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FTAOOHHBIE TPYBEKU B HEABEAEBOM TEOPUU
MPOKA + CKAASAPHOE NMOAE XUITCA

PaccmatprBaeTtcs HeabeaeBa Teopums Ipoka + CkaaspHoe MoAe XWITca, BO3MOXKHO SIBASOLLASICS
HEKOTOPbIM MPUOAMIKEHMEM AASl KBAHTOBOWM XPOMOAMHaMUKW. B AarpaHkuaHe 3Toi Teopuu
NPEeAAOXEHbl MAaCCOBOE CAaraeMoe M CAaraeMoe, OMuCbiBalollee B3anmMOAeNnCTBue mexay [lpoka
MOAEM M CKaASPHbIM noAem Xurrca. B SU(3) HeabGeaesoi Teopum poka + ckaAspHoe noae Xurrca
MOAYYEHbl LUMAMHAPUYECKM — CUMMETPUYHbIE pelleHnst (TAIOHHble Tpy6Kku), B KOTOPbIX MMeeTcs
NMPOAOAbHOE HEABEAEBO IAEKTPUUECKOE MOAE, MPUBOASLIME K MOTOKY DAEKTPUYECKOro MOAsS BAOAb
TpybKM. DTO MOAE CO3AQeTCS KBAapKamu, PACMOAOXKEHHbIMM Ha 00 U, BCAEACTBME CUAbHOMO
HEAMHENHOrO B3aMMOAEMCTBUS MEXAY TMOASIMM, OHO COCPEAOTOYEHO B KOHEUHOW o6AacTi BOAM3M
ueHTpa Tpy6km. COOTBETCTBYIOLLME YPABHEHMS PeLleHbl YUCAEHHbIM CMOCOOGOM Kak HeAMHerHas 3aaava
Ha COOCTBEHHbIE 3HAYEHUS, TA€ COOCTBEHHbIMM 3HAUYEHUSIMU ABASIIOTCS MACChl CKaaspHoro u [Mpoka
noaen. lNokasaHo, YTO KaAMGPOBOUHbIE MOTEHLUMAAbI, HAMPS>KEHHOCTM MOAEM, a TakKXKe MAOTHOCTb
3HEeprun MapaloT MO 3KCMOHEHUMAAbHOMY 3aKOHY Ha MPOCTPAHCTBEHHOM OECKOHeYHOCTH, YTO
NMPUBOAMT K KOHEYHOMY MOTOKY TMPOAOABHOIO 3AEKTPUUECKOrO MOAS uepe3 TpybOKy, a Takxke K
KOHEYHOM AMHEMHOM TMAOTHOCTM 3HEPrMu, COCPEAOTOYEHHOM B 3TOM TpyOke. [loAyueH
3HEpreTM4eckMii CrnekTp peleHnin B 3aBUCMMOCTM OT BEAMUMHbI MapaMeTpoB, OMPEeAEASIOLNX
peleHns.

KaloueBble croBa: HeabeaeBas Teopus [poka, MAOTHOCTb SHEPIrMM, CMEKTP SHEPrum

V. Dzhunushaliev'?, A. Tlemissov'", V. Folomeev'?

TAl-Farabi Kazakh National University, Kazakhstan, Almaty
2Academician Zh. Zheenbaev Institute of Physics,
National Academy of Sciences of the Kyrgyz Republic, Kyrgyzstan, Bishkek
*e-mail: Tlemissov-Ozzy@mail.ru

Gluon tubes in the non-Abelian theory of Proca + scalar Higgs field

The non-Abelian Proca theory + scalar Higgs field is considered, possibly being some
approximation for quantum chromodynamics. In the Lagrangian of this theory, a mass term and a term
describing the interaction between the Proca field and the scalar Higgs field are proposed. In SU (3) of
the non-Abelian Proca + scalar Higgs field, cylindrically symmetric solutions (gluon tubes) are obtained,
in which there is a longitudinal non-Abelian electric field, leading to an electric field flow along the tube.
This field is created by quarks located at + = and, due to the strong nonlinear interaction between the
fields, it is concentrated in a finite region near the center of the tube. The corresponding equations are
solved numerically as a nonlinear eigenvalue problem, where the eigenvalues are the masses of the scalar
and Proca fields. It is shown that gauge potentials, field strengths, and energy density fall exponentially
at spatial infinity, which leads to a finite flux of a longitudinal electric field through the tube, as well as
to a finite linear energy density concentrated in this tube. The energy spectrum of solutions is obtained
depending on the values of the parameters that determine the solutions.

Key words: non-Abelian theory of Proca, energy density, energy spectrum
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2AkapeMuk XK. )KeeHbaes aTbiHAaFbl DU3MKA MHCTUTYTHI,
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Abeapik emec NMpoka TeopUACbIHAAFbI + CKAASIPAbIK, XMITC ©PIiCiHiH, TAIOOH TYTiKTepi

Abeaaik emec [Npoka TeopuscChbl + CKaAPAbIK, XUITC OpiCi KBAHTTbIK, XPOMOAMHAMMKA YLLIH XKYbIK-
Tay 6GOAY bIKTUMAAABIFbI KOM 6GOAFaHAbIKTAH KapacTbipbiAasbl. OCbl TEOPUSIHBIH, AarpaH>KMaHbIHAQ
[Mpoka epici MeH ckaAgdp XUITC epici apacblHAAFbl ©3apa 9PEKeTTeCYAl CUMMATTaMTbiH MyLUE >XKOHe
Maccanblk, MyLue ycbiHbiAFaH. SU (3) ABeababik, emec [NMpoka + Ckaasp XMITC epiCiHiH, UMAMHAPAIK-
CYMMETPMUSIAbI LLIELITMAEPI (FAIOOH TYTIKTEpI) aAblHaAbl, 0OAapAa AGEAbABIK, EMEC BOMAbIK, SAEKTP epici
6ap, OA TYyTiK GOMbIMEH DAEKTP OPICiHIH afFblHbiHA BKeAeAi. byA epic + e KallubIKTbIKTa OpHaAacKaH
KBApPKTap apKblAbl KYPbIAQAbI >KOHE epicTep apacbliHAAFbl KYLUTI CbI3bIKTbIK, eMEC 63apa 9PEKeTTECYAIH
apPKACbIHAQ OA TYTIKTiH, LIeHTPIHe >KaKbIH LWeKTi aiMakTa WworblpAaHFaH. Conkec TEHAEYAEP CbI3bIKTbl
eMeC 83AiK MBHAI Taby apKbIAbl CAHABIK, TYPAE LIEWIAEAI, MYHAAFbl ©3AIK MOHAED PETIHAE CKAASIPAbIK,
xaHe [poka epicTepiHiH Maccarapbl KapacTblpblAdAbl. KaAMBPAIK MOTEHUMaAbI, ©pICTiH, KepHYAIri
>KOHE 3HepPrus ThIFbI3AbIFbl KEHICTIK LIEKCI3AINHAE 3KCMOHEHLMAAADI TYPAE TOMEHAENTIHI KOPCETIATEH,
OYA TYTiK apKblAbl GOMABIK, SAEKTP OPIiCiHIH aFblHbIHA, COHAAM-aK, OCbl TYTIKTE LLOFbIPAAHFAH CbI3bIKTbIK,
3Heprus TbIFbI3AbIFbIHA 8keAeai. [lapameTpAaep eALIEMAEPIHEH TaYeAAl, WeliMAEPAl aHbIKTANTbIH
SHEepPreTUKaAbIK, CNeKTP aAbIHAbI.

Ty#in ce3aep: MNpokaHbiH AGEAbAIK EMEC TEOPUSICbI, SHEPTUS ThIFbI3AbIFbI, SHEPIUs CNIEKTPI

BBeaenne

ITox teopusimu IIpoka noxpazymeBaroTCs Ka-
TOpOBOYHEIE TeOpUH (KaK aOeNeBhl, Tak U Heade-
JIEBBI), B KOTOPBIX KaTMOPOBOYHAS HHBAPHUAHTHOCTD
SIBHO HapylLIaeTCs BBEJACHHWEM MAacCOBOIO 4YJIEHA.
ITepBoe ncmonp3oBanue nojst Ilpoka ObITO Cemano
IOxaBoit nmnst omucanus muoHOB. [lozke Teopus
[Ipoka HamuTa MPUMEHEHUE B Pa3IMYHBIX O0JIACTIX
coBpeMeHHON (u3uku. lVcrnosbp3oBaHue ITaHHOU
TEOpUHU TIPUBOJUT K CIIEAYIOIIUM ITOCIEACTBUSIM:
¢hoTOH TpHOOpPETaeT Maccy IIOKOsS; TpPaBHUTAIH
Oitamreiina-I1poka BKIIIOYaeT TpaBUTOH HEHYIIE-
BOI Macchl TNOKOs; Teopuu OMHHITeHHa-IIpoka-
Beilsis MOTYyT IpUMEHSTBCS 1711 OTIUCAHUs TEMHOMN
Matepuu [1]; ucnons3ys peansHoe noie IIpoka c
KBaJpaToOM OTPULIATEILHON MacChl, MOKHO ONUCATh
TaXMOHBI-9AaCTHUIIBI, JABIDKYIINECS CO CKOPOCTBHIO
cBeta [2,3].

Kpome TOro, MOXHO OTMETHUTH CIEAYIOIIHE
ucciaenoBanus ¢ ydactuem teopuu IIpoka. B
cchUIKe [4] n3ydaercst HeabeneBa Teopus

[Ipoka-DHHMTeHA B aCHMITOTHYCCKH AHTH-
ne-CUTTepOBCKOM MPOCTPAHCTBE-BPEMEHH C KaJlno-
posouno#t rpymmbel SU(2). Ilony4yenHsie pesynbra-
ThI ONTUCHIBAIOT I'PAaBUTHPYIOMINH MoHOMONIb [IpoKa.
B pabotax [5,7] u [8] paccmaTpuBaloTCs 3BE3/HI,
nonnepxuBaemble onsimu [Ipoka. B cratsax [9-11]
onuceiBaercs apdexr Kasumupa ¢ yuerom maccus-
HBIX ()OTOHOB W PACCUUTHIBACTCS BEPXHUU TIPeJelt
Macc camux (oronoB. B pabore [12] uccienyercs
Teopun 00oOmenHoro mons Ilpoka: mocTpoeHO

o0o0mmennoe perictBue llpoka ans BEKTOPHOTO
IOJII C TIPOW3BOIHBIMU CaMOB3aUMOJICHCTBUSIMHU
TOJIBKO C TPEMs pacHpOCTPAHSIOMIMMU CTENEHIMHU
cBoOoabl. B crathe [12] Takxke paccMmaTpuBaeTcs
o6o0mennoe aeiicteue IIpoka mis abeneBa BEK-
TopHOoro mojs. B paGore [13] paccmarpuBaercs
PEIATUBUCTCKAs KBAaHTOBas MEXaHWKAa YaCTHUIIBI
IIpoka B puMaHOBBIX IIPOCTpPaHCTBaX-BpeMeHax. B
pabote [14] aBTOpHI HAIOXKUIM HAOFONATEIBHBIC
OTpaHUYEHUS Ha KJIacC MOJIeNield TEMHOUN 2HEPruu B
pamkax 00001eHHBIX TeopuH [Ipoka.

B teopusx cuinbHBIX B3aUMOJIEUCTBUN UMEETCA
HECKOJIBKO CJIOKHBIX MTPO0JIeM, KOTOPHIE HE UMEIOT
aHaliora B KIIACCHYECKUX TEOPUAX, a SIBISIOTCS
YICTO KBAaHTOBBIMHU SIBJICHUsIMUA. K HUM OTHOCSTCS,
HampuMep, mpobjeMbl KoH(pailHMEHTa, MaccOBOH
menn [15-17], a Takxke mpobiemMa CrimHa MPOTOHA,
3aKIJIIOYaloascd B TOM, YTO AKCHEPUMEHTAIBHO
YCTaHOBJICHHBIH CYMMAapHBI CHHH  KBapKOB,
AaHTHKBApKOB U TI00HOB cocTanisieT ot 0 mo 40%
OT CIIMHA MPOTOHA MPH BBICOKUX 3Heprusax [18]. B
1988 rogy B x0/i€ 3KCIEPUMEHTOB 0 U3MEPEHHUIO
BEITMYMHBI CIIMHA MPOTOHA [19] BBISICHHIIOCH, YTO
CyMMapHBIH BKJIaJI CIUHOB TPEeX KBAapKOB B CITHH
MPOTOHA HE3Ha4yWTeJeH. B HacTosmiee Bpems Cy-
HIECTBYET PsAJl Pa3IUYHBIX MOJXOJO0B K PEIICHUIO
X mpodbneM. Hampumep, B pabote [20] mpen-
CTaBJIEHBl PEIICTOYHBIC BBIYHCICHHSA B pPaMKax
kBaHTOBOW XpomonuHamuku (KX]I), B KOTOpBIX
M3ydaJcs CIuH mpoToHa. B padore [21] mpuBoasTcs
apTyMEHTHI B TI0JIb3y TOT0, YTO OTBET Ha "CIIMHOBBIN
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KpHU3HC" MOXKHO HaiiTW B yHIaMEHTAJIbHBIX HEIe-
pTypOaTHBHBIX cBOMcTBaX Bakyyma KX/I.

B nanno# pabote MbI mokasbiBaeM, 4to B SU(3)
HeabeneBori Teopuu IIpoka (B Teopum SHra-
Mwumica ¢ sSBHO HapymIeHHOH KaauOpOBOYHOMH
cuMMeTpueil) [22], BKIIoYaroniel CKaaspHOE IMoJie
Xurrca, UMEIOTCSl LTWINHAPHUYECKH — CUMMETPHY-
HBIE (TpyOuaThie) peuIeHHs], KOTOpble HEOOXO0IUMBI
Ut 00BsiICHEeHHS TTpUpoIbl KoH(aitaMeHnTa B KX/I.
BynyT nomy4eHsl pemeHus, 3aBUCSIIE OT CBOOOA-
HBIX TapaMeTPOB CHCTEMBI, YTO MO3BOJUT IOCT-
POUTH DHEPreTHUECKUM CHEeKTp M JIUHEHHOU
TUIOTHOCTH DJHEPrHH TaKUX TIIOOHHBIX TPYOOK.
OTOT pe3ynbTaT TOBOPUT B MOJB3y TOTrO, YTO Hea-
OeneBbie Teopuu [Ipoka MOTYT OBITH UCTIOTE30BAHEI
B KauecTBe HeKoToporo npubmmkenns B KX/I.

YpaBHeHus AJ151 IOTOKOBOM TPYOKHU

A
2 232
—5 (@° - M)~
31ech TeH30p HampsbkeHHOCTH Fjj, ompenenen

yepe3 KalMOpPOBOYHBIH (IIBETOBOW) 4-IIOTEHIIHAT

a a — a a b pc .
Au Kak Fuv = auAv - avAu + gfabcAuAv 5 fabe —
CTpyKkTypHble KoHcTaHThl SU(3) rpymmel, a =

ab
1,2,3...8; M, A, A, (1), H _ koncranTsl TeopuH, g —
KOHCTaHTa CBSI3M I[BETOBBIX Mojei. OTMETHUM, YTO
1. 2N\abl ga 2bv

cnaraeMer(,u )y AGA”Y aBHO HapyIaeT Kanuo-

POBOUYHYI0 CUMMETPHUIO B MCCIEAYEMON TEOPUH, B
orinyne OT Teopudl BaiinOepra-Canama, e
CUMMETpPHS HAPYIIAETCA CIOHTAHHO.

ITocne BapbupoBaHUsA JNEWCTBUSI C Jarpas-
xuanom (1) mo A7 m ¢, monmydaem ciemyrommue
II0JIEBBIC YPABHEHHUSL:

D, FHY = A2 A, )
Jlarpamxuan SU(3) reopun IIpoka-Xwurrca BoIr-
JSAUT cienytommM oopasom [23-24]: 0, 0% = AAZAH — (Hz)ﬁb'ur 3)
ab,u
L= _1 a papy _ (w? ) B ga A 4 T/ie KOBapHaHTHasI MPOMU3BOIHAS ONPEHEIAETCS KaK
4 # v (1) D, = (0, + gfapc)AL. Boipaxenue st IIIOTHOCTH
+ 1 9, + = ¢2AaAau 9HEPTUU UMEET BUJI

— 1 .rav2 5 Yopav2 _ |g,,2yaba qa b _ 1 ab,a sa 4bp

e= SED+SHY? — [ AGAL S (D AgA% ] + "
+35(0:9)? +5 (79)? + A9 |(48)? — AzAa“] +5(92 - M2,

a , 2

AH3ampl JUIl KOMIIOHEHT TIOTeHIMana A, u v +% — v(_hT + /1¢2 _ #%), (8)

CKaJIIPHOTO IO ¢p BEIOMpaeM B Bue [25]

A42(p) = "2, 43(0) =2, 6(p) = $(p). (5)

Torma BeIpakeHUS IUIsI KOMIIOHEHT 3JIEKTpH-
YeCcKOro0 M MarHUTHOTO ToJiel Oy ayT

hv v
Ef =—" E] = Hp=—55, (6)
rie IUTpUX o0003Ha4yaeT NPOM3BOJHYIO IO pa-
IuansHOU koopauHate p. [Ipu moxcranoBke (5) B
(2) m (3) mosyduM CIEAYIONUIYI0 CHUCTEMY Iu(-
(depeHIMaNnbHBIX ~ ypaBHEHWH, 3alMCaHHBIX B
HWIMHIPUIECKONW CUCTeMe KOOPAWHAT &, Z, p, ¢:

e L TR L) N )

B+ = [ 2 (k2 +v?) + 292 - M) 9

BBonsi  GespasmepHbIe BEITHUHHbI (Z) = pVa/
$(0),v = v/¢(0),h = h/$(0),M = M2/

¢(0),4=2/g% A =A/A 15 = p12/$(0), x =
p$(0), ypasuenus (7)-(9) npumyT BU

;l”+%=}~l(i—2+(;)2—,l~1%>, (10)
§+%=E(—i—z+$2—ﬁ§>, (11)
B +2= [2(=h2 +52) + 297 - 12)], 12)
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a IUIOTHOCTH 3Hepruu (4) B Oe3pasMepHOM BHIE
Oyner

g% _ () | @)

¢4(0)_ 2 2t

L2 4lez (R +92)+ (13)
2

+f7(¢2 -2

YucieHHbIe pacyeTbl

2

g%e
CON
ZA

ﬂ1 h2

Cucrema ypaBraenuii (10)-(12) permaercss kak
He/IMHEHHAs 3ajadya Ha COOCTBEHHBIC 3HAYCHHUS

,ul 2,M U coOCTBeHHbIE (PyHKIHMH h v, ¢ B cuny
TOTO, YTO B 3THX YPaBHEHUIX UMEIOTCS claraeMble

h/x,v/x u ¢ /x, ancneHHoe perreHrne He00X0UMO
craproBath He m3 X = 0, a u3 Toukn x = § K 1.

Jnist 3a1aHUs TPAHUYHBIX YCIIOBHH 17151 DYHKIUH A,

V ¥ ¢ UX HEOOXOAUMO Pas3yIoKUTh B psin Tainopa B
OKPECTHOCTH Hayaja KOOPIUHAT:

};(x) = ;lo + };2%2 + °ee, (14)
() = o+ v o4 (15)
$00) = do+ br %+ (16)

Hanee, mocne moacranosku (14)-(16) B cuc-
teMy ypaBHeHui (10)-(12), momydaeM ciemyromme
BBIPKEHHS AJ1S1 KOO(PPHUIUEHTOB Pa3I0KEHUSL:

-@).an

(18)

)

TpaHUYHBIE YCIOBUS 3a-

Br =22 (2 (=h3 + 52) + 4 (% -

COOTBETCTBEHHO
IAr0TCs B BUOEC

h(6) = h0 + h2 h (6) = hy,6, (20)
v(6) =vy+ vz v "(6) = v,6 21
$(8) = o + ¢z ~$'(0) = ¢28. (22)

B cBoro o4uepeab, aACUMIITOTUYCCKOEC ITIOBEACHHUE

¢byHKuuMit v, h, ¢ npu GOIBIINX X €CTh

v(x) = vy :
(x) N
—x |M2—p52
- oz oe Tl (23)
h(x) = hey ——F——,
Vx
- - - e—x1/2/~11\~42
X)) M — o ——.
¢ (x) ¢ N
CoOTBETCTBYIOLINE Pe3yJIbTaThl UYUCIEHHBIX

pacueToB MpHUBEACHBI Ha puc. 1-4.

Pucynoxk 1 — Ipodunu (byHKuymv = gA /¢(0) h gAZ/(b(O) ¢ d0)p/NA
npu noctostHHbIX A = 0.1, 1 = 2, 170 = 0.6, ¢y = 1.
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Pucynok 2 - Tpodm dymxmii v = gAZ/$(0), h = gAZ/$(0), ¢ = B(0)p/VA
npy noctosiHHbIX A = 0.1, 1 = 2, hy = 0.2, ¢pg = 1.

Pncyl—lox 3- Hpotbmm IIBETOBBIX DJIEKTPHUECKUX M MATHUTHBIX nonen
E2 = gE;/9?(0), E7 = gE7/$?(0), H5 = gH;/$(0) npu nocrosmbix A = 0. 1, 1= 2,1, = 0.6, ¢0 =1.

PucyHOK 4 - Hpodmnn IBETOBBIX JNIEKTPHYECKAX M MATHUTHBIX nonen
E2 = EZ/(I) 0), E7 = gE7/$?(0), H5 =gH /(l)(O) npu HOCTOHHH];IXA =0.1, /1 =2, ho =0.2, ¢0 =1
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Pucynok 5 — BespasmepHas nuHeiiHas MI0THOCTE 3Heprun g2e = g2e/¢p*(0)

npu noctostHHUX A = 2,4 = 0.1, ¢ = 1, hy = 0.2 (cupasa) u npu MOCTOSHHBIX 1~70 = 0.6 (cneBa)

PucyHok 6 — DHepreTnueckuii CIIeKTp IPH IIOCTOSHHBIX hg (ceBa) U

IPY OCTOSIHHBIX U (CTIpaBa) a TakXKe KOHTYPHBIH NPOQHITb SHEPTUH.

BLIpa)KGHI/IC JUISI TIOJTHOM OHEPTHUU CUCTCMBI:

€=2m [ pe(p)dp. (24)
BespazMepHasi TojHast SHEPIHs ONpeIeNseTcs Kak
g*E = g?&/p?(0), u oHa KOHedHa TIPU BCeX 3HAYe-

HUSX Vg, hg, @ [Ipoduim pacnpenencHuii MoNMHON
SHEPTUM IO Pajuycy TPYOKH TPH PazMuHbIX 3Ha-
YEHHSX TTapaMeTPOB CHCTEMBI IIPUBECHBI Ha puc. 5-6.

BrIiBOabI

B oroif paboTte MBI HcciIenOBaNN IMIIMHAPH-
YEeCKU-CUMMETPUYHBIC pelieHus (TJII0OHHBIE TPYO-
KH C ITOTOKOM IIBETOBOTO JJICKTPHUECKOTO TIOJIS
B101b TpyOKHn) B SU(3) Heabenesoii Teopun [Ipoka,
B3aMMOJICUCTBYIOLIEH CO CKAJSIPHBIM MOJIEM XUIT-
ca. IlokazaHo, 4TO TakuWe pemIeHWs CYIIECTBYET
TOJILKO TPU HEKOTOPHIX (PUKCHPOBAHHBIX 3HAue-

HMSX [TApAMETPOB U; , U M. IloyueHHble pemeHus
ABIIIIOTCSL PETYJAPHBIMH B TOM CMBICIIE, YTO BCE

¢u3nuecKkue Moy MaAalT SKCIOHEHLUWAIBHO Ha
OOJBIIIX PACCTOSHUAX OT ICHTpa TPYOKH, M 3TO
MO3BOJISIET UMETh KOHEYHYIO JMHEHHYIO TNIOTHOCTD
SHEPTUH U1 TaKOH TPYOKH.

[Tomydens cienyromuye pe3yabTaThl:

1. Haiizens! TpyOuatsie pemenust B SU(3) Teo-
pun Ilpoka + ckamspHoe nosne Xurrca, UMErOIUe
MPOAOIBHOE SIEKTPUUECKOE TTOJIE.

2. UccnenoBaHbl CBOWCTBA ATHX PELIEHUH MPU

Pa3IMYHBIX 3HAUYEHUSIX MTapaMeTPOB 1;0 u hy.

3. IlocTpoeH SHEPreTUYECKU CHEKTP JUHEH-
HOW TUIOTHOCTH SHEPTUH TaKUX KOH(PHUTYPAITHIA.

OTMETHM B 3aKJIIOUCHHUE, YTO HAJIUYHE HCCIIC-
JIOBAaHHBIX HAMH DPEIICHW B HeabelneBoil Teopuu
IIpoka ¢ MOTOKOM IIBETOBOTO 3JICKTPUIESCKOTO OIS
MO3BOJISIET IPENIONIOKUTh, 4TO Teopuu IIpoka
MOTYT HCIIOJIb30BaTHCS B KAYECTBE IMIPUOIKEHHOTO
ONHMCAHUSA HEKOTOPHIX (HU3MIECKUX OOBEKTOB B
KX]JI (mampumep, TOTOKOBBEIX TpPYOOK MEXIY
KBapKaMH, KOTOPbIC YICPKUBAIOT X B CBA3aHHOM
COCTOSIHMH).



I'moonnsre TpyOku B HeabeneBoit Teopuu [Ipoka + ckaxapHoe moie Xurrca
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STUDY ON A DENSE THETA PINCH PLASMA
FOR ION BEAM STRIPPING APPLICATION FOR FAIR

The transfer of ions to a higher charge state is of central importance for the development of new
accelerator facilities. That is why the comparative analysis of the current stripping alternatives is a
relevant topic. Currently, mainly gas and foil strippers are used for increasing the particle charge state.
Even when their efficiency or lifetime has proved to be less than optimal, as these alternatives either
require great effort or are not suitable. Compared to the gas and foil stripper the alternative of using
a plasma stripper has a much higher effectiveness and a higher lifetime [1-13] That is why the plasma
stripper has been proposed for the FAIR project (Facility for Antiproton and lon Research) in Darm-
stadt, Germany.

To further develop this subject, the plasma physics group of the Institute of Applied Physics at the
University of Frankfurt is researching on an alternative for the Z-pinch plasma cell. During our research,
various prototypes and solutions have been investigated [4-6], [8], [11], [14-16]. As a result, the optimal
ignition criterion for the inductively coupled plasma ignition was determined, the optimal geometry of
the discharge vessel, the required particle density and temperature of the plasma were calculated. Differ-
ent coil configurations have been developed, built and tested. With some of them (spherical theta pinch
and spherical screw pinch), beam time experiments were performed.

This contribution presents the current state of plasma strippers with fully ionized hydrogen with
simultaneously high particle densities in the range of some 10'® cm™ for FAIR. Charge distributions after
the ion beam plasma and ion beam cold gas interactions were measured and compared. As expected,
the effective state of charge after interaction with plasma was higher than after interaction with gas (q
= 32.84 versus q,, = 29.41).

Kew words: pinch plasma, FAIR, plasma physics, ion beam stripping.
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K. YuctakoB', @. Xpuct'!, A. MaHraHeaaun', P. [aBpuAnH'?,
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FAIR >x06achl ywiH TeTa NMHY NAa3machbl HerisiHae
MOHADIK CTPUIINIEPA| 3epTTey

YAEeTKill KOHABIPFbIAQPABIH, >KaHa TYPiH >Kacaysa MOHAAPAbI CbIAbIPY 8AICIMEH >KOFapbl 3apSATbI
KYMre aybICTbIPy COHfbl Ke3Aepi 6acTbl Ha3ap ayAapTbil OTbIP >KOHE OCbl ceBenTi CaAbICTbIPMAaAbI
aHaAMBAI KaXKeT eTeTiH ©3eKTi TakplpbinTapAblH OipiHe amHaAabl. Kasipri yakbiTTa GeAllekTepaiH
3apSAbIH >KOFapblAaTy YLUIH CbIAbIPY OpTacbl PETiHAE Heri3iHeH ras >koHe ()OAbra KOAAAHbIAAADI.
AAaiiaa OAAPAbIH TUIMAIAITT XXOHE XKYMBIC XKacay Mep3iMi TeMeH. byAapMeH caAbICTbipraHaa, 6aAamaAbl
CbIAbIPY OpTacbl peTiHAE MAa3MaHbl MalAaAaHy rasfa KaparaHAQ 9AAeKalrAa >KofFapbl TUIMAIAIKKe
me >keHe hoAbrara KaparaHAQ y3ak Mep3imae >KymbIC >kacarnabl [1-13]. CoHabikTaH [epMaHWSHbIH
Aapmwtaat kaaacbiHaarbl FAIR (Facility for Antiproton and lon Research) >ko6acbiHa nAasmaabik,
CTpUMNepP YCbIHbIAAbI.

Ocbl TakbIpbINTbl 0AaH Opi AaMbITy ywiH DpaHKdypT YHUMBEPCUTETIHIH KOAAAHOAAbI hM3mKa
MHCTUTYTbIHbIH MAa3ma (uM3nKacbl TOObl Z-MMHYTI MAasmaHbl GaAamaAnbl CbIAbIPY OpPTachl PeTiHAE
3epTTen keaeAi. OcCbl 3epTTeyAepAiH HErisiHA€ SpTYPAI MPOTOTUNTEP MEH LIeliMAEep aAblHAbI [4-
6], [8], [11], [14-16]. CoHbiMeH KaTap OCbl 3€PTTEYAEPAIH HOTMXECIHAE MHAYKTMBTI 6GanAaHbICKaH
NMAa3MaHbl reHepauusinay YLIiH OHTaMAbl MapaMETPAEP aHbIKTAaAAbl, PaspsA TYTIFiHIH OHTaMAbI
reOMeTPUSIChbl, OOALIEKTEPAIH KOHLEHTPALMSIChI >XOHe MAasma Temrepartypacbl eCenTeAai, ap TYpPAI
KaTylwKaAap KOH(MUIypaumscbl >KacaAAbl >XX8He 3KCrnepumMeHTTe CbiHaAabl. CoOHAQM-aK, OAapAbIH

14 © 2020 Al-Farabi Kazakh National University
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kenbipeyaepimeH (cchepanbik, TeTa MUHY XoaHe cdepanblk, BypaHAAAbI MMHY) 6MIp CYPY YaKbITTTapbl
6OVbIHLLA CAABICTbIPYAAP XKYPri3iAAi.

bya septreyaep FAIR ywiH wamameH 10'° cm? AmanasoHbiHAQ OOALIEKTEPAIH KOHLIEHTPALMSIChI
>KOFApbl TOAbIK, MOHAAAFaH CyTeri MAAa3MaAblK, CTPUMMEpPAEepiHiH Ka3ipri >KarAalblH KepceTeAl.
MoHAap aFblHbl MEH MAa3MaHblH e3apa 9CepAecYyiHeH KeMiHri >KeHe MOHAAP aFblHbl MEH CaAKbIH ras
apacbiHAAfbl ©3apa OPEKeTTECYAEH KeMiHr 3apsiATbIH TapaAybl OALLEHIM, aAblHFaH HaTMXeAep 6ip-
6ipiMEH CaAbICTbIPbIAABI. KyTKEHAEI, MAa3MaMeH 8CEePAECKEHHEH KeMiHTi 3apsSATbIH TMIMAI Kyii ra3beH
SCEPAECKEHHEH repi >kKorapbl 60AATbIHABIFbI aHbIKTaAAbI (qp = 32,84 versus qgas = 29,41).

TyitiH ce3aep: nvHY nNAaasmachl, FAIR, naazmMa pmamkachl, MOHABIK, CTpUnnep.
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NUccaepoBaHMe NAOTHOCTH NAA3MbI T€Ta-NMUHYA AAS TIPUMEHEHUS
B KayeCcTBe MOHHOro cTpumnmnepa AAs npoekrta FAIR

[MepeBoA MOHOB B BOAEE BbICOKOE 3apSAOBOE COCTOSIHME MMEET LIEHTPAAbHOE 3HAUYEHME AAS pas-
pPaboTKM HOBbIX YCKOPWUTEAbHbIX YCTAHOBOK. [103TOMY CpaBHMTEAbHbIA aHAAM3 CYLLECTBYIOLLMX aAb-
TEPHATMB 3aUYMCTKMN SIBASIETCS aKTyaAbHOW TeMol. B HacTosuee BpemMs AAS YBEAMYEHUS 3apIAOBOro
COCTOSIHMS YaCTUL, UCMOAb3YIOTCS B OCHOBHOM ra3oBble 1 (hOAbroBble cTpunnepbl. K coxkaaeHuio, n3-3a
CBO€eI HM3KOM 3(PHEKTUBHOCTM, KaK Fra30BOM MMULLEHBIO MAM HEAOATOBEYHDbI KaK YTAEPOAHbIE MAEHKM.
B oTAMUME OT 3TMX METOAOB, MAA3MEHHAs aAbTEpPHATUBA MMeET ropasao 6oaee BbICOKYIO 3peKTMB-
HOCTb MO CPaBHEHWIO C ra30BbIM CTPUMMEPOM M GOAEE AAUTEAbHBINA CPOK CAY>KObI MO CPaBHEHMIO CO
ctpunnepom coabrn [1-13]. MNAasmeHHas MuLieHb OblAa NpeaAo>keH aAs npoekTa FAIR (YcraHoBka
AAS UICCAEAOBAHMS aHTUMPOTOHOB M MOHOB) B AapMLuTtaaTte, 'epmaHus.

AAS AAAbHENLLIEro pa3BUTUS 3TOM TeMbl rpynna hmusnku naazmbl MHCTUTYTa NPUKAQAHOM (DU3MKK
DpaHKypTCKOro yHMBEpCUTETA UCCAEAYET aAbTEPHATMBY MAA3MEHHOM auerike ¢ Z-nuH4yeM. B npo-
uecce 3ToM paboThbl ObIAM MCCAEAOBaHbI Pa3sAMUHbIE MPOTOTUMNbI U pelueHns [4-6], [8], [11], [14-16].
B pesyAbTaTe ObIA OMPeAEAEH OMTUMAAbHBIA KPUTEPUIA 3aXKMraHWs AAS MHAYKTMBHOM MAA3Mbl, pac-
CuMTaHbl OMTMMAAbHASi FEOMETPUS Pa3PIAHOTO COCyAQ, Tpebyemasi MAOTHOCTb YacTmL U Temneparypa
nAasmbl. bbiAM paspaboTaHbl, M3rOTOBAEHbI M UCMbITaHbl pasAMyHble KOHUrypaumum katyuwek. C He-
KOTOPbIMWU U3 HUX (ChepUUECKMin TETA-MUHY U ChepuyecKmii BUHTOBOM MUHY) BbiAM NMPOBEAEHbI 3KC-
nepuMEHTbl HA MOHHOM YCKOpPUTEAE B AapMLUTaATE.

JTa CcTaTby NPEACTABASIET TEKYLLEE COCTOSIHNE MAA3MEHHbIX CTPUIMNEPOB C MOAHOCTbIO MOHM30BaH-
HbIM BOAOPOAOM C OAHOBPEMEHHO BbICOKMMM MAOTHOCTSIMM YACTULL, B AMANa3oHe NMPUMEPHO B HECKOAb-
Ko 10'° cm aas FAIR. PacnpeaeAeHuns 3apsiaa MoCAe B3aMMOAEMCTBMS MOHHOTO MyydKa C MAA3MON OblAM
M3MepPEHbl 1 CPaBHEHbI C pacrpeAeAeHUEM NMOCAE B3aMMOAENCTBUS MOHHOMO MyyKa C XOAOAHbIM ra3oM.
Kak 1 0>kMaAanoch, 3pheKTUBHOE COCTOSIHME 3apsiaa MOCAE B3aMMOAEMCTBUS C MAA3MOM ObIAO BbllUE,
yeM MOCAEe B3aMMOAENCTBKS C ra3om (qp = 32,84 npotmB qgas = 29,41)

KAroueBble cAaoBa: nAasmbl TeTa-nmH4a, FAIR, hmsmka naaambl, MOHHBI cTpunnep.

Introduction

The higher effectiveness of the plasma stripper
has already been demonstrated in several experi-
ments with Z-Pinch plasma [10].

As effective as a plasma stripper might be, this
method needs improvement, since the lifetime of
the system is limited, due to the electrode erosion.
A solution to this disadvantage is an electrodeless
inductive ignition of the plasma. Additionally, with
an inductive ignition the magnetic field extends pre-
dominantly in the center of the coil parallel to the
beam, having no influence on the beam optics.

The interaction between the ion beam and the
stripping medium is determined by several simul-

taneous processes and the final state of the ions is
a result of their dynamic equilibrium. Beam ions
loose electrons due to the coulomb collisions and
at the same time capture electrons by various re-
combination processes. While the ionization cross
sections for plasma and cold gas targets are practi-
cally identical, the recombination cross sections are
determined by several state dependent processes.
Recombination is the sum of the capture of bound
electrons, radiative recombination and dielectric re-
combination.

In cold gas, the capture of bound electrons is
the recombination with the largest cross section. An
example of iodine projectiles with 1.5 MeV/u in hy-
drogen gas may be up to 10 cm?*/s (Figure 1). How-
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ever, this type of recombination is not relevant to the
fully ionized plasma target because of the absence
of such electrons (Figure 2).

The equilibrium charge states for gold ions
(Figure 3) have been calculated by V. Shevelko in
the framework of expertise requested by the work
group.

The plasma stripper experiment is one of the most
important research activities of our research group. A
major feature of the pinch plasma is the use of a large
cylindrical discharge vessel surrounded by a spiral in-
duction coil, which is connected to a capacitor bank
via a coaxial transmission line. The components form
a resonant circuit at a frequency of 8.65 kHz.

The measurements were done with a stored en-
ergy of around 15kJ, which can be increased up to
50kJ. The alternating current reaches peak values of
71.5 kA and current rise times (20%-80%) of 4.65
kA/us. The stored energy is switched by a thyratron
switch. One of the principal advantages of this con-
cept is the high energy transfer efficiency of up to
40% and the potential of high pulse repetition rates.
Fig. 4 shows the experimental set up of the plasma
stripper device. In addition, a differential pump sys-
tem is symmetrically connected for attaching the ex-
periment to the beam line.

A dipole magnet was used as charge state sepa-
rator to perform the charge state distribution diag-
nostics. In this context, a scintillator was utilized as
the detector.

Energy loss diagnostics were made with Time
of Flight (TOF) method. For this reason, a dia-
mond detector was used, because it possesses a
high response time (less than 0.1 ns) and high
sensitivity. The diamond detector was installed
at 6324 mm from the centre of theta pinch coil.
Pulsed microbunches of the heavy ion beam reg-
istered by the diamond detector with time inter-
vals of 27.67 ns have a certain phase (shift) to
the reference signal from the accelerator RF. In
the case of a vacuum target, this displacement is
a fixed value that is used as a reference for deter-
mining the energy loss.

Due to the stopping power of the cold gas target
or the plasma target, the fast heavy ion beam suf-
fers energy loss and its velocity decreases, which
causes a longer flight time along the TOF flight path.
Therefore, the registered microbunch of ion beam
show an increased phase shift which is proportional
to the energy loss.

Results from beam times with spherical theta
pinch and screw pinch were previously presented at
IPAC [8]. The results presented here are newly ob-
tained from the beam time at GSI end of March 2019.
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Figure 4 — Experimental set-up of the Theta Pinch Plasma Stripper.

For synchronisation of the plasma of the theta
pinch to the ion beam the investigation of the ig-
nition behaviour is of importance. The ignition and
light emission of the Plasma was measured with
a fast photodiode. The following Figure 5 shows
the current and ignition behaviour of the cylindri-
cal Theta Pinch. The capacity of the experimental
set up was 60 pF. The measurement was performed
at a voltage of 20 kV at a pressure of 30 Pa (H2).
The photodiode signal shows that the ignition of the
plasma starts during the second negative half wave
of the oscillating current and the brightest lumines-
cence effect is within the second positive half wave.
In the beam time was decided to increase the voltage
to 22kV. In this way, pressure could be raised to 40
Pa accordingly. Plasma ignition time has remained
the same.

During the gas discharge, the transmission of
the ion beam through the stripper cell was very low,
which was very likely due to parasitic magnetic field
components outside the coil. Consequently, the ion
beam must be delayed for several hundred micro-
seconds. In this case the magnetic field was not so
strong, but the plasma density and temperature have
already decreased significantly.

The electron density, as well as the electron tem-
perature, are an important factor for the efficiency
of ion stripping. Consequently, time-resolved meas-

urements of the electron density were performed
(Figure 7). The electrical parameter like capacity
(60uF), voltage (22kV) and the pressure (40Pa) were
identicallv to those of the beam time. The electron
density (&) was calculated from a semi-empiric
formula Fleurier by measuring the Stark-broadening
(A45) of the H beta line [17].

n, =1.03 - 10'°(44, [nm])***F cm™3.

It is based on Griem’s formula [18], but unlike
it, it does not depend on density and temperature co-
efficients.

Like the luminescence behaviour, the maximum
of the electron density of around 4.5x10' cm™ was
measured at the third and fourth current half. At the
time of the charge distribution measurement, the
electron density decreased significantly and oscil-
lated in the range from 0.2x10' cm™ to 1x10'¢ cm™.
The time resolution of density measurements is 0.4
us. The error of the electron density measurements
is approximated to 10%. The electron temperature
was measured time-resolved with a resolution of
2+1 ps. Fig. 6 shows the electron temperature dur-
ing measurement of charge distribution. The er-
ror of the electron temperature measurements is
between 4% and 25% depending on the absolute
value.
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During the beam time the charge state distribu-
tion was measured for cold gas and plasma. The
initial ion beam charge state was Au+26 with an en-
ergy of 3.6MeV/u. Fig. 8 shows the charge state dis-
tribution after crossing the stripping cell with cold
gas and plasma. The charge state distribution with
plasma is shifted to a higher ionisation degree of the
Au-beam. As expected, the effective state of charge
after interaction with plasma was q,= 32.84 versus
after interaction with gas q,, = 29.41.

Another important result is an energy loss of
heavy ions in plasma. An attempt was made to get a
time-resolved evaluation of complete macrobunch.
Unfortunately, due to technical problems, the macro
bunch was not continuous, but had gaps in the micro
bunch structure making a time-resolved evaluation
quite difficult.

The Fig. 9 shows that along with the expected
deceleration in the plasma, there is an unexpected
short-time acceleration of ions after each change
in the direction of the current. Maximum measured
phase shift of 2.45 ns when decelerating and 2.48
ns when accelerating ions corresponds to an energy
loss or gain of 14.45 and 14.63 MeV respectively.
The reasons for an acceleration of ions are still being
investigated.

The Fig 10 show the phase shift of the ion beam
temporal behaviour starting from 800us after exper-
iment trigger. The beam transmission has become
significantly better. Before each ion stopping phase
through the plasma there is a short acceleration
phase, which was likely caused by space charges in
the plasma.

Figure 5 — Current and ignition behaviour
of the Theta Pinch plasma
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Figure 6 — Time-resolved electron temperature.

Figure 7 — Time-resolved electron density.

Figure 8 — Charge distribution of ion beam
after passing cold gas and plasma
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Figure 9 — Blue is time of flight difference (At) between the ion beam signal after plasma and the reference signal after
cold gas. Red is discharge current signal from Rogowski coil and green is photo diod signal.

Figure 10 — Blue is time of flight difference (At) between the ion beam signal on the diamond detector
after plasma and the reference signal after cold gas during measurement of charge distribution.
Red is discharge current signal from Rogowski coil.

Conclusion

The beam transfer through the experiment needs
to be improved. For this reason, a new enlarged
diaphragm system is currently being worked on. It

is also planned for the next beam time that the ion
beam will not be focused on the center of the experi-
ment but will go parallel to the Z axis of the mag-
netic field. The Penning source is not very suitable
for TOF measurements because it has its own «sput-
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ter» frequency of approx. 100 kHz. This property,
together with the low particle current, made data
analysis even more difficult.

Unfortunately, measurements were taken very
late after the trigger experiment. However, experi-
ment has shown the advantages of a plasma over
cold gas even at low electron density and tempera-
ture. The short acceleration phase immediately after
each plasma ignition needs to be investigated exten-
sively. The working hypothesis is the creation of a
large space charge in the plasma compression phase.
Since the pinch phase of interest to us begins much
later, this acceleration does not lead to a disadvan-
tage for plasma strippers.

In general, the experiment was designed for
much larger voltages, which could not be complete-
ly exhausted due to strong magnetic fields. After
the problem with the influence of the magnetic field
on beam penetration is solved, discharge energy

can be increased up to 50 kJ. With the higher dis-
charge energies, the energy input into plasma also
increases. This leads to much higher densities and
temperatures of plasma, which in turn results in bet-
ter stripping properties of the device. To separate the
pressure from the stripper to the vacuum of the ac-
celerator a plasma window was designed and is now
under investigation [19].
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MbIC HAHOBOALUEKTEPIHIH,
YKOFAPbBI XXUIAIKTI CbIMbIMADBIABIKTbI
PA3PSA NMAASMACDBIHbIH,
XAPbIK UHTEHCUBTIAITIHE OCEPI

KyMbicTa soFapbl XXMIAIKTI ChIMbIMABIABIKTbI Pa3PsA MAA3MACbIHbIH, XapblK, 6epy MHTEHCUBTIAIrIHE
OHbIH, KYPaMbIHAQFbI HAHOOBALLIEKTEPAIH BCep eTyi TypaAbl HOTUXEAEP KeATipiareH. HaHo6eAwekTep
NA@3MaAblK, opTaFa TYCKEH MbIC aTOMAAPbIMEH MOAEKYAAAAPbIHbIH, )X8HE HAHOKAACTEPAEPAIH e3apa
GipiryiHeH nanaa 60AAbI, IFHM MAA3Ma arperaumsAbiK OpTa PETIHAE XYMbIC iCTEMAI. MbIC aTOMApPbIMEH
MOAEKYAQAAPbIHbIH MAA3MaAbIK OpTaFa 6arbITTaAFaH aFbIHbIH aAY, MarHETPOHABIK, TO3aHAAHABIPY XKYHeCi
apKbIAbI Xy3ere acTbl. [Aa3maHbIH >Kapblk, 6epy KacUeTiHe TeK OHbIH KYPaMbIHAAFbl HAHOOOALLIEKTEPAIH
eALleMAEpiMeH KoHLeHTpaumschl acep eteai. COHAbIKTaH, MarHETPOHHbIH, KaTOAbBI, MbICTbIH, OPHbIHA
KE3-KEeAreH MaTepman KOAAaHyFa 060AaAbl. KorFapbl KMIAIKTI MAa3MamMeH MarHeTpOHABIK, Pa3psia
OpTakK, BakyyMAbIK, OpTaAa OpHaAaCKaH »K8He XYMbIC rasbl PeTiHAE Ta3aAblK, A€Hreii »ofapbl aproH
KOAA@HbIAABI. [1A@3MaHbIH, >KapblK, MHTEHCMBTIAIMT OHbIH, TOAKbIH Y3bIHAbIKTapbl 737 o8He 750 Hm-
re cal KEAETIH 3MUCCUSABIK, CMEKTPAIK CbI3bIKTapbl apKblAbl GakbiAaHAbl. OCbIAANMLLA, MAA3MAAAFbI
HAHOBGOALIEKTEPAIH KOHLEHTPALMSICbl MarHETPOHABIK, TO3aHAAHABIPY TMPOLECIHIH, >KYPY YaKbITbiHA
ToyeAAl 6OAATbIHbI K8HE OHbIH, YaKbIT 6TE KAHbIFATbIHAbIFbI AHbIKTAAAbL. IKCMEPUMEHT HATUXKEAEpI
KOpCeTKEHAEN MNAa3MaHblH >KapblK, MHTEHCMBTIAIN MarHeTPOHABIK, TO3aHAAHABIPY npoueci 7, 14,
20 >xaHe 40 cekyHA XYPreH Ke3Ae, COMKeCiHIe CaAbICTbIpMaAbl GipaikTe 4451, 5280, 10725 xaHe
13545 peTiMeH XOFapblAAMTbIHABIFbI @HbIKTaAAbI. SIFHM, KapacCTbIPbIAbIN OTbIPFaH yakKbIT apaAbIfbIHAQ
MAA3MaHbIH, XKapblK, MHTEHCUBTIAITI aAFallKbl MBHiHeH 3 ece ecTi. To3aHAQHABIPY npoueci 1 MUHYTTaH
apTbik, 6GOACA MAA3Ma MHTEHCUMBTIAIM @pi Kapal eAepAiKTen >KOFapblAaMarAbl, SFHU KaHbIFbIM OThIP.
ByA naasma keAemiHiH HaHOBOALIEKTEPMEH MeMiAiHLIE TOAATbIHAbIFbIH KOpceTeAi. DKCrnepumMeHT
HOTMXKEAepIi, TYTbIHATbIH SHEPr1a KyaTblH ©3repTThei, ra3Ablk, Pa3spsaATbl SAEKTP LAMAAPbIHbIH, XapbliK,
MHTEHCUBTIAITIH apTTbIPY YLLUiH KOAAQHBICKA Me GOAYbI 96AEH MYMKIH.

TyjiiiH ce3Aep: XKOFapbl XKMIAIKTI CbIMbIMABIAbIKTbI Pa3psiA MAA3MaChl, MAarHETPOHADIK, TO3aHAQHABIPY
>KYMeCi, MbiC HaHOBeALEKTepi.

M. Slamia®, M.K. Dosbolayev

National nanotechnology laboratory of open type, Kazakhstan, Almaty
*e-mail: s.mauletbek@gmail.com

Effect of copper nanoparticles on plasma glow intensity
of high frequency capacitive discharge

The paper presents the results of an experimental investigation of the effect of copper nanoparticles
on plasma glow intensity of high-frequency capacitive discharge. Nanoparticles are composed of at-
oms, molecules and nanoclusters of copper, which are agglomerated, involving into the plasma volume.
Magnetron sputtering system was used to obtain flux of copper atoms and molecules into the plasma
volume. It is known that only the size and density of nanoparticles affects the optical properties of a
plasma. In this case, almost any magnetron cathode material can be used as a source of nanoparticles.
High-frequency plasma and magnetron discharge are ignited in the same medium with highly pure argon
gas. To analyze the plasma glow intensity, the emission spectral lines with wavelengths of 737 and 750
nm were used. Thereby, it was revealed, that the density of nanoparticles in the plasma medium depends
on the duration of the magnetron sputtering process and saturates with time. As the experimental results
show, the plasma glow intensity with the duration of the magnetron sputtering process for 7, 14, 20
and 40 seconds, accordingly, increases in relative units by 4451, 5280, 10725, 13545. That is, in this
case, the plasma glow intensity with nanoparticles is three times higher than in case where nanoparticles
are absent. If the sputtering process continues more than one minute, then the plasma glow intensity
of does not significantly increase, this evidence the beginning of saturation of nanoparticles density in
the plasma volume due to the escape of nanoparticles from the plasma volume. We believe that the

22 © 2020 Al-Farabi Kazakh National University
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experimental results find application in areas related with problems of increasing the gas-discharge glow
intensity for light sources without increasing their input power.

Key words: High-frequency capacitive discharge plasma, magnetron sputtering system, copper
nanoparticles.
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BAusinne HaHO4aCTHULL MeAU Ha UHTEHCUBHOCTU CBE€YE€HUZ NAA3Mbl
BbICOKOYAaCTOTHOIo €eMKOCTHOIo pa3psiAa

B paboTe npuBeaeHbl pe3yAbTaTbl IKCMEPUMEHTAABHOIO MCCAEAOBAHMUS, BAUSIHUE HAHOYACTML,
MEAWM HAa MHTEHCMBHOCTM CBEYEHMS MAa3Mbl BbICOKOYACTOTHOrO €MKOCTHOrO pa3psgAa. HaHouvacTuubl
COCTOSIT U3 aTOMOB, MOAEKYA U HAHOKAACTEPOB MEAM, KOTOPbIE arAOMEPUPOBAAUCH, NMoMnaaas B 06bem
nAa3mbl. AAS MOAYYEHNS MOTOKM aTOMOB M MOAEKYA MEAM, HaNPaBAEHHbIE Ha NMAA3MY, MCMOAb30BaAaCh
MarHeTpOHHas pacrnblAUTEeAbHasi CMCTeMa. M3BECTHO, UTO Ha OMTUYeCKMe CBOMCTBA MAA3Mbl BAMSET
TOABKO pa3Mepbl M KOHLEHTPALMS HaHOUACT B ee oObemMe. B TakoM cayuae, B KauecTBe MCTOYHMKA
HaHOYACTUL, TO eCTb KAaTOAQ MarHeTPOHAa MOXHO MCMOAb30BaTb MPAKTUUECKMI AOGOM MaTepuaa.
BbicokouacToTHas MnAasma M paspsiA MarHeTpoHa 3aXKMraeTcs B OAHOM CpeAe € 0CO60 UMCTbIM
rasom aproH. AAs aHaAM3a MHTEHCMBHOCTW CBEUEHUS MAA3Mbl ObIAM MCMIOAb30BaHbI €8 SMUCCUOHHbIE
CMeKTPaAbHblE AMHUM C AAMHOM BOAHbI 737 n 750 HM. Takmm 00pasom, ObiAM OMpPEAEAeHbl, YTo,
KOHUEHTPAaLMS HAHOYACTUL, B NMAA3MEHHOM CPeAE 3aBUCUT OT AAMTEAbHOCTM MPOoLLEeCcca MarHeTPOHHOT O
pacrblAeH1s, U C UCTeYEeHneM BpeMeHM HacbiwaeTcs. Kak nokasbiBaeT pe3yAbTaTbl 3KCMNEPUMEHTOB,
MHTEHCMBHOCTb CBEYEHMS MAa3Mbl MPU AAMTEABHOCTM MPOLLECCa MAarHETPOHHOTO PachblAeHNs Ha 7, 14,
20 1 40 cekyHA, COOTBETCTBEHHO PacTeT B OTHOCUTEAbHbIX BeAMUMHax Ha 4451, 5280, 10725 n 13545.
To ecTb, B AQHHOM CAyYae MHTEHCMBHOCTb CBEUYEHUS MAA3Mbl C HAHOUYACTULLIAMM TPU pa3a GOAbLLE, YeMm
6e3 HaHouacTul. EcAM npouecc pacrbiAeHUs AAMTCS 60Aee OAHOM MUHYTbI, TOTAQ, UHTEHCUBHOCTb
CBeYeHMS NAa3Mbl 3aMETHO He PacTeT, 3TO CBUAETEAbCTBYET O HACTYMAEHMM HACILLEHNS KOHLEHTPpaLmm
HaHOYaCTUL, B 06bEME MAA3Mbl, UTO CBSI3AHO C YXOAOM HaHOUACTHL, OT 06bema naasmbl. CumMTaem 4UTo,
pe3yAbTaTbl 3KCMEPUMEHTOB HAXOASIT MPUMEHEHME B TaKMX 0OAACTSIX, TAE PaCCMATPUBAETCs MPOOGAEMbI
CBS13aHHbIE C YBEAMYEHNEM MHTEHCMBHOCTUN CBEYEHME ra3opaspsAHbIX MCTOYHMKOB CBETA, HE NMOBbILLAs
MX BXOAHYIO MOLLHOCTb.

KaloueBble cAoBa: MaasMa BbICOKOYACTOTHOrO €MKOCTHOrO paspsiAd, MarHeTPOHHAash pacrblAv-
TeAbHasi CMCTeMa, HaHOYaCTULIbI MEAN.

Kipicne

HMonpanran razael miasma jaen ataumei3. Jle-
MEK OHBIH KYpaMbIHAa OJJIEKTPOHAAp, HOHAAp
JKoHe Oelitapamn atomaap Oojasnsl. ['a3ael HoHIAY
MpoIleCi 9PTYPIi KOJMEH XKy3ere acalbl, MbIca-
JBI TabopaTopusaga KOl Karmaimaa KYIITI 2JIEKTP
epici acepiHeH. MyHaii mia3mMa — Ta3JblK pas-
psAn TIa3Machl Jen arananbl. Anaijga, rias-
Ma Ta3a Kyiae CHpeK Ke3aecemi, OHBI aly YIIiH
apHaibl MmapTTap OpBIHAANYBl KaxeT. COHBbI-
MEH, IUIa3MaHbIH JACTaHybl OHBIH KYpaMBbIHIA
TO3aHIBl OeNmeKTepaiH OoNybIMEH OallaHbI-
cTel. MyHJail 1azMa — To3aH/bl IIa3Ma HeEMeCe
IIa3MalblK KpucTan aen atanansl [1-9]. [lnazma
KYpaMBIHAAFBl TO3aH OOJIMIeKTepi 9oJeTTe IIIa3-
Ma Oap BIIBIC IIIIHIH JKETKITIKTI Taza 00IMaybI-
HaH, HEMece BIIBIC KaOBIPFACBHIHBIH ILJIa3MaMeH
JcepiecKeH Ke3e dpO3WsUIaHbIybIHAH maima 60-
naapl. CoN CHAKTHL ANEKTPOATH pa3psATap YIIiH
KaTONTHIK To3aHnaHy ocepineH [10-11] »xoHe
KOMIPTEK Kypambl ra3gapibl KoJJdaHFaH Ke3Je

r1a3Ma XMMHSUTBIK TpoliecTep acepinen [12-17] ne
TO3aHIbl OOMIIEKTep KYPBUIBIIN IIa3Ma KypaMbIHA
eHemi. An mabopaTOPUSUIBIK JKaFmalmarsl 3epT-
TeyJep/ae TO3aHJIbl OeJIIeKTep IuUIa3Mara oJeii
enrizineni. TozaHawl OeNIIEKTEep/iH emEeMIepi
omerTe OipHeme HM-ICH OHIAaraH MKM-Te€ IeHiH
xereni. Ocpulaiima Imia3Ma KeJIeMiHE CHICH
TO3aHAbl OOJIIEKTep HAKTHI MIApTTap CaKTaIFaH
Ke3]1e OJI )Kep/Ie Y3aK YCTaJIbIN TYPaIbl )KOHE I1J1a3-
Ma KacHeTTepiHe eJepikTelt acep eTei. Mbicalbl
OHBIH JXKaphIK Oepy KacuetiH e3reprexdi [18-21].
MiHe ocCHl TpoIecC 3KCIEPUMEHTTIK TYPFHIIA
erKeH-Ter Kesli  3epTTENil,  KapacThIPBUIBII
OTBIPFaH KYMBICTA HOTHKEJIEPi KOPCETIITEH.

TaxkipnOuesik KOHABIPFBI

HanoOemnmexkrepain mia3Mara ocepiH 3epT-
TEY YIIiH YKOFapbl KHUUTIKTI CBIMBIMABUIBIKTHI pa3-
s (KOKCP) xoHe MarHeTpoHIBIK TO3aHIAHIBIPY
omici KOmmaHpUIAbl. ToKipnOMEemK KOHIBIPFBIHBIH
MPUHIIAINTIK  CXeMachl 1-CypeTTe KepCeTiireH.

23


mailto:s.mauletbek@gmail.com

Mpic HaHOOOIIIEKTEPIHIH KOFAPHI KHULTIKTI CHIHBIMIBLIBIKTHI pa3psi/ IIa3MachIHBIH )KaphIK HHTCHCUBTLIITIHE dcepi

MarHeTpoHABIK TO3aHJaHy Ke3iHeTi aToMIapMeH
Monekynanap areiHbl JXOKCP mmasmaceiHa eHir,
e3apa Oipirim, coj kepjae HaHOOeJIICKTepMEH Ha-
Hokmacrepnep Tty3emi [22]. AOKCP mmasmacer
e3apa Tmapajuielb OpHaJacKaH JKa3bIK AJIEKTPOITap
apanbIFeIHAA XKarbutajsl (7). Dnekrpoarap ToT Oa-
CHAWTHIH OonarTaH NalbIHIAIFaH, JUaMeTpiepi
10 cM, apakamIBIKTBIFBI 3 CM. TOMEHTi 3JIEKTPOI,
xwiiri 13,56 MI'm reneparopra (5) »xayraHras.

OKCIIEpUMEHTTEep >Kacay Ke3iHJeri Herisri mapa-
METpJIep: KOFapFhI JKIIIIKTI KOPEeK KO3iHIH KyaThl
15 Bt, MarHeTpOHHBIH Ta3AbIK Pa3psSAbIHBIH TOK
kymri 0,1-0,6A xoHe Ta3 keickiMbl 0,1-1,2 TOpp
apayBIFbIHAa 00Nl JKyYMBIC Ta3el peTiHAEC aproH
KOJIIaHbUIABL. [a3IbIK paspsaTblH  OMHUCCHSIIBIK
cniektpiepi Solar S100 acna®biMeH TyCipini xKoHe
apHalbl KOMIIBIOTEPIIIK OaFmapiaManap KeMeriMexH
OHJIEIIII.

1 cypeT — DKCIEPUMEHTTIK KOHJIBIPFBIHBIH MPUINMTIK CXEMAaChI:
1 — MarHeTpoH, 2 — TO3aHIAHATBIH MBIC KaToJ, 3 — CybITY JXYHeci,

4 — MarHeTPOH/IBIK PA3PSATHIH KOPEK K631, 5 — )KOFaphI )KUITIKTI
CBHIBIMIBUIBIKTEI PA3PsATHIH KOPEK KO3i, 6 — MarHeTPOHHBIH Ta3JIbIK pa3psiibl
(MP), 7 — xorapsl xuinikti pazpsag (KXKP) miasmacer,

8 — ra3 6anonsl (aproH), 9 — criekrpometp, 10 — ombeban KOMIbIOTED,

11 — BakyyMzay »aHe Ta3/ibl eHrizy Oedriri.

HoTmaxesiep skoHe TanaayJaap

OKCHEpUMEHT  HOTHXKENepi  SMHUCCHSUIIBIK
CHEKTPJIK CBI3BIKTApABl TajjayFa HEeTi3JeNreH.
Ocnl cebenTi anramksl 3eprreynepne AKKCP-nen
MP 6ipre icke KOCBUIBII cHeKTpIepi Tycipingi. MP
crieKkTpi 2a cyperinme kKenTipinreH. OcCHl KepacH
KOPIIl OTBIPFaHBIMBI3/Ial KYMBIC Ta3bl ApTOHAIKIMEH
KOCa KbICKA TOJIKBIH OO IiriHe Kapal MBIC CHI3bIKTaphI
na maiima OosrraH. JlemMek MP-ta MBIC aTOMImapswI-
MeEH MOJIEKYJIaJIapbIHBIH Oap eKEeHiH )KOHE OJapIbIH
KO3aTBIHABIFBIH OalikaiiMbI3. Al ockl ke3ne JOKCP
IJIa3MAaCHIHBIH CIIEKTPiH aJlaThIH 00JICaK, 29 CypeTi,
OJ1 )Kep/ie TEK aprOHHBIH ChI3BIKTAphI FaHA IIBIKKAH.
byn, meic aromaapeinei KKCP nnasmaceina exe
Oepe o3apa Oipirimt HAaHOKJIACTEPJIEPMEH TO3AHIIBI
HAHOOOJIIIIEKKE aWHANBIl KETEeTIHIH KOepCeTesi.
An nanoOemmekTepai Ko3mplpy ymin XOKCP
IJIa3MAaCBIHBIH SHEPTUACHI )KeTKiTiKC13. COHIBIKTaH
MBIC CIIEKTPiHiH CBI3BIKTAPHI OaiiKaIMabl.
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Enmi XKOKCP mia3machlHHBIH KapbIK HWHTCH-
CUBTUIITIHE OHBIH KOJIEMIHE E€HI'€H HAaHOOOIIEK-
TepAiH ocepiH KapacTeIpaibiK. OJI YIIiH aprOHHBIH
750 HM-re call KeJIeTiH CHEKTPIIK CBHI3BIFBIHBIH
naTeHcuBTUIrH OakputaiiMers. JKOKCP mnasmacer-
Ha MBIC HAaHOOOJIIIEKTEPl CHIeH yaKbITTaH Oacrar
APTOHHBIH CIIEKTPJIIK ChI3BIFBIHBIH YaKbIT OOMBIHINA
e3repici 3-cyperTe KepceTiIreH.

Bipiami, Taza XXOKCP mrazMachIHBIH TOJKBIH
Y3BIHIBIFEL 750 HM-re cail KeNeTiH CHEeKTPIiK
CBHI3BIFBI TYCIpiNi, OHBIH WHTEHCHUTIIIT Callbl-
cteipMadsl Oipmikte 4500-re TeH, 2 cyperreri (1)
KHUChIK. KeliiH MarHeTpOHABIK TO3aHIaHABIPY iCKe
KOCBUTBIT 5 CEKyHJ YaKbITTaH KeWiH aJJBIHFBI
KapacThIpFaH CIHEKTp KaiTa OaKbUIaHIbI >KOHE
CaNbICTBIpMalbl OipJiKTe OHBIH HMHTEHCHUBTLIIr
8500-ra TeH OoyFaHBIH Kepewis, srHH 1,89 ece-
re ecin Typ, 3 cyperreri (2) kuchik. JKorapbiia
aiteurrannaii, JXOKCP mna3machiHBIH — KapblK
WHTEHCUBTUIITIHIH ©CYiHE OHBIH KYpPaMbIH/IaFbI
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HaHOO®IIEeKTepAiH acepi Oap exeHiH OalKaiMBbI3.
MarHeTpoHABIK TO3aHTAHABIPY I1CKE KOCHUIBII
5 CeKyHATaH KEWiH OUIpiiai >KOHE OCHI YaKbIT
coTineH keitin 240 cexkyHaTarel  Oaksbliay,
CIIEKTPIIIK CBI3BIKTHIH JKapBIK WHTCHCUBTUIITIHIH
CoJl TeMeHJereHiH kepcereni, 3 cyperreri (3)

18000+
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12000+
10000 i

8000+

1 [faé. 4id]

300 400 500 600 700 800 900

a) MP cniexrpi

KHUCBIK. byJI m1a3mMainbik opTaiarsl HAHOOOIIIEKTED
KOHIICHTPAITUSCHIHBIH a3aibIl, XoHe o3apa Oipiryi
HOTHXKECIHJIC OJIIIeM ICPIHIH 6CyiMeH OailIaHbICThI
6oy kepek [23-30]. Ocwl nporecTi canbICThIpMa-
JIBI TYPJE Y3aK YaKBIT 3€PTTEY Kelleci HOTIKeJIepIi
Oep/i, 4 cypeTTi KapaHbI3.

1 [fi8é. 4id]

9) JKXXCP mia3machHbIH CIIEKTpi

2 cypeT — AproH raselHza KaHFaH paspsn ciekrpiepi (p=0,3 Topp; P=15 Br; [=0,1A).

I [786. 4i6.]
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3 cyper — XXOKCP nna3maceinsiy criekrpiiepi: (1) XOKCP nasmanbig
HaHOOOJIIIEKTep JKOK Ke3/eri CIeKTip, (2) GenuekTep eHri3ireHHeH Keiinri
(MarHeTpOH KOCBUIFAaHHAH KeHiHT1) S5-I CeKyHATarbl CHeKTpi, (3) Oemmexrep
SHTI3UITeHHEeH KeHiHT1 (MarHeTPpOH KOChUIFaHHAH KeHiHri) 240-111bl CEeKyHATaFbI
cnektpi, (p=0,3 Topp; P=15 BT; [=0,1A).

Byn xepne nme Oipinmi kesekre Taza AOKCP
IUTa3MAChIHBIH ~ TOJIKBIH ~ Y3BIHABIFBL 750 HM-Te
cail KeNeTiH CHEKTPIIK CBI3BIFBI TYCIPUINI, OHBIH
WHTEHCUTLIIr canbicThipMalibl Oipiikte 1500-re TeH
oommer, 4 cyperreri (1) xucbik. 20 ceKyHITaH KeHiH

5500-re (4 cyperreri (2) KUCBIK), a1 15 MUHYTTaH KeiliH
6500-re Ter 6ommel (4 cyperreri (3) KUCBHIK). OCBI-
JIalIlIa aJFaIIKel a3 YaKbIT 1IIHIE CIEKTPIIK ChI3bIK
MHTEHCHUBTUII Te3 ocTi, 3,67 ece. AJl omaH KeHiHT1
15 MuHyTTa 6Cy KapKbIHBI YaKbITIICH CaJIbICThIPFaHIa
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Oasty, HeOopi 0,060 ece. JleMexk HaHOOOMIIEKTEPAIH
KOHIIEHTPAIMSCHIHBIH 6Cyl OOMBIHIIA KAaHBIFY OPBIH
anzapl, stau JKOKCP ma3machiHa KipreH KoHE Ol
KepleH IIBIKKAH OeIIeKTep CaHbl TEHECKeH 0oy
kepek. Enmi, (3) KMCBIK anbIHFaH YakKbIT COTIHEH Oa-
cran MP emipin, 15 MuHyTTaH KeHiH CHEKTpIK
CBI3BIKKA OaKpLIAy >KYPri3eTiH OOJCaK, OHBIH JKapbIK
MHTEHCHUBTUIIIHIH IaMaMeH 1,6 ece TeMeHIereHiH
OatikaiiMb13. bipak, (1) KHCBIK albIHFaH/IaFbI AJFAIITKbI
YaKBIT COTIMEH CANBICTBIPFAH/IA CIIEKTPITIK CHI3BIKTHIH
JKaphlK HWHTCHCHBTUTITIHIH 2,67 ecemeil KOFaphl.
MarHeTpoHABIK TO3aHAAHIBIPY MPOLEci TOKTaraHaa
Y3MIKCI3 KeJil OTBHIPAThIH HAHOOONIIEKTEp aFbIHBI
TOKTaMIbI, al TUIa3MalaFkl HaHOOemIeKTep iy Oipa3

1 [faé. 4i.]

Oeutiri mIa3Ma KeJeMiHeH BaKyyM/IbIK OpTaFa [IBIFBIIT
Kerenmi, OipaK TONBIKTAl emec. OWTKEHi CIIEKTPIIK
CBI3BIKTHIH JKapbIK MHTCHCUBTLIIT aJIFAIIKbI KAITBIHA
opayMaipl.

Hano0enmiekrep ke3i 00IaTBIH MarHETPOHIBIK
TO3aHJAHJBIPY MPOIECIiH KaHaahWna Oip yakbIT
apaNBIFBIHIA KYPTi3in KakeT OOJIaTBIH HaHOOeI-
HIEKTEp KOHICHTPAIMICHIHA, i3iHIIEe KaxeT Ooia-
TBIH TUIa3MaHbIH XKapbIKbIpay MHTCHCUBTLIITIHE KO
xeTkizyre Oomampl. OraH 5 cyperreri rpadukTep
nanen. SIFHu, To3aHIaHaBIpy npoueci 7 xxaHe 14 ce-
kyHA (5a) cyperti) con cuskrel 20 xoHe 40 cekyH
(59) cyperi) xypai. XKoHe ocwiFaH cail mua3MaHbIH
YKapPbIK MHTCHCUBTLIIT aJIbIHAIBI.
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4 cypet — XOKCP mnasmaceiasig criekrpuiepi: (1) XOKCP nmnazmansig
HaHOOOIIEKTED JKOK Ke3/eT1 CIeKTpi, (2) OenmeKTep eHri3ireHHeH
KeifiHTi (MarHeTpoH KOChUTFaHHAH KeifiHri) 20-11bI CEeKyHITAFbI CIIEKTPI,
(3) 15 munyTTaH KeitiH. Ax (4) GemmexTep K31 00TaTHIH MAarHETPOHIBIK
TO3aHIAHABIPY OLIPLUITeHHEeH KeliH 15-111i MHHYTTaFbI CIIEKTi,
(p=0,43 topp; P=15 Br; I=0,3A).
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a) p=0,43topp; [=0,3A; P=15 Br
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9) p=0,5 Topp; [=0,35A; P=15 Br

5 cypet — XKOKCP mna3machiHBIH TOJNKBIH Y3BIHABIFBL 737 HM-T€ caif KeJNeTiH CIEKTPIIK ChI3BIFBIHBIH
JKapbIK MHTEHCUBTUITIHIH MarHEeTPOHBIK TO3aHJAHABIPY MIPOLECIHIH XKYPY YaKbITBIHAH TOYEIILIITI.
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Conpimen katap KXKCP mnna3zMaceiHAaFsl
HaHOOONMIEKTEPAIH KOHIICHTPAIIUACHI MarHe-
TPOHABIK Pa3psSATBIH TOK KYIIIHE ¢ Toyei
Oomanel. byn nereHiMmi3 To3aHAaHy NPOIECiHIH
Oipmel yakpITBIHIA OPTYPJI TOK KYIIH Op-

1 [fé. 4i6.]

Hata oTbeipeinl JKXKCP mnnasmaceiHmarel HaHO-
OeJIeKTepaiH KOHIIEHTPAUACHIH, 131HIIIe M1a3-
Ma KapbIKTHUIBIFBIHBIH MHTCHCUBTUIITIH 0ackapa
anambi3. byn HoTmxkenep rpadukanblk TYpae 6
CYpeTTe KOPCEeTiNTEeH.
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0,15A
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6 cypet — XXOKCP nna3machIHBIH TOJIKBIH Y3BIHABIFE 737 HM-TE cail KeleTiH
CHEKTPIIIK CHI3BIFBIHBIH )KapbIK HHTCHCUBTUIITHIH MarHETPOH Pa3psAbIHBIH
TOK KyImiHeH Toyenaitiri. (p=0,18 Topp; P=15 Br).

AJFbBIC

Feumeimu 3eprrey xymeicet KP BFM konna-
yeiHaarel IRN  AP05134391 rpantsl asiceiHzaa
JKY3€re achIpbIIAbL.

KopbIThIHABI

JKorapel >KUINIKTI CHIABIMIBUIBIKTEL  Pa3psij
TUTa3MacChIHBIH  JKapbIK WHTEHCHBTUIITIHE OHBIH
KYpaMbIH/IaFbl HAHOOOJIIIEKTEPIiH dcepi 3epTTe i,
JKOHE 0J1, HAHOO®JIIIICKTEeP/IiH OJIIIeMICPIMEH KOH-
[EHTPALUACHIHA TOyeNJi OONATHIHBI AHBIKTANIBI.
OHblH  ce0ebi, 3JIEKTPOH-aTOMIBIK  KO3IBIPY

mporectepi OeJIIeKTep MaHAaWBIHAA XHUi JKy3ere
acaThIHABIFBIHAH OOJYBl MYMKiH. OKCHEPUMEHT
HOTHXKeJIepl KOpPCETKEHIEH IIa3MaHblH JKapbIK
WHTCHCHUBTUIITT aJIFAIKbI, HAHOOOJIICKTEP KOK
Ke3lleTiMeH CalbICTBIPFaHAa KOIl JereHae 3 ece
eceTiHAIriH kepcerTi. TozaHmaHappy mpomeci 1
MUHYTTaH apThIK 0oJica Tia3Ma MHTEHCHBTIIITT opi
Kapall enepiiKTell »orapbUlaMaiijibl, SFHHU TUIa3Ma
KOJEMIHJIETT HaHOOOJNIIEKTED KOHIIEHTPAIUSCHI
KaHBIFY MOHIHE XKeTe/ll. DKCIIEPUMEHT HOTHKeEIepi,
TYTBIHATBIH ~ DHEPrUsl  KyaThlH  ©3TepTTIEH,
ra3fplK pas3psATHl JIEKTP IIaMIApBIHBIH JKapBIK
WHTEHCUBTUIITIH apTTHIPY YIIiH KOJIaHBICKA He 00-
Jybl 90JJeH MYMKIH.
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TEMPERATURE ANISOTROPY RELAXATION PROCESSES
IN DENSE PLASMA

In this work the relaxation processes of dense plasmas were studied. The relaxation rate of a
Maxwellian velocity distribution function that has an initially anisotropic temperature (Ty # T1) is an
important physical process inertial confinement fusion plasmas. Relaxation characteristics in dense
plasmas were studied on the basis of the effective potentials using the Coulomb logarithm. The
effective potential is derived using the long wavelength expansion of the polarization function and
quantum potential which takes into account the finite value of the interaction potential at close
distance. In presented work temperature anisotropy relaxation processes in dense, non-isothermal
plasma are considered. These interaction potential between particles take into account such collective
effects as the ionization energy depression (reduction) and exchange-correlation effects. Therefore, this
allowed us to examine the sensitivity of the computed relaxation time and the corresponding
equilibrium plasma temperature on the quality of the description of the screening effect in dense
plasmas.

Key words: Coulomb logarithm, dense plasma, effective potentials, inertial confinement fusion,
temperature anisotropy relaxation.

T.C. Pamasanos, C.K. KopaHosa, M.K. McaHosa*, C.A. Opasbaes, A.E. EAy6aes

DKCMEPUMEHTTIK >KOHE TEOPUSAbIK, (DU3UKA FBIABIMU 3€PTTEY UHCTUTYTbI,
an-Dapabu aTbiHAaFbl Kasak YATTbIK, yHuBepcuTeTi, KasakcraH, AAMaThl K.,
*e-mail: issanova@physics.kz

TbiFbI3 NMAa3mMmaAarbl TeMneparypaAblk aHU30TPOMUSIHDBIH,
peAakcauums npou,eCTepi

ByA >KyMbICTa TbIFbI3 MAA3MaHblH pPeAaKcalms MPOLEeCTepi KapacTbIPbIAAbI >KOHE 3epTTEAAI.
MakcBeAAAiH TapaAy (yHKUMSICbIHbIH 6acTankbl aHM30TPONTbl TemrnepaTtypacbl 6ap >KbIAAAMAbIK,
GoMblHIIA peAakcaums  KbiAAaMAbiFbl  (Ty  #  Ti), WHEPUMSIAbIK, TEPMOSIAPOAbIK, CUHTE3AIH
MAasMacbliHAAFbl MaHbI3Abl (PM3MKAABIK, MPOLECC OOAbIN TabbiAAbl. YKyMbICTa 6i3 TbIFbI3 MAA3MAAAFbI
peAakcaums cMnaTTamasapbl KYAOHABIK AOFapMMAiI KOAAAHA OTbIpbIN, 3PGEKTUBTI NOTeHUMAAAAP
HerisiHae 3epTTeaik. JDdekTnBTI  noTeHuMaA noAgpusaums  QYHKUMACbI  MEH  KBAHTTbIK,
MOTEHUMAAAbIH Y3aK, TOAKBIHABIK, bIAbIPAYblH KOAAQHA OTbIPbIN LUblFapblAaTbiHA GEATiAI XKeHee OA
JKaKbIH KalbIKTbIKTaFbl ©3apa 8peKeTTecy MOTEHUMaAbIHbIH COHfbl MOHIH eckepeAi. YCbIHbIAFaH
Gi3AIH >KYMbICTA TbIFbI3 M30TEPMUSIAbIK, €MeC MAa3MaAarbl TemrepaTypaHblH, aHM30TPOMMUACHIHbIH,
peAakcaums NpoLecTepi KapacTblpbIAFaH >XoHe 3epTTeAreH. beallekTtepaiH e3apa epekeTTecy
NoTeHUMaAbl MOHAQHY SHEPTUSCbIHbIH TOMEHAEYI (TOMEHAEYI) XXKOHE aAMACy-KOPPEASLMSIAbIK, SCEPAEP
CUSIKTbI Y>KbIMAbBIK, 9cepAepAi eckepeai. Ocbiaaiiua, OyA 6i3re ecenTeAreH peAakcaums yakbiTbl MEH
Tene-TeHAIK MAA3MacbIHbIH TUICTi TemMnepaTypacbiHbIH, TbIFbI3 NMAA3MaAaFbl 3KpaHAQY 8CepiH cunaTTay
canacblHa Ce3iMTaAAbIFbIH 3epTTeyre MyMKIHAIK 0epai. ByA >kKymbiCTa MOAEAbAIH  KbICKallia
cuMnaTTaMacbl  >K8He ThIFbI3  MAA3Mapafbl  TEMMeEpaTypaAblk, aHM3O0TPOMMSHbIH  PeAAKCaUMSIAbIK,
NnpouecTepiH ecenTey HaTMXKEAepi KeATipiAreH. MOAEAbAIH, AYPbICTbIFbIH KOPCEeTY YLiH OHbIH
HaTMXeAepi MA MOAEAbAEY HOTUXKEAEPIMEH CAABICTbIPbIAABI.

TyiiH ce3aep: KYAOHAbIK, AOrapudMm, TbiFbl3 MAa3ma, 3PQPEKTUBTI MOTEHLMAA, MHEPLUSABIK,
TEPMOSIAPOABIK, CUHTE3, TEMMEPATYPaAAbIK, aHM30TPOMMUSHbIH, PeAaKCaLMSIChbI.

30 © 2020 Al-Farabi Kazakh National University


https://orcid.org/0000-0001-7172-8005
https://orcid.org/0000-0001-7098-471X
https://orcid.org/0000-0002-0264-2694
https://orcid.org/0000-0002-7286-9990
mailto:issanova@physics.kz

T.S. Ramazanov et al.

T.C. PamazaHos, C.K. KoaaHoBa, M.K. McaHosa*, C.A. Opasbaes, A.E. EAny6aes

HUMITD, Kazaxckmin HauMOHaAbHbIN yHUBEPCMTET UM. aab-Dapabu, KasaxcraH, r. AAmarsl,
*e-mail: issanova@physics.kz

lMpoueccobl peAakcauum TemnepaTtypHoi aHM30TPONUKU
B MAOTHOM NAa3me

B AaHHOW paboTe paccCMOTPEHbl M U3YyueHbl PEAAKCALMOHHbIE MPOLECChl MAOTHOM MAA3Mbl.
CKOpOCTb peAakcallMM MaKCBEAAOBCKOM (DYHKLUMWM pacrpeAeAeHUs Mo CKOPOCTSIM, KOTopas umeeT
M3Ha4aAbHO aHu3oTponHyio Temnepatypy (Ty # T1), 9BASeTCS BaXKHbIM (hM3MUYECKMM MPOLLECCOM B
nAa3me MHEepPLUUOHHOTO TEepPMOSIAEPHOro CHMHTe3a. PeAakcaumoHHble XapakTepUCTMKM B MAOTHOM
NnAasme Mbl M3yyaAM Ha oOCHOBe 3(h(PEKTMBHbIX MOTEHLIMAAOB C WMCMOAb30BaHMEM KYAOHOBCKOIO
Aorapuma.  IPdeKTUBHbIA  MOTEHLMAA  BbIBOAMTCS C  MCMOAb30BaHWMEM  AAMHHOBOAHOBOIO
Pa3A0XKeHUs! MOASIPU3ALMOHHOM (DYHKLMM M KBAHTOBOIO MOTEHUMAA], KOTOPOE YUMTbIBAET KOHEUHOE
3HauYeHMe MoTeHLMaAa B3aMMOAENCTBMS Ha OAM3KOM paccTosiHiu. B npeactaBaeHHon pabote
paccMOTpeHbl MPOLECChl peAakcaumm aHWM3O0TPOMUKM TemrepaTypbl B MAOTHOM HEM30TEePMUYECKOMN
naasMe. DTOT MOTEHUMAA B3aUMOAEMCTBUS MEXAY 4YacTMLAMKM YUMTbIBAET TakuMe KOAAEKTUBHbIE
appexTbl, KakK CHUXEHWE (YMEHbLUEHWE) 3SHEPrMM MOHM3AUMM UM OOMEHHO-KOPPEASILIMOHHbIE
acppexTbl. TakMm 06pa3om, 3TO MO3BOAMAO HaM M3YUWTb YyBCTBUTEABHOCTb BbIYMCAEHHOIO BPEMEHM
peAakcaumm W COOTBETCTBYIOLLEN TemrepaTypbl PaBHOBECHOW TMAa3Mbl Ha KayecTBO OMMCaHUS
achpekTa 3KpaHMpPOBaHMS B MAOTHOM MAasme. B paboTe NMpuMBOAMTCS KpPaTKOE OMMCaHMe MOAEAU U
pe3yAbTaTbl pacyeta MPOLECCOB peAakCaummM aHU30TPOMUKM TemrnepaTtypbl B MAOTHOM MAasme. YTobbl

NnokKa3aTb MPaBMAbHOCTb MOAEAU,
MOAEAMPOBaAHNA.

ee pesyAbTaThl

CpaBHMBAIOTCA C pe3yAbTaTamn  MA -

KatoueBble caoBa: KyAOHOBCKMIM AorapuvdMm, nNAOTHas nAasma, 3(PdeKTVBHblE MOTEHLMAAI,
WHEPLMOHHbIN TEPMOSIAEPHBIN CUHTE3 YAEpI)KaHWeM, PeAaKcaLmsg TemnepaTypHON aHN30TPONUMK.

Introduction

Intensive studies of the properties of dense non-
ideal plasma were triggered by the idea of
realization of inertial confinement fusion. It should
be noted that it is especially important to study
relaxation times of electrons and ions. In particular,
during compression of a target by the flow of high-
energy electrons the non-isothermal plasma with
heated electrons and cold ions is created [1-2].
Non-isothermal plasma also appears during
interaction of heavy ion beams with a target [3-4].

The temperature equalizes much faster within
subsystems of electrons and ions than between
electrons and ions. This is explained by a large
mass difference between ions and electrons.
Different methods are used to study relaxation
processes in plasma, and among them there are the
method of molecular dynamics (MD) [5-7] and
quantum kinetic theory [8-14].

The relaxation of a temperature anisotropy is a
canonical example of energy transport in dense
plasmas [15-17]. For instance, plasmas that are
preferentially heated, or cooled, in one direction
will form a temperature anisotropy. Magnetized
plasmas often have different energy confinement
times either along or against the magnetic field, and
can form a temperature anisotropy as a result [18].

In presented work temperature anisotropy
relaxation processes in dense, non-isothermal
plasma are  considered. @ The  relaxation
characteristics are obtained on the basis of effective
potentials. These interaction potential between
particles take into account such collective effects as
the ionization energy depression (reduction) and
exchange-correlation effects [19]. Below we
present a brief description of the model and the
results of calculation of temperature anisotropy
relaxation processes. To show the correctness of
the model, its results are compared with the results
of MD simulations.

Physical model

The relaxation rate of the electron-ion
temperature, i.e., the rate of energy exchange, is
determined by the difference of the average energy
or temperature [17]:

dTJ_ 1dTH
=—— e y(r, 1), 1
dt 2 dt V( * ”) o

where 7' and T} are the perpendicular and parallel

temperatures, which related to the total temperature
by T = (T L+ )/ 3 the anisotropy relaxation rate is

31



Temperature anisotropy relaxation processes in dense plasma

3z (1+2/34)"
X
Y796 Jadn

2
[ agge s Tox ”

Oy

x{%fzaAezf(ﬁx/e_A)—l//(fzaA)}

V_
v

where o, = 7[64/(2kBT)2 & = uz/(4kBT/m),
= £—1 is a measure
Il
anisotropy, and

a=T/T, =1/3(1+ 4),

of the

()= ef (x)—re

momentum scattering cross section is

temperature

is the Maxwell

integral. 1™

c' = 27ZJ.: dbb [1 —cos' (7 - 2@)] (3)

and 6 =7 —20 is the scattering angle, where

O =b["drr[1-b*/r? —¢(r)/§2]_%

The Coulomb logarithm on the basis of the
effective interaction potential of the particles is
determined by the scattering angle of the pair
Coulomb collisions. Introducing the centre of mass
in the collision process the Coulomb logarithm
reads [20-23]:

lbmux @
A, =— in*| — |bdb, 5
I

here b, = Z,Z € (m,0°), by, =maxip,, X, |

describes the minimum impact parameter, where

Koy =h/4/27rmaﬂkBT is the thermal de Broglie

wave length.
In formula (4) ¢(7) is the interaction potential

min

and 7, is the distance of the closest approach for a

given impact parameter b :
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Dy(r) B
E 1y

c

=0. (6)

It is known that in order to correctly describe
static and dynamic properties of plasmas the
collective screening effect is to be taken into
account. In this work the dense plasma is
considered for which quantum effects must be
taken into account at short distances. Further, the
effective interaction potential which including such
collective effects as the ionization energy
depression (reduction) and exchange-correlation
effects [18]:

zZ,zZ e’ 1
D,,(r)= £ X

7 1-(2k 17

2 2 2 2 (7)
- -i,
X{[i—%gi Jexp(—rB) (i 7L2 A ]exp( rA)}

2 —
+Ze exp(-r/%,;)

r(l+Cei) ’
where C,= (kéxii — k7K, )/( /xz _1)
=k +1/7"ee> r2 =-b, /4k; (here
by=0"1_,(n)/(31%, (1)) kp. =k,

k} =k}, +k?, and k} = 4m.e’ [k,T..

Results and discussion

Figures 1-2 shows the parallel and
perpendicular temperature profiles at two values of

TH/T=1.15 and
Dashed lines

I in initial temperatures of 71 =

T =T, /T=0923(4=-0.2).
show profiles predicted from the HNC
approximation, circles - molecular dynamics
simulations by S. Baalrud, J. Daligault [17]. The
comparison shows good agreement with the
predicted monotonically decreasing profiles at the
I' values. As the coupling strength increases, the
rate of the relaxation remains well modeled.
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Figure 1 — Parallel and perpendicular temperature profiles in
initial temperatures of Ym =T, / T =1.15 and

T =T, /T=0923(4=-0.2) at I" =0.05.

Figures 3-4 demonstrates temperature relaxation
profiles on the basis of the effective potentials and
from MD simulations by S. Baalrud, J. Daligault [17]
at I'=0.1, 1 conducted with a large initial temperature
anisotropy of T /T, =10(A4=9). The comparison

with MD predictions is similar to what was observed at
smaller initial anisotropy. The accuracy is, perhaps,

—— MD (Baalrud and Daligault)
— = EPT (Baalrud and Daligault)
— - — Effective Potential

0.0

0 20 40 60 80 100
time, to
o

Figure 3 — Temporary temperature profiles with a highly
anisotropic initial condition TL/TH =10(A=9)at " =0.1.

Figures 5-6 illustrates the total temperature as a
function of time for the same simulations. These
show that, at weak coupling, the total temperature,
and thus total kinetic energy, does not fluctuate
more than approximately 0.1% throughout the
evolution of the system. The higher I" values show
that the temperature fluctuates in time by as much

1.20 T T

1.15 k ©  MD (Baalrud and Daligault) A

— — HNC (Baalrud and Daligault)
— - —Effective Potential

1.10 1
- 1.06 -
=
1.00
0.95 ]
0.90 : - :
0 10 20 30

time, lmp

Figure 2 — Parallel and perpendicular temperature profiles in
initial temperatures of 77‘ =1, / T =1.15 and

T, =T, /T=0923(4=-0.2) at I" =0.5.

slightly less than that observed from the small
anisotropy cases in Figures 1-2 near I' = 1, but the
generally good agreement over this entire range of
coupling strength provides strong evidence that the
theory is robust even at a very large initial anisotropy.
Dynamic screening apparently is not significant even at

T, /T, =10.

15 T T ) T E T

1.0

—— MD (Baalrud and Daligault)
— — EPT (Baalrud and Daligault)
— - —Effective Potential

0.5

0‘0 i 1 i 1 i 1

time, twp

Figure 4 — Temporary temperature profiles with a highly
anisotropic initial condition T, / TH =10(A4=9)at =1

as 0.5%. These oscillations are not numerical
artifacts, but rather represent oscillations in the
exchange between kinetic and potential energy
associated with correlations as the system relaxes.
None of the theories discussed addresses the
potential energy of the system, and thus does not
model this effect.
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Figure 5 — Full temperature as a function of time at
I'=0.1.

Figure 7 show the results of the relaxation rate
on the basis of the effective potentials and obtained
from the MD data using the fitting procedure, and

1.010 T T
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1.000

Temperature, T

——— MD (Baalrud and Daligault)

0.995 —-—- Effective Potential

T
L

0.990 .
0 10 20

time, tu)p

Figure 6 — Full temperature as a function of time at
I =1

theoretical approximations. The initial temperature
anisotropy for this dataset was the same A = —0.2
as from the data shown in Figures 1-2.
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—
°|
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time, to
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Figure 7 — The rate of anisotropy temperature relaxation in comparison
with different theoretical approximations

As expected, the weakly coupled theories
compare well with our results and the MD data at
sufficiently small coupling strength (I' < 0.1).
There is apparently no significant advantage to
accounting for dynamic screening at these
conditions. For I' < 0.1, the relaxation rate
predicted by all of the theories is slightly larger
than what is observed in the MD simulations (e.g.,
by approximately 20% at I = 0.05). This is likely
associated with the assumption made in the
theoretical analysis that the distributions maintain

34

the anisotropic Maxwellian form. It is well known
in other transport processes that distortions of the
distribution function contribute an order unity
correction to the transport rates at weak coupling.
This is accounted for in hydrodynamic theories,
such as Chapman—Enskog.

This comparison between two common
approaches to plasma kinetic theory and MD
simulations has suggested a few general
conclusions with regard to the temperature
anisotropy relaxation, and has also revealed a few
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remaining gaps in current understanding. The data
comparison suggests that dynamic screening,
which is modeled in the Lenard-Balescu and
Generalized Lenard-Balescu theories, does not
significantly influence the relaxation rate. The
Boltzmann-based approaches (Landau or Effective
Potential Theory) can be accurately applied in most
situations of practical interest, rather than Lenard—
Balescu based theories which are comparatively
difficult to evaluate. Comparison with MD revealed
that Effective Potential Theory provides an
accurate approach to modeling the anisotropy
relaxation rate over a similar range of coupling
strength as has been encountered for other
processes, such as diffusion.

Conclusion

The relaxation processes in dense plasmas were
studied on the basis of effective interaction potentials
taking into account quantum effects of diffraction at
short distances and screening at large distances. The

results obtained for the Coulomb logarithm and
temperature relaxation times for different plasma
parameters are consistent with the results of other
authors. Thus, knowledge of the values of the
transport coefficients of heavy, charged particles in
the plasma will help to more accurately calculate the
design of thermonuclear target. The method of
effective interaction potentials is important as it gives
a deeper insight into physics of dense plasmas and
can provide an effective tool for the fast and accurate
calculation of various physical properties for future
technological applications [24-25].
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M3TOTOBAEHUE U AHAAU3 NMPOU3BOAUTEAbBHOCTU
MPU AETPAAALIMU MEPOBCKUTHDBIX
COAHEYHbIX SAEMEHTOB

MeTnA-aMMOHMEBbIE CBMHLIOBO-TAaAOMAHBIE MEPOBCKUTbI LUIMPOKO MPM3HAHbI B KA4YeCTBE MHOro-
obeLaloWmMX MaTePUaroB AAS (DOTOIAEKTPUYUECKMX MPUAOKEHUI. TTOMYyASPHOCTb 3TUX MaTepuaAoB
OCHOBaHa Ha BbICOKOW 3(EKTUBHOCTM TOTOBbIX (hoTonpeobpasoBaTeAeil, COMOCTaBUMON C
3P PEKTUBHOCTBIO MPOMbILUAEHHBIX KPEMHMEBbBIX COAHEYHbIX DAEMEHTOB, @ TakXX€ Ha BO3MOXXHOCTM
3HAUMTEABHOIO YMEHbLUEHNS CTOMMOCTM MPOU3BOACTBA. [1epOBCKMTHbIE MaTepMaAbl MMEIOT NPSMYIO
M y3KYIO LIMPUHY 3anpeLtéHHOM 30Hbl, B pe3yAbTaTe Yero oHu 06AaAQIOT BbICOKOM 3(peKTUBHOCTLIO
MOrAOLLEHUSI CBETA, COMOCTaBMMOM C KPEMHMEM, a AASI MOAYYEHUS COAHEUHbIX SIAEMEHTOB TpebyeTcs
TOHKWIM CAOWM pacTBOpPa, MOAYYAaeMOro M3 pacTBOPOB, YTO 3HAUYMTEABHO CHMXKAET MPOU3BOACTBO
COAHEeYHbIX GaTapeit M3 nepoBckMTa. [MpouUecc U3roTOBAEHMS MEPOBCKUTHBIX COAHEUHbIX SAEMEHTOB
AOCTATOYHO MPOCT M He TpebyeT BbICOKMX Temnepatyp. Kpome Toro, mpocrota M3roTOBAEHMS
AabopaTopHbIX 06PA3LOB NMPEAOCTABASIET BO3MOXKHOCTb Pa3paboTKM AQHHOM TEXHOAOTMM C HU3KUMM
KaruTaAbHbIMKU M3AEPXKKAMM U TIO3BOASIET MPUCOEAMHUTLCS K OOLLEMMPOBLIM MCCAEAOBAHUSIM U
TEHAEHLMIM B 3TOM HanpaBAeHWW. B cTaTtbe onmcbiBalOTCS pe3yAbTaTbl M3rOTOBAEHWUS U U3YyYeHUs
AErpaaaLmm noa BAMSHMEM BHeELWHWMX (DAKTOPOB, aTMOCEPbl NEPOBCKMTHBIX MAEHOK M COAHEYHbIX
DAEMEHTOB, MOAYYeHHbIX Npu Temnepatype 100 °C MeTOAOM UeHTpUGYrMpoBaHUsl, KOTOPbIN AaeT
BO3MOXXHOCTb ObICTPO M AErKO HaHECTU OAHOPOAHbIE MAEHKM TOALIMHOM OT HECKOAbKMX HAaHOMETPOB
AO HECKOABKMX MMKPOH.

KAtoueBble cAoBa: aAbTepHaTMBHas 3HepreTvka, (QDOTOBOAbTAMKA, MEPOBCKMTHbIE COAHEYHble
SAEMEHTDI.
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3Swansea University, United Kingdom, Swansea
*e-mail: sultzhantuarov@mail.ru

Fabrication and degradation performance analysis
of perovskite solar cells

Methyl-ammonium lead—halide perovskites are acknowledged as highly promising materials for
photovoltaic applications.The popularity of these materials is due to the high efficiency of ready photo-
voltaic devices comparable to the efficiency of industrial silicon solar cells as well as the possibility of
significant reduction in production cost. Perovskite materials have a straight and narrow bandgap, as a
result of which they have a high light absorption efficiency comparable to silicon; and to obtain solar
cells requires a thin layer of a solution obtained from solutions, which significantly reduces the produc-
tion of solar cells from perovskite. The fabrication process for perovskite solar cells is rather simple and
does not require high temperatures. Also, the ease of manufacturing of laboratory samples gives an op-
portunity to develop this technology with low capital expenditures and to join to the global research
and trends in this field. The paper describes the results of fabrication and study of degradation under the
influence of external factors, the atmosphere of perovskite films and solar cells obtained at a temperature

38 © 2020 Al-Farabi Kazakh National University


https://orcid.org/0000-0002-2467-0178
https://orcid.org/0000-0002-1101-7735
https://orcid.org/0000-0002-7352-9007
https://orcid.org/0000-0003-4417-4996
https://orcid.org/0000-0001-6367-9135
https://orcid.org/0000-0002-4232-1967
https://orcid.org/0000-0002-0663-0228
mailto:sultzhantuarov@mail.ru
mailto:sultzhantuarov@mail.ru

C.P. Xanryapos u ap.

of 100° C by centrifugation, which makes it possible to apply uniform films with a thickness of several
nanometers to several microns easy and quickly.
Key words: alternative energy, photovoltaics, perovskite solar cells.
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MepoBCKUTTI KYH 3A€MeHTTepiH HallapAaybl OHIMAIAIrH
OHAIpY X9He Tarpay

MeTUA aMMOHMIIHIH KOPFACblH TFaAOreHAl MepoBCKUTTEPI (DOTO3AEKTPAIK KOCbIMLIAAAP YLUiH
nepcrnekTUBTI MaTepraAAap peTiHAe KeHiHeH TaHbiMaA. byAa MaTepraspapAblH TaHbIMAAABIABIFbI
AaiiblH (DOTOKOHBEPTOPAAPAbIH, >KOFapbl TUIMAIAITIHE, OHEPKOCINTIK KPEMHMIA KYH OaTapesiAapbiHbIH
TUIMAIAITIMEH, COHAQM aK, OHAIPIC LIbIFbIHAAPbIH €A3YIp TOMEHAETY MYMKIHAIMHE Heri3pAeArex.
[epoBCKUTTI MaTeprarAapAd TIKEAEN KOHEe Tap ThiMblM CaAbIHFAH aiMak, eHi 60AaTbiHbl GeAriai,
HOTUXKECIHAE OAAp KPEMHUIMMEH CaAbICTbIPDFAHAQ >KapbIKTbl XXYTYAAH >KOFapbl TUIMAIAIKKe Me, aA KYH
SAEMEHTTEPIH aAy YILIH epiTiIHAIAEPAEH aAblHATbIH epPiTiHAI KabaTbl Kepek, >KoHe OA MEepPOBCKUTTaH
acaafaH KyH GartapesinapbliH ©HAIPICIH alTapAbIKTal TeMeHAeTeAl. [epoBCKUTTI MaTeprasaapAbl
a3ipAey YpAICi eTe KapanailbiM >K8He >XOfFapbl TemrepaTypaHbl KaxkeT etnerai. CoHbIMEH KaTap,
3epTXaHaAbIK, YATIAEPAI >KacayAblH KapananbIMABIAbIFbI a3  LUbIFbIHAQPMEH OCbl TEXHOAOTMSIHbI
AAMBITYFa MYMKIHAIK GepeAi )KeHe 8AeMAIK 3epTTeyAep MeH OCbl GaFbITTaFbl TPEHATEPre KOCbIAyFa
MYMKiHAIK 6epeai. bya makarnapa 100 °C TemnepaTypasa KaAblHAbIFbl OipHelle HaHOMETPAEH
GipHeLle MUKPOHAAP apaAbiFbiHAQ BOAATbIH BipTEKTI KabblKLLIAHbI TE3 K8HE OHAM >KaAaTyFa MYMKIHAIK
GepeTiH LeHTpdyrasay SAICIMEH >KacaAFraH NEePOBCKUTTI KabbIKLAAAp MEH KYH SAEMEHTTEPIH CbIPTKbI
hakTopAapAbIH, aTMocepacbiHbiH SCEPiHEH AErpasauMsHbl Kacay >XaHe 3epTTey HaTuXKeAepi

CUMATTAAFaAH.

Ty#in ce3aep: 6anamanbl aHepreTrka, (hOTOBOAbTAMKA, MEPOBCKMUTTIK KYH IAEMEHTTEPI.

BBenenune

C KaXApIM ToJOM aJIbTepHATUBHBIE UCTOYHH-
KM SHEPTUH TPUBJIEKAIOT BCe OONbIE BHUMAHWSL.
BaxHBIM apryMeHTOM B HCIIOJIb30BaHHUU albTep-
HATHBHOW SHEPTUU SBISETCS MCTOIIAEMOCTh Me-
CTOPOXKJACHUH ITOJIE3HBIX MCKOMAEMBIX, TIPUMEHSIe-
MBIX I €€ BBIpaboTKH: yronb, HedTh, ra3. Kpome
3TOTO MPOAYKTHI CXKUTAaHUS Ma3yTa u yriis Ha TOL,
BEIXO/I B aTMOC(epy, BBI3BIBAIOT €€ 3arpsi3HEHUeE,
YTO OKa3bIBACT HETaTHBHOE BIMSHHUE HA DKOJIOTHIO.
Ocoboe MecTo cpear aJbTePHATHBHBIX U BO30OHOB-
JSIEMBIX WCTOYHHKOB JHEPTHH 3aHUMAeT JHEPTHs
Comniia, KoTopasi M3ydaeTcsi OTACIbHON HAyKOW —
¢doroBonbTankoii [1, 2].

®DoTodNeKTpUIECKHe COTHEUHbIe TIpeoOpa3oBa-
TEJIM OCHOBAHBI Ha SABJICHUU BHYTpEeHHETO (HOTOd}-
(exra, cper KOTOPBIX TPAAUIIMOHHBIMH U HIHPOKO
pactpocTpaHEHHBIMH Ha CETOAHSIITHUN JeHb SBIIS-
I0TCSI KpeMHHEBBIE COJTHEUHBIE DJIEMEHTHI U OaTtapen
Ha UX OCHOBE, Oy1arofaps UX JOATOBEYHOCTH (110 25
neT paboTsl) u 1oBodaBHO BhicOKHM KIIJI ot 15% u
BeImie [3]. OmHako, moka emie JOCTaTOYHO BBICOKAs
ce0eCTOMMOCTh COJTHEYHBIX 3JIEMEHTOB Ha OCHOBE

KPEMHUS U APYTHX HEOPTaHMUECKUX QoTonpeodpa-
30BaTesiel Ha OCHOBE COCOMHEHUH WHANS, TEIUTypa,
CeJIeHa, MBIIIbSKa, KaIMUs, apCEeHU/Ia TS, CIep-
KHBAeT TIOBCEMECTHOE MPHUMEHEHHE JaHHBIX TUTIOB
conHeuHbIX Oarapeti [4]. Kpome Toro, TOkKCHYHOCTH
MaTepHaioB, IPUMEHSIEMBIX IPH UX U3TOTOBIICHUH;
HEOOXOJMMOCTh CO3JIaHHsI W HCIIONB30BAHUS CIIe-
[UANBHBIX YCIIOBUHA Ha OMPEAENEHHBIX ATarax Ipo-
M3BOJICTBEHHOTO IIpOIIecCa, HaIpHMEp, BaKyyMa,
BBICOKMX TEMIIEpaTyp AJSl TUIABJICHUS HUCXOJHOTO
CBIPBSI, MCIIOJIB30BaHNE TOYHOT'O U CIOXHOTO 000-
PyIOBaHMS, MPHU H3TOTOBJICHUU COJHEYHBIX OHIIe-
MEHTOB TaKXe BIHUACT Ha UX LeHy. Hannuue Boimie-
YKa3aHHBIX MPOOJIEM MOPOKIAAeT HEOOXOAMMOCTH
TIOMCKa U pa3pabOTKu Ooyiee JEMIEBBIX M MTUPOKO
pacmpocTpaHéHHBIX MaTepualioB, a Takke Oojee
MPOCTBIX W MEHEEe 3aTPaTHBIX TEXHOJIOTUH TPOU3-
BOJICTBA JIJISl COKpAILIEHHUsI PacXoJI0B B Oecromai-
HOM HCIIOJIB30BaHUHU CONMHEYHOH sHepreTuku. Co-
€MHEHUS Ha OCHOBE OPTaHMYECKUX MAaTepHaIOB
JIEMOHCTPHUPYIOT BBICOKUH IMOTEHIMA IPUMEHEHHUS
B Ka4eCTBE aJbTEPHATHBHBIX MaTEPUAIIOB, KOTOPHIC
MTO3BOJIAT PEIIUTh JaHHBIE MPOoOIeMbl. D PeKTHB-
HOCTh DJIEMEHTOB Ha OCHOBE OpPraHMYECKHX Mare-
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H3roroBieHre u aHATIU3 MIPOU3BOAUTEIIbHOCTH IIPHU AC€Trpalalilii NIEPOBCKUTHBIX COJTHECYHBIX 3JIEMEHTOB

pHanoB He BCeraa KOHKYPHPYET C KPEMHHEBBIMU
U HEOPTaHWYECKUMH (POTOIPEOOpa3oBaTEIIIMHA, HO
HeBBICOKas 3()(QEKTUBHOCTh KOMITIEHCHPYETCS BO3-
MO>KHOCTBIO TIPOM3BOAMTE UX Ha OOJNBIION miIomIa-
mu. Kpome Toro, opranmdeckne Matepuaisl 0bma-
JIaf0T THOKOCTBIO, MPO3PAYHOCTBIO, MAJIBIM BECOM,
YTO paciupser obyactb uX npumeHeHus [5—10].
B 2009 romy B HampaBJICHHH HCCIEIOBAHUN B 00-
JIACTH OPraHWYECKUX MaTepHalioB ais GpoTosHepre-
TUKW BBIJENWJIACH TPYIIa MaTepHalioB Ha OCHOBE
CBUHIIOBO—TaonHbIX neposckutoB (CH,NH,PbI,,
CH,NH,PbCl,, CH,NH,PbBr,) [11-13], xoTopsie
HACTOSIIIUI MOMEHT IEMOHCTPUPYIOT OYEHb BBI-
cokymo 3¢ dekTuBHOCTD, Ha ypoBHE 22,1% mus na-
OoparopHbix o0pasuoB[14]. Ha nmaHHBIH MOMEHT
OCHOBHBIMHU 3aJadyaMH B 00JacTH HCCIEeIOBaHUS
MIEPOBCKUTHBIX COJHEYHBIX 3JEMEHTOB SIBISETCA
MOUCK pEIICHUH M0 TPEAOTBPALLCHHIO JIeTpalallin
COJTHEUHBIX JJIEMEHTOB B PE3yJIbTAaTe BO3ACHUCTBUS
BJIaTH ¥ CBETA, YMEHBIICHNIO TOKCHIHOCTH UCTIONh-
3yeMBIX MaTEepPHajOB M YBEIMYCHUIO dPPEKTUBHO-
CTH COJIHEUHBIX AyieMeHTOB[ 15-22]. Ilenbto JaHHOM
paboTHI ABISIOCH M3YYUTh BIHAHUE OKpPY Karomiei
cpenpl Ha nepoBckuTHyo WEHKY CH,NH,PbI Cl n
COJIHEUHBIH 3JIEMEHT Ha OCHOBE CBHHIIOBO—TaJIO-
HIHOTO METHWI—aMMOHHEeBOTO miepoBckuta (FTO-
crexio/PCBM/CH,NH,Pbl,/Spiro-OMeTAD/Au)
Ha MPUMEPE OTCIEKHUBAHUS U3MECHEHUS BOJIbT—aM-
MEPHOM XapaKTEPUCTUKU U ONITUYECKOH IIIOTHOCTH.

MeToguKka M MeTOABI HCCAeI0BAHNI

[lepoBckUTHBIE ~ 3JIEMEHTHl  M3TOTABJIMBAIN
CJIEAYIOIINM 00pa3oM: MOBEPXHOCTH CTEKINA, C Ha-
HECEHHBIM MPO3PAYHBIM TPOBOJAIIAM CJIOEM U3
okcuna ¢ropa—onoa (FTO — fluorine—doped tin
oxide), cHayana o4MIIAaIM U 00E3KUPUBAIIU, U TIO-
ClIe 3TOTO TEPEXOJVIN K MPOIECCY MOJATOTOBKU
pacteopo PC,BM (C_H O,), Spiro-OMeTAD
(CgHN,O,), MAPbI (CH,NH,PbL,). Tlocne wnx
MOJITOTOBKU MEPEXOMIN K OCaXICHHIO Ha CITHH-
Hepe, Mojaeib WS—650-8B, npoussojctea «Laurell
Technologies». IlapameTpbl oca)kaeHUs METOAOM
eHTPUGYTUPOBAHUS TSI BCEX CIOEB OBLIM OJIMHA-
xoBgIe: 30 cek., 4000 06/MuH.

Toukue mnénkn PC, BM  (Phenyl-C-61-
bytiricacidandmethylester — nanee «PCBM»), urpa-
IOLIME POJIb AJIEKTPONPOBOMASNIMX CJIOCB N—THIIA
MPOBOJMMOCTH, OCAXKAAINCH U3 PACTBOPA XJIOPOCH-
3071a ¢ KoHIeHTparmei 20 Mr/mi. Jlamee mist yimyd-
[ICHUS TIPOBOSIINX CBOMCTB ObLT HAHECEH CIION U3
Oarokynponna (BCP) u3 pactBopa ¢ KOHIIEHTpaIH-
efi 1mr/mMi B 3taHone. CICOyIOIMM IaroM SBIIS-
JIOCh HaHECEHHE AaKTHBHOTO CBETOMOTJIOUIAIOIIETO
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ciost u3 pactBopa MAPDI. OH ObLT IPUTOTOBJICH U3
MTOPOITKOB HoaumoB MeTuiaMmmonus (MAI) ceunIia
(PbI), pacTBOpEHHBIX B CMECH U3 JUMETHIPTOpMA-
Muaa ¢ oobeMoM 0,8 MII M1 TUMETHICYIh(POOKCHAA
— 0,2 mut. JIns srydimiero pacTBOpEHUs TBEPABIX da-
CTHI] TPOBOAMWIIM HarpeBaHue ¢uakona npu 60 °C.
[lpu uenTpudyrupoBanuu, a0 €ro 3aBeplICHUS,
JUTSL YCKOPEHHUS TpoIiecca KPUCTAJUIN3ANNHN TIEHKT
kamamu 100 mxa stunanerata. [locne oxkoHwaHus
packpy4yuBaHus 00pa3na, IUIEHKY OTOXIIIM IPH
100 °C. TTocnemuum Ocakaaau INIEHKY U3 PacTBO-
pa Spiro-OMeTAD, BbInoONHAIOLETO (QYHKIHIO
MPOBOJIAIIETO JBIPKU Ci10s1 p—Tumia. KoHIeHTpamnus
Spiro-OMeTAD, n3HavaapHO TPEICTAaBICHHOTO B
BHUJI€ TIOPOIIKA, pACTBOPEHHOTO B XJIOPOEH301IE, CO-
crasisiia 85 mr/min. ITociie ocaxneHus IIIEHKU BbI-
Iep>)KUBATMCH B TEMHOTE TIPH CyXoi atMocdepe 16
yacoB. [Toaroroska Spiro-OMeTAD u npyrux pac-
TBOPOB MPOBOAMIACH BHYTPU MEPUYATOYHOTO SIIIHU-
ka. Ilocie menTpudyrupoBanus OBIIN OCAXKICHBI
30JI0ThIC KOHTAKThI TEPMOBAKYYMHBIM HAIbLJICHUEM
Ha ycraHoBke «Edwards 306».

OcHOBHAs 0COOEHHOCTH COJTHEYHOTO 3JIEMEHTa
¢ apxutekrypoit FTO/PCBM/BCP/MAPDI/Spiro—
OMeTAD/Au B TOM, YTO COCTaBJIAIOIIME €€ II0-
JYNIPOBOAHHUKOBEIE CJIOW O0JAAAI0T Pa3IUYHBIMHU
TUnamu nposogumoctu. [Inénka ¢ PCBM — n—tum,
n Spiro—-OMeTAD — p—Tum, nepoBCKUTHBIN CIIOH
— i—THII, a BCS CTPYKTypa OTHOCHUTCS K THITy N—i—
pcTpyKTYphl. OCHOBHBIM HHTEPECOM K COJIHEYHBIM
JJIEMEHTaM W3 TIePEYHCICHHBIX BBIIIE MaTEpHUaIoB
ObLT OOYCIIOBJIEH T€M, YTO HYXXHO OBUIO MOIYYHTH
YCTPOWCTBO MPH TEMIIEPaTypax OTXKUTA TUIEHOK JI0
100 °C, Tak Kak JaHHOE 3HAYCHUE TEMIIEPATYP MO-
3BOJISIET B JANbHEHIINX MICCIETOBAHUIX TTOTBITATH-
Cs M3TOTOBUTH €0 Ha TMOKHMX IJIACTUKOBBIX IOJ-
noxkax. OmHaKO HUKe OyJeT M3ydaThCs BOMIPOC
BIUSTHYS ()aKTOPOB CPebl, IPH KOTOPOU XPaHUIIHCh
00pas1ibl, Ha COOTBETCTBYIOIINE UM ITAPaMETPBL.

[Nocne 3aBepuieHUs OCAKACHUS KOHTAKTOB COJI-
HEYHbIE 3JIEMEHTHI ¢ aKTUBHOH miomaasio 0,087
cM? OBLITH MTPOTECTUPOBAHBI O UMHTATOPOM COJI-
HeuHoro m3nyuyenuss NewportOriel Sol3A kmacca
AAA npu ocBemennu AM 1,5. M3Mepenue ontu-
YeCKHX XapaKTEepPHCTUK IJIEHOK MPOBOIMIOCH HA
npudope QEX-10, mpousBoncrsa komnanuu «PV
Measurements, Inc.».

Ycnosus xpaHeHus: 00pa3loB: OTCYTCTBHE CBeE-
Ta, XpaHeHHe B IUIACTUKOBOM KOHTEWHEpe — I
COJIHEUHBIX 3JIEMEHTOB, U B 3aKpbITOM vaike Ile-
TpU — Ui TUIEHOK, KOMHATHAas TeMIIeparypa, Mmpu
HOpMaJIbHOM BnaxxHocTH B mnomemeHun 30-60%
[23]. Tlocnme W3roTOBICHHS IEPOBCKUTHBIX (DOTO-
npeoOpa3oBaTeneii ObLIM BhIOpaHbl 3 HaubOosee
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03Ha4yaeT HoMep oOpasiia, BTopas nudpa cooTBeT-
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Taﬁ.ﬂnua 1- HapaMeTpLI 06pa31103 BOJIBT—aMIICPHBIX XapaKTEPUCTHUK J10 JACrpagaliu

Homep xonTaxra
O6paserr Ne Ha TIOBEPXHOCTHU Voc, V Jsc, mA/cm? FF,% Eff., %
o0pasna (MUKceb)
9 93 1,02 18,83 68,25 13,11
96 1,02 18,74 63,08 12,05
4 42 1,02 27,05 55,38 15,27
43 1,02 24,73 57,95 14,40
) 23 1,03 20,40 71,63 15,07
26 1,03 18,68 72,36 13,93
Ta6auna 2 — [TapameTpsl 00pa3IOB BOJIBT—aMIICPHBIX XapAKTEPUCTHUK MOCIIE IeTpaaliui
O6pase Howmep xonTakra
I])\J'o H Ha MIOBEPXHOCTH Voc, V Jsc, mA/cm? FF,% Eff., %
- obpasia (IIKCeNb)
9 93 0,92 4,79 59,67 2,63
96 0,85 3,67 44,48 1,39
4 42 0,92 2,72 71,36 1,78
43 0,94 5,58 52,76 2,78
’ 23 0,93 2,53 69,11 1,62
2.6 0,94 2,39 74,21 1,66

W3 npuBeAEHHBIX JaHHBIX BUJIHO, YTO XpaHEHHE
o0pasla B TeueHHe 5 THeH MpHu HOPMaJIbHBIX yCIIo-
BUSIX BJIUSIET HA MPOU3BOAUTEIBHOCTh COJIHEUHBIX
JJIEMEHTOB: HanpuMmep, oopaser Ne 4 B Touke 4 3 B
1-»1it nenp nokasan s¢pextuBHOCTH B 14,40% (Voc
= 1,02 B, Jsc = 24,73 mA/cM2, FF = 57,95%), B 5—
Bl JIeHb 3 peKTHBHOCTS ynana a0 2,78% (Voc =
0,94 B, Jsc = 5,58 MA/cMm2 , FF = 52,76%). Anaio-
TUYHO ITaJIaeT MPOU3BOAUTEIHEHOCTE 00pa3oB Ne9,
Ne2.

B 3¢ ¢ekTHBHOCTD COTHEYHOTO 3J€MEHTa BHO-
CAT BKJIaJI HAPSDKEHHUE XOJIOCTOro Xona V , mwior-
HOCTb TOKa KOPOTKOT'O 3aMbIKanus J_, 1 hakTop 3a-
nonnenust FF [24]. 3ameTHO, 4TO ¢ TEUCHHEM Bpe-
MEHH JIaHHBIE TapaMeTPbl HAYMHAIOT YMEHBIIATHCS,
0co0€eHHO BO Beex oOpasuax magaer Vo uJ_ . Benu-
yyHa FF, HanpoTuB, B HEKOTOPBIX CIIydasiX PacTET,
HampuMmep, y 00pa3ioB Ne4 1 No2 B touke 4 2u2 6,
COOTBETCTBEHHO, HO B OCHOBHOM TaK)X€ yMEHbIIIa-
eTcs B OCTIBHBIX TOYKax 00pa3uoB. OmHaKO Bax-
HO OoTMeTuTh, uTo FF 00paTHO mpomopuroHamsHO
3aBUCHT OT 3Ha4eHuid V| _u J  [8], cOOTBETCTBEHHO
OCHOBHBIMU MapameTrpamu 3()(HEKTUBHOCTH COJI-
HEYHOTO djeMenHTa sBysitores Vo u J . [lpu stom
HEOOXOIMMO OTMETHTB, YTO V  3aBUCHMT OT LIMPH-
HbI 3aMPCIIEHHON 30HBI TIOTJIOTUTENS, & J  3aBHCHT
OT Auana3zoHa CHEKTPa, MOTJIOMAEMOr0 AKTUBHBIM
cioeM B ycrpoiicte [24]. TakuM 00pa3om, MOKHO
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3aKJIIOYUTh, YTO MOJ JEHCTBHEM (DaKTOPOB CPE.IbI
MPOUCXOAST M3MCHCHUS B IUPHHE 3arpeliéHHON
30HBI M YXY/IIIAETCS MOTIoIIaTeTIhHast CHOCOOHOCTD
aKTHUBHBIX CJIOEB B 00pa3iax

Bo3MoxkHO, Takke OyneT WHTEPECHO HU3YYHTh
JIETpaIaliiio TIPOM3BOAUTEIBHOCTH TEPOBCKUTHBIX
COJIHEYHBIX d5IeMeHTOB Ha ocHoe CH,NH,PbI Cl,,
TakK KaK COJIHCYHBIH JJIEMEHT HA €r0 OCHOBE OyJeT
MEHBIIIe TTOABEPKEH Jaerpananud. [laHHOe yTBEepXK-
JICHUE CTPOUTCS HA OCHOBAaHUM HAOJIIOJACHUS 3a U3-
MEHEHHEM ONTUYECCKOW TUIOTHOCTH MEPOBCKUTHOM
TUIEHKY, XpaHAMIeWCS B aHAJIOTHYHBIX YCJIOBHUSX,
YTO W U3YYCHHBIC BBIIIC COJNHEYHBIC 3JICMECHTHI Ha
ocHose CH,NH,Pbl,. Wsyuenue crabuibHOCTH
IUIEHKU CH3NH3PbIXC1X C HOMOIIBIO HAOIIOICHUA
YCPEIHEHHBIX 3HAYCHUIH ONTHYECKUX IJIOTHOCTEH B
nuanasone 11uH BosiH oT 300 1o 1100 uM, monnydeH-
HBIX U3 CIIEKTPOB MPOITYCKaHUS, IPOJAEMOHCTPHPO-
BaHO Ha PHUCYHKE 2.

Kak BHIHO M3 MOJYYEHHBIX 3HAYEHUH MpH
TpEXHEAETFHOM MOHHTOPWHTE CpeqHee 3HaueHHe
ONTHUYECKOM IUIOTHOCTH IUIEHKU BapbUpyeTCs B
oueHb y3koM unrepsaiue ot 0,389 no 0,400, To ecth
M3MEHEHHS TIapaMeTPOB HE3HAUUTEIBHBIC MOPSIKa
TeICTYHBIX Hojaei — 0,011. VccnenoBanue cTaOMIIb-
HOCTH COJTHEUHBIX JIECMEHTOB Ha OCHOBE ITEPOBCKH-
toB CH,NH,Pbl Cl nnanupyercst nmposoauts B Oy-
JIyIEM, TIPH JaTbHEHIIINX HCCIISI0BAHUIX.
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PucyHox 2 — MOHUTOPUHT CPEeJHUX 3HAYCHUHM ONTUYECKUX IUIOTHOCTEH EPOBCKUTHON TUIEHKU
CH,NH,PbI Cl_B Teuenne Tpéx He/ENb, TOUKAMU OTMEYEHBI JIATHI H3MEPEHUH

BoiBoabl

Boicokas 3()(HEKTUBHOCT U OTHOCHTEIBLHO
MPOCTast TEXHOJIOTHS H3TOTOBJICHHSI TIEPOBCKUTHBIX
COJIHEYHBIX 3JIEMEHTOB CJEJaJId JaHHOE HaIpaB-
JICHUE WCCIICAOBAHUN MOMYJISIPHBIM U MEPCIEKTHB-
HbIM. Pe3ysibTaThl, ONMUCAHHBIC B CTAThe, MOKA3bI-
BalOT BO3MOXXHOCTh Y4aCTBOBaTh W Pa3BUBATHCS B
JIAHHOM HAaNpaBJICHUH OTCYCCTBEHHBIM YUYEHBIM,
MCCIICJIOBATEIISIM U pa3pabOTYMKaM U IPUOOIIUTHCS
K OOIEMHUPOBBIM TEHACHIUSAM B Pa3BUTHH (POTO-
BOJIBTAUKH.

Kputndeckumu  (akropaMu, OKa3bIBAIOIIUE
BIIMSHUE Ha CBOMCTBAa OOpa3IOB SBJISFOTCS BIIAXK-
HOCTh W BO3JyX MPH YKA3aHHBIX BBIIIC YCIOBHIX
XpaHeHus. OTH (aKTOpPhl CIOCOOCTBYIOT IIOCTE-
MIEHHOMY TIOTJIONICHUIO 00pa3iiaMu IMapoB BOJbI U3
OKpy:karoIeii aTMoc(hephl, a TAKXKE UX OKHUCICHUIO
[25,26]. TlomoXUTEIBLHBIM MOMEHTOM SIBJISIETCS,

YTO 3JICMEHT MOXET padoTaTh CIyCTs 5 THEH, OTpH-
[aTeIbHBIM — HageHue YH(PEKTHBHOCTH 3aMETHOE.

PerienreM B Bompocax, CBSI3aHHBIX CO CTAOUIIb-
HOCTBIO pa0OTHI MEPOBCKUTHEIX (HOTOMpeoOpa3oBa-
TeJel 10| BIUSHUEM BHEITHUX (PAKTOPOB, SIBISETCS
IIpyU MMOTCHUHUAJILHOM ITPUMCHCHUU O6eCHe‘-II/ITB rep-
METHU3aIUI0 00pasiia, YTOOBI OTPATUTh OT BIVSHHS
BIOKHOCTH M BO3/yXa, MACCHUBAIMIO TUIEHOK WIIH
UCIOJIB30BaTh APyTrUe MaTepHalibl, KOTOpble OyayT
0oJiee yCTOWYMBHI K (hakTopaM cpefibl. B yka3zaHHBIX
HaTPaBJICHHUSIX U COCPEIOTOUCHO OOJIBIITMHCTBO UC-
CJICJIOBaHUI B JaHHOU 00JIACTH.

Paboma evinonnena ¢ pamxax npoekmos epam-
M0B020 U NPOSPAMMYL Yene8020 (DUHAHCUPOBANUS
Komumema Hayxu MOH PK HPH AP05133651
u BR05236404, a maxoice npu noooepoicke @hom-
oa «Global Challenges Research Fund (GCRF)»,
RIG1029-107.
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MEANMLUMNHAADBIK KOAAAHbICTAPFA APHAATAH
KEYEKTI TUTAH K¥PbIABIMAAPbIH AAYAbIH, SAICTEPIH
AAMDBITY XXOAbIHAATbI 3AMAHAYWU XETICTIKTEP

biperei KypbIAbIMABIK, MEXAHWKAABIK, XOHE XMMMAABIK, KAaCUeTTEPiHiH apKacblHAQ KeyeKTi TUTaH
Kasipri MeAMLMHaHbIH NepCcriekTMBTI GromMaTeprassapbiHbiH, 6ipi 60AbIN TabbiAaTbiHbI OEAriAl. Buoyit-
AECIMAIAIK, OEPIKTIK XX8He MHePTTIAIK CUSIKTbl KACMETTEP TMTAaH MEH OHbIH, KOPbITMaAapbiH OPTOMNEeAMS,
TPaBMATOAOT 1S >KBHE CTOMATOAOIMSI CaAACbiHAAFbI 3aMaHayM UMMAQHTOAOTUSHbIH, HEri3ri MaTepuaAbl
eteai. KeyekTi TTaH 6uomaTepmansapbiHbiH, ThiFbl3 METAAA MaTEPUAAAAPAAH aPTbIKLbIAbIFbI — OHbIH,
CYMeK TiHIMEH >KaKCbl GafAaHbIChl XKoHe TypaKTaHAbIPYbl GOAbIM TabblAaAbl, OYA UMMAQHTTbIH, >KOFAAY
KayniH azanTaAbl. barAaHbICTbIpbIAFaH Tepi Teciri TIHAEPAIH CIHYiHE bIKMaA eTeAil, OCblAaiLLa NPOTE3AIH,
KOpLUaFraH Ccyrekke OeKiTiAyi MMMAaHTauMsHbIH BACipeyiHe XOA 6epment, kyluereai. KeartipiareH
MaKaAa KeyekTi TUTaHHbIH KYPbIAbIMAAPbIH aAy SAICTEPI TypaAbl Kasipri 3amaHfbl 9Ae06MeTTepre LWoAy,
AAbIHFaH MaTepPUaAAbIH Heri3ri (hM3MKaAbIK, KACMETTEPIH TaAKbiAy XKoHe OMOMEAMLMHAAAFbI KOAAAHY
MbICaAAAPbIHbIH CHMaTTaMachl 60AbIN TabbiAaAbl. MakaAasa KeYeKTi METAAA KYPbIABIMAbIPbIH aAyAbIH,
>KaAMbl 8AICTEPI TypaAbl akmapaT »eHe, COHbIMEH KaTap, KeyeKTi TUTaHHAH KYPbIAbIMAAPbBIH aAyAbIH
KEeHiHeH TapaAfaH 3amaHayu 8AICTepiHiH cunaTTamachl KeATipiareH. KopbITbIHABIAQM KeAe, KeyekTi
TUTAH KYPbIABIMAQPbIHBIH, aAy >XOHe KacWeTTepiH 3epTTey ©AICTepiH AaMbITy MOCEAECiHIH, Ka3ipri
>KaraarbliHa Gara 6epiAin >kaHe 6oAallakTa OHbIH AaMybl TypPaAbl Keinbip 6oAKamaap aiTbIAAAbI.

Tyiin ce3aep: KeyekTi TUTaH, KeyeTi MeTaAAap, >KEHTEKTeY, DAEKTPOXMMMSIAbIK, >KeMipy,
61MoMeAnUMHA.
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Recent advances in the development of methods for producing
of porous titanium structures for medical applications

Due to the unique structural, mechanical and chemical properties, porous titanium is one of the
promising biomaterials of modern medicine. Such properties as biocompatibility, strong mechanical
strength, inertness make titanium and its alloys the main material of modern implantology in the field
of orthopedics, traumatology and dentistry. The advantage of porous titanium biomaterials over dense
metals is its better interconnection with bone tissue and providing better stabilization, which reduces
the risk of implant loss. The connected pores contribute to tissue ingrowth and thus the attachment of
the prosthesis to the surrounding bone becomes stronger, preventing the weakening of the implant. This
article is a review on modern methods for obtaining porous titanium structures, discussions of its physi-
cal properties and descriptions of usage in biomedical applications. The paper provides information on
both general methods for the formation of porous metal structures and a description of the most common
modern methods for producing porous titanium structures. In summary, an assessment of the state of the
problem of the development of methods for obtaining and studying the properties of structures of porous
titanium is given and some predictions for its development in the future.

Key words: porous titanium, porous metals, sintering, electrochemical etching, biomedicine.
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CoBpeMmeHHble AOCTHXKEHUSI B 00AACTH Pa3BUTUSL METOB MOAYYEHUS CTPYKTYP
NOPUCTOr0 TUTaHa AASl MEAMLIMHCKOTO NMPUMEHEeHUs

bAaroaaps yHMKaAbHbIM CTPYKTYPHbIM, MEXaHUYECKMM M XMMUYECKMX CBOMCTBAM MOPUCTbINA TUTaH
SBASIETCS OAHVMM MEPCreKTUBHbIX OMOMATEPMAAOB COBPEMEHHOM MeAMLIMHbI. Takue CBOWMCTBAa Kak
61OCOBMECTUMOCTb, MPOYHOCTb, MHEPTHOCTb AEAQIOT TUTAH M €ro CrAaBbl OCHOBHbIM MaTEPUAAOM
COBPEMEHHOI MMIMAQHTOAOM MM B 0OAACTU OPTOMEANN, TPABMATOAOT MM U CTOMATOAOT UK. [penmMyLLecTBO
MOPUCTbIX TUTAHOBbIX BMOMaTEPUAAOB NMeEPeA NMAOTHbIMU METAAAMUECKMMM 3aKAIOUYAETCS B €ro Ayulliei
B3aVMOCBSI31 C KOCTHOM TKaHblO 1 obecreveHmnemM Ayullein CTabuamn3anu, YTo NPUBOAUT K CHUXKEHMIO
pvcka notepu mmrnaaHTarta. CBs3aHHble Mopbl CMOCOOCTBYIOT BpacTaHMIO TKaHU M, Takum 06pasom,
KpernAeHue NpoTes K OKPy>KaloLLLel KOCTU CTAaHOBUTCS Kpenye, NpeAoTBpatlas ocAabAeHUe MMIAAHTaTa.
HacToswas cratbs npeacraBasier coboit 0630p AaHHbIX COBPEMEHHbIX AMTEPATYPHbIX MCTOYHMKOB,
COO6LLAIOLLMX O METOAAX MOAYUEHUS CTPYKTYP MOPUCTOrO TUTaHa, 06CYKAEHMIO OCHOBHbIX (DM3MUYECKMX
CBOWMCTBA MOAYYAEMOrO MaTeprasa M OMMCaHUIO MPUMEPOB MpUMeHeHus B GromeamnumnHe. B pabore
npeacTaBAeHa MHopMaumMs Kak 06 0o6WMX MeToaax (HOPMMPOBAHUS MOPUCTbIX METAAAMYECKMX
CTPYKTYP, TaK U OnmcaHue HamboAaee pacnpoCTpaHEHHbIX COBPEMEHHbIX METOAOB MOAYUYEHUS CTPYKTYP
MOPUCTOro TUTaHa. B 3akAloueHMM MpuBeAEHA OueHKa COCTOSHWMS MPOBAEMbl PasBUTUS METOAOB
MOAYYEHUS M UCCAEAOBAHMS CBOMCTB CTPYKTYP MOPUCTOro TUTaHa U NMPMBEAEHbI HEKOTOPbIE NMPOrHO3bI

Ha ee pasBuTHE B OYAYLLEM.
KAloueBble CAOBa: MOPUCTBIA  TUTaH,
TpaBAeHue, G1uoMeAMLMHA.

1 Kipicne

Kasipri TaHHBIH 03BIK TEXHOJOTHSIAPHI KACHET-
Tepi epeKIne TapTHIMABI HAHOOJIIEM I MaTepHa-
JapAbl KOJIJJaHyMEH THIFbI3 0aiIaHBICTHI €KEH1 aHBIK.
3epTTeyuIinepAid KbI3bIFyIIBUIBIFBIH Ty IBIPBII, Ha-
3apJIapbIH Taphlll OTHIPFAH OCHIHJAM HaHOeJIIeMl
MaTepHaIapJblH ilIiHEH KeyeKTi HaHoMaTepua-
Jlap KIACCHIH Oeuim aranm aitcak Oonaabl. KpI3bI-
FYIIBUIBIK aTaMBIII HaHOMATEpUAIAP/AbIH KO-
JeMIiKk MoaudUKauusIapblHa KaparaHaa KypT
e3remie (PU3UKAIBIK KOHE XHUMUSUIBIK KacHETTEp-
re we OomybiHa OaitmaneicTel. KeyekTi HaHOMa-
TEepUAIIApAbIH  OCBIHOAW epeKlle KachuerTepi
oJlapAbl MUKPO-’KOHE HAHOA3JEKTpoHHKa [l], Me-
IuIHA [2], KeHin jkoHe ayblp eHepkacim [3],
JHepreTuka [4] >KoHE KOpLIaraH OpTaHbl KOpFay
[5] cusikTel camanmapsiH Oonamrarsl 30p MaTepHall-
JapbiHa aiHaaeIprad. OChIFaH Opai KeyeKTi HaHO-
KYPBUIBIMABI MaTepHajiapisl ally TEXHOJOTHS-
JIApbIH KETUTIIPY KoHE OoJlap/Ibl KOJIIaHy 3aMaHayH
MaTepHaTaHy CallaChIHBIH €H ©3€KTi CYpPaKTaphIbIH
Oipi OOBITT TAOBLTAIEL.

Keyekri HaHOMaTepuangapAbIH iMIiHAE KEyeKTi
METaJIapblH MEH MeTal KOpBITIAIAPBIHBIH KOJI-
nmanOanel Moprebeci epekme apryna. OckiHAan
MaTepHayap KaTapblHa €HETIH KEYeKTI THTaH
KYPBUIBIMAAPBIHBIH ~ KOJJAHBUTY —asChl  ajam3ar
YIIiH ©Te MaHbI3Abl [CHCAYJBIK CakKTay >XoHe

NOPUCTbIE METAAAbI,

CriekaHne, 3SAeKTpoxXxmmMmmyeckoe

OMOMEeTUIMHAIIBIK KETICTIKTEPAl apTThIPY KOHIHIIEe
KeH ayKeIMIbel Tapanyna [6]. CoHmaif-ak KeyekTi
TUTaH KanTamajiapbl CYHEeK MMILIAHTOJIOTUACH MCH
TiC OPTOTETUSACHIHIA KOJIJAHbIC TanKaH [7]. MyHbIH
ce0ebi KeyeKTi THTaHHBIH >KOFaphl OHOYHIeCiMai
KOHE yIaHAbIpy Kalineri TemeH OomybiHaa. Ma-
MaHAapAbIH TUTaH HETi3IHAETi KeYeKTi KYpBUIBIM-
Il KaOBIKIIaIap el 3epTTeyiHiy OipaeH Oip cebeli
oJlapJiblH  Oipereil (DU3MKANIBIK JKOHE XHUMUSIIBIK
KacuerTepi, OWONOTHSIIBIK KaOBUIIAHYBI, CEH-
COPJIBIK KOHE OINTHKANBIK KACHETTEpl MEH Kara-
Ju3aik  OesceHainirine OaiyianbicTel.  OcblHaal
KEeYeKTi MUKPO- JKoHE HaHOKYPBUIBIMIIBI TUTaH Ka-
OBIKIIIAJIAPBIH ATy ABIH 3aMaHayH SICTEPi, OJIaPIbIH
(pM3MKaNBIK KacHUEeTTepi MKOHE KOJJIaHy asChIHA
KBIKAIIIa TOKTAJIBI OTCHIK.

2 TuTtaH Typajasl *KaJanbl MIJTiMeT

TuTan epekIne KacueTTi KOHIT opi Oepik MeTar
0OJIBINT TaHBUIAABL. DJIEMEHTTEPJIH TMEePUOATHIK
xyiecinae [V TonTarbl XUMUSIIBIK JIEMEHT, aTOM-
IBIK HOMIpi 22, atomablk Mmaccackl 47,88. Tabu-
rFarra MaccaiblK caHbl 46-50 OonaTelH TUTaH-
HBIH JKacaH/Jbl OJMEH allbIHATBIH TYPaKThl 5
pamuoaKTUBTI HM30TOMBI Oenriimi. Tutan — xep
OeTiHAe KeH TapajfaH JJIEeMEHTTepAiH Oipi, OHBIH
’Kep KbIpTHICHIHIAFBI CajMaK MeIIIepi ImamMaMeH
0,57% xypaiiael. TuTaHHBIH THIFBI3ABIFRI 4,505 1/
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cM?’, Ganky Temmeparypacsl 1668°C xoHe KaliHay
temriepaTypacel 3330°C kypaiiasr [8].

TuTan XUMHAIBIK aKTUBTI aybICTIANIBI DIIEMEHT,
OHBIH TOTBIFY JIopexkeci keOiHece +4 TeH 0omanpbl,
CUpEK JKaFmaiima +3 jkoHe +2 mopekene Ke3mece/I.
TutaHael >KOFapbl Ta3ajblKTa aly eTe KHBIH,
QJIFAaHBIMEH COJI Ta3a KAJIBIHJA caKTall Kally Ja OHal
emec. COHIIBIKTaH Ja Ta3a TUTaHFa ve OOJIBIN KaHa
KOWMai, OHBI CBIPTKBI dcepyiecyJIepleH A€ cakray
kepek. CeIpTKbI opTa TeMmepaTypackl 500-550°C-ka
JIeliiH KeTrel MeTall OeTiHIe OKCU Ka0aThl raiina
OonMaipl, COHABIKTAH OJI ayaja, TeHi3zAe, BUIFajl
XJIOp OPTachIHJA, XJIOPUATEP MEH a30T KBIIIKBLIBI
epiTiHAUIepiHAe, KYKIPT KBIIIKBLUTEI MEH CLITUICPAIH
CYWBITBUIFaH €PiTIHIIEepIHIe KOPPO3UIFa TYPAKTHI
Oomanpl. Benme TtemmeparypaceiHna tutan HCI,
H,SO,, CC13COOH, HCOOH xpImkesuinapeiMex
opekerTeceni, an Kei3gslpranga otreri  (400-
500°C), a3oT (600°C-TaH >XOFaphl), KOMIPTEK KoHE
kpemHuiiMeH (1800°C-tan >xorapbl) 9peKeTTecir,
cyreri JkoHe Oacka Ja aya ras3gapblH ©3iHe
cigipeni. Turan ¢ropmen 150°C-ta, xmopmeH
300°C-ta, noanen 550°C-ta opekerTecim, COWKec
rajoreHuATepid Ty3eni. Oman 6esek 60p, KOMIPTEK,
celieH, KpeMHHHMEH OpeKeTTecill, MeTallFa YKcac
KOCBUIBICTAp Ty3eldl. THTaH KOCBUIBICTAPBIHBIH
0aNKybl KUBIH, OT€ KaTThI, TYCTEPL 9p TYpIIi OOJBII
keneni [9].

Tutanger eHpipicTe ady YVIIIH KEHTac KOH-
LEHTPATTApbIH XJIOpJAlN, ajblHFaH XJIOPJbl KOH-
LeHTpaTTapAsl MarHuiiMeH (Keiine HaTpUHAMEH)
TOTBIKCBI3IAHIBIPBIT, THTAaH KipMeciH (TyOka)
ananpl. KelliH TUTaH KipMeciH BaKyyMJBIK JIOFaJbl
rermrepae OATKBITHIN, KECEK METall albIHAIbI.

OchiHIail (QU3UKAIBIK KOHE XUMUSUIBIK Ka-
CHETTEepiHe OaMIaHBICTHl THUTAHIBI «OOJIAMAKTHIH
METaJIbD» JIeT aTaifpl. AJFaIIbIHAa TUTAHIbI 9CKe-
DY J)KOHE KOpFaHbIC MAaKCAThIH/[a IIBIFAPBIT, KOJIJJaHa
Oactanpl. bipak KyHHeH KyHre OyJl MeTalIbIH
KOJIJIAaHBIC asiChl 9p TYpJi OOJBICTapAa apThII
keneai. TUTaHHBIH KOJIIaHBIC aSCHIHBIH €H MaHBI3 IbI
JKOHE KCHIHCH TapajfaH cajajapsl | cyperTe
kepceTinred. TutaH eHIMIH KOJAHATBIH HETI3Ti
OHEPKACINl aBHaKYpbhUIbIC Ooybln TaObuTambl. [lon
OCHI cajlaJia TUTaH KOJIIaHBICTAPBIHBIH KEHEIO1 apbl
Kapaii aBHaIFsUTBIK TUTaH OHAIPICiHIH KaTbIITACKI,
epKeHJeyiHe ceOen Ooyabl. O3iHIH (U3UKAIBIK-
MEXaHUKAJBIK KacHeTTepiHe OalIaHBICTBI THTaH
KOpBITHAAPEI 9MOeOar KOHCTPYKIUSITBIK MaTepUa
Oonbin TaObu1anpl. CoHpai-ak, aTajJMbIII MeTail
FApHIIITHIK TAaXHUKACHIHIA JKHAI KOJJAaHBUIATHIH
MaTepuan eKCeHI aHbIK. TUTaHHBIH KOMETriMeH
ABHANMANAFBl JIBIOBICTRIK KEISpTiIepai EHCEepil,
FApBIIITHIK KEHICTIKKE IIBIFyFa JKOJ AallbUIIbL.
Fapeim  anmapartapblHblH — KYPBUIBICBIHIA KOHE
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FapBIIITHIK TEXHUKAIA TUTAH iC XKY31HIE TANTHIPMAC
MeTaJl. THUTaH J>KOHE OHBIH KOPBITIAIAPBIHBIH
HeTi3iHAe IKacajmaTblH op TYpii (YHKIHSIIBI
OemniexTep IiH OSPIKTIrT MEH CEHIMAUIIrT MallnHa
’Kacay CaJachblHBIH O3bIK JaMYBIHBIH OipaeH Oip
ce0e01 OOIBIT OTBIpFaHbIHA KYMOH KOK.

3amaHayy MEAUIMHAHBIH XUPYPrHsi, TPaBMO-
TOJIOTHS, CTOMATOJIOTHS )KOHE MMIUIAHTOJIOTHS Ca-
JlaJiapbl TUTAHHBIH €PEKIIe TYThIHYIIbLIAPHI el
aiityra Oomampl. TuTaH KOpBITHANAPBIHAH JKEHLT,
ceHiMpi, Oepik XUPYpPrUsUIBIK acmamnTap >Kacallbl-
Haapl. Ogan Oelek THUTaH JKOHE OHBIH HETI3iHJeTi
KOpBITHAJIAp TPaBMOTOJOTHS, OPTONEAHS KOHE
CTOMATOJIOTHSl cajlaJlapblHJa HMMJIAHTaTTap MEH
MpoTe3epi MmbFapyaa KougaHsputa s [10].

3 KeyekTi MeTanaapasl aiay daicrepi

Marepuangapapl 3epTTey MEH JXaHa KacHeT-
TEpiH KOJNJAHYAbIH FHUIBIMH cajlajiapbl anfa Oa-
CBIT, KEYEKTI METalapIblH MHKpPO- JKOHE HaHO-
KYPBUIBIMAAPHl MEIUIMHA MEH TEXHHMKAHBIX KOIl-
TEreH calanpblHaH KojjaHblc Taba Oactagpl. bac-
TanKsl MaTEPHAJIBIH HETI3r1 KACHETTEPiH CaKTal
OTBIPBIN, KEYEKTI MeTalAapIblH JKbUIy- MEH
AIEKTPOTKI3TIMITIT QJIIeKai1a TOMEH, aJl OJIapIbIH
IBIOBICKYTYIIBI XKoHE AeMIipupieyini Kacuerrepi
JKOFaphl 0OJIaIbI.

Keyekti meranm (KM) 6actanksl aHBIKTaMachl
OoHbIHIIIA MeTalIAblK KoOIK Ooybpll TaObLIa-
nel. KM OipeiHFall OopHaJlackKaH KOITEreH KybIC-
Tap MEH KOCKBIIITApJaH TYPAaThIH YALIBIKTHI
KypbUtbiM. KeyekTi Meranmapabl aiyIslH e3apa
allBIpMaIIBIIBIFBl - TYOETEHi  OonaThiH  OipHerre
TEXHOJIOTHS YCBHIHBUIFAaH. KeyekTi MeTanmaplbiH
KYPBUIBIMBIH OaWIaHBICTBIPYIIIBI 9ICTEpl PETIHIE
JKenimaey, AoHeKepiey koHe Iu(QYy3HsIbIK JKeH-
TEeKTE€y KONJAHBUIYbl MYMKIH. 3epTTeymiiepaiq
acKaH KbI3YFYIIBUIBIFBI acipece TUTaH, allOMUHUH,
HUKENIb, MBIC JKOHE OJIApPJBIH KOPBITHAJIAPBIHBIH
KeyeKkTi Moau(uKanusiapblHa epeKie apTyna.
Byn marepmangapabl amy TEXHOJOTHSUIAPBIH Oa-
MBITY JKOHE KACHETTEpIH 3epTTeyre apHallFaH
FBUIBIMU JKaHa 13eHicTep oapasl GyHKIMOHAIbI
KOJIIaHYIbIH asiChIH KeHekTeni [11].

KeyekTi Meranmapasl KypblIbIMIApbIHA Kapai
OKaOBIK» JKOHE «alllbIK» KEYeKTI METaJJIbIK
KYPBUIBIMIAp HeM €Ki YJIKEH Tomka Oemyre 00-
nmanel. JKaOBIK KeyekTi KypbuIbIMAapaa opoip
KybIC (KE€yeK) JKyKa METaJABIK MeMOpaHalapMeH
TOJIBIFBIMEH JKaOBUIBIN TYPaibl, ajl allbIK KEYeKTi
KypbUIbIMIapIa Keyektep Oip OipiMeH OaiinanbpicTa
Typansl. Mpicanbl, KaObIK KOHE allblK KeyeKTepi
0ap KYpbUIBIMIApABIH CcalbICTHIpMalibl OeliHenepi 2
CypeTTe KepCeTUIreH.
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1-cypert — TuTaH MeTaJIBIHBIH KOIJAHBIC asiChI

2-cypet — Keyekri MeTas KypbUIBIMIAPBIHBIH TUITEPI: xKa0bIK (a) sxoHe ambik (0) [12]

l'az (azackiHaH OTBIPFBIZY KOHABIPFBIIAPEI
KOJIJIAHBIIATHIH SJIICTep KEeyeKTepIiH eIeMaepit,
oNapAblH TapalyblH JOHE e3apa OalaHBICBIH
JKOFapbl ACHTeWIeri perrey MYMKiHAIrH Oepeni.
MyHzaail  omicTepmiH KOMETIMEH TEeOMETPHSICHI
alIblK KeyeKkTi Metangap ansiHaabl. Kebikrey pea-
TeHTTepiH OaNKBITBUIFAH HEMECe YHTAaK KyHiHJeri
MeTall MaTpUIAJIapblHa BIABIPATY MPOLIECTePiHE He-
TI3JICNITCH QJIICTEp HOTMXKECIHIIE KEYEeKTUIIr TOMEH
JKOHE KEyEeKTepiH Tapally CHUIaThl OOJDKayFa KUbIH
KYPBUIBIMIAPABIH TY3UTyiHe okenemi. MyHnait
OMICTEpPMiH KOMETIMEH TIeOMETPHSICHl  KaOBIK
KeyeKTi MeTanaap anbrHas [13].

3.1 JKabwvix keyexmi meman KYpblibLMOAPbIH
any adicmepi

Banxvima srcone ynmaxmolx memannypaus 20ici

KaOpik keyekTi MeTan KeOIKTepiHiH Kypbl-
JBIMBI  KOTITETeH »aH-)KaKThl IIEKTENTCH KybIC-
TapllaH TYPFaHIbIKTaH, OJIAPJbIH CYHEeK TiHACpIMEeH
omoyinecimainiri TemeH Oomanpl, Oipak >XyKTe-
MENIK OpPTONEAWSUTBIK WMIUIAaHTATTapaa KoJijaa-
HBUTYBI 90JeH MYMKiH. Heri3iHeH kaOBIK KeyeKTi
MeTalgapasl amyaelH eki omici Oenrimi. Omap:
0aTKpIMaKOHE YHTAKTHIK METAILTY PrHSIIBIK 9/1iCTEDI.
Bipinmi omicte keO0ik Topi3li KEyeKTi KYpbUIBIM
MeTan OaJKpIMAaChl ApKBUIBI TA3IbIH HHXKEKIMACHI
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HEMece CYHBIK MeTaJIFa KeIpTyIlli ra3 peareHTTepiH
KOCy TporecTepi Kysere acambl [14]. Mynnai
olicTep KEYyeKTi aJIlOMUHHUH, IIUHK YXOHE MarHui
KYPBUIBIMIAPBIH allyJla KOJJaHbLICA, THTaH YIIiH
OaJIKy TeMIIepaTypachl OTe XKOFaphl )KOHE OTTETIMEH
KBUIIAM  OPEKETTECKCHIIIKTEH THIMCI3  OOJIBII
IIBIKTEL. EKIHINIEH, YHTaKTHIK METaJLTyPTUSIbIK
dMiCi KybIC cepanappl ©3apa KyHaipy Hemece TiH,
CHUSIKTBI Ta3 KOCBUIFAaH pearceHTTepi 0ap KbIChLUIFaH
YHTaKTHl OaNKBITY MpolecTepine HerizaenreH [15].
By omic campIcTRIpMaITbl OIPTEKTI KYPBIIBIMIAPIBI
alyra MYMKIHIIK Oepeil oHE KUBIH OaJKUTBIH
MeTaJIap MEH METaJl KOPBITHAJIAPBIHBIH OHAIPICIHAE
KONIAHBUIYBl MYMKiH. OcChIHmaW omicTepMeH
AJIBIHATHIH JKa0BIK KEYEKTI METaJIIap IbIH TO3IMILTIK
ImIeTiH  KOCHaNapAbl OHTaWJIaHFaH  MeIIepe
KOCY JKOHE COHBIH €CECiHIe KEeyeKTepAiH OIpTeKTi
Tapaybl apKbUIbI }KOFAPBUIATBLTYbI MYMKIH.

Inasmanvix waweipamy aoici

’KaObIKk KeyeKTi MeTajAblK KYPBLIBIMIApIbI

OeTTiK  TeKCTypamapibl, KaTThl OeTTepperi
KEYEeKTI  KamTaMajiapJbl JKOHE  TOJIBIFBIMEH
KEYEKT1 KYpbUIBIMAApABl ajdy YIIiH MYMKIHAIK
Oepeni. IlmazManbeik mIampIpaTy MPOLECIHIH
cynbanblK KepiHici 3 cypeTrTe KeaTipiire.
[Mnasmanplk Imamisipay MpoIleci Ke3iHJe CYMEH
CYBITBUIATBIH €Ki  JJICKTPOATBHIH  apachlHJa
NEKTPIIIK JoFa maiga Oonaabl. OCBl IEKTPIIK
JIOFa Ta3lbl illiHApa WOHU3AIUAIAI aca XKOFaphl
temneparypanapra aeitin (20 000° C) KbI3abIpybI
HeTi3iHJe TUTa3MallblK arblH Ty3eni. ['azmap aca
JKOFapbl KCHEIOJIIH 9CEpiHEH YJCTINiI, aHOJThIH
KachblHAH OFaphl KBUIAAMIBIKIICH oTeai. MeTan
YHTaFbI [1J1a3Ma aFbIHbIHA TAChIMAJIIAYIIIbI a3 (bIH
KOMETIMEH KOCBUIAbl XOHE YISTLIIN >KOFaphl
KBIIIaMJIBIKKA We Oonaabl. MeTan YHTaFbIHBIH
TYHIpIIIKTEPI MI1a3Ma aFbIHBIH/A OAJIKBII, dKOFaAPHI
KUHETUKAIBIK JHEPTHSIMEH TOCCHIITIH OeTiHe
Tyceni. Ilma3Manblk Immammbipay MapaMmeTpiepiH
03repTy apKbUIbl KEYEeKTiliri TpagueHTTi Typle

almyaplH O0acka oiici mia3MalblK Mambeipaty 00-  OipTiHAen e3repeTiH KeyeKTi KanTamanapibl
nein TaObutagbl. bynm omic KarTel Kemip-Oyaplp — amyra 6omansi [16].
J""Fd—.—_‘_--‘\“\
— | DC Power |+ Electrical Arc ]
Y Supply P4 Carrier Gas
LN
e And Powder
Porous
}\ N Powder
Coating
C.Q.QJ{:
" RROY s
Plasma - .
2 Cathode
Gas
Inlet NS
f
Water Cooling Substrate |/
3-cyper — [Ina3manbIK OIanIeIpaTy MpOLECiHiH CYI0abIK KopiHici [16]
3.2 Awbix Keyexmi Meman KYpolibiMOapbin dy — KOHE JKEHTeKTeyre Herizfenred. JKeHTekTey

adicmepi

¥umaxmuix memannypeusinivix nicipy aoici

Keyekri wmeTanaplk KeOIKTep[i alyablH eH
KaparnaibIM TOCUJIi METall YHTAKTapbIH MEIITe KeH-
TEKTey Ke3iH/er1 illiHapa ThIFbI3aHy KYObUIbICHIHA
HeTi3enreH. byl Tocisn YHTaKThIK METaLTy pIUsIIbIK
o/lic HEMece KETUITeH MeTall TY3Y TEXHOJIOTHSICHI
nen artanaapl. CoHnmai-ak, omic OeTi KeyeKTi koHe
TOJIBIFBIMEH KEYEKTi MeTaJl KYpPhIIBIMAAPbIH alyna
KeHiHeH KOJJaHpuIaabl. Byn TexHomorws meran
YHTaKTapblH KOMIIAKTiliey, e3apa OaiIaHbICTHIPY
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OTIepaLMsChl KOFaphl TEMIepaTypalblK oHaey 0o-
JBITT TAOBUTABI JKOHE METall TYWIPIIKTEepiHiH TIi-
IIHACPIHIH a3 e3repyiMeH KaTap KeJeTiH Oaii-
naHpicy mpouecine okeneni. Kebinece ocweiHmait
IpoLecTepAe apHaibl OalIaHBICTBIPFBILI 3aTTap
TyHipimikTepai e3apa  OaiaHBICTBIPHIN, OEpiK
yCcTay YIIH KoyjgaHbUIabl. KeyeKTUliKTiH KeleM-
K (hpakusacsl TYHIPIIIKTEPAiH eeMaepi MeH
o3apa OaitmaHpICKaHIBIFBIHA ToOyenmi. Keyekri-
JK YHTaKTBIH TPECTEY THIFBI3BIFBI, JKEHTEKTEY
TEeMIIepaTypacbl MEH YaKbIThl J>KOHE KOpBITIA
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KOCTIaJTapbIHBIH MeJIIepiMeH aHbIKTanaapl. Keyek-
TepAiH OJIeMAepiHiH YHTaK TYHIPUIKTEePiHiH
eJeMiepi MeH MilliHAepiHe ToyeIAiIiri Merani-
JYPTUsUIBIK JKEHTEKTEY SICiHIH MIeKTelTyi OOJIbI
TaObUTaaEl. MBICANBI, YHTAK TYHIPIIIKTEPiHIH ITi-
il cdepa Topizmi Oosica, keyekTimik 50%-maH
acmaizpl KOHE KeyeKTepHiH MilliHi Ke3lehcoK
Oombim Ty3imeni [17]. Ockl omicTe KONMaHBUIATHIH
MeTaj TYHipIIikTepiHiH opTama emmemzaepi 50
MKM — | MM apaneirbiHza Oonaabl. Meicansl,
[18] >KYMBICBIHBIH aBTOPJIAPHI METAJLTYPTHSIIBIK
JKEHTEKTEY OMICIH KOJJIaHBIN, KeyekTimiri 5-37%
OomaThlH KEyeKTI TUTaH KalTaMaJlapblH aJIblIl,
KacUeTTepiH 3epTTereH. Ta3a TUTaH >KOHE THTaH
KOPBITHAIAPBIHBIH KEYEKTI KYPBUIBIMBIH aly YIIiH
KOJIIAHBIIATBIH JKEHTEKTEY MpOoLeci OTTEeri KoK,
*orapsl Bakyym/el (10 mOap ) memrrepae 12500 C
TeMIIepaTypachIH/Ia KY3ere achIPbLUTYHI THIC.

Tormueipaviiu komecimen Keyekmepoi mysy a0ici

ToOATHIPFEII KOMETIMEH KEyeKTepIl TY3y oIici
— KEYEKTLIIr >KOFaphl KEyeKTi MeTajlgap YJITiUIepiH
ally YIIiH apHaiFaH aic. [Ipouecc Metan yHTaFbIHBIH
TONTHIPFBIII  MaTEPUATBIMEH — ApaacThIPbUIYbIHAH
Oactanbll, KOCHAaHBIH TaOleTkara TIpecTelryiMeH
Kasracaqpl. TableTka TONTHIPFBII aTOMAAPBIH AJIBII,
MeTaJ TYHIPIIIKTEpiH ©3apa OalIaHBICTRIPY YIIiH
TOMEH TemIlepaTypaza Kb3apIpbuiansl. by mporecte
KYPBUTBIMHBIH, 0aCTaIKbl KAHKACHI TY31LIS/.

Keneci carbima sxoFapel TeMIEpaTypajbIK
JKEHTEKTeY Tpoleci >Ky3ere acelpbuiapl. JKora-
PBl TeMIIEpaTypajblK KEHTEKTey Ke3iHAE KYpbl-
JTBIMHBIH TBHIFBI3ZAHYBl JKOHE immriHapa Oaitma-
HBICTap/AbIH HBIFalObl OakplaHagpl. by omicre
KOJIIAHBIIATBIH METaJl YHTAKTapbIHBIH TYHipILUiK-
TEpiHiH eJIeMIepl TONTHIPFBINI YHTAFbl TYHip-
IIKTEPiHIH oOpTalla eJIIeMACpiHeH Killi Ooybl
tric. TONTBIPFBIII KOMETIMEH KeyeKTepHi Ty3y
omici OipTekTi, ofapbl keyekTi (60-80%) wme-
Tal KYpBUIBIMIApBIH alyFa MYMKIHIIK Oepeni
[19]. TORBIKTBIPFBIII YHTAFBl TYHIPIIIKTEPiHIH
MiIiHAEPi, eNmeMepi XoHEe MOIICPIH e3repTy

20000060
Mold =D 00088080
o000 O0OCS
" 200000
Pattern YYYYY)
Material 000000

Pattern Preparation

Infiltration

apKbUIBl KE€YEKTI MeTal KYpbUIBIMAAPHIHBIH MeXa-
HUKAJIBIK KACUETTEPIH ©3TePTill OTHIpYyFa 0OJajbl.
TONBIKTBIPFBIII  MaTepHANBIH MPECTENTeH  YIri
KOJEMIHeH aXXbIpaTy aTanfaH oOMIiCTiH eH OacThl
KHMBIHIIBIIBIFEI OONBIN TaObLIambl. Mbicamsl, [20]
KYMBICBIHAA TONBIKTBIPFBII pETiHIE KapOaMun
(MOueBMHA) YHTarblH IAlianaHbIll, OHBIH THTaH
yHTarbIH MUHUMaN el actraymerex 200 [1C Temen
TeMmIeparypajiapia YIIBIPTyFa OOJIaTBIHBIH Kep-
cerri. Keyekrinmiri 60-70% >oHe Keyek emeM-
nepi 0.1-0.24 MM GonaThlH KypbUTBIMAAp Oip carat
imingeri 1400 [C temnepatypacblHIa XKOFapbl TEM-
[IepaTypaJIbIK KEHTEKTEY HOTHKECIHAE albIH L. AJl
Ben xoHe Oackanmap [21] TOJBIKTBIPFBIII PETiHIC
200 [JC TteMmeparypacblHOa BIABIPAHTBIH aMMO-
HUW THApPOKapOOHAT YHTarblH Konmauael. Kora-
pBl TeMmmeparypaiblk xeHTekTey 1200 [1C temre-
parypacslHaa 2 caraT iliHAE JKy3ere achbIpbUIAbIL.
Hormxkecinge xeyexrtimiri 78%, CBIFy KepHEYJITi
35 MIla xone HOur momyni 5,3 I'lla GomaTsiH
METaJABIK KYPbUIBIM aJIbIHFaH.

Pennuxayus aoici

Perumkanus om1ici — KeyeKTLIIr KOFaphl MeTal
MaTepuaiAapAsl aly YLIH apHajuFaH 3 caTbhloaH
TYpaTblH 9JiC. OJIICTIH OpPBIHJAY CaThlIaphl
cei30a Typinge 4 cyperre kentipiiren. JIu skoHe
opinrectepi [22] Oy omicTi KEYeKTLTIri >KOFapshl
Ta3a TUTAH JKOHE TUTaH KOPBITIAIAPBIHBIH KEYeKTi
KYpBUTBIMAAPBIH ATy YILiH aJiFanl yebiaFas. Feutbivn
TONTBIH JKYPTi3TeH ToXipuoOenmepinae OipiHmIi
nojnypuTan kebikrepi Ti-6Al-4V KopbITIACHIHBIH
yurarel (70 xenemuik maiibiz), H,O (20 kenemuix
naibI3) )oHe aMMOHUN KOCBLIFaH epiTIHIIre Oenrisi
O0ip yakpIT imriHAe OATBIPBUIBIN, LIBIFAPBUIAIBI
koHe kenTipimeni. Ilpomecc monmmypuraH KeOiri
Ti-6Al-4V yHTarbIMEH TOJBIFBIMEH KalTaJFaHFa
neiin OipHemie per Kaktanmananmel. OnaH KeWiH
KOFapbl TEMIIEPaTypalIbIK KbI3AbIPY HOTHXKECIHAE
NOJMYPUTaH KAHKACHl BIABIPAIl, OPHBIHIA KEYEKTi
MeTajl KYpBUIBIMBI Kanaibl. byl — ambIK KeyekTi
MeTaJ KyPBUIBIMIAPBIH aTYBIHBIH OipieH O1p ofici.

Porous
Metal

Pattern Removal

4-cyper — Perumkaius 9fiCiHIH YIII CaThUIBIK XKY3€re achlpbLly chl30achl [23]
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4 Keyekri
anicrepi

TUTAH KYPBUIBIMJAAPBIH aJy

Keyekri ThTaH KaOBIKIIAJAPbIH ayJIbIH KOIl-
TereH ojictepi oenrini. ConapablH iIIiHAETI HeTi3Ti
JKOHE KEH TapajFaHIaphl: YHTAKTHl METaJLTypTrHus
OMiCi, XHMMHUSJIBIK OJIC JKOHE 3JICKTPOXUMUSIIBIK
KeMipy dIici.

Yumaxmor memannypeus adici

YHTaKThl METAJUTYPrHsl SICIHIH aca MaHbI3]IbI
OarpITTapBIHBIH Oipi KeyeKTi YHTaK Marepuaiiap

naibiHaay 60bIn Ta0ObUIa b, MYHIaM MaTepruaiiap
MHHEPAIIAPABIH, CHHTCTHKAIBIK MaWapIbIH, JKe-
HiJ OadKUTBIH METaJJapiblH, CUITIICPIiH, KhIII-
KBUIIAPJIBIH JKOHEe 0acka Ja arpeccHBTI CYHBIK
opTayapabIH CY3TIMTEPi peTiHae KomaHaas! [24].

Byn omicnieH keyekTi TUTaH KaObIKIIaJapbiH
aly AalblH THTAaH YHTaFblH TPECTeN, Yiri OeriHe
KBI3JIBIPBINT OPHAJIACTHIPY apKbUIBI XKY3€re acajbl.
YHTaKThl METAJUTyprHsl OJiCIMEH aJbIHFaH KOl
Ka0aTThI KEYeKTi TUTaH KaOBIKIIATapBIHBIH OeifHeci
5 cyperTe caThUIbI TYpHe KepceTiireH [25].

5-cyper — KeyekTi THTaH KaObIKIIAIAPBIH aTyIbIH YHTaKTBIK
METaJUTypIUsl 9MICIHIH JKY3€Te achIpbLTy CaTblIaphl

YHTaKTel METAIYpPTUS OJICIMEH ajbIHFaH
KEYEKTi KYpBUIBIMIBI YArinepaid emmemzaepi 100-
300 MM kenemiHze Oomansl. Anaima ynrirepnai
OJIIIEM/ICPI HAHOOJIIIEMIe JKETIIETCHIIKTCH Oy
oficTi Koygany Keroip KoJgaHbIcTap YIIiH THIMCI3
OO0JIBIN Kenemi.

Xumusnolg ocemipy 20ici

Kemipy nerenimiz — MeTangapAblH CBIPTKBI
OpTaMeH XHMUSUIBIK HEMECce DSJIEKTPOXUMUSIIBIK
KOJIMEH OpEKeTTeCyi Ke3iHIeri CEerMeHTTIK epyi.
Xumusiiblk xemipy (XK) mporiecin KyIenTy xoHe
YIETY MaKCaThIHIIA dPTYPIIi (DUZHKAIBIK TPOIECTED
Kocemangel. Herizimen, XJK-miH XMMUSIIBIK KOHE
ANEKTPOXUMUSIIBIK TYpJiepi Oenrii.

XUMUSIITBIK  JKeMipy Ke3irHAe MeTallaapIbIH
epyi )Kyiene emkanaai KaTaTuTHKAJIBIK 9Cep €Ty
(hakTopiap MeH MpoIecTepliH KOMETIHCI3 KYPEi.
XK ke3inae MetamaapasH 0eTKi KabaTTapbIHBIH op
TYpJl Ta3 HEMece CYWBIK (pa3acChIHAAFbl JICKTPO-
JUTTEPMEH 9PEKETTECYl HOTHKECIHAE KPUCTAIIBIK
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TOpiapbl OY3bUIBIN, JKaHa KYpbUIBIMIAp Maii-
na Oomamel. Mpeican petime [26] KYMBICTBIH
HOTWXKENEpiH KenTipyre Oomambl. MyHOa KEyekTi
TUTaH KaObIKmanapeiH XK oxmiciMeH amy yIIiH
muck  mimiHagi, Mapkacel GR2  MoHOKpucTammbl
THTaH TOCEHIMTEpPi KOJMaHbUFaH. KalbrHapirer 2
MM OOJNaThIH TUTaH TUCKTEPIH alMa3 KeCKillleH
TOpPTKE 06JiM, op TYpii TEeXHOJOTHSUIBIK JKaFmanaa
yariiep TOOBI albIHFaH, YATUIepAiH ¢orocypeti 6
CypeTTe KENTIpUITeH.

Ynrinep MEH XWUMUSIIBIK JKEMIpTill epiTiHAi
apachIHAAFbl PEaKIns OHJICIHIN TYPFaH YATLIepaiH
OeTiHeH MaTepual LIBIFbIHBbIHA anbin Kenedi. XK
o/Iici MaTepual KypaMbIHa, JKeMIpTill epiTiHl KoHe
TeMmIieparypara Toyesui. XUMHSIIBIK JKeMipy ofici
9K30TEPMUSUIBIK TpoLecC OOJFAaHABIKTAH, >Kyhe
KBI3BIT KeTemi. JKemiprim epiTiHaiHiH OeIceHauTir
TeMIeparypara KaTThl TOYENl YKOHE ONTHMAJJIbI
TemreparypaHblH MoHI 30° eKeHZIr aHbIKTaJIbl.
XUMHSIBIK JKeMipy Ke3iHae KeyeKTepAiH Oaiima
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0olysl MEH TOCEHILITiH illiHe Kapail Tapaiybl
Oipkenki OONYBI YIIIH MPOMECC YIbTPAIBIOBICTHIK
BaHHAaJa XXYPri3igi. 3epTTey HOTHKECIHIE KeMIpy
yakpIThl 30 ceKkyHI, )KeMipy epitinaici peringe 9%
bTOpCyTEeK KBIIKBUIBI %oHE 12% a30T KBIIIKBUIBI
KOCBUIFaH TUCTUIIJICHTeH CY KEeMIpYAiH ONTUMAIIIbI
napameTpiiepi OOJIBIN aHBIKTaJIbI.

6-cyper — Mapkacsl GR2 MOHOKpUCTaNIIbI TUTAH
TOCEHIIITEePiHIH OeTIHIET1 XUMHSIIBIK )KeMipy diCiMeH
QJIBIHFaH KEYeKTi THTaH KaObIKIIaJapbIHbIH ITaHAPIIBI
(dorocyperi [26]

7-cypeT — YibTpaabIObICThIK BAHHAIA THTAH TOCCHIMIHIH
OeTiH XMMUSUIBIK JKeMipy MPOLECiHiH cyI10anbIK KenTipinyi
[27]

DneKmpoxXuMusiblK Hcemipy 20ici

OnexTpoxuMusIblK, kemipy (OX0K) — Oen-
rim Oip >XyHeHiH IIIiHAE JJIEeKTp TOTBIH Oepy
apKBUIBl  JJIEKTPONIUT  EPITIHAUIepiHAe >KeMipi-
nyun Matepuanabie epyi. JKemipymin Oyi Typi
MeTaJlapAblH ObIMKBUI ayaMeH HeMece 3JIeKTpO-
JTUTTEPMEH )KaHACYhI Ke3iHIe )Ky3ere acapl. bymamic
KEYEeKTI KYPBUIBIMIAPbl alyJIbIH Ka3ipri TaHIarbl
€H KOJDKETIMII JKoHe KapamaibIM omicTepAiH Oipi
nmen aityra O0omaapl. DXOK omiciMeH KEyeKTi TH-

TaH KaOBIKMIANApbIH aly VIIH KOJJaHBUIATHIH
snexrpomurrepain Kypambina C,H.O,:H,O:NH F,
H,SO,, H,PO,, NaCl cusKTeI 3aTTap Kiprisizesui.

Mgicansl, Jly sxone apinTectepi [28] ocbr DXK
omiciMeH cynepruapo®oOThl TUTAH YATUISPIH ajIblll,
0€TTiIK MOP(OJIOTHSCHIH XKOHE YIITICPAIH XUMHUSITBIK
KYpaMblH 3epTTereH. O3 ToxipuOenepinme onap
anox petigae emmemaepi 20MmMx20MMx2MM Goira-
THIH TUTaH TOCCHIIITEPI Koanran. Katos perinze
eJILIEM/ICPl 9 TUTAH YAriIepiHe colKec KeJleTiH
MBIC TIJIACTHHANAPHI ANBIHABL. AHOJ XOHE KaToJ
6ip 6ipiren 10 MM KamsIKThIKTa 0.2 MONB ! HaTpUit
XJIOpUJI DJIEKTPONUTIHIE OeTme-0eT OpHaIacThI-
PBUIIBL. DJIEKTPOJIUTTI apaiacThIpy YIIiH MarHHUTTI
apajacThIPFBINI  KOJAAHIBL. TOK THIFBI3IBIFEL |
A/cm? kypaiiteianait aneiaran. DXK  yakpITer 1
MUHYTTaH |2 MUHYTKa [eiliH e3repilm OTBHIPAHIL.
By mpouecteH keHiH yirinep yabTpaablOBICTBIK
Ta3apTKBIIITA TUCTHIJCHICH CYMEH JKYBUIBIN, ap-
THIHAH KenTipimi. JKyMBIC 2JIEKTPOJIUTI peTiHIe
OeliTaparn, SKOJIOTHAUIBIK Ta3a jxoHe ap3aH NaCl
epITIHIICI KOJNaHBUIABL. YJTiIepaiH OeTTiKk Mop-
(hOTOTHSACHI CKaHEPIICYIIN SJIEKTPOHIBIK MHKPOCKO-
MUl KOMETiMeH 3epTTelliHCe, XUMHSIIBIK KypaMmbl
SHEPTOUCTIEPCHSIIBIK CIIEKTPOCKOIHS JKOHE WH-
(hpakpI3BLT  CHIEKTPO(DOTOMETP apKBUTHI Kapajibl.
Turan yorinepiHiH O€TTIK MOPQOIOTUACHIHBIH
ANEKTPOXUMUSIIBIK JKEMIPY KYPTi3lIreHre Iewin
koHe Keiinri COM kemeriMeH KapayraH OeliHe-
nepi 8 cyperre 1000x xone 20,000% yiakedTi-
JyMEH KepCeTUIreH. MUKpPOKYPBUIBIMAAP JJIEKTPO-
XUMUSIIBIK OHIEY apKbUTBI YATUIEpAiH OeTiHe FaHa
maiiga OoJFaHbIH MOIIIMIE].

KeyekTi THTaH KYpBUIBIMAAPBIH ANYABIH OCHI
aTasFaH 9MIiCTEPAiH KoOici )KOFaphl TEMITEPATyPAIIBIK
OHJICY, BAKyYMIBIK KOHIBIPFBUIAPIBI KOJIJIAHY
JKOHE DHEPreTUKAbIK JKarblHaH KapacThIpFaHIa
THUIMCI3 ITPOIeCcTEP/Il KYy3€ere achlpy/abl TaJlal eTe/Ii.
CoHIBIKTaH KEYeKTi THTaHIBl alyIblH OipaeH Oip
TUIMAL 9icTepiH Oipi ANMEKTPOXUMMSIIBIK KeMipy
Oosbin TaObuIazZBl. bipak, OyJ1 omicTi KoJaaHyjaa
na keitbip amblk cypakrap Oap. bipinmrigen, Tu-
TaH/ABI DJIEKTPOXUMUSIIBIK JKEMipy, 63 Ke3eriHe a3
3epPTTEIrCH 9MiC OOJIFAH/BIKTAH, SJIEMIIIK FHUIBIMH
oneOueTTep/ic TUTAHHBIH DSJICKTPOXUMUSIIBIK €py
MPOTIECIHIH MEXaHM3MAEpl Ol J€ TOJBIK aHBIK-
tanMarad. EKiHIIIIEH, OCBl yaKbITKa JCHIH KOJ-
JAHBUTBIT KeJe JKaTKaH AJIEKTPOJIUTTEPAiH Kypa-
MBIHIQ YAAHABIPFBINI JKOHE OHOYHIeCIMIiTITi
ToMeH 3arTap OonarhiH. COHJIBIKTaH Oi3iH 3epT-
TEyIMi3[iH MAaKCaTTapbIHBIH Oipi  AJIEKTPOIUT
peTiHzae yIaHOBIpY NEHTeli TOMEH, STHIICHTIINKOIb
HET131HIeT] epITiHAIHI KOJ1aHy 0OoJaThIH.
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% 1,000 g—

I pm

= 20, 000

8-cyper — OXOK yakpiTsl 12 MUHYT ilniHge anblHFaH CymepruapoGoOThl KeyeKTi
TUTaH KYPBUTBIMAAPBIHBIH yirinepinig COM kemerimeH anbinran Oeitnenepi [28]

5 KeyekTi THTAHHBIH (PpU3UKAJIBIK KAacHeTTepi

5.1 Kypoiivimonlx Kacuemmepi

Wmnnantrap mblFapy YIIIH HeETi3iHEH Ke-
TUMIPUTIT  OTHIPFaH KEYeKTI THUTaHHBIH MEaHH-
KaJblK KacueTTepi MEH OJlap/bl aHBIKTAWTBHIH Ky-
PBUIBIMJIBIK KacHETTEepiHiH MaHbI3bl 30p. Keyek-
TUTIK KEyeKTI MaTepHajiblH KYPBUIBIMABIK Ka-
CHETTEepiH aHBIKTAUTHIH OiplieH Oip (U3HKAIBIK
napamerpi Oonbin  TaObutanbl. Keyekrti TuTaH
KaOBIKIIaapBIHBIH ~ KEYEKTUIri  MaTepHaIblH
MEXaHUKAIBIK ~KACHETTEPiH aHBIKTAHABl JKOHE
MaTepHaAblH KOJAaHy asChlH KepceTeni. MelI-
caibl, TOMeHzeri 9 cyperre KeyekTimri ap Typii
KEYeKTI THUTAaH HeTi3iHAerl MWIMHIP M=
OpuxerTepaiH OeifHeci kepceTinreH. bpukerrepnin
Kejemiepi Oipaei OonFaHBIMEH CcalMaKTapbIHIA

alBIpMaIIBUTBIK Oap. bpukerTepniH apackiHIa aya
HEFYPJIBIM KOTl 00JICa, OHBIH KEYEKTiJIri COFYpIIbIM
skorapel Oonbin kenmemi. Keyexrimiri 80% -abIk
Opuker meH 60%-apIK OpHUKETTI ajbll KapalThIH
Ooscak, OipiHin OpukeTTiH KypambiHga 80% aya
Oap merenpai Oinmipeni. Keyexrtimiri aprkan caii-
bIH MaTepUANIBIH HUITIIITITI apTajabl, amaiga o
CBIPTKBI KYIITiH 9CEpiHE IIBIJAMChI3 OOJIBIT KeIe .
Keyekriniri TeMeH OpHKeTTEp KEpHEYIIKKE >KaKChl
Kapchl Typa anansl. MyHmai MaTtepuaiiap e3iHmiK
Oaracbl ToMeH OONFaHABIKTaH UMIUIAHTAT AalbIHA-
yza Oonamarsl 30p.

JKakpiHma Kypri3iuireH 3epTTeyjepliH HOTH-
JKeNlepi CyHeK TIHJEPiHIH THIMII 6CyiH bIHTAJIaH bl
paThlH MMIUIAHTTBIH OHTaWnbl keyekriniri 20-50%
apajbiFbiHaa [29], an keyekrepaiy esmemaepi 100—
400 mxm [30] apasnbiFbiHIa O0JIATHIHIBIFBIH KOPCETTI.

9-cypet — Keyekrinikrepi op TypJi keyekTi Tutan Opukertepi [31]

54



I' K. Mycabex xoHe T.0.

5.2 Mexanukanvix Kkacuemmepi

KeyekTi THTaHHBIH MEXaHUKAIBIK KACHETTEPiHE
TOKTaJIFAHJIA  QJIETTE  KOJAAaHOAIbl  JKarbIHAH
©3eKTi MaTepHANABIH KENTIPUITeH MEXaHUKaJIbIK
y3apybiH, IOHT cepmimaimik MOIYNiH  JKoHE
Oepikririn adiTanel. CepmiMAiTIK MOyl MaTe-
pUaANIBIK OMOMEXaHHMKAIBIK YiJIeCiMairiHe yreci
30p mama Ooielm Kenemi. I'mOCoH skoHEe Ommdn
IaMBITKaH MaTEMAaTHKAJIBIK MOIEJIBbIAIH KOMEriMeEH
KEyeKTI MaTepualiblH CEepHIMAUIIK MOAYyNiHe
MEWJIIHIIIE 9Cep €TETiH CaTbICTHIPMANBI THIFBI3-
JIBIFBIH ~ aHBIKTayFa MYMKIHIIK Oepemi  [32].
OJeTTe KeYeKTi MaTepualgapAblH CalbICThIPMAIIbI
THIFBI3BIKTAPEIHEIH,  MoHI  mmamamed  0,3-0,003
apaJbIFbIHA  KATaJbl, JKOHE KEYEKTI THUTaH
KYPBUIBIMABIPH VIIiH Oy mamanbH MoHzaepi 0,3-
0,85 apamprreiana 6omaner [33]. CanpICTBIpMaIbI
THIFBI3ABIK ~ KYPBUIBIMIAPIBI ~ aly  IMPOIECIHIC
e3repTilyi MyMKiH. AIIBIK KEYeKTi KYpPBUIBIMIAp
YIIIH CepmiMIUTIK MOMYJi MEH CaJbICTBIPMAIbI

THIFBI3IBUIBIK ~ apachIHAarbl  KaThlHAC  KeJeci
TEeHAEYMEH cumaTTayra ooxansl [32]:
E
= =c L (1)
E; Ps

MyH7aFbl E koHe E —KaTThl )oHe KEYEKTi THTaHHBIH
cepMimMaimik  moxinbaepi; C =1 reoMeTpusIbIK
NPOTMOPUUOHANABUIBIK ~ Koddduimenti; p xkoHe
p, — COMKECIHIIE KATTBI YKOHE KEYEKTI TUTAHHBIH
THIFBI3IBIKTAPEI.

Keneci 10-cyperte keyekriniri 55-75% apa-
JBIFBIHAA OONATBIH JKOFAphl  TEMIIEPATYPAIIBIK
JKEHTEKTEeY OJICIMEH aJIbIHFaH KEYeKTi THTaH
YJITUIepiHiH KeATIpiIreH MeXaHUKANbIK KepHEYiHiH
JIeQOpMaLMSITBIK Y3apyFa TOYEJIUIirT KepceTiireH.
CypeTTeH KEeyeKTi THTaHHBIH  MEXaHUKAJBIK
KAaCHUETTEPIHIH KapanaibiM METaJBIK KipMeIepaiH
KacHEeTTepIMEH YKcac EKeHiHe Ke3iMi3al JKeTkize
amame. ['padukren medopmarusHeH OachkIHIA
37aCTUKAIBIK JAedopmaius caTbiChl OaKblUIaHCa,
nedopMaIVsUIBIK, — y3apy  JKOFapbUIaFaH — CalbIH
MEXaHUKAJIBIK KepHEYMiH OIpTEKTi CabICTHIPMAaIIBI
TYPaKTHI CaTBICHI OacTanaThiHbl aHBIK. OChI eKiHIIi
caThlla KeyeKTep KbICBUIBII  JaedopMarusra
YIIBIpAIbI. MexaHuKanelK  JaeQOopMaIiisHBIH
KeJleci caThIChl THIFBI3IaHy aliMarbl Jen aTajajbl,
MYHJIa MEXaHUKaJbIK KEpHEY NIepey Oocill KeyeKTi
MaTepHasJIbIH KOJIeMJIi THUTaHHBIH MEXaHUKaJIbIK
KacueTTepiHe ue OONaThIHBIH KepeMis. TypaxTsl
aliMaKTaFbl MEXaHUKaJBIK KepHEYAiH mamackl 10-
15 Mma apanbiFblHIA JKAaTambl JKOHE KEYEKTLIIK
apTKaH caiiblH Oacenyel Tyceni [34]. OpOip xeke

QJIBIHFaH KUCBIKTBIH CBHI3BIKTHI aiiMarbIHBIH Keyoey
OYpBIIIBIMEH aHBIKTAJIATBIH CEPIIMAUIIK MOy
€ MaTepualIblH KEYeKTiliri apTKaH CalblH
temeHeini. CepMIMALTIK MOIYNiHIH MaKCHUMyM
KOHE MHHUMYM MOoHepi coiikeciHmie 6,4 xoHe 3
I'Tla xypansl.

RO
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10-cypet — Keyexriniri 55-75% apanbIFeIHIAFBI KEYEKT1
TUTaH YATUIEPiHiH KEeATIPIITeH MEXaHUKAJIBIK KePHEYiHIH
neOpMaIHSIIBIK Y3apyFa TOyenaiiri [34]

OcpLnaifiiia, KEyeKTi THTaHHBIH MEXaHUKAJIBIK
KacHeTTepiH 3epTTereH Ke3le, 3epTTeyIIiiep
KYPBUTBIMABIK ~ Momudukaius FOHr  Momynix
TBIFBI3 METAIJILIH MOHIHCH CYHEKKe JeHiHTi
MoHiHE JeiiiH TeMeHIeTyre MYMKIHIIK OepeTiHiH
TYCiHII. VIMIJIAaHTaHTTBIH KATTBUIBIFBIH —a3alTy
YJIKCH KBI3BIFYIIBUIBIK TYABIPAIbl, OWUTKEHI Oy
MEXaHHUKAIBIK KEepHEYJIiH Tapaly CHIIAThIH KaK-
capTaZbpl JKOHE CyHeKkTepAi KaJlblHA KeNTipy
JKaFIaimapbId KakcapTaasl [35].

6 KeyekTi THTAHHBIH OHOMEIHMIMHAJBIK
KOJIAHBLIYBI

Conrpl 20 xpUT imIiHAE KEYEeKTI KYPBUIBIMIAp
TPaBMaTOJNIOTUSI A, OPTONEAMs, XUPYPIUs, CTO-
MaTOJIOTHS, YPOJIOTHSI >KOHE MEIWITMHAHBIH Oac-
Ka Jla cajanapblHlIa ajaM ar3achl YIIiH WMIIaH-
Tanus JadbIHIAyla KOJJaHbUTBIN Kenmemi [31,
36]. OpromeausuiblK MakcaTTa KOJJIaHbUIAThIH
MatepHaniap YUIiH OipHelle opTak KpUTepHiiiep
KapacTeIpy Kepek. bipinmi kpurepuit — on 6rome-
TUIMHATBIK KOJNJaHyJIap YIIH KaXeTTI KacHeTTep
KaTapbl, MBICANIbI, OHOYWIECIMAIIIK, KOPPO3UsFa
JKOFaphI TO3IMIILTIK %oHE TO3yFa Te3iMaiiri. COHbI-
MEH KaTap OpPTONENWsIIBIK HWMIUIAHTAT apHAWBI
MEXaHUKaJBIK KacueTTepre ue 0oybl Kepek. Ararl
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aliTKaH/Ma, TAaHJAFaH OPTOINEIUSUIBIK MMILIAHTAT
CYHWEKTiH CepIiMIUTIK MOAYIiHE Ccoiikec O0ysl
mapt. ExiHmigeH, Tanaaarad MaTepraliibl KaKeTTi
(dopMara eHjey omiCiHIH Kammbel Oarackl na a3
6omysl THiC [37].

Cyiiek — KeleH/ i BACKYJISPIIbI KY€ MEH aKybI3
0alIaHBICTHIPYILBI HETI31HAET] alllbIK KYPbUIBIMABI
KOMITO3HTTI MaTteprail. ApXUTEKTYPaJbIK JCHTeH IS
KapacThIpcaK, CYMEK e3apa ThIFbI3 OCKITUITCH
eKi THNTI CcyHek TiHaepiHeH Typansl. CyHekTiH
CBIPTKBI KaOaThl THIFBI3 KOPTHUKAJBIK TiHIAEPICH,
an imKi KabaTTapbIHBIH KEYeKTi TpaOeKyIspIIbl
TIHACPACH TYPaThIHABIFEI Oenrimi. KopTukambik
TIHAEPAIH THIFBI3ABIFEI OTE JKOFAphl JKOHE OJIap
LWIMHAP MIOIHAI OCcTeoHIapAaH TypateiH ['aBep-
CHaH JXYHeciH Ty3eli, COHbIMEH Karap OJap.bIH
emmemzaepi 10-500 MKM apabIFbIHIA )KATATBIH IBIFBI
Oenrini. ['aBepcuan kaHanmapel cyiekTiH 6ac ociHe
napajuienb OOJIaTBIH KaH TaMbIpJapblHAH TYPaJIbl.
byn xaH TaMpIpiapsl cyliek OeTiHIeTi KaH TaMbIp-
JapbIMeH TnepdopanusIblK  KaHAIIap —apKbUIBI
e3apa OaiimaHpIcanbl. Al TpaOEeKyISPIIBI TIHAEPIIH
KYPBUTBIMBI KEpiCiHIIIE, KEYEKTi OOJIBIT KeJe Il dKoHe
nuaMeTpiik enmemzaepi 50-300 MkM OonaTheiH Tpa-
Oexynamap TopiapbiHaH Typansl. OChl eki Typii
CYHEK TiHIEpiHiH KEyeKTiTiri MeH THIFbI3IBIKTaphI
aiftapnsikrail op Typii. Koprukansx cyiiex TiHae-
pinig keyekrimiri 5-10% Oomnca, TpaOexymspib
CYHek TiHAepiHiH Keyekrtimiri — 75% xone 90%
apanblFeiHaa sxkatagsl [38]. KopTukanblk cyiekTiH
THIFBIBIBIFEL 1,99 1r/cM® [39] OGonca Tpabekyisp-
1Bl cyHekTepain TeIFbBABEE 0.05 — 1.0 r/cv? [40]
apanblFeiHAa e3repinm Typaapl. CyHekTiH Mexa-
HUKAaJbIK KacHUeTTepi OJapiAblH JeHeleri Oacka
CyWekTepMeH, OyBIHIApMEH KOHE OVIIIIBIK eTTep-
MeH oacepiecyliepiMeH aHbIKTanaasl. Cylek aHu-
30TPONTHl MaTepuall KOHE OHBIH MEXaHUKAJbIK
KacHeTTepi OHBIH AHOTOMISUIBIK OpHAJACybIMEH
aHbBIKTANAEI [41].

TuTaH >xoHE OHBIH KOPBITHAIAPHI ©31HIH TaMaIa
MEXaHUKAIBIK KacHeTTepiHe, OmoyineciMailirine
KOHE KOPPO3USFa TYPaKTHUIBIFBIHA OaiIaHBICTHI
OpTOTIeNINsl KOHE CTOMATOJIOTHSIIBIK HMMILIAHTAT
JIaipIHAayAa KeHIHEH KOJIJaHbUIAThIH MaTepraiiap
0osbin TabbuIankl [42]. Meicainsl, Ti-6Al-4Vikone
NiTi kopsITHanapsl OPTONMEAMSITBIK MaKcaTTa XHi
KOJIIAHBIJIATHIH TUTAH KOPBITIATIAPBIHBIH Oipi 00-
aem TabbiIansl [43]. CeGebi THTaH KOpBITHATIAphI
0acka KocrallapMeH CallbICThIPFaH 2 KYPaMbIH/IaFbl
AJIEMEHTTEPIHIH YJIBUTBIFBI TOMEHOOBIT KIS,

CoHFBl €Ki OHXBUIABIKTA TUTAH JKOHE OHBIH
KOpBITHAIAPBIMEH KYMBIC KaCalTBIH 3epTTEYIIIep
OPTONEUSIIBIK KOJJIAHBUTYJIAp YIIIH YKaHa KOPHIT-
najgap ownam TanTel. Artan aiitkannma, Ti-Nb-Ta-
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Zr, Ti-Zr-Nb, Ti-Zr-NbTa-Pd, Ti-Sn-Nb xoHe
Ti-Ni-Ta [44] anbiHBIN, HMMILIAHTAT JalbIHAAY-
na Ouomartepuan peTiHAE KOJIaHbUIABL. TuTaH
KOPBITHANAPBIHBIH KOITEr'eH TYPiHIH MEXaHUKABIK
KAacHeTTepl OpTONEAMSIIBIK KOJIaHyJap  YIIiH
JKorapbl yiuecimuimikke ue. bomar sxone Co-
Cr KOphITHAJapbIMEH CANBICTBIPFAHNA  THUTaH
KOPBITIAIAPBIHBIH CEPHIMIUIIK MOIYyJi CYHEKTiH
CepIIMIUTIK MOMYJIMEH COHKeC Kelle[i KoHe
TEOPUSITBIK TYPFBIJIAH KapacThIpFaH/ia KepHeyepre
KapChl KOPFaHBICTHI a3 KaMTaMachI3 eTeji. TeMeHeri
11 cyperre cyifek TiHIHIOE KOJJaHBUIATHIH KeHOip
MaHBI3IBI MaTePHATAAPILIH CEPIIMIUTIK MOIYJIi
KOpCETIITeH.

11-cyper — Cyiiek TiHiHAE KOJNAHBUIATHIH KeHOip
KOpBITNANApABIH CePHiMALTIK Moxynaepi [45]

Turtan xoperTnanapeiHelH, Co-Cr-Mo  KOpEHIT-
MajgapbIMEH CajbICThIPFAaHIaFbl MYMKiH OOJIATBIH €H
KOJIaliChI3 MEXaHUKAJIBIK KACUETTEPi: ChI3aTTap IbIH
TapalyblH KaOBUIJAFBIMITHIFEL,  CATBICTHIPMAITBI
JKYMCAKTBIFbI JKOHE CaJIbICTBIPMAJIbI TOMEH (PUK-
LIUOHABIK KacueTTepi. buoyinecimaingikke KeleTiH
0oJIcaK, TUTAaH KOPBITIIATapBIHEIH OSTTiK KaOaThIHIa
OKCHUJITIH Ka0aTThIH TY31IMEYyl OJapiblH KETICTIr
0OJIBII TAOBLIAEL.

Cyliek TiHIHIH UMIUTAHTAIHWICHl KYpaMbl FaHa
call KeJeTiH MaTepuaIbl KOKET eTill KaHa KonMaii,
ONIapIIbIH CYHEK KYpPaMBIMEH XOHE MeXaHUKaJIbIK
KacHeTTepIMEH CoiKkec 0oysIH Tajam erefi. OpTo-
MEAMSUTBIK ~ MAaKCaTTa KOJIJAHBUIATBIH — MMILIAH-
TaTTapAblH JKETICTITIMEH KaTrap ajgaM ar3achlHAa
KOJIaHBUIYBl YIIH Oipa3 KUBIHABIKTAp Oap. Exi
HETI3Tl KUBIHJBIKTAPABIH Oipi HWMILIAHTAT TICH
Cy#eK TiHiHIH OMOMEXaHHKAIBIK KATTHUIBIFBIHBIH
cail kenmeyl Oojca, eKiHIIici periHie OacTamKsl
OTBIPFBIZY (PUKCAIHMSICHI TYPBIC OOJIMaFaH XKaranaa
MMIUTAaHTaTTapAbBIH MHKPOKO3FaJIBICTAPhIH aTayFa
6omangel. MIMmimaHTaTTBl KOpIIAm TYpaTBIH CYHEK
TIHJAEpl IIaManbl MEXAaHUKAJBIK KYII OCEepiHEH
CYHeKTi 3aKkpIMAaybl MYMKiH. MyHnail kesmepne
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WMILTAaHTATTHI YCTal TYPFaH CYHeK Te, UMIUTAHTaT Ta
ancipeyi MyMKiH. ByJ1 ali TBUTBITT KeTKEH KHBIHIBIKTap
OpPTONENUSUIBIK MaKcaTTa KOJIAHBUIATHIH UMILIaH-
TaT JalbIHIAY/lA ECKEPUISTIH aJiFalliKbl Mocese
0o TaOBLTATET [46].

Cyifek TiHAEpiHIH KEyeKTi UMIUIaHTaT KYpbI-
JBIMBIHA Kapail ecim, Oepik e3apa OaiyaHbl TY3Y
MIPOIIECC] OCTEONHTETpanys Jien aTanaasl. Kenreren
Kbuiaap OoHBI 3epTTeymriiep Oysl MpoIecTi *kKak-
capTyFa YMTBUIIBI, ©WTKEHI CYWEKTepIHiH Haiap
CIHIIT ©CY1 UMIUIAHTATTHIH QJICIPEYiHE OKEITyl MYMKIH
JKOHE KalTaiaH 0Ta KaykeT OOJIBIN KalTybIHBIH KaTepi
skorapeutaii  Tycemi. COHABIKTaH MyHAald Toxi-
pubenepain 0acbkIM KONMIUIr HETI31HEH THIFBI3
OuoMaTepuanap/blH  KeIip-OVIBIPJIBIK  KOHE
OMOJIOTHSUTBIK  O€JICEHMINTIK CHUSKTHI OeTKi mapa-
METpJIEpiH e3repTyre OarbITTadFaH OOJATHIH.
KeyekTi KypbUIBIMIBI KOJJaHY METAJLIABIK OWo-
MaTepuan MeH CYHeK apachlHAarbl MeXaHUKaJbIK
anre3usHbl TIHIEPAIH KEYeK KyBICTAHBIHBIH IITiHE
ciHim ecyi apkpUIbl Kymeieni [47]. Keneci 12 cy-
peTTe amblK KeyeKTi MMIUIAaHTaT OeTiHIe CyHek
TIHACPIHIH CIHII 6Cy NPOIECCIHIH MOJACbIIK
OeliHeci KepceTireH.

CyiiexTepnain ocyi

TypakTbl pukcanus

12-cypeT — AIIBIK K€YEeKTi IMIUTAaHTAT
OetiHe ecipinrex cyiek TiHi [48]

OcTteonHTErpaIysi Mporecci KONJAHBIN OThIP-
FaH MaTepUaNZIbIH KEYeKTiTriHe, KeyeKTep/iH
eIIeM Iepi MEH MaTePHAIIIBIH XKaIITbl KYPHLIBIMbIHA
OaitmanpicTel 60mans! [47]. Kemeci [49] )KyMBICTBIH
aBTOpJIaphl Kimni emmemi (mmamameH 188 mm) ke-
YeKTep HMMIUIAHTTBIK eMIeyIiH OacwlHaa TiHIep
YInanapelHeIH AU depeHITHausIchiHa  BIKITAI
eTeqi, an yakeH keyekTep (313 MKM jkoHe JKOFaphl)
JKacylianap/iblH KeOCroiHe >KOHE CYHEKTiH CiHim
OCyiHE BIKITall €TeAi JeTeH KOPBITHIHIBIFA KEJI.
CoHBIMEH KaTap, KeyeKTep BacKyJsipHU3alus MEH
KOPEKTi 3aTTap/bl JKETKi3y/l *KETKUTKTI JeHreie
KaMTaMachl3 €Ty YIIiH e3apa OallaHbICKaH OOIybI
tuic. Meicanbsl, Myp xoHe opimTecTepi YCHIHFaH

3epTTeyNepAiH HOTHKECIHIe CYHEKTEpIiH Te3 CiHil
ocyiHe KeyeKTLIir 75—85% 0onaThiH KyphUIBIMIap
JKAFBIMJIBI, @l THTaH MMIUIAHTTAPBIH KOJJIaHy
JKaFrIalbIHAA YT OJIIIeM/Il alIbIK KEYEKTI KYPbUIbIM
THIMII IeTeH KOPHIThIHABIFa KenreH [50]. Ochuraii-
114, KEYEKTLTIK IeH KeyeK oJIIeMIepi MaTepHaIbiH
MEXaHHUKAIIBIK KaCHETTepiHe TiKeJeW ocep eTeTiH
rnapaMeTpepOoIbill TaObLIATHIHABIFBIHA KO3 JKET-
Ki3eMi3, COHJBIKTaH OJIap UMIUTAHTAIUSHBIH TYPiHE
(>KyKTEMe KeTepyIili, JKYKTeMe YIEeCTipyIi, KapKac
JKoHE T.0.) OallyIaHBICTHI KAKChl TEHACCTIPLITeH 00-
JYBI KEpeK.

CoHBIMEH KaTap, OCTCOMHTErpamusi Mpo-
1ecli op TYpii KYPBUIBIMIBI KEYEKTI THTaH HM-
IDTAHTATTAPBIHBIH YCTIHIIE 3EPTTEIHIeH OOJATHIH.
OchIHmail 3epTTey 13AeHIcTepiniH Oipi priHae beH-
IIAPUT KOHE opinTecTepi [5S1] yChIHFaH il KaTThI
TUTAaHHaH acajblll, CBIPTHI KEYEKTUIIT IpaAueHTTi
OONaTBIH KEYeKTI THUTaH KYpbUIBIMAApbl Oap
CTOMOTOJIOTHSUTBIK MMIUTAHTATTAPBIH aTal auTcak
Oomanpl.

KopbITBIHABI

KopwITeiHabIail keme, Ka3ipri TaHma KeyeKTi
TUTaH O3IHIH KYPBUIBIMIBIK OHE MEXaHUKAJIBIK
KacHeTTepiHe opal, ocipece, OWOMETUITMHAIBIK
KOJIIaHBICTAP YIIiH OOJalmarkl ©Te 30p MaTepwal
OO0JBIN TaOBUTATHIHIBIFBIHA KO3 JKeTKi3eMi3. KeyekTi
TUTAHJIBI aly VIIH anyaH TYPJi (QU3UKAIBIK XKOHE
XUMISUTBIK 9JTICTEep YCHIHBUTFaH. Makaiaza oJlapIbIH
INIHaeri KeHiHeH TapajfaHAapbl; YHTAKThI METaj-
TMyprys, TUIa3MalblK IIAIIbIpaTy, 3yekTpodopes,
XUMHUSUTBIK JKEMIPY )KOHE AIEKTPOXUMHUSITBIK KEeMIpy
CUSIKTBI OJIICTEPIHE TOKTaJbIN eTuIreH. JKyMbicTa
KEeYeKTi THTaH KYPBUIBIMIAPBIHBIH KOJIaHOAIBI
asicel OMOMEJMIIMHAHBIH HWMIUIAHT Kacay cana-
Chl KapacTBHIPBUIFAHABIKTAH MaTEePHAaJIbIH HETi3ri
KYPBUIBIM/IBIK JKOHE MEXaHHWKAJBIK KacHeTTepi
KapacTeIpbUTFaH. KenTipinren akmapaTTaH KeyeKTi
TUTaH XOHE OHBIH KOPBITHAJIAPBIHAH KACAJbIHFaH
AMIUTAHTTap TOXKipuOe KY3iHIE THIFBI3 MeTajaap-
JaH JKacalFaH OyHbpIMJapra KaparaHja apThIK-
LIBUIBIKTApEl Oap eKeHAiri aHelK. Herisri apThIk-
IBUTBIKTAD KEYeKTI TUTAaHHBIH  MEXaHUKAaJbIK
KAaCHUETTEPIHIH CYHeK TIHACPIHIH MEeXaHUKAJIBIK
KacueTTepiHe >KaKblH OOJBIN, OCTEOMHTErpamus
MIPOLIECCTEPIiHIH JKYPYIH JKEHUIpEK KaMTaMachl3
ererinairinge. Keyekri THTaH UMILIAHTTapblH Me-
JUITMHA]A KOJTaHyFa O0JIaThIH/IBIFbIHA KAPAMaCTaH,
MyYHJIall MaTepuangapAblH KIMHAKAIBIK TYPFBIIaH
kemuimikrepi Oap [48]. BipinmigeH, anapiH-ana
JKacallFaH WMIUTAHTTapJbl aHOMAJbJIbl aHATO-
MUSITBIK, KYPBUIBIMAAP YIIiH KOJIJaHyFa O0IMaiabl.
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ExinmineH, keyekrepAin 0apibiFsl 0ip-OipiMeH Oaif-  eHAIPICTIK XaTTaMmajapbl >KAaKChIpaK OarasiaHbII,
JIaHbICa aMaWIbl, OYJI CYHEKIIeH TiHACPiHIH TONTh-  MEAWIMHAIBIK MaKcaTTapra jkapaMibsl OOIyBI Ke-
PBUIMaHTBIH JKOHE MaTepHaNJIbIH OCCEHHTErpalus-  pek. JlereHMeH, YCHIHBUIFaH INOJyAaH KEYeKTi
CBIH TOMEHJIETETIH «COKBIP aliMaKTapAbIH» OONybl-  TUTAHHBIH >KAaKbIH OONAIIaKTa UMILUIAHT >KACAWTBhIH
Ha okenmeni. COHABIKTAH MYHIail MMIUTAHTTApABIH  MaTephal eKeHIIT1 alKbIH.
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INVESTIGATION OF THE LIQUID FUEL SINGLE-HOLE INJECTION
IN THE COMBUSTION CHAMBER

On modern engines fuel injection has completely replaced the carburetor power system. But at the
same time, among automakers there is still no consensus about which injection system is preferable,
since each of them has its own advantages and limitations. In this work it was conducted the study of
the atomization and combustion processes of single-hole injection of liquid fuel in a model chamber of
the internal combustion engine. In this injection system air is mixed with fuel in the intake manifold, a
complex and sensitive carburetor has been replaced by an injector, therefore this type of spray is called
single-point. In multi-hole injection systems an individual injector is installed in the intake manifold of
each cylinder, which supplies fuel directly to the intake valve. Thus, the fuel mixture is prepared
immediately before being fed into the combustion chamber. Therefore, it turns out to be homogeneous
in its composition and approximately the same in quality for each of the cylinders. As a result, this has a
beneficial effect on the power and economy of the engine, as well as on the toxicity of exhaust gases.
As a result of the computational experiments, the thermal and aerodynamic characteristics of the flow in
the combustion chamber were obtained. The obtained computer simulation data were compared with
experiments, which showed that the proposed in our work numerical model of liquid fuels spray
adequately describes the real processes of atomization and combustion of various types liquid fuels.

Key words: atomization, single-hole injection, combustion chamber, liquid fuel, numerical
simulation.
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JKaHy KamepacbiHAaFbl 6ip aFbiHLLIAADI
CYHbIK OTbIH GYPKYiH 3epTTey

3amaHayM iWTeH >KaHy KO3FaATKbILUTAPbIHAA OTbIHABI OYPKY 8AiCi KapOIOPaTOPABIK, KOPEKTEHAIPY
JKYMECIH TOABIFBIMEH aAMAaCTbIpAbl. AAaliAa, aBTOKOAIK OHAIPYLIIAEPAIH apacbiHAQ Kal >KYMEHiH,
6acbIMbIpak, eKEHAIr TypaAbl 6ipAEN Ke3Kapac XKOK, 6MTKeHI, 8p6ipiHiH ©3iHiH apTbIKWbIAbIKTAPbl MEH
KeMLLiAIKTepi 6ap. bepiAreH >KymbiCTa iWTEH >KaHy KO3FAaATKbILbIHBIH MOAEAbAIK KamMepacblHAAFbI
CYMbIK, OTbIHHbIH 6ip afFblHIWAAbI GYPKY X8He XaHy NpoLecTepiHe 3epTTey XKypri3iaai. ATaaraH GypKy
JKYMECIHAE aya OTbIHMEH KipiC KOAAEKTOPbIHAA apaAacaAbl, KYPAEAI, opi cesiMTan kapOiopaTtop
MHXXEKTOPMEH aAMACTbIPbIAQAbl, COHAbIKTAH, aTaAFaH Oypky Typi GipHYKTEAIK Aen Te araAaAbl.
KenarbiHiaAbl  BYpKYy >KyileaepiHae opbip UMAMHAPAIH  Kipic  TyTiriHae >keke opcCyHKa
OPHAAACTbIPbIAGAbI, COHFbICbI OTbIHAbI KipiC KAamaHbiHa Oepeai. OcbiAaiiiua, OTbIH KOCMAChl >KaHy
KamepacbiHa 6epep arabiH a3ipAeHeal. COHAbIKTaH Kypambl GoMbIHLLIA OA BipTeKTi, 8pi ap6ip LMAMHAD
YWiH canacbl TypfbiCbiHaH Oipaert 60oAaabl. HaTuxkeciHAe aTaAFaH KacueT MOTOPAbIH KyaTbl MeH
YHEMAIAITIHe, LWbIFbIC Ta3AApAbIH,  YAbIAbIFbIHA >KaFbIMAbl acep eTeai. XKyprisiareH ecenTteyiuw
TOXIpUOEAEPAIH HEri3iHAE >KaHy KamepacblHAAFbl afbICTbIH >KbIAYABIK >K8HE a3pOAMHAMMKAABIK,
cunaTTamanapbiHa KOA >KETKI3iAAL. AAbIHFAH KOMIMbIOTEPAIK MOAEAbAEY HOTUXKEAEpiH TaxipubeAik
MOAIMETTEPMEH CaAbICTLIPbIAY KOPCETKEHAEH, XKYMbICTA YCbIHbIAFAH TaMLIbIAAPAbI BYPKYAiH CaHAbIK,
MOAEAI 8P TYPAI CYMbIK, OTbIHAAPAbBI BYPKY >KaHE XaHy MpoLecTepiH AYPbIC CUMATTaNTbIHAbIFbI GEATIAI
6OAADI.

KatoueBble cAoBa: 6ypky, 6ip aFbiHLWAAbI OYPKY, XKaHy, CYMbIK, OTbIH, CAHABIK, MOAEAbAEY.
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NUccaepoBaHMe OAHOCTPYHHOIO BNPbICKA XXMAKOIO TOMAMBA
B Kamepe cropaHmsi

Ha coBpemMeHHbIX ABWMraTeAsix BMpbICK TOMAMBA MOAHOCTbIO BbITECHWMA KapOIOPATOPHYIO CUCTEMY
nMTaHus. Ho npu aToM, CpeAn aBTONPOU3BOAMTEAEI AO CUX MOP HET EAMHONO MHEHMSI, Kakasi cucTema
BMpbICKa MPEAMOYTUTEAbHEN, MOCKOAbKY KaXAas M3 HUMX O06AAAAeT CBOMMM AOCTOMHCTBaMM U
HeaocTaTkamu. B AaHHOM paboTe GbIAO MPOBEAEHO UCCAEAOBAHME MPOLECCOB PACMblAd U FOpPeHUs
OAHOCTPYMHOIO BMPbICKA XMAKOIO TOMAMBA B MOAEAbHOM Kamepe ABUraTeAsl BHYTPEHHEro CropaHus.
B 3TOM cucTeme BrpbiCKa BO3AYX CMELIMBAETCS C TOMAMBOM BO BITYCKHOM KOAAEKTOPE, CAOXHbINA U
UYBCTBUTEAbHbI KapOIOPaTOP 3aMEHEH HA MHXKEKTOP, MO3TOMY 3TOT TUM pacrblAd NMOAYUMA Ha3BaHMe
OAHOTOYEUHOro. B crucTemax MHOrOCTPYMHOrO BpbICKa BO BMYCKHOM MaTpybKe KaXkAOro LUMAMHAPA
yCTaHaBAMBAETCs WMHAMBMAYaAbHasl (POPCYHKA, KOTopasi MOAAET TOMAMBO HENMOCPEACTBEHHO Ha
BIMYCKHOW KAanaH. TakMm o6pa3om, TOMAMBHAs CMECb FOTOBUTCS HEMOCPEACTBEHHO MEPEA MoAauel B
Kamepy cropaHus. [103ToMy OHa NMoAy4aeTcs OAHOPOAHOM MO CBOEMY COCTAaBy M MPUMEPHO OAMHAKOBA
MO KauecTBY AASl K&XKAOMO M3 LMAMHAPOB. B pesyAbTate AaHHOE CBOMCTBO BAAroTBOPHO CKa3blBaeTCs
Ha MOLLHOCTM M 3KOHOMMYHOCTM MOTOPA, @ TakKe Ha TOKCMYHOCTM BbIXAOMHbIX Fa30B. B pe3yabTarte
MPOBEAEHHbIX  BbIUMCAMTEAbHbIX 3KCMEPMMEHTOB MOAYYEHbl TEMAOBbIE U  a3POAMHAMMYECKME
XapaKTePUCTUKM TeueHus B Kamepe cropaHus. [loAyueHHble pe3yAbTaTbl KOMIMbIOTEPHOMO
MOAEAMPOBAaHMS OblAM  CPaBHEHbl C 3KCMEepUMEHTAAbHbIMM AAHHbIMM, KOTOPbIE MOKa3aAM, 4TO
NPeAAO>KEHHasl B Hallleit paboTe UMCAEHHAs MOAEAb BMPbICKA KarneAb aAeKBaTHO OMUCLIBAET PeaAbHble

MPOLECChI pacrblAa U FOPEHUS PAa3AMUHOIO BUAA KMAKMX TOTMAMB.
KAtoueBble cAOBa: pacriblA, OAHOCTPYMHBIA BMPbICK, FOPEHWe, XXUAKOE TOMAMBO, UMCAEHHOE

MOAEAMPOBaHMe.

Introduction

Air pollution today is one of the pressing
problems of large and industrial cities of the
republic. Among them, the leading place in the
concentration of harmful substances is the city of
Almaty. This is due to natural, climatic, technogenic
conditions: the location at the foot of the mountains,
in an extremely unfavorable place for providing
clean air, since the weak circulation of air masses,
characteristic of mountainous terrain, contributes to
the accumulation of harmful impurities in the air.
Their main sources in Almaty are motor vehicles,
industrial enterprises, the private residential sector
using solid fuel heating, thermal power plants
located near the city. The atmospheric air of the city
is saturated with carbon monoxide, nitrogen dioxide
and formaldehyde; the average concentration of
these chemical elements is several times higher than
the maximum permissible concentration established
by sanitary standards. In recent years, the state of the
air environment in Almaty has worsened due to an
increase in the number of sources of pollution,
especially the fleet of cars, unplanned construction
of high-rise buildings that hinder the air flow, an
increasing population and a reduction in green areas
[1-4].

According to statistics, the annual volume of
emissions of harmful substances into the atmosphere
of Almaty is about 232 thousand tons. At the same
time, 3 thousand tons are thrown away by industrial
enterprises, 16 thousand tons — in the residential
private sector and 23 thousand tons are produced by
thermal power plants (Figure 1).

The largest share in the volume of air emissions
falls on motor vehicles. This is 190 thousand tons or
80 percent of the total volume, incl. by pollutants
included in the indicator of the air pollution index:
suspended solids (soot) — 308.8 tons per year;
carbon oxides — 145829.9 tons per year; nitrogen
oxides — 17990.2 tons per year; sulfur oxides —
1860.2 tons per year; formaldehyde — 133.9 tons per
year; others (hydrocarbon, benzene, etc.) — 23977
tons per year. The impact of these pollutants on
health is manifested in a wide range of biological
effects: from an increase in the frequency of cough
and other symptoms from the upper and lower
respiratory tract, exacerbation of bronchial asthma,
an increase in the incidence of bronchitis to an
increase in cardiovascular diseases [5, 6].

As calculations and dynamics of growth of the
main indicators show, the relationship between
environmental pollution, the incidence of
respiratory diseases in the population, the cost of the
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disease (government and private spending, non-
produced gross regional product) has a directly
proportional relationship. There is a positive trend in
all indicators. Accordingly, in order to reduce losses
both from the state and the population, it is
necessary to take measures to reduce environmental
pollution, which will lead to a decrease in the
incidence of diseases of the population, and,
accordingly, to reduce the costs of the state and the
population.

Volume of emissions (thousand tons)
W vehicles

W industrial
enterprises

ETPS

Figure 1 — The annual volume of emissions of harmful
substances into the atmosphere of Almaty

In connection with the above, intensification of
production, reduction of material consumption of
equipment, economical consumption of fuel, and
environmental protection are acquiring special
significance and relevance. It is very important to
create a scientific basis for intensive technological
processes that ensure the integrated use of fuel and
its waste, excluding the harmful -effects of
production on the biosphere. The new strategy for
nature conservation and energy conservation
involves the selection of the most effective
achievements of scientific and technological
progress. Among them, three main groups of
measures  stand  out:  utilization,  energy
modernization, intensive energy saving.

Physical statement of the problem

The heart of any car is an internal combustion
engine, designed to convert chemical energy into
mechanical energy. Gasoline and diesel engines are
distinguished by fuel type. Mechanical energy
moves the pistons up and down the inner cylinders.
The pistons are connected to the crankshaft and the
movement of the pistons, known as linear motion,
creates a rotation of the shaft that drives the wheels.

Modern internal combustion engines use high-
tech fuel injectors to deliver fuel to the engine in the
most efficient way. There are different types of fuel
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injection systems depending on the type of engine.
The most commonly used engines are spark ignition
(SI), port injection (PFI or GDI) and direct injection
(DI) engines. In spark ignition engines, the injection
pressure ranges from 2 to 3 bar, and in direct
injection engines from 100 to 200 bar. Diesel
engines with direct injection operate at much higher
pressures, these values are about 10 times or more
than spark ignition engines. Injection systems are
usually electronically controlled, since the opening
and closing of the injector must be quick, which
reduces fuel waste [7-11].

In GDI engines, fuel is injected directly from
several injector holes at a pressure of 200 bar. The
multi-hole injection structure of the GDI engine is
composed of combinations of fluid bundles and
droplets of different sizes, and these are dependent
on injection pressure. When liquid is injected, ring-
shaped injections are created in the engine.
Typically, liquid bundles form at the inlet in the
vicinity of the injector nozzle and the bundles break
into droplets downstream due to interaction with air,
which contributes to the growth of instability on the
liquid surface. Droplet decay continues further
downstream, which facilitates evaporation (Fig.2)
[12, 13].

The combustion mechanism of liquid fuels in
internal combustion engines includes several stages:
a spark (or other external ignition source); ignition
of the air-vapor mixture; combustion of the vapor-
air mixture at the surface of the liquid; increased
evaporation rate due to the transfer of heat from the
flame.

Figure 2 — Cross-sectional view of a gasoline direct injection
(GDI) engine [12]:
1 —needle, 2 — valve, 3 — injector body, 4 — fuel drive,
5 — electrical connector, 6 — power drive, 7 — nozzle

One of the most fundamental differences
between combustion phenomena is based on flame
pre-mixing and diffusion processes. In the first case,
all reagents are thoroughly mixed before the
combustion process, and in the second, the fuel and
oxidant are mixed until the stage of consumption.
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Apart from spark ignition engines, in almost all
other internal combustion engine designs, the
injected liquid fuel is not premixed.

Liquid fuels such as gasoline, diesel, light oil,
fuel oil or kerosene are injected before combustion
and must mix well with air. For these purposes,
various types of nozzles are used. The injectors are
divided into two groups: mechanical injectors and
dual injection injectors. The perfection of the
combustion of liquid fuel depends on the quality of
its atomization, which is characterized by the
distribution of droplets in size, the average diameter
of the droplets, the opening angle and range of the
jet, the amount of liquid passing per unit time
through the unit of area of the free cross-section of
the jet.

Mathematical model of the liquid fuel
atomization

The continuity equation for the reaction
component m has the form [14]:

o, - . - - A,
—+V(pu)=V| pDV|— | |+p, +p S , (1)
ot P

where D is the diffusion coefficient, p, is the mass
density of the liquid phase, p is the total mass

density, p; is the chemical source term; ,DS
source term due to injection; u is the fluid velocity.

Equation of motion for a mixture of liquids is
[15]:

opi) .
+ V(puu) =

ot
1 o (2)
= —pr-AOV(% pk)+Vo+F +pg,
a

where p is the fluid pressure. In the equation, Ao is 0
for laminar flow and 1 when one of the turbulence
models is used.

The internal energy equation is presented below
[15]:

o(pI)

+V(piul) = —pVii +
ot (3)
+(1—A0)5‘§L7 -VJ+ A pe + 0 +0,

where I is the specific internal energy, Qc is the
source term due to the heat release as a result of a

chemical reaction, and QS is the heat brought by the

injected fuel. The vector of heat change J is the sum
of electrical conductivity and enthalpy transfer.

For technical applications, a more acceptable
method is based on the solution of the averaged
Navier-Stokes equations or Reynolds equations. In
the approach of modeling the Reynolds-averaged
Navier-Stokes equations (RANS), the ensemble
averaging operation is applied to the basic
equations, that is, all temporal and spatial scales of
turbulence contribute to the dynamics of the
averaged flow [16].

When calculating various characteristics of the
flow, a system of equations of turbulent transfer was
used, for the closure of which the standard
turbulence k —& model was used, since in studies
related to the study of heat and mass transfer
processes in turbulent flows of liquid fuels, this
model exhibits stability, efficiency, and reasonable
accuracy, which makes it most applicable for
solving industrial problems [17-20]:

ok 87jk 0 u | ok |ou,
p—+p =—|| u+—|— |—+
ot 6x,, axf o, 8xj ax/

B ()
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3 X,
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The quantities Co» Cops Cop» Oy, Op are

model constants that are determined from the
experiment.

This paper presents the results of the atomization
of single-hole liquid fuel injection modeling
depending on various external parameters. In this
work to simulate the processes of single-hole
injection of liquid fuel droplets the following
parameters were used:

- the injection pressure P =100 and 150 bar;
- the initial fuel temperature T P =363,15K;
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- the pressure in the combustion chamber
PC =1,54 bar;

- the temperature in the combustion chamber
1.=306,15 K;

- the duration of the injection time t=3,32 ms;

- total injection mass m=24.9 mg.

The operating fuel was isooctane.

Similar studies of the processes of spraying,
dispersion and combustion of liquid fuel droplets in
the combustion chamber were carried out in various
works by the authors [21-25]. In these works, the
optimal combustion modes of heptane, gasoline and
tetradecane were determined depending on the
initial temperature of the oxidizer, the injection mass
and the droplet velocity in the combustion chamber.
Therefore, all the initial conditions for modeling
thermal processes were taken on the basis of data
from previous works.

Numerical simulation results

By using a mathematical model the results of
numerical modeling of the processes of spray,
ignition and combustion of liquid fuel are presented
depending on two initial pressures in the combustion
chamber under high turbulence. The following
figures show the simulation results of liquid fuel
atomization in a model engine combustion chamber.

When liquid fuel is atomized into a stationary or
moving gas, a two-phase reaction jet is formed, which
burns to form a liquid fuel torch. As shown in Figure 3
an increase in pressure in the combustion chamber leads
to an increase in the high temperature region. This
behavior can be observed up to a pressure of 100 bar for
isooctane. A further increase in the pressure in the
combustion chamber leads to the fact that the region of
high temperatures narrows and already at a pressure of
150 bar this region decreases (Figure 3, b).

a) P=100 bar b) P=150 bar

Figure 3 — Distribution of the maximum temperature in the space
of the combustion chamber during the combustion of isooctane

Thus, analyzing this Figure 3, we can conclude
that the optimal pressure for octane is 100 bar.

The following Figure 4 shows the dispersion of
isooctane droplets along the radius and specific
temperature of particles. Figure 4 shows the
distribution of isooctane droplets in the combustion
chamber depending on the radius and specific
temperature of the particles. As can be seen, the
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droplet dispersion is dense, the droplets rise to 0.42
cm along the height of the combustion chamber
(Figure 4, a). Consequently, the radius of the
droplets at the height of the chamber was 7 pm.
Also, the specific temperature of each particle
heated to high values was 363 K. The droplets rise
to 0.42 cm along the height of the chamber (Figure
4, D).
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a) radial distribution b) specific temperature distribution

Figure 4 — Dispersion of isooctane droplets in terms of radius and specific temperature over
the height of the combustion chamber at P=100 bar

Also during the computational experiments the
aerodynamic and thermal characteristics of the spray
and combustion of isooctane in the combustion
chamber were obtained. Figure 5 shows the
distribution of the transverse component of the
droplet velocity in the combustion chamber. At the
initial moment of time 1.2 ms in most of the volume
of the chamber, the combustion rate of isooctane
was 20 m/s, and on the axis of the chamber at the

moment t=2.5 ms, the velocity of isooctane droplets
reached a maximum of 80 m/s.

The following Figure 6 shows the distribution of
the longitudinal velocity component of isooctane
droplets in the combustion chamber. As can be seen
from the figure, the droplet velocity reaches its
maximum 550 m/s on the camera axis. At the same
time, in the rest of the combustion chamber, the fuel
velocity remains constant at 50 m/s.

a) t=1.2 ms b) t=2.5 ms

Figure 5 — Distribution of the transverse component
of the velocity of isooctane droplets at different times

Figure 7 shows the distribution of fuel concentration
along the height of the combustion chamber. At the
initial moment of time, when the fuel is ignited, droplets
with a higher density are concentrated in the lower part

of the chamber; over time, due to the processes of
evaporation and collision, as well as due to high
temperatures, they begin to rise upward towards the exit
of the combustion chamber.
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Figure 6 — Distribution of the longitudinal component
of the velocity of isooctane droplets at different times

The region encompassing the maximum
temperature is large, due to the evaporation and

adhesion of isooctane droplets in the lower part of

the chamber, although the liquid phase remains, the

combustion of hydrocarbon liquid fuels occurs in

the gas phase.

Figure 7 — Distribution of fuel concentration at different points in time

Figure 8 shows the intensity of heat transfer
due to convection and heat conduction, which is
described by the Nusselt criterion. As we know
from the laws of heat transfer in a stationary
medium, the Nusselt number is always greater
than or equal to 1, since the heat flux due to
convection always exceeds in magnitude the heat
flux due to heat conduction. Since in our case the
process is described at high turbulence, as we can
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see from the figure, a strong convective heat flux
is observed on the chamber axis, which is a
characteristic of a turbulent flow.

At the initial moment of time, when the fuel and
the oxidizer mix intensively, the Nusselt criterion is
of high value. Then, after a while, along the
movement of heat to the outlet of the combustion
chamber, the intensity of heat exchange fades away
and the flow becomes stable.
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t=12mst=2.5ms

Figure 8 — The intensity of convective heat transfer
in the combustion chamber at different points in time

Also in the work, the results of numerical
simulation of the processes of isooctane drops
atomization were compared with the experimental
data of some foreign authors [26]. The results of
computational experiments on the change in the
temporal distributions of the Sauter mean droplet
diameter (SMD) of isooctane with distance from the
injector are shown in the figures below.

Sauter mean diameter is the mean surface-
volumetric diameter of the droplets. The results
obtained are compared with the experimental data

presented in [26]. Here at various distances from the
injector 10 mm, 20 mm, 30 mm, 40 mm, 50 mm and
60 mm for isooctane the experimental studies were
conducted. We also did similar studies at the
distance from the injector x=50 mm and 60 mm for
isooctane. As can be seen from Figures 9-10, the
experimental and simulation data are in good
agreement. Analyzing the obtained data, which are
presented in Figures 9-10, it can be assumed that the
simulated and experimental data are in good

agreement for liquid fuel.
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Figure 9 — Comparison with the experiment of the temporal distributions
of the Sauter mean droplet diameter (SMD) of isooctane at a distance of 50 mm from the injector:
blue line — numerical simulation; dot — experiment

The analysis of the obtained results presented in
this work indicates a good coincidence of the
numerical results with the experimental data and
allows us to conclude that the numerical model of

liquid fuels spraying proposed in this work
adequately describes real spraying processes and,
consequently, the combustion process of liquid fuels

of various types.
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Figure 10 — Comparison with the experiment of the temporal distributions
of the Sauter mean droplet diameter (SMD) of isooctane at a distance of 60 mm from the injector:
blue line — numerical simulation; dot — experiment

Conclusion

This paper presents the results of modeling of
single-hole fuel injection in internal combustion
engines. Here, the liquid is injected in the form of
droplets, which are assumed to have an average size
comparable to the diameter of the nozzle outlet.

The paper presents the results of computational
experiments to determine the optimal conditions for
the combustion of liquid fuel (isooctane). The results
obtained were compared with experimental data.

and combustion of liquid fuel depending on various
initial conditions. The influence of pressure in the
combustion chamber on the processes of spray and
dispersion of droplets at high turbulence were
obtained. The optimal combustion parameters for

1sooctane are determined.
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NMAA3SMEHHbBIE METOADI NMOBBILLUEHNSA SO ®EKTUBHOCTU
MCITOAb3OBAHUS TBEPADBIX TOIMNAUB

lMocAe HedTU YroAb BHOCUT HAUOBOABLLIMIA BKAQA B MUPOBOIM GaAaHC MPOU3BOACTBA MEPBUYUHbBIX
3HepreTMYeckux pecypcoB. Tak, CoO BpeMeH NepBoro HeTIHOrO Kpu3mca MMPOBOe NoTpebAeHMe yras
YBEAMUMAOCH Ha 45%, 1 AOCTUIAO AOAM B 22% B 06LLEM NPOM3BOACTBE NEPBMYHbIX SHEPrOPECYPCOB
(OM3P). Yroab 6GoAee BCEro WCMOAb3YEeTCS MpU MPOU3BOACTBE DAEKTPOIHEPrum: OkKoAo 40%
MPOV3BOAMMON B MMPE SIAEKTPOIHEPT MM BbIPAbaTbIBAETCS MyTEM CKUIraHWs yras. B ctaTbe paccmoTpeHa
OAHa M3 NepcrekTUBHbIX TEXHOAOTUI — MAA3MEHHOE 3a)KUraHue U CXKUraHue 3HepreTMyueckmx yraem,
NPUMEHEHME KOTOPOM MO3BOASET 3aMEHSATb AOPOTryld He(pTb AELIEBbIM YrAEM Ha BCEX TENAOBbIX
DAEKTPOCTaHUMSIX. [MAa3MEHHAs TEXHOAOIUS Mycka 6e3aMacAsaHbIX KOTAOB M CTabUAM3aLMM MAAMEHM
YrOALHOW MbiAK anpobuposaHa Ha TILL Poccuiickon Meaepaumm, Pecrnybankm KasaxcraHa, YkpauHbi,
Kutasi, MoHroamn, Kopeu, Caosakumn u Cepbun. B cratbe o60cHOBaHa HEOOGXOAMMOCTb Pa3BUTUS
HOBbIX TEXHOAOTUI yTUAM3aUMM TonAmBa. OnucaHbl TeOpeTUyeckMe M 3KCNepUMEHTAAbHbIE METOADI
MCCAEAOBaHUS BOCMAAMEHEHUS YrOAbHOM MAA3Mbl, TEPMOXMMMYECKON MOAFOTOBKM, CXKUIaHUs w
rasudukaumu. B ctabTbe 06CyKAQIOTCS METOABI pacyeTa NMAA3MEHHO-TOMAMBHbIX CUCTeM. [puBeAeHbl
OCHOBHble MPUHLMMbI (YHKLUMOHMPOBAHMS MAQ3MEHHO-TOMAMBHbBIX CUCTEM M PAaCCMOTEPHbI BOMPOCHI
obecreyeHnst 3K0-3KOHOMUYUECKMX MPEVMYLLECTB M0 CPABHEHMIO C TPAAMLIMOHHBIMU TEXHOAOMMSIMU
MCMOAb30BaHMS TOMAMBA.

KAtoueBble cAOBa: NMAasMeHHast TEXHOAOTMSI, MAA3MEHHOE 3aXKMIraHWe, CKMraHne SHepreTMyeckmx
yrAei, MeTOAbI MAQ3MEHHO-TOMAMBHBIX CUCTEM.
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Plasma methods for efficiency of solid fuel utilization improvement

After oil, coal makes the largest contribution to the global balance of primary energy production.
Thus, since the first oil crisis, global coal consumption has increased by 45%, and reached a share of
22% in the total production of primary energy resources (PPER). Coal is most used in power generation:
about 40% of the world’s electricity is generated by burning coal. Necessity of fuel utilization new tech-
nologies development is justified. One of the promising technologies is plasma ignition and incinera-
tion of power coals, application of which allows substitution of expensive oil by cheap coal in thermal
power plants. Plasma technology of oil-free boilers start up and pulverized coal flame stabilization
has been tested in thermal power plant of Russia, Republic of Kazakhstan, Ukraine, China, Mongolia,
Korea, Slovakia and Serbia. Theoretical and experimental methods of investigation of coal plasma igni-
tion, thermochemical preparation, incineration and gasification are described. Methods of plasma-fuel
systems computation are discussed. Ensuring eco-economical advantages in compare with conventional
technologies of fuel utilization basic principles of plasma-fuel systems functioning are presented.

Kew words: plasma technology, plasma ignition, incineration of power coals, methods of plasma-
fuel systems.
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KaTtTbl OTbIHABI MAiAAAQHY TUIMAIAITIH apTTbIPYAbIH, MAA@3MaAbIK, dAiCTepi

MyHaimaaH KeriH KeMip aAFallKbl SHEPTUS OHAIPICIHIH 9AeMAIK GaAaHCbiHA YAKEH YAEC KOCaAbI.
OcblAaliiiua, aAFallkbl MyHal AaFAapbiCbiHaH Gactan KemipAi aAeMAiK TyTbiHy 45% -Fa ecTi keHe
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AAFaLLKbl 3HEPreTMKaAblK, pecypctapAblH (ADPO) >kaanbl eHaipiciHaeri 22% yaecke xeTTi. Kemip
DAEKTP IHEPIUSChIH BHAIPYAE KOOIpEK KOAAAHBIAAADI: SAEMAETT IAEKTP SHEPIUSChIHbIH WamMameH 40%
KOMIpAI XKaFy apKbIAbl 8HAIpiAeal. ByA Makaaaaa OTbIHABI KBAEre XapaTyAblH KaHa TEXHOAOTMAAAPbIH
)Kacay KaxkeTTiAIr AdAeAAeHAl. [epcrnekTBaAbl TEXHOAOTMSIAAPAbBIH, Gipi MAA3MaAbIK, OT >Kafy >XKeHe
TEePMaAAbI KOMIPAI Xkary 6OAbIMN TabbiAaTbiHbl OEATIAI, OHbI MaAaAQHY >KbIAY SAEKTP CTaHUMSAAPbIHAA
KbIMBAT MyHaMAbl ap3aH Kemipre aybICTbipyFa MYMKIHAIK 6epeai. MyHaicbi3 KasaHAbIKTapAbl icke
KOCYAbIH, >K8HEe KOMIp LWaHbIHbIH, >aAbIHbIH TypakTaHABIPYAbIH MAA3MaAblk, TeEXHOAOruscol Pecen
Depepaumsicol, KasakcraH Pecniybamnkachl, YkpauHa, Kpitait, MoHroamnsi, Kopes, CaoBakusi xxeHe
Cepbusi XKbIAy 3HEPreTMKaAbIK, CTAHCUSIAAPABIHAA CbhiHaKTaH ©TTi. Kemip nAasmMacblHbiH TyTaHybIH,
TEPMOXMMMSIABIK, AANbIHAAAYbIH, XKAQHYbIH >X8HE ra3daaHybiH 3epTTeyAiH TEOPUSIAbIK, dKaHE TaXiprubeAik
aaicTepi cunatTaAraH. [MAa3maablk OTbIH >KYMEAepiH ecenTey SAiCTepi TaAkblAaHaAbl. Makasaasa
OTbIHAbI MANAAAQHY AbIH, ASCTYPAI TEXHOAOTMSIAQPBIMEH CaAbICTbIPFaHAQ SKOAOTUSABIK, — SKOHOMMWKAABIK,
apTbIKWbIABIKTAP 0epy MAa3MaAblK, OTbIH >KYMEAEPiHIH >XYMbIC ICTeYiHiH Heri3ri npuHumMnTepi

KOpCETIATreH.

TyiiH ce3aep: NMAa3MaAblK, TEXHOAOTMS, MAA3MaAbIK TyTaHy, DHEPrusi eHAIPeTiH KeMipAepaiH

>KaHybl, MAA3MaAbIK-OTbIHABIK, XXyHeAepAiH aaicTepi.

BBenenue

[TockonbKy yromnpb SBISIETCS OJHUM U3 TTIaBHBIX
MCTOYHUKOB dHepruu X XI Beka mpobieme ero a¢-
(PEeKTHBHOTO ¥ IKOJIOTMYECKH YUCTOTO CKUTAHUS BO
BCEM MHUpE yJensercs Oonplioe BHUMaHue. Joins
yriid B 3allacaX MCKOIIA€MBIX TOINIMB ITOKa3aHa Ha
puc. 1. Ilo cpaBHEHHIO ¢ APYTUMH HCKONAEMbBIMU
TOIIJIMBAMH, 3aI1achl YIJIs NPUOIU3UTEIBHO B YEThI-
pe pasza IpeBBIMAIOT 3amachkl HeTH (OIEHOYHO Ha
41 ron) nnm 3anacoB rasa (Ha 67 nert) [1].

MupoBas 3HepreTika B HacCTOsLIee BpeMs U Ha
0003pUMYyI0 MEPCIIEKTUBY OPUEHTHPOBAHA HA HC-
MOJIb30BaHUE OPraHUYECKOr0 TOIUIMBA, TJIaBHBIM
o0pazoM HH3KOCOPTHBHIX yrieil. Crmemyer orme-

18.2%

3 18.1%
63.7%

1 — HedTH, 2 —Ta3, 3 — yroms

Pucynox 1 — MupoBsle pa3BejaHHbIe
3arachl HCKOMAEMBIX TOTLIUB [2]

TUTh, YTO YXYyALIEHHWE KauyecCTBa IHEPTEeTUUECKUX
yriaei HabmogaeTcs NOBCEMECTHO, M HE TOJIBKO B
ctpanax CHI', HO U B pa3BUTHIX KaUTaIUCTHYE-
CKMX cTpaHax. HecMoTps Ha TO, 4TO 3a BCIO UCTO-
pHI0 OBUIM MOABEMBI U NTAJICHUS B aKTUBHOCTH HC-
MOJIb30BaHUS YIJIA OH M ceiuac ocTaercs OJHUM
13 BaXXHEHIIMX TOIUIMB JJIsl BRIPAOOTKM DHEPIHH,
0cobOeHHO 3JeKkTpraeckoi (puc. 2). CormacHo cra-
tuctuke 2011 roma [3] yriem obGecreunBaeTcs
0K0J10 24% BBIPaOOTKU TEIUIOBOI YHEPTHU H OKO-
10 40.6 % snekTpudeckoil sHepruu B mupe. llpn
3TOM B OnmkaiiieM OyayieM 0XXuaaeTcs pocT ero
ncnonb3oBanus. Ilo mporrnosam [4] x 2020 roxy
JI0JIs YIJIsl B MUPOBOM TOIIJIMBHOM OajaHCe MPEBBI-
cut 50 %.

6
1.9%
1559fy !
4 e 40.1%
15.8%
3 2
19.4% 6.9%

1 — yronp, 2 —KHIKOE TOIUTUBO (Ma3yT, comsipa), 3 —ras,
4 — aTOMHas SHEPTHs, 5 — THAPOIHEPTHSL, 6 — ApyTHe
(comHeuHasi, BETpOBasi, reoTepMasbHask SHEPTUsl, OTXOJbI,
BKJIIOYAsi PACTUTENIBHOTO MTPOUCKOKICHHS)

PucyHnok 2 — PacnipenieneHne s3HeproHOCUTENeH
10 TIPOM3BOJICTBY AIIEKTPOIHEPTUH B MUpeE [3]
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Pucynok 3 nokassIBaeT OO IIEPBUYHBIX dHEP-
TOHOCHUTEJICH B MPONLIOM U OyaymieM. J[aHHbIe Hc-
CJIeIOBAHUS OCHOBAHBI HA POTHO3€ JOCTYITHOCTU U
pocra morpebHOCTH B 3HEpruu [5, 6]. M3 pucynka
CJIeyeT, YTO J0JIA He()TH U ra3a B BEIpaOOTKE SHEP-
run k 2100 r. OyIeT CHUXKAThCs, a IOJIs yIIlsl — BO3-
pacTars.

Pucynox 3 — Jlons nepBUUYHBIX SHEPrOHOCUTEIEH
B niepuof ¢ 1850 o 2100 rozst

HenocpencTBeHHOe CKUTaHHE HU3KOCOPTHBIX
yraew, o0Najaromx BBICOKOW 30IbHOCTHIO (40-
50%), BmaxHocThiO (30-40 %), cepocoaepxaHueM
(1-3%) u Hu3KUM BBIXOZOM JeTyuux (5-15%), B cy-
IIECTBYIOIINX TOIOYHBIX YCTPOMCTBAaX CBSA3aHO CO
3HAYUTENBHBIMA TPYIHOCTAMH H3-32 YXYyALICHHUS
BOCIINIAMEHCHUS W BBITOPAHUA TOIIJIMBA, YBCJINYC-
HUS MEXHEIIO)KOTa W BPEIHBIX NBIIETA30BBIX BHI-
OpocoB (TTAPHUKOBBIX Ta30B, 30JIbI, OKCHIOB a30Ta U
cepsl). JlocTaTo4Ho cKka3aTh, YTO podIIeMa BHIOPO-
COB IMAPHHUKOBBIX T'a30B (IBYOKHCH YIIIepoja, MeTa-
Ha U JIp.) ¥ BBI3BAHHOE 3THM 00I1Iee MOTESIICHHUE TIe-
pepociia B HacTOSIIEe BPeMsl B O0IEUETIOBEUCCKY IO
po0JIeMy, CBSI3aHHYIO C TJI00aIbHBIM U3MEHEHHEM
KJIMMaTa Ha 3eMJIe, 3aTOIICHUEM OIPOMHBIX TEPPH-
TOPUH CYIIH, OITyCTHIHUBAHUEM U JIP.

Kpowme Toro, ansi COBpEMEHHOTO pa3BUTHS MU-
POBOH TEIUIODPHEPIeTUKH XaPaKTEPHO COKpallleHUE
WCIIONIBb30BaHMs JeUIIUTHOTO KUAKOTO TOILIHBA,
SIBIIAFOIIETOCS IIEHHBIM CHIpbeM ISl HedTenepepa-
OaTpIBaroIIel MPOMBIIIICHHOCTH, U pacIIMpeHne
MIPUMEHEHUS] TBEPJIbIX TOILIUB, KAYECTBO KOTOPHIX
HEYKJIOHHO CHHMKaeTcsl. B MUpOBOI IpakTuKe Opu-
HATO 00O0TaIaTh yIiK nepe/] ux cxkuranvem. OHa-
KO HEJb3s OKUIaTh 000TalIeHUs yTiei B 00beMax,
HeoOxomuMbIx it TOC Poccum u crpan CHI,
0COOCHHO 13-3a OOJIBIION CTOMMOCTH O0OTaIICHHMS.
Kpome TOro, B pesynprare 0OOOTamieHHss MOXKHO
CHHU3UTH 30JIbHOCTH M BJIQXKHOCTD YTJIEH, TOT/Ia KaK
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YBEJIMYUTh PEAKIHOHHYIO CIIOCOOHOCTD, T.€. BBIXOJ
neTyduXx (TOIIUE YT, aHTPALUT UMEIOT BBIXO/] Jie-
Tyunx 4-12%), myrem oOorameHuss HEBO3MOXKHO.
Jlis ynydmeHus BOCIJIAMEHEHMS U CTaOMIN3aluu
TOpPEeHUs] HU3KOCOPTHBIX YTJIe C HU3KUM BBIXOJOM
JIETYYUX U BBICOKOHM 30JIBHOCTBIO [7] CyIIECTBYIOT
JIOIIOJTHUTEIJIbHBIE MEPOIIPUATHS, KOTOPbIE B OCHOB-
HOM CBOJIATCS K YTOHEHHUIO TIoMona (10 Ry =6-8%),
nozgorpeBy aspocmecu (10 150°C) u BTOpUUYHOTO
Bo31yxa (10 400°C), moaade yroJibHOM MBUTH BBICO-
KOU KOHIIeHTpanuu (10 50 KI/KT) C MOCIeIyIONuM
pa3baBiIcHHUEM M, HAKOHEI, COBMECTHOMY CXKHTa-
HUIO C yIJIEM Ma3yTa WiId npupofHoro rasza. Ilo-
Cle[lHeEe TEeXHHUYECKOE PELICHHE MOIYUIHMIIO caMoe
HIMPOKOE PACTIPOCTPAHEHHE.

B Mupe Ha pacTONKy NBUICYTONBHBIX KOTJIOB
U3 XOJOJHOI'O WM TOPSYEro COCTOSIHMSA, MOJIXBAT
W cTaOWIM3aLUIO TOPEHNUs TBUICYTONBHOTO (haKena
pacxonyioT 6omnee 50 MIH. TOHH Ma3yTa U AM3TO-
muBa B rox. Ha TOC pacTomnka KoT0B (BpeMs pac-
TONKU 3-14 4YacoB) MPOM3BOAUTCA HECKOJBKO pa3
B rof (1o 25 u Oosiee MyCKOB €XErofHO Ha OAWH
KOTell), a TIOJICBeTKa MBUIEYTOJIBHOTO (hakena ocy-
LIECTBIISICTCS TMEPUOJUYECKH MpPHU TOTYCKHEHHU
(akena WiIn CHIXEHUHU Harpy3Kku. ns koTinos pas-
JMYHOHN MapoNpOU3BOAUTEIILHOCTH B COOTBETCTBHU
¢ «/HCTpYyKIMeH 1Mo UX SKCIUTyaTaliiy» PacXoayeT-
csl pa3HOE KOJIMYeCTBO MaszyTa (Tabmuma 1).

Tadmuua 1 — Pacxon Ma3zyTa Ha pacTONKy KOTJIOB Pa3IMYHON
MapOIPOU3BOIUTEIILHOCTH

ITaponpou3BOAUTENBHOCTD Pacxon Ma3yTa Ha
KOTJIa, T/4 1 pacroriky, T
50-75 3-6
160-200 10-25

220-420 30-80

640-670 80-100
950 100-140
1650 150-250
2650 250-350

OpHako, CYIIECTBYIOIIAsh B TEIIODHEPTETHKE
MPaKTHKa WCIIOJIB30BaHUS JJI1 PACTONKHU KOTJIIOB H
CTaOWIIM3aIMKA TOPCHUST HU3KOCOPTHBIX YTJICH, Je-
(UIHUTHBIX Ma3zyTa W TMPUPOTHOIO Ta3a HE pelraeT
MpOOJIEMBI, TaK KaK MX COBMECTHOE CXKHUTaHUE C
yIjieM MPHBOJUT K IMOBBIIICHUIO MEXHEJI0XKOra U
BBIOPOCOB OKCHJIOB a30Ta U Cepbl (B Cilydae cTadu-
JIM3AIMK TOPEHHS MBIICYTOIBHOTO (hakesia BHICOKO-
CEpHUCTHIM Ma3yToM). crionb30BaHme JIs pacTor-
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KM KOTJIOB U MOJACBETKH MBIIEYTOJIBHOTO TOIUIMBA
OTPOMHOTO KOJIMYECTBA Ma3yTa SBJISETCA OTHOU
U3 MPUYUH CHIKEHUS 3QQPEKTHBHOCTH TOIUIUBOU-
CIIOJIb30BaHMUs M HU3KUX JSKOJIOTHYECKHX IOKa3a-
Teneit paboTHI TEIIOBBIX JJICKTPOCTAHITNH. Peskoe
Y)KECTOUEHHE B IOcJenHee BpeMsl TpeOOBaHMH K
MOBBIIIICHNIO 3(PPEKTUBHOCTH TOTUTMBOUCIIOIH30-
BaHUSA U 3aLUTE OKPYKAIOIIEH CPEAbl OT BPEAHBIX
BBIOPOCOB SIBUJIOCH MOIIHBIM CTHMYJIOM IUISl pas-
BUTHSI HOBBIX IEPCIEKTUBHBIX TEXHOJOTHH MOATO-
TOBKHM K CXKHTAaHHMIO M KOMIUIEKCHOW mepepaboTKu
TOILIMB, MO3BOJIAIOLIMX PEIIUTh BBIIICyKa3aHHBIE
npoOIeMBl.

Ilna3mMeHHble MeTOABI TEPMOXHUMHMYECKOM
nepepatéoTK TBEPABIX TOIINB

Cpeny TeXHUYECKUX peIleHHi, IpeaaraeMbix
JUTSI OCYIIIECTBIIEHUS IPEIBAPUTEIHHOM TOATOTOBKH
K COKUTAHUIO U KOMIUIEKCHOH mepepadoTKu yriei,
HanboJiee MPOrpeCCUBHBIMU MPEACTABISIOTCS TUIA3-
MEHHBIE METOBl TEPMOXUMHUYECKOH IMepepadoTKU
TBEPAbIX TOIUIUB. DTH METOABl OCHOBAaHBI Ha HC-
MOJTB30BAaHUM TSI HarpeBa M TEPMOXMMHYECKUX
MpeBpallleHUN OPraHUYECKON U MUHEpaIbHOU YaCTH
yTIIeH 2IIEKTPOIHEPTHH, TTPeoOpa3zyeMoii B JHEPTHIO
TUTa3MbI B 3JIEKTPOAYTOBBIX TUIa3MOTPOHAX.

Ilupokoe pacmnpocTpaHeHHE B HapOIHOM XO-
3sHCTBE BHICOKOA(DPEKTUBHON TUTa3MEHHOW TEXHO-
noruu (B XMMHHU, METAJLTYPTrUH, MAIIMHOCTPOCHUH,
00pabaThIBAIONICH IPOMBIIIIICHHOCTH | . ) IPEI0-
MIPEJIEITHUIIO0 €€ UCTIOIh30BAHKE [T BHIIIICHA3BAHHBIX
3a7a4 sHepreTuku. [IpuMeHeHue niasg niaa3MeHHON
TEPMOXMMHUYECKON MTOATOTOBKH U TIepepadOTKH TO-
IIJIUB 3JEKTPOAYTOBOM IUIa3Mbl C BBICOKOM KOHLIEH-
Tpauueu sHepruu, Ha 1-2 nopsjika npeBbIlIaronen
TAaKOBYIO B CYIIECTBYIOIIMX OTHEBBIX YCTPOMCTBAX,
HaJIM4Me B Hell XUMUYECKH aKTHBHBIX IICHTPOB (aTo-
MOB, CBOOOJIHBIX PaJIUKAJIOB, HOHOB U AJIEKTPOHHO-
IO rasza), IpakKTUYeCKH OTCYTCTBYIOIINX B OOBIYHBIX
TOTIOYHBIX MPOIECCax, CIIOCOOCTBYET dHEpreTHUe-
CKHU KHHETHYeCKHU 0ojiee 3P (PEeKTHBHOMY, YEM B Tpa-
JTUITMOHHBIX OTHEBBIX METOJIaX, OCYIIECTBICHHIO
HarpeBa  TEPMOXUMUYECKHX MPEBPAICHUH YTIei.
Haubonee paspabortanbl aBe (GOPMBI HCIOIB30-
BaHUS AJIEKTPOIHEPTUU: B HOpMe IHEPTHH HHU3KO-
TeMIlepaTypHOU mia3msl [8, 9] st BocmiaMeHeHus
MBIIEYTOIBHOTO (hakema v B BHJIE JXKOYJIEBOTO TeTl-
J1a TIpH TIPOXOXKAECHUHN IIEKTPUUECKOTO TOKa Yepes3
YIIEPOAOCOAEepKAIMUK MaTtepran  (3JIEKTPOKHUIIS-
mwid cioit) [10] wmm uepe3 oMIYecKoe COpOTHBIIE-
HUe (3JIeKTpo3anajbHUK pe3ucTtopHoro tuma) [11,
12]. b pa3paboTaHbl pa3TuIHBIC KOHCTPYKITHH
PacTONOYHBIX MBLICYTOIBHBIX TOPEIOK KaK Y HAC B
cTpaHe, Tak u 3a pyoexxom. [IpeoOpazoBanue dieK-

TPOSHEPTHH B 3HEPTHIO 3JIEKTPOAYTOBOrO paspsaa
MO3BOJISIET OOJIee aKTUBHO BO3CHCTBOBATH Ha TPO-
LecChl BOCIUIAMEHEHHUS! M CTaOWIN3alUHu TOPEHHUS
TBEPJBIX TOIUIUB. Y MCTOKOB 3TOTO HAINpaBJICHUS B
SHEpTeTHKe CTosUH ucciieqoBaTenn Blackburn P.R.,
Reason . (Aurmus) [13, 14], Cioffi P.L. (CIIIA)
[15], Tuppeny W.H. (CLIA) [16], Drouet M.G.,
Duverger D., Ashard I.L. (Kanana) [8, 17].

HccnenoBanusa B 3TOH 061acTH MPOBOISTCS B
pane HayyHbIX KoyieKTUuBOB Poccuu u crpan CHIT
— B OtpacieBoM IEHTpe IIa3MEHHO-3HEepreTHye-
cknx Texaojoruit PAO «EDC Poccumy», MHCTHTY-
te Teopmsnkn CO PAH, Hucruryre nedrexu-
mudeckoro cuare3a PAH, OAO «OHHUH um. I'.'M.
Kpxuxanosckoro», OAO «Bcepoccuiickuii Termio-
TeXHUYECKUN MHCTUTYT», WHCTUTYyTE YTOJBHBIX
sHeprorexnojoruii HAH Vkpaunsl, HHCcTHTYTE
¢uzuku HAH Kupruzun, OAO KasHUMU suepretu-
ku uM. Axagemuka 11.Y. Yokuna, HU sxcnepu-
MEHTaJIbHOM U TeopeTnyecko Gpusnku Kasaxckoro
HarmonansHoro YHuBepcutera uM. anb-Dapadu
MOH PK, UncturyTe npodnem ropernst MOH PK,
TOO «HTO Ilnasmorexnuka» B Kazaxcrane u ap.
B naneHem 3apyOexpe McclIeq0BaHUs IUIA3MEHHO-
ro BOCIJIAMEHEHHS M CTaOMIU3AlM{ TOPEHUS IIbI-
JICYTONILHOTO (haKena OCYIIECTBISIOT HW3BECTHBIC
snepreruueckue Gupmel CIIIA, Kanansr, P, Ku-
tasi, Kopen, Typriun (babkok Yuikoke, KomoOarnix
Wnxuanpunar, Bectunrays, Cuabexk HopmuHc,
IIraiiamromnep, @ocrep Yuiiep, Jloewe, AxTait
JlynbsiH, HaHKMHCKasl DIIEKTPOTEXHHYECKAS] KOM-
naHus, DIeKTpodHepreTudeckas komnanud XAHA,
Typeukuii HauvoHanbHbIA MIa3MEHHBIA LIEHTP, U
Ip.), KOTOPBIE YK€ UMEIOT U OIBIT IPOMBIIIJICHHON
3KCIUTyaTallMM 3JEKTPOAYTOBBIX IIa3MOTPOHOB Ha
psne anextpoctannuii Kurast, Kopeun, CIIIA u Ka-
Hajwl [8, 18, 19].

TpagunroHHBIE TEXHOJIOTUH CHXKUTAHUS TBEP-
IBIX TOIUTUB INPUBOIAT K 00jIee BHICOKOMY YPOBHIO
BHIOpOCAa BPEAHBIX BEUICCTB, YeM TPH CXKUT'AHUU
XKHUIKOr0 M razoobpasHoro Tomuea. Poct pomu
TBEpABIX TOIUIMB B dHeprodanance TOC tpelyer
co3/aHusl HOBBIX Oonee 3¢ (EeKTHBHBIX W HKOJIO-
THYECKH YHCTBIX TEXHOJIOTHH MX HCIOJB30BaHUS.
B uwactHOCTH, CylecTByIOIas B TEIJIOIHEPTETHUKE
MIPAKTUKA COBMECTHOI'O CKUTAHHS MasyTa C yrieMm
yXyALIAaeT OCHOBHBIE IOKA3aTEeNM MBIIEYTOJIbHBIX
TEIIOBBIX 3JIEKTPOCTAHLIUI.

Hnst moBeieHust 3()(HEKTUBHOCTH HCIIOJIB30-
BaHUS TBEPABIX TOIUIMB, CHIDKEHUS TOJU Ma3yTa U
MIPUPOAHOTO Ta3a B TOIUNIMBHOM OajlaHCe TEIIOBBIX
3JIEKTPOCTAHINI U CHU)KEHHUSI BPEIHBIX IBLIETa30-
BBIX BEIOPOCOB ObliIa pa3paboTanHa Mmia3MeHHas TeX-
HOJIOTUS BOCIJIAMEHEHHS, TEPMOXUMHUIECKOHN TO-
TOTOBKH ¥ COKUTaHUs yriien [20 — 29].
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B 1980 roay mo ununuatuse ['ockomurera mo
Hayke u Texauke CCCP I'ocruman CCCP yTBepamn
nporpammy OIL[.008 «Ilnasmoxumuueckas mnepe-
paboTKa yTiei U mIaMoB THAPOTeHU3AINH YTIIeH»
JUTSL perreHuss mpoOiieMbl 3Gh(OEKTUBHON M IKOJI0-
THYECKU MPUEMIIEMON YTHIM3ALUU HU3KOCOPTHBIX
TBEPIBIX TOIUIMB. | OJIOBHBIMU OPTaHHU3AITUSIMH I10
pa3paboTKe TEXHOJOTHH W IUIa3MEHHOTO 000pyao-
BaHUs ObLIM ompeneiacHbl VHCTUTYT HePTeXUMH-
yeckoro cunteza AH CCCP, KasHUU Duepretuku
MumnsHepro CCCP u Unctutyt Ternmoduzuku CO
AH CCCP. Ilo pe3ympraTaM 3TOH MpOrpaMMBI B
1986 romy Obu1a paspaboTana oTpacieBas HayqHO-
TexHu4yeckas nporpamma Munsunepro CCCP OHTII
00.00.01. «IToBbimenne 3pPEeKTHUBHOCTH UCTIOTB30-
BaHUS HM3KOCOPTHBIX TOIUIMB Ha TEIUIOBBIX 3JIEK-
TPOCTAHIHAX». | OJIOBHBIMU OpTaHU3AHUAMA OBLIH
Ha3HayeHbl BCEecOIO3HBIN TEINTOTEXHUYECKUM WH-
ctutryT 1 KasHUU Dueprernkn Munsnepro CCCP
[19].

PazpaboranHass TEeXHOJOTHS W IUIA3MEHHO-
TOIUTUBHBIE CHUCTEMBI I €€ OCYIIECTBICHHS
Obutn ycremHo ucnbitanbl B 1989 rogy Ha YcTh-
Kamenoropckoit TOI (Kazaxcran) u Ha MUpPOHOB-
ckoii 'POC (Ykpauna), B 1995 rony na baonuiickoit
TOC (Kutait) u B 1996 ma Anmarunckoit TOLI-3
(Kazaxcran) [20]. B 1995r. pa®oTsl 10 nanpHelie-
My pa3BuTuio 1 BHeapeHuto [1TC nmomyuwnu momi-
HBI uMnyJsc B Poccnn (r. ['ycuHOO3€epCK), TOE Mis
aTHX 1eneit obut coznan Orpacnesoii Llentp [Tnaz-
MeHHO-JHepreTnueckux TexHomornd PAO «EJ3C
Poccun» [24]. C 1998 roga mo Hacrosiiiee Bpems
COBEpIIIEHCTBOBaHME IUIa3MEHHBIX TEXHOJIOTHI Tie-
pepaboTKH TBEPIBIX TOILIMB MPOIOIKAETCS B paM-
Kax coBMecTHBIX IpoekToB Ka3zaxctana u Poccun
MPEJICTAaBUTESIMA OTPACIIEBOM, aKaJeMUYECKOU U
BY30BCKOH HayKH.

3a 3TOT mepuoj pa3pabOTaHO W UCIBITAHO Ha
TOC Tpu MOKOJEHUS MIa3MEHHO-TOIIUBHBIX CHU-
creM (IITC) (tabmuua 2). M3 Tabmuipl BUIHO, YTO
IITC ycranoBieHnsl u ucnbiTanbl B Poccun, Kazax-
crane, Ykpaune, Kopee, Kurae, CnoBakuu u MoH-
ronuu Ha 31 KOTJe MapoOnpOU3BOJAUTENHHOCTHIO OT
75 nmo 950 T/4, OCHANIECHHBIX PA3IMYHBIMH CHCTE-
MaMH TBUICTIPUTOTOBJICHHSI (MIPSIMOTO BIYBaHUS U
C IPOMEXKYTOYHBIM OYHKEPOM) U Pa3HBIMH THITAMHU
MBUICYTOJBHBIX TOPEIOK (MPSIMOTOYHbBIE, My(deib-
Hble ¥ BuxpeBbie). [Ipu ucnerranmsx [ITC cxura-
JUCh BCE THIIBI SHEPreTUYECKUX yriei (Oypele, Ka-
MEHHBIE, aHTPAIUTHl M UX CMECH) C COJAEpKaHHEM
neryuux ot 4 1o 50%, 30nbpHOCTEIO OT 15 10 56% u
ternoToi cropanus ot 1600 mo 6200 kkan/kr.

B IITC mnepBoro mnoOKOJEHUS HCIOJIb30BAJICA
IJIa3MOTPOH C MOJIaBaEMbIM CTEPKHEBBIM rpaduro-
BBIM KaTOJIOM M KOJIBIIEBBIM MEIHBIM BOJIOOXJIAXK-
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nmaembiM anonoM. IITC mepBoro mokoseHust ObuH
BHenpeHs! Ha KoTie U-200 baomutickoit TOC. Kom-
nanus Yantai Longyuan Electric Power Technol-
ogy Co., Ltd (Kurait), mogepauzuposas >tu [1TC
[IEPBOro MOKOJIEHUs, PACHPOCTpPaHMIIA MX €lle Ha
500 xotnax Kutast ¢ yCTaHOBIEHHOH MOIIHOCTBIO
6omee 300 mn. kBT [30, 31]. B IITC BTOpOTO 1MOKO-
nenust (1996-2001) ncnonp30BaNKCH IIA3MOTPOHEI
y’K€ CO CMEHHBIMH MEIHBIMHU BOJOOXJIaKIAEMbIMH
KaToJOM M aHOAOM. VICTOUHMKH 3JIEKTpONUTAHUS
obecrieunBaIl yCTOWYHMBYIO MapauIeIbHYI0 pabo-
Ty OIJHOBPEMEHHO HECKOJIbKUX IIJIa3MOTPOHOB OT
onHoro tpanchopmaropa. Ilpu ucnerranmsax [1TC
Broporo mokonenus Ha lllaoryanckoir TOC (Ku-
tail) B 1999-2001 r.r. oT omHOTO TpaHCPOpPMATO-
pa paborano 8 IITC. B 2007 rony na xotie BG-
75/39-M T3C «3omorast ['opa» B 1. llleHpsH U B
2009 r. na TOC «["anmyn» B 1. ancu (Kurait) uc-
neiTads! [ITC TpeThero mokomnenus [19]. B oTimune
ot mpenbinymux mokoneHuit [ITC 611 0becrieueH
0€30CIUILIATOPHBIN MYCK M 0e30aJIJIaCTHBIN PEXKUM
palboThl IIa3MOTPOHOB. MOIIHOCTE MJIa3MOTPOHA
MOJKET BapbUPOBATHCS B IIUPOKOM HHTEpBae oT 80
1o 300 kBT [32].

Iocnennuit npumep peanuzauuu I1TC TpeTse-
ro mnokosienus Ha AnmaruHckoir TOII-2 (Tabm. 2)
npexacrasiieH Ha puc. 4 [33]. Bo BpeMs ucnblTaHUR
temneparypa ¢akenoB ot [ITC cocrasmsa 1050-
1070°C (dpoto Ha puc.4). 3apuKCHPOBAHO, UTO CKO-
POCTb MOBBILLIEHHS TEMIIEPATYPhI TOPSAYETO BO3AYXA
B peXMME€ PacTONKH KOTJIa M3 XOJIOJAHOTO COCTOS-
HUSI COOTBETCTBOBAJIa CKOPOCTU TOBBILICHUS TEM-
MepaTypsl IPH Ma3yTHON PacTOIKe KOTJIoarperara.

[Ipu ucnonwszoBanuu [ITC MmazyT, auzenbHOE
TOIUIMBO WM TIPUPOJHBIM Ta3 3aMEHSIOT caMoii
YIOJBHOM TBUIBIO, TMOABEPTraeMoOil TepPMOXUMHUYE-
CKO TIOATOTOBKE B 00BbeME TBUICYTOJIBHOM TOPENIKU
C HCIIOTIb30BaHUEM DIIEKTPOIYTOBBIX IJIA3MOTPOHOB,
SBiAroIUxcst OocHOBHBIM diieMeHToM [ITC. Tex-
Hosorug [ITC ocHOBaHa Ha MIa3MEHHOW TEPMOXH-
MHUYECKOM MOArOTOBKE YIJII K Coxuranuto. OHa 3a-
KJIFOYaeTCs B HarpeBe a’pocMec (YrojibHasi IbUIb +
BO3/IyX) 3JIEKTPOYTOBON TITa3MOM JI0 TEMIEepaTypsl
BBIXO/Ia JIETYYUX YIJISl U YaCTUYHOH TrasuduKanyun
KOKCOBOT'O OCTaTKa. TeM caMbIM M3 HCXOIHOTO yTJIs
HE3aBHCHMO OT €ro KadecTBa M3 a3pOCMECH IOJTy-
Yal0T BBHICOKOPEAKIIMOHHOE JIByXKOMIIOHEHTHOE TO-
IUIMBO (TOPIOYHI Ta3 + KOKCOBEIHM ocTaTok). I1pn ero
CMEIIEHUN C BTOPUYHBIM BO3AYXOM B TONKE KOTJIa
JIByXKOMITOHEHTHOE TOIUTMBO BOCIUIAMEHSAETCS |
YCTOWYMBO TOPUT O€3 UCIIOIb30BAHUS JOTIOHUTEIb-
HOTO TOIUIMBA (Ma3yT WM NMPUPOIHBIN ra3), Tpaau-
LMOHHO MCIOJB3yEMOI0 IJIsI PAaCTONKU KOTJIOB M3
XOJIOJJTHOTO COCTOSIHUSI ¥ CTa0MJIM3aIIMU TOpEeHH (a-
KeJla HUI3KOCOPTHOTO SHEPTeTHYECKOTO YTJISL.
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Ta6auna 2 — [Ipombinutiennsie ucnsitanus [1TC na TOC EBpazuun

Ne Mecropacnonoxenue TOC Tun u xonnuectBo kowioB ¢ IITC |  ITaponpousBonu-tens- Kon-o IITC,
HOCTb KOTJIa, T/9 LIT.
Poccuiickas ®@enepanus
1. T'ycunoosepckas 'POC TIIE-215 — 2 xoria 670 8
(r.T'ycunoosepck, 1994-1995) BK3-640 — 2 xotia 640 7
2. Yepenerckas ['POC TII-240 — 1 xoTen 240 4
(r. CyBopos, 1997)
3. Heprourpunckas ['POC KBTK-100 — 1 xoren 116 MBr 2
(r. Heprourpu, 1997)
4. ITapruzanckas ['POC TII-170 — 1 koren 170 2
(r. ITapru3anck, 1998)
5. Vnan-VYauckas TOL-2 TIIE-185 — 1 xoten 160 2
(r. Yman-VYmo, 1997)
6. Xab6aposckas TOLI-3 TIIE-216 — 1 xoten 670 4
(r. Xabaposck, 1998)
VYkpauna
7. Kypaxosckas TOC TII-109 — 1 xoTen 670 4
(r. KypaxoBo, 1998-1999)
8. Muponosckas 'POC TII-230 — 1 xoTen 230 2
(r. Muponoska, 1989)
Kazaxcran
9. Anmarunckas [POC BK3-160 — 1 xoren 160 2
(r. Anma-Ara, 1996)
10. Yerp-Kamenoropcekast TOLL HKTH-75 — 2 komia 75 4
(r.Yerp-Kamenoropck, 1989)
11. | Anmaruackas TOLI-2 (r. Anmarsr, 2011) BbK3-420 — 1 xoren 420 6
Momnronus
12. Vnan-baropckas TOLI-4 BK3-420 — 8 koo 420 16
(r. Ynan-barop, 1994)
13. Opnonatckas TOLL BK3-75 — 1 xoten 75 1
(r. OpmanaT, 1995)
Kurait
14. baoauiickas TOC Y-200 — 1 xoren 200 3
(r. baoau, 1995)
15. Iaoryanckas TOC F-220/100-W — 1 koten 230 4
(r. aoryan, 1999-2001) K-75 -1 xoten 75 1
16. TOC «3onoras ['opa» BG-75/39-M — 1 xoten 75 2
(r. lenssH, 2007)
17. TOC «anuryn» BG-950/150 — 1 koten 950 4
(r. IlIancu, 2009)
CesepHas Kopest
18. Bocrouno-IIxenbsanckas TOC (1. [Ixe- E-210 — 1 xoten 210 3
HbsiH, 1993)
CrnoBakust
19. TOC «BosHb» TAVICI - 1 xoten 350 2
(r. Benku-Kamymaunsr, 2000)
CepOust
20. Benrpanckas TOC «Hukona Tecna» TII-210 — 1 xoTen 650 16
(r. O6penonai, 2007)

77



[InazmenHbIe MCTOABI ITOBBIINICHUA Bq)q)eKTI/IBHOCTI/I HCIOJIb30BaHUA TBEPABIX TOIJIUB

1 — mrTaTHas BUXpeBas ABYXIMOTOYHAs MBUICYTONIBHAS ropenka, 2 — [ITC

Pucynok 4 — I[1TC u cxema ux koMIIoHOBKHY Ha kotie BK3-420 ATOII-2

OTa TEXHOJIOTHsSI BeCbMa aKTyaslbHa IS MPH-
MEHEHHsI HE TOJIbKO Ha mIbuieyroibHblx TOC, HO U
B JpyTux 0a30BbIX OTpaciix (LIEMEHTHas U XUMH-
YyecKasi IPOMBIIIIEHHOCTh, METAJUTypIHsl, CTPOHUH-
IOYCTpHS), UCIIOJIb3YIOLIUX TBEPAOE TOIIMBO U IPO-
JYKTBI €T0 MepepadoTKy.

[lepcrieKTHBHON TEXHOJOTHEHN AN 3aMELIEHUS
KOKCa, >XKHJIKOTO TOIUIMBA WM IPUPOIAHOTO rasa B
BBINIEHA3BaHHBIX OTPACIAX MPOMBIIIIEHHOCTH SB-
nseTcs TUIa3MEHHAs Ta3suUKanus HU3KOCOPTHBIX
TBEPIBIX TOIUIMB C IIOJyYEHHEM BBICOKOKAJIOPHI-
HOTO CHHTE3-Ta3a.

Peanmzanyst HOBBIX IJIa3MEHHBIX TEPMOXHMHU-
YECKMX TEXHOJIOTMH IOJATrOTOBKU K CXKUTAHHUIO U
KOMIUIEKCHOH mepepaboTKH TBEPIBIX TOILIMB 00e-
CIIEYMBAETCS, B KOHEYHOM CUeTe, YPOBHEM pa3pa-
OOTKM METOMIOB pacueTa MCCIEAYEeMBIX IMPOIECCOB
Y TJIa3MEHHBIX YCTPONCTB JUI UX OCYIIECTBIICHUS.
[locnenHue TeCHO CBSI3aHBI C PACYETHO-TEOPETHYE-
CKMMH U DKCIEPUMEHTAIFHBIMU HCCIEIOBAHUIMU
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Temo(GpU3NIECKUX MPOLIECCOB ABMKEHHUS M HAarpeBa
YTOJIBHBIX YaCTHLl U TEPMOXUMHYECKHUX MPOLIECCOB
UX TIOCTENYIOMMX IPEBPAIICHUH B 3JIEKTPOIYTO-
BBIX ycTpoicTBax. KpaliHsAg CI0XHOCTb U B3aUMO-
00yCJIOBIEHHOCTh PacCMaTPUBAEMbIX IPOLIECCOB,
XapaKTEPU3YIOIAsCsS HAJIUYUEM Ia30BOM, TBEPIOM
U KHUIKOH (a3 1 MHOTOKOMIIOHEHTHOCTBIO BO BCEX
(ha30BBIX COCTOSIHHSIX, TMPUBOJHUT K HEOOXOIMMO-
CTH MaTeMaTHYeCKOr0 MOJIEIUPOBAHNS YKa3aHHOTO
KOMIIJIEKCa TIPOLIECCOB C ONPEACICHUEM TeIuIo(u-
3MYECKUX KOHCTaHT PacdyeTHO-TEOPETUYECKUMHU U
SMIUPUYECKUMHU METOAAMU C TIOMOIIBIO KOMITbIO-
TEPOB U CHENHANBHO CO3JaHHBIX YKCIIEPHUMEHTAIIb-
HBIX YCTAHOBOK.

PaGoTel 1o moBBIIEHUIO PPEKTUBHOCTH HC-
MOJIb30BAaHUS TBEPABIX TOIUIMB C HCIOJIb30BAaHHEM
TUTa3MEHHBIX TEXHOJIOTHH BBIMOIHIUCH B COOT-
BETCTBUM C IporpaMMamMu M 3agaHusmu: Otpacie-
Bas Hay4YHO-TEXHHYECKas mporpamma MUHIHEpPro
CCCP OHTII 00.00.01, 1986-1990 r.r.; 3aganue
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PAO «EDC Poccumn» 03.00 (mmudp CU 8205), Tema
— Co3gaHue ONBITHO-IIPOMBIIUICHHOH CHUCTEMBI
0e3Ma3yTHOTO PACTONKH W TOACBETKHU IBUICYTOJb-
HOro (akena ¢ MOMOLIBIO BIEKTPOAYTOBBIX ILIA3-
MOTpOHOB, 1992-1995 r.r.; IIporpamma PAO «EDC
Poccumy» «Pa3paboTka HOBBIX TEXHOJOTHIA UCTIONb-
30BaHMs HU3KOCOPTHOTO TBEPIOTO TOIUIMBA B OT-
pacimu «DaeKTpodHepreTukayy, 1993 r.; IlpoTokon
Hayuno-texunueckoro coera PAO «E3C Poc-
cum» ot 19.05.97 r. mo teme: «Cucrema Oezomnac-
HOW PACTONKH ¥ MOJICBETKH MBUICYTOIBHBIX KOTIOB
C HCIOJIb30BaHUEM IIa3MOTpoHOBY»; IIpukaz PAO
«E3C Poccum» «O Mepax mo NOBBILICHUIO HAEK-
HOCTH pPabOThI M TEXHUYECKOTO YPOBHS TPOU3BOJI-
ctBay, 2002 r.; a Taxke pabOTa BBHINOJHSAJIACH B
pamkax MexayHapoaHbIx mpoektoB (Grant “Coper-
nicus”, INCO : International Scientific Cooperation
Projects (1998-2002), Ne IC-CT-98-0516 “Plasma
Gasification of the Power Coals”; Grant “Coperni-
cus”, INCO 2: International Scientific Cooperation
Projects 2 (2001-2004), Ne ICA2-CT-2001-10006,
“Improvement of Coal Combustion Efficiency and
Decrease of Harmful Emission under the Influence
of Plasma — ICEDHE”; I'pant ISTC K-746, (2002-
2006) “Plasma Technologies of Solid Fuels Process-
ing for Power Engineering and Metallurgy”).

OpHako panbHEHIIee pa3BUTHE IUIA3MEHHO-
SHEPreTUYECKUX TEXHOJIOTMM B HEMAJION CTENEHU
CIEPKUBACTCSl M3-3a OTCYTCTBUS aJEKBAaTHBIX Ma-
TEMaTU4YEeCKUX MOJENEH, TO3BOJISIOINX PACCUUTHI-
BaTh C HEOOXOIUMOW TOYHOCTHIO TIPOIIECCHI, TIPOHC-
xozsmue BHyTpH [ITC.

B otnmume oT TpagMLMOHHBIX CIIOCOOOB TEPMO-
xuMudeckoi moarotoBku tomma (TXIIT) x cxu-
TaHUIO TIA3MEHHOW TEXHOJIOTHUH MPHUCYIU ONpee-
JIeHHBIC 0cOOCHHOCTH [25, 34]:

UCTeUeHHe TUIa3MEHHOH CTPYH B ITOTOK IPOMC-
XOAUT cO CKOpOCThi0 ~200 M/CeK mpH OrpOMHOM
TpagueHTe TeMIIePaTyp MEXIy CTPyeH U MOTOKOM,
T.€. HTHTCHCUBHOCTh TYpOYJICHTHOTO TIepeHOCa TeTl-
Ja B MOTOK a’pocMecH (CMeCH YTOJbHOM MBUTH C
BO3J[yXOM) OYE€Hb BBICOKA, YTO CIIOCOOCTBYET ee
OBICTPOMY NIPOTPEBY U BOCIUIAMEHEHUIO;

9KCHEPUMEHTAIBHO YCTaHOBJIEHO, YTO YTOJb-
HBI€ YaCTHUIIBI TIPA B3aUMOJICHCTBUHU C BBEICOKOTEM-
[epaTypHOM IUIa3MEHHON CTpyed IIpU CKOPOCTH
HarpeBa 10°-10* rpaa/c moaBepraroTCsi TEILIOBOMY
yAapy 1 u3-3a TEePMHUYECKHUX HATPSHKEHUH pacKabl-
BAIOTCSI HAa JECATKU (parMEeHTOB, YTO MPHUBOAUT K
PE3KOMY YBEIMUEHHUIO ITOBEPXHOCTH PEearnpOBaHMS
U COOTBETCTBEHHOMY POCTY CKOPOCTHU BBIACICHHUS
TeIu1a Ipu ropeHu, T.e. yckopenuto TXIIT [35].
Kpome Ttoro, mpu tmazmenHot TXIIT B kauectBe
TOIUIMBA JUI1 HarpeBa a’pOCMECH HCIOIb3YeTCs

YacTh YTOJbHOM MBUIH, SBIISIOMIEHCS OCHOBHBIM TO-
IDTMBOM. DTO CYIIECTBEHHO YIPOIIAeT TEXHOJIOTH-
YECKHUH MPOIIECC B LIEJIOM.

IpenmymecTBa ucnojin3oBanus IITC

PaccmaTpuBast BhIIENIpUBEACHHBIE (DAKTOPHI
COBMECTHO C WHXCHEPHO-TEXHOJIOTHIECKIMH pe-
[ICHUSIMHU, MOXXHO BBIICTUTH OCHOBHEIEC IPEUMYTIIC-
ctBa ucnoiaszoBanusa [ITC no cpaBHEeHUIO ¢ Tpaau-
IMOHHBIMH PETIECHUSIMHU:

mexHnoao2uunocmv TXIT ¢ ucnonvsosanuem
HTC. C ToYKH 3peHUs TEXHOJIOTHYHOCTH Ma3yTHas
TXIIT 6onee cimoxkHa: OHA ¢ HEU30EIKHOCTHIO Tpe-
OyeT HaJIMYusl Ma3yTHOTO XO35HUCTBA C OOIICH3BECT-
HBIMH, TIPUCYIIUMH eMy TpoOiemamu. [Ipu mMazyT-
aou TXIIT nosBiieHne TOIMOJHATEIIHHBIX 3BEHHEB B
LIEMTU BOCIUTAMEHEHUS JieyiaeT OoJiee HEeOmpeeIicH-
HOM BO3MOXKHOCTP €€ IPUMEHEHHUSI B PEXKUME TIOI-
xBaTa (pakena. B To e Bpemsi, B CHITY IPAKTHYCCKH
OC3MHEPIMOHHOTO 3aIycKa TUIa3MOTPOHA, HET TMpe-
MSTCTBUM K McTosib3oBanuio TuiazMeHHo TXIIT B
TaKOM PEXKHME;

xomnonoska ITC ¢ komenbHbiM 000PYOOBAHU-
em. Ilpu Ma3yTHOW TEepMOIOATOTOBKE (HAmpuUMep
[36]) xamepa TXIIT umeer BHyTpEeHHMIA TUAMETP,
paBHBIH 630 MM, YMEHBIIUTh KOTOPBIM B HECKOJIb-
KO pa3, MO-BUANMOMY HEBO3MOXKHO. BcTpouts Ta-
KyI0 KaMepy B CYIIECTBYIOIIYIO TOPEJKY MPaKTU-
Yyecku He yaaercs. Haunbonee BeposTHOE pelieHUe
— yCTaHOBKa KaMephl B CIIEIIHAIIEHO CO3JJAaHHOM JIJIs
Hee aMOpasype, YTO CBSI3aHO C JOMOJHUTEIbLHBIMU
3aTpaTaMd Ha TepeoOopyaoBaHUE KOTiIAa. BHOBB
YCTaHOBJIEHHAS, JOCTATOYHO T'POMO3JKast OCHACT-
Ka, CO3JIaCT OMPEJCICHHBIE TPYIHOCTH B OOCIY-
JKUBAaHUM KOTEIBHOTO O0OpYyIOBaHHS Ha paboumx
IUIOLIAAKax, Ie M 0e3 TOro 4acTto HaOJIrojaeTcs
JneuIT cBOOOIHBIX IIoNIaneii. bnaromaps 6omee
BBICOKOH »HepreTndeckoil 3(PpPEeKTHBHOCTH TLIa3-
merHoi TXIIT radapurtsr IITC mo3BOISAIOT BCTPO-
UTh €€ B OCHOBHYIO TOPEJIKY KOTJIa 0€3 U3MEHCHHUS
OTIPE/ICTISIONINX TAPaMETPOB MTOCIIEAHEH;

aKonozuyeckue acnekmol. llpu TIa3MEHHOM
TXIIT HarpeB MOTOKA a3pOCMECH OCYLIECTBIISIETCS
B OCHOBHOM B pe3yJIbTaTe€ TOPEHHS ONpeeleHHON
gacTu yrisi. [Ipyn 3TOM a30T TOIUIMBA, OTBETCTBEH-
HBII 32 00pa30BaHUE TOIUIMBHBIX» OKCHJIOB a30-
Ta, coctaBisronmx A0 90-95 % BEIOpocOB NOX,
BBIXOJIUT BMECTE C JICTYYUMHU YISl U B YCIOBUSIX
neuInuTa OKUCIUTENST 00pasyeT MOJCKYJISPHBIN
a3oT. M3 mocnemHero Moryt o0pa3oBaThCs TOJIBKO
«TepMUYECKHUE» OKCHUIBI a30Ta. bonee Toro, m3-3a
nedunnuTa OKUCIUTENS Temreparypa razoB B [1TC
CYIIIECTBEHHO HUXE TEMIEPaTyphl (akena B TOMKE
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U «TEPMHUYECKHE» OKCHJBI a30Ta MPAKTHUECKU HE
obpasyrores. [Ipu mazytraoit TXIIT nHeobxomumoe
JUTS TIPOTEKaHUs MpoIiecca TEPMOXUMHUYECKOM O~
TOTOBKH TEIUIO TMOCTYNAET B PE3yJbTaTe€ TOPEHHS
Ma3yTa. Beiropanune masyta IOMKHO OBITH IOJ-
HbIM. [Ipu 3TOM HOMKEH OBITH OOecneueH N30bITOK
KHCIIOpO1a, HEOOXOAUMBIN AJIST TEPMOXUMHUUYECKUX
npeoOpazoBannii yrias B kamepe TXIIT. M3-3a 60-
Jiee BBICOKOW PEaKIIMOHHOM CIIOCOOHOCTH Ma3yTa, B
CPaBHEHHHU C YTJIeM, TOpeHre OyAeT NPOUCXOANUTh
B YCJIOBUSIX IOBBIIIEHHOTO U30BITKA BO3LyXa U IIPU
OoJiee BHICOKOM TeMIlepaType, YeM ropeHue yrisi. B
3TOM cilyyae OoJiee BEpOSTHBI YCIOBHS i oOpa-
30BaHUS KaK «TOTUIMBHBIX», TAK M «TEPMUUECKHUX)
okcuzoB azoTa. Kak mpaBwmiio, coiepxaHHue cepbl
B Ma3yTe BbILIE, YEM B YIJIE, YTO BIJICUET 3a cOOOH
YBEJIMYEHHE 3IMHCCHU OKCHIOB cepbl. B mazyTte
MPUCYTCTBYET BaHAJMH, KOTOPBI 00pa3yeT KaHIe-
POreH — ISATHOKKCH BaHaaus. Bananuii Taxke sBis-
€TCsl IPUYMHON BBICOKOTEMIIEPATYPHOU KOPPO3UHU
MIOBEPXHOCTEHN Harpesa, a B yrie ero NpakTH4ecKu
He OBIBAET;

9KOHOMUYeckue nokazamenu. Kax mpasuio,
CTOMMOCTb Ma3yTa B HECKOJBKO pa3 BBIIIE CTOUMO-
CTH yIJI1 B IEpecUeTe Ha yCIOBHOE TOIUIMBO. JTO
nenaet ucronb3oBanue [ITC mia ocymecTBiaeHus
IJIa3MEHHOM TEPMOXUMHYECKOH MOATOTOBKH TO-
IUIMBA K CXKUTAHUIO OBICTPO OKYIIAeMBIM (MCTIOIh-
3yEeMbIil paHee TOMOYHbBIA Ma3yT 3aMEIIAETCs CaMOM
YTOJIBHOM NBLIBI0). CPOK OKYTIaeMOCTH IJIa3MEHHOU
cucTeMbl 0€3Ma3yTHOTO BOCIIJIAMEHEHHUS YITIeH, KaKk
MIPaBHUJIO, HE MIPEBBIIIAET 1-2 JIET U 3aBUCUT OT COOT-
HOILIEHUS [IEH Ha YIoJb, Ma3yT U 3JIEKTPOIHEPTHIO.

JIsl 4UCIIEHHOTO MCCIIEAOBAaHMA IUIa3MEHHbIX
TEXHOJIOTUH W TPOEKTUPOBAHUS OOOpYIOBaHUA
JUIL UX OCYLIECTBJICHHUS HCIIOJIB3YIOTCSA CIEIyI0-
M€ MaTeMaTU4eCKUe MOJENU M KOMIIbIOTEPHBIE
MIPOrPaMMBI.

ABTOMaTH3MPOBaHHAs MIPOrpaMMa TEPMOANHA-
MHYECKHX PacyeTOB MHOTOKOMIIOHEHTHBIX TeTepo-
rennbix cucteM TERRA [37].

Kommnerorepnas mporpamma «Ilnazma-yroms»
JUTS pacueToB MPOIIECCOB IBMKCHHS, HATpeBa U KH-
HETHKH TEPMOXMMHYECKHX MNpPEBPALICHUH YTrOib-
HBIX CMECEH C pa3NW4YHbIMU OKHCIHUTEISIMHU (BO3-
IyX, BOJSHOW Tap, KUCIOPOJ, AVUOKCHI YTIIepoa)
B IJIa3MEHHO-TOIUIMBHBIX CHCTeMax (OZHOMEpHas
Mozenb) [38].

Komnsrotepnas nporpamma «llnazma-mydens»
JUIs1 pacyeToB 0e3Ma3yTHOrO BOCIIJIAMEHEHHUS adpo-
cMecu B My(enM3upoBaHHBIX MJIa3MEHHO-TOIUINB-
HBIX cucteMax [39, 40].

Kommerorepusie mporpammel FLOREAN (Te-
[JIOTEXHUYECKUH MHCTUTYT, I. bpaynmBaiir, ['ep-
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manus) [28], CINAR ICE (Ummnepuman Kommemxk
Jlonnon, BenmukoOpuranus) [41] u KIVA-F (Py-
aHCKWK YHuBepcuTeT, Opanmus) I TPEXMEPHBIX
pacyeToB TOIOK MBLICYTOJNBHBIX JYHEPreTHUICCKUX
KOTJIOB, B TOM uncie ocHameHHbIX [ITC [42-44].

KOMHLIOTepHBIe nporpamMmmsbl AJjidd TepMoau-
HAMHUY€CKOI0o aHaJIn3a

Jns TepMoAMHAMUYECKOTO aHaiu3a Ipoliec-
COB IIMPOKO HCIOJB3YyETCS YHUBEpcaJbHas Mpo-
rpaMMa pacyeTa MHOTOKOMIIOHEHTHBIX I'€T€pOreH-
Heix cucreM TERRA, kortopas orpaGortana jyis
BBICOKOTEMIIEpATYPHBIX IMpoLEeccoB. B oTnuune ot
TPAAULMOHHBIX B XHMHYECKOH TEpMOIAMHAMUKE
METOJIOB pacueTa IMapaMeTpoB PaBHOBECHUS C HC-
nmoJsik30BaHueM 3Heprun ['mb0ca, KOHCTaHT paBHO-
BecHsI M 3aKOHa JeicTByronmx Macc ['yimpadepra u
Baare, yHuBepcanbHas mporpamma TepMOJIUHAMHU-
yecknx pacuetroB TERRA, Gasupyercs Ha mpuH-
LUIIE MAKCUMyMa DHTPONUM I U30JIMPOBAHHBIX
TEPMOJAMHAMUYECKUX CHCTEM, HaXOAALIUXCA B
COCTOSIHUM paBHOBECHs. METOAMYECKYI0 OCHOBY
TEPMOAMHAMUYECKOTO pacyeTa COCTaBIAIOT (yH 1a-
MEHTaJIbHBIE 3aKOHBI TEPMOAMHAMUKH COBMECTHO C
3aKOHAMH COXPaHEHUsI MACChl, SHEPTHU U JIIEKTPU-
YeCKOro 3apsi/ia. ITO MO3BOJISET I 3aKPBITHIX TEp-
MOJIMHAMHYECKHUX CUCTEM IOCTPOUTH MaTeMaTHye-
CKYIO MOJIeTh Il OOIIEero ciry4as oOpa3oBaHUS B
paBHOBECHU Ta3000pa3HBIX W KOHAEHCHPOBAaHHBIX
BELIECTB, JJIEKTPOHEHTPANbHBIX M HOHM3UPOBAH-
HBIX KOMIIOHEHTOB.

B obmem ciywae uccienyemas cucrtema sBIIS-
€TCsI FETEPOreHHOM, COCTOUT U3 HECKOJIBKHUX Pa3HO-
pOIHBIX (a3, OTAEICHHBIX BUIANMBIMHU TPAHUIIAMH,
M BCe WHAMBHIyaJbHBIE Ta3000pa3Hble BeEIIeCTBA
BXOZST B OJUH COCTaB ra3oBoil ¢a3el. Konmencu-
POBaHHBIE KOMITOHEHTHI MOTYT OOpPa30BBIBaTh OT-
nenpHble (asel. [Ipy 3TOM TpPHUCYTCTBUE Ta30BOM
(a3pl cunTaeTcss 00SA3aTENBHBIM IS JIO00H U3
paccMaTpUBaEMBbIX CHCTEM, B TO BpPEMSI KaK KOH-
JICHCUPOBAHHbBIE BEIECTBA MOTYT OTCYTCTBOBATb.
PaBHOBecHe MOIOOHBIX CHUCTEM B COOTBETCTBHU
CO BTOPBIM HA4yaJIoM TEPMOAMHAMUKHU XapaKTe-
pu3yercs MakCUMYMOM OJHTPONHU OTHOCHUTENIBHO
TEPMOJMHAMUYECKUX CTENeHe CBOOObI, K YUCITY
KOTOpBIX OTHOCcsATCs Temmeparypa (T), maBmenume
(P) m KoHUEHTpalu KOMIIOHEHTOB pPaBHOBECHOM
cmecu Ci. Ilocne moctmxeHHs] TIOTHOTO TEPMOJIH-
HaMHUYECKOTO paBHOBeCHS (Da30BbIM M XUMHUYECKHHA
COCTaBbl pacCMaTPUBAEMBIX CHCTEM IOJDKHBI OBITh
OJIHO3HAYHO CBSI3aHbI C OCTaJbHBIMU IapaMeTpaMu
coctostamst (P, T, r, U) roe r u U- COOTBETCTBEHHO
IUIOTHOCTh ¥ BHYTPEHHSS SJHEPTUS CUCTEMBI.
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IIporpamma TERRA o0magaer coOCTBEHHOM
0a30if TEPMOJMHAMHYECKHUX CBOWCTB WHAHMBHIY-
aJbHBIX BEIIECTB, KOTOPas MOCTOSHHO MOMOJIHSET-
cs 1 yrounsiercsi. B Hacrosiee BpeMsi B OaHKe JaH-
HBIX COZAEpIKATCAd TepMOIWHAMHYECKHEe (YHKIIHA
st 3500 UHAWBUYaIBHBIX BEIIECTB B MHTEpBAIC
temnepatyp 300-6000K. Pacuersl Tepmoxummuue-
cKoi TuTazsMeHHOW moaroToBKH yriist B IITC BbI-
MIOJIHSAKOTCS. ¢ IIOMOILBI0 MAaTEMAaTUYECKON MOJIEIN
JBIDKEHUS, TEIUIONEPEHOCA U TEPMOXMMHUYECKHUX
[IPEBPALLECHU IBUIEYTOIBHOIO TOIUIMBA B TOPEIOY-
HOM YCTPOMCTBE C IUIa3MEHHBIM UCTOYHUKOM. Mo-
JIeNTb OMUCHIBaeT NBYX(a3HbIi (YroJbHBIE YaCTHIIBI
Y Ta3-OKHUCIUTENh) XUMUYECKH PEearnupyromuil mo-
TOK, C BHYTPEHHUM HCTOYHHKOM TerJa (3JeKTpuye-
CKas Iyra, TUIa3MeHHBIH (haken WM SK30TepMude-
CKHE PEaKIIiH).

AspocMmech MOCTYMaeT B KaMmepy, B KOTOPOM
MPOUCXOUT TETIOMACCOOOMEH MEXAYy Ta3oM U
3JIEKTPUUECKOHN JTyTOW, ra30M W YacTUIlaMU, YaCTHU-
HaMH Pa3IUYHBIX (pakuuil. YUUTHIBAIOTCA TaKKe
THUAPOTUHAMHYECKOE COTMPOTHBIEHHE M TEIUIO00-
MEH CO CTEHKOW JBYX(a3HOro pearnpyromiero mo-
ToKa. PaccmaTpuBaroTcs cieayronye XUMUYecKUe
MPEBPALLECHUS TOIUIMBA U OKUCIUTENS: BbIIEICHUE
JeTyYuX W3 YIJIs, UX U3MEHEHHs B ra30Boi dase,
a TaKkKe PeaKUuu razuuKanydy yriepoja TOIUIH-
Ba. CucreMa OOBIKHOBEHHBIX MU (epeHITnaIbHBIX
ypaBHEHUI BKIIOYaeT B ce0sl ypaBHEHUS KOHIIEH-
Tpauuil KOMIIOHEHTOB (ypaBHEHHUS XHMHYECKOW
KHHETHUKH) BMECTE C YPaBHEHHAMH IJII CKOPOCTEH
U TeMIlepaTyp rasza u yactui. IlnazMeHHsbI ucrou-
HUK Y4T€H B BHJI€ BHYTPEHHETO MCTOYHHKA TEIUIA
C DOMIMPUYECKUM paCHpEleICHUEM TEIIOBBIIE-
nenust Baoab ocu [ITC B ypaBHEHHH COXpaHEHMS
sHepruu. MoJellb TaKKe OTINYAETCS MOAPOOHBIM
OTMCaHNEM KHHETHKHA XUMUYIECKIX peaknnii (Bcero
116 xumuyecKux peakiuii), o01as cxema KOTOPBIX,
HapsiAy C peaklUsIMU BBIICICHUS MEPBUYHBIX IPO-
IYKTOB, YYUTHIBACT PEAKIINU MX NaIbHEUIINX Ipe-
BpailleHuil. TeMrneparypHas 3aBUCUMOCTb KOHCTaHT
CKOPOCTHU OMUCHIBAETCS 3aKOHOM AppeHuyca.

MaremMarnyeckas MOJENb pPEalM30BaHa B BUJE
KOMIIBIOTEpHOH nporpammsl «llnazma-yrossy. Ilo-
CKOJIbKY OJTHOMEpPHAsI MOJEINb HE MO3BOJSIET YUECTh
3hQeKT paauaibHOW HEOMHOPOAHOCTH MOTOKA,
Obula paszpaboTaHa MOMYIMIUPHYECKAs MOJETb
Mo0aBJICHUS HOBBIX TMOPIUH a’pocMecH K TepBO-
HayaJbHOM 30HE peaklMil, co3naronieics mpu cme-
IIEHUHU TJIA3MEHHOW CTpyH ¢ aspocMmechbio. JlaHHas
MOJZIeNIb peain30BaHa B BuAe nporpamMmsbl [lnazma-
mydens. B ornuune ot «Ilna3ma-yronb», B mpo-
rpamme «llnmazma-mydens» coctaB razoBoi (a3sl
PacCUMUTBIBAETCA, UCXOMAS U3 MPEAIOJIOKEHUS TEp-

MOJIMHAMHYECKOTO PaBHOBECHS, KOTOPOE OIpaB/Ibl-
BAeTCs BBICOKUMH CKOPOCTSIMU IPOTEKAHUS MTPOLIEC-
COB TIPEBpAIICHUH B Ta30BOW (aze MO CPaBHEHHIO
C peakUusIMH Ha MOBEPXHOCTH YTOJIBHBIX YaCTHII.
OT0 omylieHne N03BOISET HCIOIB30BaTh ISl pac-
YeTa XUMUYECKHUX B3aMMOACHCTBUN U CBA3aHHBIX C
HUMH TETUIOBBIX dQEKTOB, a TAK)Ke KOHLEHTPaUH
KOMIIOHEHTOB Ta30BOH (ha3pl yHHBEpCAJIbHBIE TEp-
MOJMHAMUYECKUE METOIbI, UCIONb3YIOIINE PUH-
1M MakcuMyMa sHTpornH (nporpamma TERRA), u
OTKa3aThCsl OT PACCMOTPEHUSI OJHOBPEMEHHO IPO-
TEKaIOIIUX COTCH XMMUYECKUX PEaKLUil.

Komnerotepubsie nporpammsl «llnazma-yroaby
u «Ilnazma-mMydens» npoBepeHsl Ha TECTOBBIX MPH-
Mepax M MOKa3alld CBOIO PaboTOCIIOCOOHOCTE B yC-
JIOBUSAX MPOBEJECHUS CEpUITHBIX pacueToB. Kaxplii
pacyeTr Ha IMEPCOHATBHOM KOMIIBIOTEPE 3aHHMAET
okosio 90 ceKkyHA, YTO IO3BOJIIET MPOBOJIUTH Ce-
puitHBIE pacueTsl Ui MapaMeTPHUUECKUX aHaJTU30B.
Pacuersl mo mporpaMmam IalOT BO3MOKHOCTH HE
TOJIFKO BBISICHUTH CYIIHOCTH IIPOIIECCOB, MPUBO-
JAIIUX K BOCTIJIAMEHEHUIO YTOJIBHBIX YacTHI] MO
JeicCTBUEM MOTOKA BO3AYIIHOHM IJIa3Mbl, HO TaKkKe
OTIPEIETISATh TEOMETPUIECKHE TTapaMeTPhl TOPEIod-
HOTO YCTPOMCTBA I PabOThl C KOHKPETHBIMH TH-
MaMH yrien.

Jig mMaTeMaTH4ecKoro MOJENUPOBAaHUSA TPO-
LIECCOB, MPOUCXOAIINX B TPEXMEPHOM IPOCTpaH-
CTBE TOIIOYHBIX YCTPONCTB IPHU CXKUI'AHUU YIJIS, UC-
MOJIB3YIOTCS KoMIbIoTepHbIe mporpamMMbl CINAR
ICE, FLOREAN u KIVA-F, ocHOBaHHEIC Ha YHC-
JICHHOM PELICHUU TPEXMEPHBIX ypaBHEHHUH Iepe-
HOCA DHEPruU U BEIIECTBA C Y4ETOM XHMHUYECKHX
peakuuii. Bce Tpu MaTemMatudeckue MOAEIM MpeN-
CTaBJISIIOT COOOH CIIOXHYIO CHCTEMY HETHMHCHHBIX
TpexXMepHbIX audepeHnaIbHbIX YpaBHEHUH B
YaCTHBIX MTPOU3BOIHBIX, COCTOSIIYIO U3 YPaBHECHHUN
HEpPa3pbIBHOCTH CPEAbl, COCTOSHHS HACAIBHOIO
rasa M JBIXKCHHUS NBYX(a3HO# cpeabl, ypaBHEHHN
TETJIONIEPEHOCa, XUMHUYECKON KHHETHKH M -
(Gy3un U1 KOMIIOHEHTOB pEarupyroiiel cMecu C
YUETOM PaAHaIOHHOTO U TypOYJIEHTHOTO MEePEHO-
ca, OIMCHIBAEMOT0 € ITOMOILBIO k-e-MOIENH TypOy-
JICHTHOCTH.

Bo Bcex Mozensx paccMarpuBaeTcs yNpoOIIEH-
Hasi XMMUYeCKasi MOJeJIb TOPEHHUs, B KOTOPOH OT-
CYTCTBYIOT IIPOMEXYTOUYHBIE peaknu 1 00pa3oBa-
HUE MPOMEXYTOUHBIX KOMIIOHEHTOB, YUUTHIBACTCS
JMIIb BBIIEJICHHUE JIETYYUX U3 YIS, UX OKUCIICHHE
JI0 OKCHJIOB YTJIepo/ia U BhIropanue yrieposa. Kom-
MBIOTEPHBIE TPOTPAaMMBl IMO3BOJISIOT OINPENEIATH
KOMITOHEHTBI CKOpPOCTH {U, V, W}, TIOJIS TeMIiepa-
Typ, JABJICHUM, KOHUEHTPALMHA NPOAYKTOB TroOpe-
HUS, BKITIOYasi 00Opa30BaHUE OKCUIOB a30Ta.
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OtmetnM, yto B mporpamMax CINAR ICE u
KIVA-F moBenenme razoBoii (a3l IBYX(a3zHOTO
pearupymomero MnoToka OIMCBHIBAETCS HAa OCHOBE
noaxona Diiepa, B TO BpeMsi Kak NOBEACHUE HH-
IUBHUIYalbHBIX YacTHUI] ONHUCBHIBACTCA HAa OCHOBE
nonxona Jlarpamxa. B nporpamme FLOREAN nns
OIMCAHUs KaK Ta30BOH (a3bl TaK U YaCTHIL UCTIOJIb-
3yeTcs noaxon Diepa, Ipyu KOTOPOM IIpeaIonara-
€TCsl, YTO CKOPOCTh TBEP/BIX YaCTHIl COBIAJACT CO
CKOPOCTBIO Ta3a, T.e. 3QPEeKT NPOCKaNb3bIBAHUS —
MIPEHEOPEKNMO MaJl.

Bce ykazannble mporpamMmbl Obutd Bepr(HIIHU-
pPOBaHBI IyTEM CpPaBHEHHUSl PACUCTHBIX NAHHBIX C
pe3yibTaTaMH dKCIIEPHIMEHTOB B CTEHIOBBIX M Ha-
TYpHBIX ycioBusx [41 —44].

3ak/aouyeHne

CoBpeMEeHHOE COCTOSIHUE TPOOIEMBI CKHUTaHUS
U 1epepaboTKHU SHEPreTUUECKUX YIJIeH U METOAOB
noBbIeHHs 3PPEKTUBHOCTH UX HCIIOIB30BAHUS HA
TOC, npennpusaTHUsIX METALTYPrud U XUMUYECKOM
MPOMBIIIIICHHOCTH, 00ECICUNBAIOIIUX MHUHHMAIb-
HBI YpOBEHb BpPEIHBIX BEIOPOCOB, TpeOyeT paspa-

Jluteparypa

OOTKHM ¥ IPUMEHEHUS HOBBIX TEXHOJIOTHI TOTLTUBO-
KCIIOJIb30BaHMSI, BKJIIOYAs IJIa3MEHHBIE.

OpHOM U3 MePCIEKTUBHBIX TEXHOIOTUN TOILIH-
BOMCIIOIB30BAHMS SIBJISCTCS TUIA3MEHHAS TEXHOJIO-
TUSl BOCIUIAMEHEHHUS M CKUTAHHUS YHEPTETHUECKHUX
yTiieHd, MO3BOJISAIONIAs 3aMEHHUTh JEIHICBBIM YTIEM
JIoporocTosimye M AeQUIMTHBIE Ta3 W MasyT Ha
TOC u xorenbHbIXx. [Inma3zmMenHas Texsoyorus 0e3-
Ma3yTHOH PacCTONKHU KOTJIOB U CTaOWIM3alMH TO-
pEeHHs TBUIEYTONBHOTO (hakena UCTBITaHA Ha pAle
TOC Poccun, Kazaxcrana, Ykpaunsi, Kuras, MoH-
romuu, Kopen, CnoBakuu u CepOun.

OrnrcaHbl TEOPETHYECKHE M DKCIICPUMEHTAh-
HbIE METObI HCCIICAOBAHMS U UCIIBITAHUS IJIa3MEH-
HBIX MPOLECCOB BOCIUIAMEHEHHMSI, TEPMOXHMHYE-
CKOM ITOATOTOBKH, CXKUTAHUS ¥ Ta3U(UKAINH YTIICH.
[Ipencrasnens! metoas! pacueta [ITC, ocHOBaHHEBIE
Ha HyJIbMEPHOU, OJHOMEPHBIX U TPEXMEPHBIX MaTe-
MaTHYSCKUX MOJICIIIX.

[IpencraBieHbl OCHOBHBIC NPUHIUMBI (HYHK-
nuonupoBanus [ITC, obecneunBaromye 3KOIOTO-
SKOHOMMYECKHE MPEUMYIIECTBA, TI0 CPABHEHHUIO C
TPAAUIIMOHHBIMU TEXHOJIOTHSIMU  HMCIIOIB30BaHUS
TBEP/BIX TOILIUB.
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NMPOITHO3MPOBAHUE NMAPAMETPOB U
KAACCUOUKALNA MOAEKYASIPHBIX OTTOKOB
C nmMomMouwbiro CBEPTOYHbIX HEMPOHHbIX CETEU

B coBpemeHHOM acTpousmke malumMHHOe obyueHne npruobpeTaeT BCe GOAbLUIYIO MOMYASPHOCTb
6Aaropaps CBOEM HEBEPOSTHO MOLHOM CrOCOGHOCTM  AEAaTb MPOTrHO3bl MAM  PACCUMTbIBATb
MPEATNOAOXKEHUS AAS GOAbLIMX OOBEMOB AAHHBIX. Mbl OMMCbIBaEM MPUMEHEHUE MAaLMHHOMO
0o0yueHUs K perpeccMu napameTpoB MOAEKYASIPHOrO OTTOKa (Macca, WMIYAbC, KMHETMYeckas
SHEPrus M AMHAMMUECKOE Bpemsl) M KAaccuduKaumu GUNOASPHOrO OTTOKA C MCMOAb30BaHUEM
CBEPTOUHbIX HEMPOHHbIX ceTen. Pasmep Halwern obyvaiowen BbiI6opkM cocTaBasieT ~ 125 MCTOYHMKOB
MOAEKYASIPHOTO OTTOKa AAS KAAccudmkaumm, To ectb 80% OT 06LIero KOAMYeCTBa AaHHbIX, TAe 67
WCTOYHMKOB IBASIETCS! GUMOASIPHBIM OTTOKOM M ~ 75 UCTOUHMKOB GUMOASIPHOIO OTTOKA AASI PEFPECCUM.
[NoAyyeHHble pe3yAbTaTbl MOKA3bIBAIOT, YTO MCMOAb30BaHWe CNN MoBbIlaeT TOYHOCTb KAACCUMKaL MM
nsobpaxeHus A0 97%. MoaeAb perpeccum rno3BoAsieT NPeACKasblBaTb MapamMeTpbl MOAEKYASIPHOMO
OTTOKa CO CpeAHen abBCOAIOTHOM MPOLIEHTHOM OWKNOKOM 37.7% AAd 06yyalowmx AAHHbIX M CO
cpeaHen abcoaoTHoM owmbkon 88.0 (Macca), 1237.7 (umnyabc), 193.3 (KMHeTUYecKas 3Heprus) m
3.0 (AMHamMMueckoe Bpems) AASl TECTOBbIX AAHHbIX. AATOPUTM MALUMHHOIO OOyYeHWMs yMeHbluaeTt
Bpemsi 06pabOTKM AQHHBIX AASI MPOFHO30B M KAACCUM(UKALIMKM, M 3Ta METOAOAOTMS MMEET LLIMPOKYIO
NepcrnekTUBY NMPUMEHEHMS B BYAYLLMX UCCAEAOBAHMSX 33Aa4 aCTPOU3UKM.

KaloueBble cAOBa: paAMOAcTpOHOMMS, 3Be3A006pasoBaHue, OUMOASPHbIE OTTOKM, MalUMHHOE
06yueHne, CBEPTOUHbIE HEMPOHHbIE CETH.
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Prediction of parameters and classification
of molecular outflows using convolutional neural networks

Machine learning is gaining popularity in modern astrophysics for its incredibly powerful ability
to make predictions or make assumptions over large amounts of data. We describe the application of
machine learning to regression of molecular outflow parameters (mass, momentum, kinetic energy, and
dynamic time) and classification of bipolar outflow using convolutional neural networks. The size of our
training sample is ~ 125 sources of molecular outflow for classification, that is, 80% of the total amount
of data, where 67 sources are bipolar outflow and ~ 75 sources of bipolar outflow for regression. The
results show that the use of CNN improves the image classification accuracy up to 97%. The regression
model predicts molecular outflow parameters with an average absolute percentage error of 37.7% for
the training data and with an average absolute error of 88.0 (mass), 1237.7 (momentum), 193.3 (kinetic
energy), and 3.0 (dynamic time) for test data. The machine learning algorithm reduces data processing
time for predictions and classification, and this methodology has a broad prospect for future studies of
astrophysics problems.

Key words: radio astronomy, star formation, bipolar outflows, machine learning, convolutional neu-
ral networks.
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YHipTKiAl HEHPOHADBIK, XXeAIAepAi KOAAAHDbIN MOAEKYAAABIK, CbIPT aFbIHAAPAbIH,
napameTpAepiH 6oAXKay XKaHe XikTey

3aMaHayv| aCTpOCbl/BMKaAa MallMHAAbIK OKbITY YAKEH K6/\eMAeFi MS/\iMETTep YLUiH 6oAKam KacayAa

Hemece >)KOpaMaAAapAbl eCeNnTeyAe KepeMeT KYaTTbIAbIFbIHbIH aPKaCblIHAQ TAHbIMAAAbIFbI AP TbIMN KE/\eAi.
bi3 MallMHAADBIK, OKbITYAbl MOAEKYAAAbIK, CbIPT afblH napameTp/\epiHe (Macca, MMMNYAbC, KMHETUKAADbIK
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SHEPrus KOHe AMHAMMKAABIK, YaKbIT) HOAXKAM XKacayaa XXoHe YMiPTKiAI HEMPOHABIK, XKEAIAEPAT KOAAAHA
OTbIPbIN, OGUMOASIPAbI CbIPT aFrbIHAAPAbIH, >KIKTEAYiHE KOAAQHYAbI CMMaTTalMbI3. Bi3AiH OKY YATiCiHiH
MeALLepi — XikTey YWiH ~ 125 MOAEKYAQAbIK, CbIPT aFblH AEPEKKO3IH KyparAbl, SFHU MOAIMETTEPAIH,
>KaAMbl keAeMiHiH 80% KyparAbl, MyHAAFbl 67 AEPEKKO3AEP OUMOASPABIK, aFbIHAAP GOAbIM TabbIAAAbI
koHe ~ 75 OMMOASIPABIK aFblH AEPEKKO3i Perpeccus yuliH KoAAaHbIAABL. HaTuxxeAep kepceTkeHAen,
CNN-Ai maaanaHy KeckiHAl XXikTey ASAAITIH 97% aeliH >kakcapTaabl. Perpeccus MoAeAi »KaTTbiFy
AepeKTepi yLliH opTalla abCOAIOTTIK NanbI3AbIK, KaTeAiri 37,7 % KypaAbl XXeHe abCOAIOTTIK KaTeAiri 88,0
(Macca ywiH), 1237,7 (umnyAabc ywiH), 193,3 (KMHETUKAAbIK, 3Heprus YiliH) >kaHe 3,0 (AMHAMUKAAbIK,
YaKbIT YILiH) WIaMaCbiHAQ MOAEKYAAAbIK, CbIPT aFblHHbIH, MapameTpAepiH 6OAXKaM araAbl. MalLMHAABIK,
OKbITY aArOpPUTMI BOAXKay MEH XKIKTey YLliH MOAIMETTEPAI OHAEY YaKbITbIH KbICKApTaAbl XoHe OyA

aAicTeme boAallak, aCTPOdM3MKa MOCEAEGAEPIH 3ePTTeY YILIH YAKEH YMIT Oepea.
TyHiH ce3aep: pPaAMOACTPOHOMMS, XKYAAbIBAAPAbIH, Manaa GOAYbl, GUMOASIPABIK, CbIPT aFbIHAAP,

MaLUMHAABIK, OKbITY, YAIPTKIAI HEMPOHABIK, YXeAiAep.

BBenenne

[IpuMeHeHHE METONOB MAlIMHHOTO OOy4YCHHS
(ML) nnst ananu3a HaOOpoB acTpoU3NIECKUX AaH-
HBIX CTaJO YPe3BbIUANHO TOMYISIPHBIM, 0COOEHHO
M0 Mepe TOTO, KaK BBIYMCIUTENbHBIC MOIIHOCTH U
CJIO’KHBIE aJITOPUTMBI CTAHOBSITCA 0OJIee MOIIHBIMU
1 mocTymHBIMU. KpymHbIe HaOmonarensHble 0030-
PBI IPEIOCTABUIIM MaCCUBHBIE HAOOPHI JAHHBIX IS
pa3pabOTKH WHCTPYMEHTOB MAIIMHHOTO OOYYEeHHS
JUISL peIIeHHs] TPHUKIATHBIX 331ad acTpo(H3HKH,
4TO cHeNano MalnHHOe o0ydeHue eme Oosee mpu-
BJIeKaTenbHBIM [1]. MeToapl MallIMHHOTO O0Y4YeHUs
OBUTH TIPUMEHEHBI IS KJIacCU(UKAIIMN 3BE3J1/Ta-
JAKTUK M ONpelesieHNH (PU3MYECKHX MapamMeTpoB
[2-11]. Eme omauMm ycmexom ML B actpodusmke
CTaJIO MCIIOJIb30BaHNE aPXUTEKTYPHI TITyOOKOH HE-
POHHOM CETH /ISl aHalIU3a 3BE3HBIX CIIEKTPOB [12].
B pabore [12] mokazanu, 9To mapameTphl 3Be31 (TeM-
neparypa, cuia TSHKECTH U METAJNTMYHOCTE) U3 BCer
cnekTpanbHor 0a3bl gaHHbx SDSS-III APOGEE
MOTYT OBITh OIIPEIENIeHbI C TAKOH YK€ TOYHOCTBIO U
TOYHOCTHIO, uTO M KoHBelep APOGEE, Bcero 3a He-
CKOJIBKO CEKYH/] C IIOMOIIIBIO MAIIMHHOTO 00yYeHusI.
A Taxxe, MaIMHHOE OOY4YEHHE TI03BOJISAET OBICTPO
Y TOYHO ONpEIeNATh 0COOEHHOCTH MOJIEKYISIPHOTO
oTTOKa. HecKkoIbKo allrOpuTMOB MAIIMHHOTO 00yy4e-
HUS OBLIM MCTIONB30BaHBI IJIs1 OTIPEICIICHNS XapaK-
TEPUCTUK MOJEKYISPHBIX OTTOKOB [13-19]. Meton
OTIOPHBIX BEKTOPOB (SVM) UCTIONB30BaINCh, YUTOOBI
OTIIMYUTH OCTATOK CBEPXHOBOI 3BE3/IbI OT OKPYXKa-
tontero rasa [13] 1 uaeHTUPUIUPOBATH MOJIEKYJIISIP-
HBbIE OTTOKM B KOMIUIEKCE TEMHBIX 001akoB [18].
B patore [18] npursiim SVM nmiist onpeneneHus
XapakTepUCTHK OTTOKa B BhiOpocax 'CO u "“CO
B Cygnus. SVM xopomio crpaBisercs ¢ 3agadamMu
KJIaccupHuKauuy, HO Uil CO3AaHus 00ydaroliero
Habopa TpedyeTcs pydHOE M3BIICUCHHUE MMPHU3HAKOB.
Anroputrmbel Random Forest, kotoprie knaccudu-
[UPYIOT BEKTOPHI MPHU3HAKOB, M3y4as CEPHI0 Ipa-

BWJI TIPHUHSATHUS PEIICHUH, Hale:HO paboTaroT NpHu
00HapYKEHUH 3BE3IHBIX ITy3bIPEH B BRIOPOCE TBLITH
[14,19]. Tlogo6HO SVM, Random Forest TpeOyroT
PYYHOTO H3BIIeUeHHUs (PYHKIUI B KA4ECTBE BXOTHBIX
nmaHHbeIX. CBeprounbie HelipoHHBIE ceTd (CNN) —
3TO HOBBIM MOIIHBIHM MOX0 MAITUHHOTO O0yUYCHYS,
MIPUMEHSEMBIH I UACHTU(DUKAIINH CTPYKTYP WIH
00bexToB. CNN He 4yBCTBHUTENBHBI K TOJIOKEHHUIO
00BEKTOB B JJAHHBIX, IIOATOMY HX HECIIOKHO IPUME-
HUTH K KPYMHBIM 0030paMm. UTo Hanboiee BajkHO,
CNN He TpebyeT pydHOTO W3BIICUCHHS MPU3HAKOB
B KauecTBE BXOAHBIX AaHHBIX. BmecTo aToro CNN
ABTOMAaTUYECKH W3BIIEKAET MPHU3HAKU W3 JAHHBIX,
MPUMEHSSL pa3IunvHble (DUIBTPHI HA Pa3HBIX YpPOB-
HSX BO BpeMs oOyueHus [20-25]. Anropurmsl, oc-
HoBaHHbIe HAa CNN, ObITH pa3paboTaHbl U YCIEITHO
NPUMEHEHBI U1 WACHTU(UKAIMU Ty3biper (00-
JacTh Pa3peXEHHOTO TOPSYETO ra3a HEeMPaBUIILHOM
hopmbl B Mexk3BE3AHON cpere) [15-16], a Taxoke mias
uIeHTH(QUKAMH U TIPOTHO3UPOBAHUH (PU3UIECKUX
I1apaMeTpoB MPOTO3BE3AHBIX OTTOKOB [17].

Mopnenb cBepTOYHOM HEliPOHHOI ceTH

HeiipoHHble ceT MMEIOT MHOXECTBO IapamMe-
TPOB. DTH MapaMeTphl ONPEENIIOT caMy CceTh (Ha-
MIpUMeEp, pa3Mep U HEJMHEHHOCTb KaXKI0T0 YPOBHS)
U OIpPENEIIIoT o0ydeHne ceTu (HampuMmep, pazmep
MUHH-TIAKETAa WX CKOpOCTh 00yueHus). Kpome
TOTO, apXUTEKTypa HEHPOHHOU CETH MOXKET CyIIle-
CTBEHHO IOBJIHATH Ha €€ MPOW3BOAUTENHHOCTH. B
3TOM pasjiesie MBI 1aeM KpaTKoe ONHMCaHue Kiroye-
BBIX TApaMETPOB M apXUTEKTYPY HaIlel MOIEIIH.

OO0mas apXUTEKTypa PacCMOTPEHHOW MOIEIH
Ui KinaccuuKanuu M300paKeHHs MoKa3aHa Ha
pucynke 1. Cetb cocTouT U3 5 00y4aeMbIX CIIOEB,
rme 3 W3 HUX CBEPTOYHBIC CIIOM W 2 TIOJHOCTHIO
cBsizaHHBIE cJou. [1epBEIil CBEPTOUHBI CIIOH QHITB-
TpyeT BXoaHOe m3oOpaxenue 150 x 150 x 3 ¢ 32
(unsrpamu pazmepom 5 x 5. Bo Bcex ciosix, Kpo-
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M€ BBIXOAHOTO cJiosl, ObUTa MpUMeHeHa (QYHKIU
aktuBanuu ReLU. MakcumanbHoe oObeauHEHUE
¢ ¢unpTpamu pamepa 2 X 2 cleayeT 3a CBepTOY-
HBIM cioeM. BTopol u Tpetuil cBepTOYHBIN CIIOH
nmeeT 64 u 128 bunbTpoB ¢ pasmMepoMm 3 X 3 u 2
X 2 cOOTBETCTBEHHO. [IepBbIil MOTHOCTHIO CBA3aH-
HBIM cioil uMeeT 256 KaHalIoB, a BTOPOU BBINOJI-

HSIET JBOMYHYIO Kiaccuukanuio. BeixoaHbie 3Ha-
YeHUS MOCJIEIHEr0 IMOJHOCTHIO CBSA3AHHOTO CIIOA
oOpabarbiBaeTcss 4depe3 ¢yHkiuio softmax. s
00ydJeHHs HaluX MOJeJNiell MBI UCIIONIb3YeM ajro-
put™M RMSprop co ckopocthio 00yduerus 0.0004 u
MHHU-NIAKETHBIN TPAJUEHTHBIN CIIyCK C Pa3MEpoOM
naketa 16.

Pucynok 1 — ApxurexTypa CBepTOUYHOH HEHPOHHOM CeTH Al KITaCCU(HUKAIINY JaHHBIX

ApXHTEKTypa Halled MOAENU IJI1 PErpecCHH
IoKa3zaHa Ha pucyHke 2. Pa3mepsl cioeB, Konu-
4yecTBa (QUIBTPOB M (PYHKIUH aKTHBALUU CBEP-
TOYHBIX CIIOEB COOTBETCTBYET BBIIIE YIOMSIHYTOU
MOZETH KiIacCU(pHUKAINUU, HO OTINYACTCS KOJHU-
YeCTBOM HEHpPOHOB M (DyHKIMEH aKTHBAalUi BBI-

XOIHOTO CJIOS, a TAKXKe OTIMYACTCS AJITOPUTMOM
o0yuenust. Ha BBIXOZ TOCIIEAHET0 MOTHOCTHIO CBS-
3aHHOTO CJI0sl MojaeTcs NuHelHas QyHknus. Mo-
JeNb JUIS IPOTHO3MPOBAHMS MapaMeTpoB O0ydeH
¢ moMoInkto anroputMa Adam co CKOpPOCTBIO 00-
yuenus 0.001.

Pucynok 2 — ApxurekTypa CBEpTOUHOM HEHPOHHOM CeTH AJs IPOTHO3UPOBAHUS JaHHBIX

Jns peanu3zaumu Haueld MOAEIXM Mbl UCIHOJb-
3yeM MporpaMMHbIN maker Python m OuGmmoTeky
Keras pabotaromuii moBepx miaropMbl MAITHHHO-
ro obyuenus TensorFlow. bubmmoreka TensorFlow
YIPOINAST UCIOIb30BaHUE TPapUUESCKOro Mporiec-
copa AJis BRIYHCIICHHH, a UCMIONb30BaHue rpaduye-

90

CKOTO TIpOoIeccopa MO3BOJISIET MPUMEPHO Ha TIOPS-
JIOK OoJiee OBICTPOE O0yYCHHUE, YEM HCIIOJIb30BAaHUE
TOJIFKO IIEHTPAIBHOTO MPOIIeccopa.

Habop maHHBIX 1 KiIacCH(UKAIIE COCTAaBIIS-
eT 157 uCTOYHHUKOB, KOTOpBIE 84 sBIAETCS OHUITOIISIP-
HBIMH OTTOKaMH. J[aHHBIE OBUIM B3ATHI U3 PaOOTHI
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[26]. IlepBas monens kmaccuduranmu uMeet 110
UCTOYHMKOB Uil 00yueHHs U 47 UCTOYHHUKOB IJIS
TECTHPOBAHHS, TO €CTh MPOICHTHAS COOTHOIICHHUS
BbIOOpOK 70/30 mpouLeHTOB OT O0IIEro KOIM4ecTBa
JIaHHBIX. BTopas momens kmaccupukanuym umeer
npoueHTHoe cootHomeHue 80/20 mist oOydarommx
U TECTOBBIX AaHHBIX. Ha pucynke 3 mokaszaHa 3a-
BUCUMOCTb TOUHOCTH U MOTEPU MOJIETTH HEUPOHHOM
CETH OT JMOXHM OOYYCHHUs JBYX MOJENN Kiaccu(u-
KaIlMM JJ1s1 TECTOBBIX AaHHBIX. Pe3ynbraTsl moKa3sl-
BAalOT BBICOKYIO TOYHOCTb BTOPON MOJEIH, a TaKKe
MUHHMAJIBHYIO TIOTEPI0 MOJENIM HEHPOHHOW CeTH,
YyeM IepBasi MOJIEIb.

@

(©)

PucyHok 3 — 3aBHCUMOCTH TOYHOCTH U IOTEPH MOAEIH
HEHPOHHOH CETH OT 3MOXU 00yUCHHUS ISl TECTOBBIX
JAHHBIX TP COOTHOIIECHNH 00yJaIOMUX 1 TECTOBBIX JaHHBIX
70/30 (a) u 80/20 (6)

Habop maHHBIX TSt IPOTHO3UPOBAHMS TTapame-
TpoOB cocTapisieT 84 nctouyHnkoB. OOydaromnas BbI-
Oopka — 75, TecToBast 9. B xauecTBe METPUKH MBI
ucrnonb3oBad MAE (Cpenuss abcomroTHas ommo-
ka) 1 MAPE (Cpennsisi aGcomoTHasi mpoOIeHTHAS
omuoOKa) Juist perieHus npoodiem perpeccun. [1oato-
My TI0 OBUIM CO3aHBI JBE MOJEIH IPOTHO3MPOBA-
HUS. 3aBUCUMOCTB TIOTEPH JIBYX MOJEIEH OT STOXH
oOyueHus npuBesicHa Ha pucyHKe 4. Pesynbrars! 00-

YYEHUS TIOKA3bIBAIOT, YTO 00yJaroIne JaHHBIE BTO-
pOH MOIleNnH TOYHEe MPOTHO3UPYET, YEM TECTOBBIC
JIAaHHBIE.

(2)

(©)

PucyHnoxk 4 — 3aBuCUMOCTH IOTEPH IBYX MOJAEIH
(1-monens (a), 2-moneins (0)) HEHPOHHON CETH OT AMOXHU
o0ydenust Ui 00yJaromux (CHHSASA JIUHHUS) U TECTOBBIX
JAHHBIX (KpacHas JIMHU) IPH BEIOOPE METPHKH KauecTBa
o0yuenust MAE (a) u MAPE (6)

Pe3yabTarbl U 00CyKIeHUA

B aTom pasnene Mbl cHayasia OMMCHIBAEM IOKa-
3aTeIN TPOU3BOAUTEIBHOCTH, KOTOPBIE HCIIONIB30-
BQJIMCH JJIS1 OLICHKH MOJeNei. 3aTeM MBI MpecTaB-
nsieM 3¢ HEeKTUBHOCTD KiIacCU(DUKAIMU U TIPOTHO3U-
pOBaHUsI HAIlIEW MOJIEIH.

To4yHOCTH MOIENN OMpeneNnseTcss Mo Clenyro-
et popmymne:

TP+TN

ACC=—"b"
cc P+N

e

rae, TP — Komu4ecTBa UCTUHHBIX OUITONSAPHBIX OT-
TOKOB, KIACCH(HUIIMPOBAHHBIX KaK OHWIOJSPHBIC
OTTOKU (MCTUHHO MOJIOKHUTENBHBIN pe3ynsTrar), TN
— UCTUHHO OTPHIIATENBHEIN pe3ynbrar, P — oliiee
KOJIMYECTBO OWIIOISAPHBIX OTTOKOB, N — o0Iee Ko-
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JITYECTBO OTTOKOB, KOTOPHIC HE SBISIOTCS OUIIOISIP-
HBIM OTTOKOM.

TouHoCTh MoOnENM KiacCU(UKAIUU TPUBEICH
B Tabmuiie 1 A pa3HBIX KOJUYECTB OOydYaIOUIEro
Habopa MaHHBIX. Pe3yiasTarsl MOKA3bIBAIOT TO, YTO
4yeM Oosbliie 00y4aroIiuX JaHHbIX, TeM 00JIee BhICO-
Kasi TOYHOCTh. Mopenb kinaccudpukamuu umeer 100
MIPOIIEHTHYIO TOYHOCTH IS IBYX MOZECIH, OXHAKO
BTOpasi MOJIeJIb UMEET TOYHOCTh ~ 97% mpu cooT-
HOIIIEHWH O0yYaroIuX W TeCTOBBIX JaHHBIX 80/20
JUUIS TECTOBBIX JAHHBIX.

Ta6auua 1 — Pe3ynbrar TecTHpoBaHUS JUI pa3HBIX HaOOpOB
JTAHHBIX

No Kommuaecta obyqaromux | TouHOCTH 00yHaIOmux
- 1 TECTOBBIX JaHHBIX TECTOBBIX TaHHBIX (%)
1 110 u 47 100 u 85.1

2 125u 32 100 u 96.9

MBI WCTIONB3yeM TECTOBBIE NaHHBIE, YTOOBI
OIIEHUTh, HACKOJIBKO TOYHO MOXKHO OIIPEIEIUTh
(m3nyeckrue CBONCTBA TO OWIOJSPHBIM OTTOKAM.
MpbI npuMeHsieM 00€ MOJIENIM PErpecCud K TEeCTO-
Bo# BEIOOpKe. Ha prucyHKke 5 mokazaHsl hu3ndecKie
mapaMeTpsl OTTOKa (Macca, HMITYJIbC, KUHETHYe-
CKasi SHEPTHUs U TUHAMHUYECKOE BpPEeMsl), OIICHCHHAS
Ui 1ByX Moneneid, model 1 u model 2. Mb1 Takxe
HaHOCHM Ha TpapuK HCTUHHYIO MaccCy, UMITyJIbCa,
SHEPTHI0 ¥ TUHAMHYECKOW BPEMEHH OTTOKA, KOTO-
pble ObUIH B3SITHI U3 paboThI [26]. MBI 00HApYXIITH,
410 model 2 mepeoIieHMBaeT MacCy MOJICKY/ISIPHOTO
OTTOKa B 2,7 wum Oosee pa3, B TO BpeMs kak model 1
MIPaBUIILHO TPEJCKa3bIBAET MAacCy MOIEKYISPHOTO
OTTOKa ¢ pazdpocom B jBa pasa (PucyHok 5, a). Ha
pucyske 5 (0) moka3zaHo, YTO UMITYJIbC, TIPEICKa3aH-
HEII Mozenbio 2, B 1,87 pasa BbIIIE, YeM UMITYIILC,
NpeacKa3zaHHbll Mozaenblo 1. Pe3ynsrarel mokassl-
BaOT 3(P()EKTUBHOCTH MOJENU MPOTHOZUPOBAHHS
model 1, rae pe3ynsraTsl COOCTaBUMEI C pe3yibTa-
Tamu paboTe [16-17].

Onenka ommMOKH TPOTHO3UPOBAHHUS TPUBEICHBI
B Tabmunax 2 u 3. B tabmuue 2 nokaszaHo 3Haye-
HUe cpeHel abCoTI0THON OMMOKH EPBOH MOzIENn
perpeccur U cpemHed aOCONIOTHON TPOIEHTHOM
omuOKu BTopoit Moaenu. [1o aTuM naHHBIM TPYIHO
ckazaTth 3(pPEKTUBHOCTH MOJAETH, HO TI0 Pe3yIIbTa-
TaM TECTHPOBAHHSI MOXXHO ONpeNenuTh dPPEKTHB-
HocTh Mogeneh (PucyHok 5). Pesynbrarel addek-
TUBHOW MOJIETH TPOTHO3UPOBAHUS (U3NIECKUX
MapaMeTpoB MOJICKYJISIPHOTO OTTOKa IOKa3aHbl B
Tabmuie 3.
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(©)
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PucyHnok 5 — 3aBucUMOCTb TapaMETPOB OTTOKA
(macca (a), umnyinsc (0), KUHETHYecKas SHeprus (B)
U IUHaMU4YecKoe BpeMs (T)) OT MPOTHO3UPYEMBIX
XapaKTEPUCTHUK JBYyX MOAEIU
U1 o0ydaromux (O, O) U TECTOBBIX (@, M) JaHHBIX.
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Tadmuua 2 — Pe3ynsraTsl Mojieiel IPOrHO3UPOBAHUS JAHHBIX

Ne monenu MAE n1st 00y4aroniux U TECTOBBIX JJAHHBIX MAPE n1s1 00y4aromniux U TECTOBBIX JJAHHBIX
1 0.0246 1 0.0831 -
2 - 34.6571 n 909.7830

Ta6anua 3 — Pe3ynsraTsl IPOrHO3MPOBaHUS MEPBOM MOJEIH 00yUAIOIIUX U TECTOBBIX JAHHBIX

macca HUMITYJIBC KUHETUYCCKAs DHEPTUA JAVMHAMHUYCCKOC BpEMA
MAE 16.8/88.0 190.6/1237.7 25.8/193.3 0.7/3.0
MAPE 45.9% /198.1 % 44.5% /271.4% 443 %/370.5% 16.0 % / 58.4 %
BeiBoabi UACHTU(UITUPYEMBIX OUITONSPHBIX OTTOKOB C TOY-

MpbI pUMEHsIEM METOJT TITyOOKOT0 00yUYCHUS JIIst
OTIPE/ICNICHHsT MTAPAMETPOB MOJICKYJISIPHBIX OTTOKOB
1 KIaccuukanmuu OUIOISIpHBIX oTTOKOB. Co3maBast
pasHbie 00y4Yarolre BLIOOPKH, Mbl pa3padarhiBacM
JIBE MOJICJIM [TyOOKOrO MalIMHHOTO 00yueHus. Mo-
JIeTh KIacCH(DUKAIUA MOXKET ONPEIeITUTh OUITONISpP-
HBbIC OTTOKU. MOJIeNb MPOTHO3UPOBAHMS MTPEACKAa3bI-
BACT JIOJKO MAacChl, UMIYJbCa, SHEPTHUH U TUHAMHYC-
CKOE BpEMsI CBSI3aHHYIO ¢ OTTOKOM. Haritu ocHOBHBIE
BBIBOJIBI 3aKJIFOYAIOTCS B CIIEAYIOLIEM:

1. MBI TIpUMEHsieM MOjieNb KJIacCH(DUKAIH
M YCIEIIHO HWIACHTU(DHUIMPYEM paHee BHU3YaIbHO

HOCTBIO 97%.

2. Mogenp perpeccun yCHemHo npeacKa3bBaeT
(hmznueckre mapameTpbl, HapruMep, 0TI0 MacChl,
UMIYJIbCa, PHEPIMM U BPEMEHH, IOJyYEHHBI pe-
3yJbTaTe OTTOKA.

3. Macca oTTOKa, TIpe/cKa3aHHas MOJENbio 1,
CpaBHHMMA C MacCOW OTTOKa, pacCUUTaHHOM [26].

Nmnynse 1179.71 M km s~', W KuHeTHue-
ckast sHeprust 124.052 x 10¥ erg or orroka B mc-
tounuke G010.284-00.114 Toro xe mopsaka, 4To
U pacyeTsl B pabore [26], KOTOpble COCTABISAIOT
945.2 M kms™ u 137.24 x 10”erg coorser-

CTBCHHO.
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PA3PABOTKA METOAUKHU U ATITIAPATYPbI
AAl USMEPEHUS TIAOTHOCTU NOTOKA HEUTPOHOB
OT PEAKTOPA BBP-K

MccaeAOBATEABCKUIA PEAKTOP SBASIETCS MOLLHBIM MCTOYHMKOM HEMTPOHHOIO M raMMa-n3AYyUYeHUs,
BO3HMKAIOWMX B pe3yAbTaTe MNpPOTEKAOWMX B PeaKTope SAEPHbIX peakumit. B AaHHOM cTaTbe
rnpeAAaraeTcsl UCrNoAb3oBaHMe cyeTunkoB HenTpoHoB Tuna CHM-18. lNpeanaraetcs paspaborka
METOAMKN 3(PpHEKTUBHOIO U3MEPEHNS HEMTPOHHOTO (DOHA MPU MOMOLLY NMEPEHOCHBIX Fa30pa3PsSAHbIX
HEMTPOHHbIX CUYETUMKOB, a TakXe HaAaAka M MOATOTOBKA CUCTEMbl perucrpaumm, paspaboTka
3IAEKTPOHHOM YaCTU AETEKTOPOB GOABLLIOM MAOLLLAAMN.

Co3paHMe aBTOMATMUECKOM CUCTEMbI, BKAlOUaiollerd B cebs KOMMAEKC annapartypbl AAs
HernpepbIBHOrO aBTOMATUYeCKOro, AMCTaHLUMOHHOIO W 3KCMPECCHOTO ONMPeAEAEHNS KOAMYECTBEHHOM
OLIEHKM NMOTOKa HENTPOHOB OT SAEPHOr0 peakTopa B PeXKMMe peaabHoro BpemeHn. PaspabartbiBaemas
annapartypa npMmMmeHsiema AAs MPakTUUYeCKOoro MCNoAb30BaHMS METOAQ OMNPEAEAEHMS MAOTHOCTM NOTOKa
HEMTPOHOB, YTO AACT BO3MOXKHOCTb YUeCTb 3aKOHOMEPHOCTU MPOCTPAHCTBEHHOIO M3MEHEHUs MOAS
HENTPOHOB. DTU HEMTPOHbI MMEIOT SHEPIUM MOPSIAKA HECKOAbKMX M3B 1 UX yrAoBoe pacnpeaeAeHne
npaKkTUYecKn M30TpornHo. MpoBeaeHbl paboTbi MO 0TPAGOTKE PA3AMUHBIX KOH(PUTYpaLMK 3aMEAAUTEAEI
M oTpaxkaTeAem AAS MoTOoKa HEeMTPOHOB OT peakTopa BBP-K. PaspaboTaHHas MeToaMKa MO3BOAUT
CAEAaTb BbIBOAbI O pacrpeAeAeHMr MOTOKOB HEeMTPOHOB B 3A@HWMM, TAE PaCroAaraeTcsl peakTop, a
TaK>Ke BAMSIHMM 3TUX MOTOKOB Ha OKPY>KaIOLLLYIO CPeAY OT paboTaloLLEro MCCAEAOBATEABCKOrO PeakTopa
BBP-K, pacrnoaoseHHOro B6AM3M ropoaa AAMaThbl.

KAloueBble cAOBa: HEMTPOHbI, HEMTPOHHbIE CHETUMKM, AETEKTOP HEMTPOHOB, YCUAMTEAb, MOTOK
HelTpoHOoB, peakTop BBP-K.

Ye.S. Mukhamejanov'", O.A. Kalikulov’, S.K. Shinbulatov’,
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Development of method and equipment for measuring
the density of neutron flux from the reactor WWR-K

The research reactor is a powerful source of neutron and gamma radiation resulting from nuclear
reactions occurring in the reactor. Our project proposes the use of neutron counters of the SNM-18 type.
Development of a method for the effective measurement of neutron background using portable gas-
discharge neutron counters, also an adjustment and preparation of the registration system, development
of the electronic part of detectors with large-area is proposed.

To create an automatic system that includes a set of equipment for continuous automatic, remote
and rapid quantitative assessment of the neutron flux from a nuclear reactor in the mode real time. The
developed equipment is used for the practical use of the method for determining the neutron flux den-
sity, which will make it possible to it is necessary to consider the laws of spatial variation of the neutron
field. These neutrons have energies of the order of several MeV. The angular distribution of the gener-
ated neutrons is almost isotropic. Works on the various configurations of moderators and reflectors for
the neutron flux from the WWR-K reactor was carried out The developed methodology will allow us to
obtain conclusions about the distribution of neutron flux in the building where the reactor is located,
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also the effect of neutron flux on the environment from a working WWR-K research reactor located near
Almaty city.
Key words: neutrons, neutron counters, neutron detector, amplifier, neutron flux, WWR-K reactor.
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CCP-K, peakTopblHaH HEMTPOHAAP afbIHbIHbIH, TbIFbI3AbIFbIH AHbIKTaYFa
apHaAfaH annaparypa MeH aAicTeme AaiblHAQY

3epTTey peakTopbl-peakTopAa nanaa 60AaTbiH SAPOABIK, peakUMIAAP HOTUXKECIHAE NMaitaa 60AaTbIH
HEMTPOHABIK, KOHE FaMMa-COYAEAEHYAIH KyaTTbl Ke3i 60Abin Tabbirasbl. bya Makarapa CHM - 18
TUNTI HEMTPOH ecenTerilTepiH KOAAAHY YCbIHbIAQAbI. TacbIMaAA@HATbIH ra3 paspsATbl HEATPOHABIK,
ecenTerilTepAiH KeMeriMeH HeMTPOHABIK, (DOHAbI TUIMAI BALLEY BAICTEMECIH 83ipAey, COHAaM-ak
TipKey >KYMEeCiH peTTey >koHe AarblHAQY, YAKEH ayMaKTbl AETEKTOPAAPAbIH IAEKTPOHABIK, GOAIriH
93ipAey YCbIHbIAAABI.

HakTbl yakbIT pexxmnMiHAE SAPOAbIK, PEaKTOpAAH HEMTPOHAQP aFbiHbIH CaHABIK, GararayAbl Y3AIKCi3
aBTOMATTbl, KAWbIKTbIKTAH >XOHE >XEeAeA alKblHAQyFa apHaAfaH annapatypa KeleHiH KamMTWUTbIH
aBTOMATTbl KYieHi Kypy. O3ipAeHreH >KabAblK, HEMTPOHAAP aFblHbIHbIH, TbIFbI3AbIFbIH aHbIKTAY
BAICIH iC XY3iHAE MalAaAaHy YILiH KOAAQHbLIAAAbI, GYA HEMTPOHAQAP OPICiHIH KEeHICTIKTIK e3repy
3aHAbIAbIKTApbIH eCKepyre MyMKiHAIK 6epeai. byA HenTpoHaapaa GipHewe MaB Tepi3ai sHeprusra ne
>KOHE OAAPAbIH GYPbILLITHIK TapaAybl iC KY3iHAE M30TPONTbl GOAbIM TabblAaAbl. O3ipAEHIEH aaicTeMe
peakTop OpHaAaCKaH FMMapaTtTa HEeMTPOHAAP aFblHbIHbIH, TapaAybl, COHAAM-aK, OCbl aFblHAAPAbIH,
AAMATbl KAAaCblHbIH, MaHblHAQ OpHaAackaH >ymbic icten TypraH CCP-K 3epTTey peakTopblHaH

KOpLUaFaH opTara acepi TypaAbl KOPbITbIHABI XKacayFa MyMKIHAIK 6epeai.[1]
TyHiH ce3aep: HeMTPOHAAP, HEMTPOHABIK CaHaFbllLTap, HEMTPOHABIK AETEKTOp, KYLIeMTKill,

HelTpoHaap arbiHbl, CCP-K peakTopbl.

BBenenune

IIpombinieHHAas AESITENILHOCTH YEIOBEUECTRA, B
TOM YHCJIE U aTOMHAasI, U TeTJIOBast SJHEPTeTHKA, OKa-
3BIBAET CYIIECTBEHHOE TEXHOTEHHOE BO3/EHCTBHE
Ha MPUPOAHYIO cpeny. B aToil cBsA3U uccnenqoBaHus
BO3EHCTBUS MOTOKA HEUTPOHOB OT PEAKTOPOB Ha
OKpPYXKAIOIIyI0 cpeay [2] ABisAlOTCA KpaifHe akTy-
agbHBIMHU. Tak Kak HCCIEeNOBAaTEIbCKUU pPEeaKTOp
BBP-K pacmonoxen BOmu3m ropoga AjMaThl, TO
OIIEHKA BIHMSHMS Ha OKPYXAIOIIYIO Cpeay IMOTOKOB
HEHUTPOHOB CTAHOBUTCS OCOOCHHO aKTyaJIbHOH 3a-
Jagei.

B naHHOI cTaThe mpejylaraeTcs U3ydeHHue B3a-
UMOJEUCTBUSI HEUTPOHOB C BELIECTBOM U OIpEJe-
JIEHHsI 0COOCHHOCTEHN WX TOTIIOMIEHHS U OTPaKESHHS
B pPa3IUYHBIX BOJOPOIOCOAEPIKALINX CPEIax, TAaKUX
KaK MOJMATHUJICH, TpauT, CBUHEL, OSpHIUIUN H T.
n.[3,4].

s peructpan HEUTPOHOB IIAHUPYETCS CO3-
JlaHNe SKOHOMUYHOW M 3PTOHOMHYHOH armapary-
pel. YcranoBka, B otiaudre oT LAND u KamLAND
[5,6], cocToMT W3 Ta30HAMOJIHEHHOTO MPOMOPLHU-
oHanbHOro cuerunka CHM-18 u martepuanoB s
CO3daHus pa3jINYHbIX CPE€O, TaKUX Kak, IMOJIUITH-

neH, 0op, rpaduT, OepwILIUil, CBUHEIN. ODKCIEPH-
MEHT OyJeT MpoBOoAUThCA B WHCTUTYTE simepHOM
(hM3UKY TIPU TOCTOSTHHOM HEHTPOHHOM (DOHE peak-
topa BBP-K. Cuerunku gaHHOro THMNa ¢ yCHeXoM
MIPUMEHSIOTCS JJIs1 PETUCTPAIH HEHTPOHOB.

MeTtoauka onpeesieHUs] MVIOTHOCTH MOTOKA
HellTpoHOB oT peakTopa BBP-K

J11 HEHTPOHOB C NMPOMEXYTOUHBIMU SHEPTH-
SIMH HENPUTOACH METOJ PETHCTpalUu IO SApam
OT/a4y¥, TaK KaK MOHU3AIINOHHBIA 3P (HEKT TOBOIb-
HO Mai. Kpome Toro, B 3Toii 00macT SHEprHii HET
YAOOHBIX SIEPHBIX PEaKIHH, KOTOPHIE COIMPOBO-
JKTATUCHh OBl BBUIETOM OBICTPBHIX 3apsHKEHHBIX Ya-
crull. IloaTtoMy Il perucrtpauuu TakUX HEUTPO-
HOB C MOMOIIbI0 OOPHOTO HEWTPOHHOTO CUETYHKA
(B merexTopax HCIONB3YIOT B KadecTBe pabodero
BerecTBa Tpexpropuctsiii 6op — BF? Tak HasbiBa-
eMble OOpHBIE CUETUHKH), YAOOHO CHadana 3amel-
JIUTh HEUTPOHBI O TEIJIOBOI SHEPTrUU C HOMOIIbIO
3aMeIUTeNs (Tak Ha3bIBaeMas TepMalin3aius Heil-
TPOHOB).

Jia TecTHpoBaHWS B CHCTEMBI cOOpa JaHHBIX
JUIS HEHUTPOHHBIX CYETYHKOB, B Ka4eCTBE 3aMe]l-
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JUTENS TIPEIOIaraeTcsl UCIOJIb30BAUCH JIETKHE
3JIeMEHTHI (BOIOpOA, OepHiUHiA, TpaduT), B KOTO-
PBIX BEPOSTHOCTH YIPYTOI'O paccessHusl HEHTPOHOB
Il 3TOW OOJIAaCTH DHEPruil OOJbIIe BEPOSTHOCTU
nortomenus. s 3toro nerekrop OyneT mome-
1ieH B 0oJbION 0ok U3 napaduHa. 3amMeICHHbIC
HEHTpOHBI B pe3yibTate 1uddy3un MOTyT HONacTh
B JIETEKTOp, rAe u perucrpupyrorcs. [Ipu pacuere
pa3MepoB 3aMeUIUTENS UCXOIWIIN U3 JUTHHBI 3aMe/I-
JICHUS] — CPEIHETO PACCTOSHUS MO PSMON OT MecTa
[ONIAJaHUsI HEUTPOHA B 3aMEAJIMTENb 10 MECTa, B
KOTOpPOM HEHTPOH CTAHOBUTCS TETJIOBBIM.[7]

Jns peructpauvu HEHTPOHOB IUIAHUPYIOTCS
HCTIOJIB30BAThCS JIETEKTOPHI TEIJIOBBIX HEHTPOHOB,
OKpY>KEHHBIE BOJOPOAOCOACPKAIIUMH BEIECTBa-
MU (HampuMmep, MONMATHIIEH, MapaduH, 6opcoaep-
KA TTOJIMATHIICH ) TOIIIMHON * 25 MM U y3el pa-
JMOBJIEKTPOHHOTO TPAKTa, BKIIOYAIOMINN PeAyCH-
JINTEJb, OCHOBHOW YCHJINTENb, aMIUIUTYAHBIA AUC-
KPUMHHATOP-(GOPMHPOBATENlb W aBTOMATHYECKHI
BBIXOJHOH PErHCTPaTOp CO BCTPOSHHBIM TaliMEepOM
U peryjupyeMbIM BpeMeHeM skcro3uuuu. Kpome
TOTO, B paboTe Oy IyT MPUMEHSTHCSI CBUHIIOBBIE, T1a-
paduHOBBIE, TpadUTOBBIE, TOTUITHICHOBBIE U OOp-
MOJIMATUIICHOBBIE MUIIEHH AJISI TECTUPOBAHUS JeH-
CTBYIOIIETO MaKeTa IUCTAHIIMOHHOTO NU3MEPUTEIIS.

Lenpto pa3paboTaHHOW METOAMKH SIBISIETCS
OIIpeeNICHNs INIOTHOCTH IIOTOKA HEWTPOHOB OT pe-
aktopa BBP-K, ocHoBaHHOl Ha y4ere ocnabieHus
MOTOKa HEHTPOHOB Pa3IMYHBIMH MaTepualaMu U
CO3/laHHE aBTOMATUYECKON CHCTEMBI, BKIIIOYAIOIIEH
B ce0sl KOMIUIEKC anmapaTypbl UIsi HEIPEPBIBHOTO
aBTOMAaTHYECKOT0, IUCTAHIIUOHHOTO U 3KCIIPECCHO-
IO ONpENEIeHUs] KOJINYECTBEHHONW OIIEHKH IOTOKA
HEHTPOHOB OT SJAEPHOTO PEAKTOPa B PEXKUME pPeab-
HOTO BPEMEHH.

Ha mannprii MOMeHT m3MepeHue (oHa B peak-
TOPHOM 3ajie TPOBOJSTCS CTaHAAPTHBIMU METOJa-
MH, B OCHOBHOM H3MepseTcsi TaMmMa-()oH, KaK Hau-
OoJiee MPOHHKAIOIIEE M3ITyUYCHHE, B TO BPEMs Kak
MeHbIlIee BHUMAHHUE YIENSETCS W3MEPEHHIO Hei-
TPOHHBIX HOTOKOB. HEHTpPOHBI B peakTOpHOM 3ane
00bpr9HO M3MepstoTcs cueTynkamu Trmna bJIMH-96.
Hamu mnpemnaraercst Mcnojibp30BaHHE CUYETYMKOB
HertpoHoB Tuna CHM-15, CHM-18 u I'enuii-2, ko-
TOPBIE UMEIOT OOJIBIIYIO YYBCTBUTEIHHOCTD B CPaB-
neauu ¢ B/IMH-96[8,9].

OnHUM M3 CYIIECTBEHHBIX IPEUMYIIECTB Npea-
JlaraeMoi METOJIMKH, SIBJISIETCSI BOBMOXKHOCTb IPO-
BEJCHUSI N3MEPEHHH B PEXHUME PEalbHOrO BpeMe-
HH, B OTJINYKE OT OONBLIMHCTBA CYLIECTBYIOLUINX Ha
CEeTOJTHSIITHII JeHb METOJTUK.
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Pa3paGoTrka annapartypsl 1Ji aBTOMaTHYe-
CKOI'0 U3MepeHHs NMOTOK HEHTPOHOB OT PeaKTo-
pa BBP-K HellTpoHHBIME 1eTeKTOpaMHU

[Tpu pa3paboTke anmapaTypsl AJsi aBTOMATH-
YECKOTO HM3MEpPEHHS IMOTOKOB HEUTPOHOB OT W3-
nyuyeHnus peakropa BBP-K, onpeaensitonumu Kpu-
TePUSMHU ONTHUMH3AIUU SBISIOTCS TOTpeOIsseMast
MOIIHOCTh, BeC, TabapuThl HEUTPOHHOTO JAETEKTO-
pa[10].

Ha ocHOBaHWMM NPOBENCHHBIX 3KCICPUMECH-
TaTbHBIX WCCIENOBAaHUN OBLTM OMpE/EeIICHBl Hau-
OoJee ONTHUMAaNbHBIE YPOBHH MUTAIONINX Hamps-
KEHUH, a TaKKe ONpe/ieicHa KOHCTPYKIIUS arlia-
paTyphel Ui aBTOMaTHYECKOTO H3MEpeHUs HeH-
TPOHHBIX MOTOKOB OT peakTopa [11,12]. OcHOBHBIE
AJIEMEHTBl KOHCTPYKIIMHM JIETEKTOpa HEUTPOHOB,
cieayomme:

- Brok Bostoposicoieprkaliero 3aMeTuTes;

- DJIeMEHTBI KPEIUICHUS JIETEKTOpa HEUTPOHOB
(CHM-18 nim aHaJTIOTHYHOTO);

- KoHcTpykiust y3ma yCHIMTENsT 1 MUKPOKOH-
TpOJUIepa JUIS aHAJIM3a CUTHAJA OT JIETEKTOPa;

- KoHcTpyxkius y3na a1 BBICOKOBOJIBTHOTO HC-
TOYHHKA MTUTAHUS U TIEpEAaTIYMKA CUTHAJIOB,

BrinonHeHa OTNafKa KCIOJIB3YEMOTO YCHIIHU-
Tens. B ycunmTene WCIONb30BaHBl OPUTHHANBHEIE
CXEMHBIC PEUICHHMS, MO3BOJISIOIINE JOOUTHCS CHH-
JKeHUs moTpediiieMoit MomHocTH. Ero wactoTHas
XapaKTepUCTUKa OblJTa ONTHMHU3WPOBAaHA C IENBIO
MOJIyYEHUS! MaKCHUMAaJIbHOIO OTHOIICHUS CHUTHa/
ryM (pUCyHOK 1).

bruta pazpaboTana BEICOKOBOBTHAS IJIaTa TIH-
TaHUs ISl HEUTPOHHBIX CUCTYMKOB, €€ MPHUHIIUIHU-
ajbHasg cxeMma IpeJCcTaBlieHa Ha pUCYHKe 2. UToOBI
YMEHBIITUTEL O0IIee DHEPromnoTpedIeHHE dIIEKTPO-
HUKU, OBUIO YMEHBIIICHO BBICOKOE HAIPSDKEHUE.
OTO TpHBENO K YMEHBIICHUIO CHUTHAlla OT HEH-
TPOHHOTO CYETYMKA, YTO TOTPEOOBAIIO YBEITHUCHUS
YCHJICHUS 3JCKTPOHUKH. [IpH BHICOKOM yCHIICHUU
TEIUTOBOM IIyM JIIEKTPOHWUKHA CTAHOBUTCS 3HAYH-
TEJbHBIM — OTHOIIIEHUE CUTHAJI/IITYM YMEHBIIIAETC.
Uro0Obl yJIydlIMTh €ro, HEOOXOIMMO YMEHBIIUTH
MOJIOCY TPOIYCKaHUS YCUIUTENSA. DTO MOXKET OBITh
HACTPOEHO, TIOCKOJNBKY CIIEKTpaibHasi TUIOTHOCTh
IIyMa TPUOJIU3UTENBHO MMOCTOSHHA, U CHEKTPallb-
Hasl TUIOTHOCTh CUTHAJIA YBEIMYUBAETCS B HU3KOYa-
CTOTHOH 00JIACTH, U IOTOMY YTO B 3TOW peaii3ainun
CUTHAJ MOXET OBITh OIMCAH WHTETrpajioM JeibTa-
uMmmynbsca. [1ocKonbKy pacdeTHass CKOPOCTh cUeTa
HEUTPOHOB ObLIa HIKE 1 B CEKyHIY, IOJI0Ca YaCTOT
Obuta BeIOpana B o0actu 100 I,
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Pucynok 1 — [IpuHnunmransHas cXeMa HCHONB3YeMOTO yCHITUTEIS
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B cMOHTHpOBaHBI M YCTaHOBJIEHBI Ha Toca- B yacTHOCTH, ObUIM YCTaHOBIICHBI IIIaTHI BBICOKO-
JOYHbIE MECTA, OCHOBHBIC Y3JIbl IOJKIIOUCHHUS M [IEpe-  BOJITHOT'O MUTAHUS U IUIAThl CheMa MH(POpMAaIUY AJIs
Jlada CUTHAJIOB C almapaTypsbl Ul aBTOMAaTHYECKOro  amnmaparypbl. st ObICTpOH Hepeiaddl CUTHAJIOB HC-
H3MepeHus IOTOKOB HEUTpoHOB ¢ peakTopa BBP-K.  monb3oBamu pazsem USB 2.0 (Pucynok 3).

Pucynok 3 — OcHOBHBIE Y376l HOAKITIOUSHNUS U NIepeadya CUTHATIOB
¢ pa3pabaTbIBaeMOM armapaTypsl JUIsl aBTOMaTHIECKOTO H3MEPEHHUSI TOTOKOB HEHTPOHOB

Paboma evinoanena npu nodoepoicke epanma  Helimponos om peakmopa BBP-K neumponuvimu
Komumema nayxu munucmepcmea obpasosanus u  0emexmopamu 601610l RIowaou 01 OYeHKU 61u-
nayku PK UPH AP08857359 «H3mepenue nomokog  AHUSL HA OKPYHCAIOWLYIO CPEOYH.
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