K.1.

H.K. TakubaeB o OKOHYaHUM CPETHEH IITKOIIBI
moctynuil B MockoBckuil  ['ocynapcTBeHHBIH
VYuuepcuter wumenun M.B. JlomoHocoBa Ha
¢duznueckuii paKyabTET, KOTOPBIKA 3aKOHUMI B 1967
rogy. B 1968 r. on Obu1 mpusBan B COBETCKYIO
apmuro U Tak kak B MI'Y oH mpormren oOydeHue 1o
YCTaHOBKAaM TPOTHBOBO3AYIIHOW OOOpPOHBI, €ro
HalpaBUIM CIYXHUTh Ha rpaHuny Kaszaxcrana c



Kuraewm. Torga ram Obliia HarpsikeHHAs 00CTaHOBKA
B CBSI3M C COOBITHSIMH Ha ocTpoBe JlaMaHCKOM.
[Tocne nByx et ciy»x0b1 Bapmun H.OK. TaknGaes
B1970-1972 mpomen craxupoBky B ®HWAHe u
3areM noctynui B acupantypy ®PUAH CCCP um.
I1.H. Jle6enesa (Mockga). B 1977 roay oH 3aiuTii
KaHAWJATCKyIo auccepranmio «MccnemoBanus mo
mpobiieMe Majoro 4uciia Tei» IO CIEUAIbHOCTH
TeopeThvecKas U Mmaremaruieckas ¢pusuka. B 1986
T. B oT/Iesie TeopeTndeckoit usuku um. U.E. Tamma,
OUAH CCCP um. I1.H. JlebeneBa (Mocksa) H.JK.
TakubaeB 3aIUTHI JTOKTOPCKYIO JHCCEPTALUIO
«YHuTapHas  (QOpPMYJIHpPOBKAa MHOTOKaHAIBHOU
TEOPUHU PACCESHUS» IO TOW K€ CHEIHabHOCTH.
PaboTannoa pykoBOACTBOM WieHa-KOPPECIIOHIEHTA
AH CCCP [J.A. Kupxnuma, pyKOBOAUTEIEM
oTHeNa TEOPETHUYCCKON (M3MKH OBLT aKaJIeMHK
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B.JI. 'mn30ypr, naypeatr HoOeneBckoll npemun 1o
¢dmsuke 2003 rona.

H.JOK. TakubaeBbiM OBUIM  OpPraHU30BaHBI
U TpOBOAATCA  €XKEroAHble MexayHapoaHbIe
Hay4JHbIe KOH(DEPEHIINH ¥ COBEIaHMs 1o S aepHoit
¢uszuke u Acrpodpusuke B KasHY um. Anp-Dapadu.
On sBisieTcss aBTOPOM 3-X Y4eOHBIX IMOCOOMH,
HECKOJIbKMX MOHOTrpaduii, COaBTOPOM HECKOJIBKUX
KHUT 10 TEOPETHYECKOH (HU3HKe, 0/HA U3 KOTOPHIX
Obula HamucaHa W onyoOnukoBana B CIIA Ha
AHTIIIICKOM SI3BIKE.

H.K. TakubaeB kax BBIJAIONIUNCS YYCHBIH U
OpraHu3aTop BHOCHUT OOJNBLION BKJIAJ B Pa3BUTHE
(m3nyeckoil Haykd, 0Opa3oBaHHME ¥ TIOJATOTOBKY
HAYYHBIX KaJ[POB, ITOJIb3YETCsI OOIBIINM yBAKCHUEM
1 aBTOPUTETOM cpenn koyuier B Kazaxcrane u 3a
pyOexom.
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APXUIOB IOPUIN BAYECAABOBUY

1.¢.-M.H., mpodeccop

70 AET

Apxunos Opuii BsiuecnaBoBuu, pomuicsa 20
Mapra 1949 roga B ropone Cemunanaruack Bocrou-
Ho-Kazaxcranckoit oomactu. B 1972 rogy oxoH9mI
¢dusnuecknit paxynsreT Kazaxckoro rocygapcrBeH-
Horo yHuBepcurera uM. C.M. Kuposa, rne nozxe
MOCTYNWI B OYHYIO aclUpaHTypy IpH Kadeape or-
TUKHU 1 QU3UKH TUIA3MBI 110 CIIEIHATbHOCTH «DH3H-

Ka I1a3MbD».

B 1983 rogy B . MockBe 3aliuTuil KaHAUAAT-
CKyI0 quccepTanuio B GU3NYeCKOM UHCTUTYTE HM.
[1.H. JleGeneBa na temy «Teopernueckoe uccueno-
BaHHE TTapaMETPUICCKON HEYCTOMIMBOCTH U TypOy-
JICHTHOCTH HMOHOC(EPHON IIa3Mbl» 10 CHEIUATb-
HocTH «01.04.08 — ®usuka niasme». B 2003 roay
3aIUTHI TOKTOPCKYIO IUCCepTanuio Ha TeMmy « Tep-
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MOJMHAMMKA M D3JIEKTPOJMHAMHUYECKHE CBOICTBA
IJIOTHOM BBICOKOTEMIIEPATYPHOM IUIa3Mbl» MO TOH
e CIEeIaTbHOCTH.

C 1991 rona Apxumnos FO.B. akTuBHO 3aHUMAa-
€TCsI HCCIIENOBaTeNbLCKON nesreibHoCTRI0 B HU-
NOT® npu KasHY um.ans-Dapabu, mpoias Bce
CTYIIEHH OT MJIAQJIIIET0 Hay4yHOTO COTPYAHHMKA J0
[JJABHOTO HAYyYHOTO COTPYOHHKA W PYKOBOIWTEIS
Hay4HbIX TeM, (puHancupyemsix MOH PK.

ApxunoB 10.B. sBnsercs BbICOKOKBaIH(pUIIH-
POBaHHBIM CIEIMAIMCTOM B 00JacT (YM3UKH HEH-
JleaTbHOM TJI1a3Mbl U OTHUM M3 BBICOKOITUTHPYEMBIX
3a pybexxoM yueHblx Kazaxcrana, HMeeT CBBIIIE
150 HayunbIx myOnukanuii, u3 HUX Oonee 40 B 3apy-
OeXHBIX KypHaJIaX ¢ BBICOKHUM HUMIMAKT-(haKTOPOM.
Takke siBisieTcst aBropom Oosiee 10 yyeOHO-MeTO-
IUYECKUX IMOCOoOmMi 1o oOmei dhm3uke u Qusnke
TTa3MBbl, KOTOPbIE OCHOBAHBI Ha €r0 OPUTHHAIBHBIX
JEKIUAX JUIsl CTyAEHTOB, MaruCTpaHTOB U JOKTOp-
anToB PhD.

ITon mayunsiM pyxoBoacTBoM Apxunosa [0.B.
OBbUTH yCIIEIIHO 3alUILEHBI Oosiee 8 KaHIUAATCKUX
nuccepTanuii u auccepramuit PhD. Onue u3 Hux,
Acxkapyssl A., TIOTYYHIT IBOMHON JUIIOM JTOKTOpPA
PhD Ka3HY um. ans-®apabdbu u Banencuiickoro mno-
JUTEXHUYECKOTO YHUBEPCUTETA.

3a BpeMs paboThl Ha (PU3UKO-TEXHUUECKOM (a-
kynsrere Kazaxckoro HanmonansHOro yHUBEpCUTE-
Ta UM. anb-Dapadbu padboTan 3aMecTHTENIEM JeKaHa
o y4eOHoI pabote, Oojee 15 meT 3aBemoBai Ka-
¢denpoit «PU3UKH M1a3Mbl, HAHOTEXHOJIOTUH U KOM-
MBIOTEPHON (PU3UKI», KOTOPast HEOTHOKPATHO 3aHH-
MaJjia MepBble MeCTa, CYIIECTBEHHO TepPEeBbIMOIHSSA
MOKa3aTeN NHAWKATUBHOTO TIIaHA.

Apxunos FO.B. sBisercs 4ieHOM OprkoMUTETa
psaa MeXTyHapOAHBIX KOH(pEPEHIINH, TPOBOTUMBIX
B KazaxcraHe, ujeHOM peIakLMOHHON KOJUIEITMH
)KypHajoB, pekoMeHaTyeMbIx KKCOH mnst omy6mm-
KOBaHMsSI MaTepuajioB aucceprauuid. B Tedenun
psaa JeT SIBISJICS Kak 4JeHOM, TaK M Mpejaceaare-



JIEM JIMCCEPTALMOHHOTO COBETA M0 3aIlUTE Jrccep-
Ttaruii PhD.

B 2007 u 2012 rr. Apxumnos [O.B. ynocroun
3BaHMs «Jlyummii npenopasarens BY3a» Pecmy-
omuku Kazaxcran, a B 2010 roxy HarpaxaeH moyer-
geiM 3HakoM MOH PK «3a moctmkeHus u BKIIaI B
passutue Hayku PK». 3acnmyrn Apxumnosa 1O.B. B

ISSN 1563-0315
eISSN 2663-2276

obnmactu 0Opa3oBaHMsI U HAayKd oTMeueHsl B 2015
roAly BBICOKOM rocyqapCTBEHHOM Harpamod — opue-
HOM «Kypmer».
[Ipodeccopcko-mipenogaBareabCKuii cocTaB Gu-
3MKO-TEXHUYECKOTO (haKyJIbTeTa BBICOKO OLIEHUBAET
pabory Apxumosa FO.B. kak BEICOKOKBaTUQHUIINPO-
BaHHOTO yY€HOT0, MPENOAABATENS U OpraHu3aropa!
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