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PACYET PACITAAOB
ABAXAbI OYAPOBAHHbIX BAPUOHOB

ABTOpamM CTaTbM BbIYMCAEH MOAKAACC YETbIPEX HEAEMTOHHbIX ABYX YaCTUUHbIX CAABbIX pacnaAoB
ABXKABI 0OMapOBaHHbIX 6APMOHOB EJ B OCHOBHOM COCTOSIHMU. HeAenToHHbie pacnasbl MOryT 6biTb
pa3AeAeHbl Ha ABe rpynnbl: hakTopu3dyemble u HehakTopusyemble pacnaabl. [1epBblii BUA MOXHO C
AErKOCTbIO BbIYUCASATb U3 MEPBUYHbIX COOOpaxkeHuin. CAEAOBAaTEABHO, OHU XOPOLLO MOAXOAST AAS
MOHMMAaHUS CAAbbIX M CUAbHbBIX CTOPOH AlOOOM MoAeAU. BHuMaHMe 6bia0 chOKyCcMpOBaHO B MEPBYIO
ouyepeAb Ha CAAbbIX ABYX YACTMUHbIX HEAEMTOHHbIX PACnaAax, COCTOSLLMX TOAbKO U3 (haKTOPU3YEMbIX
BKAQAOB, KOTOpblE MCKAIOYAIOT BKAAA OT W-6030Ha. 3A€Cb MCMOAb3YeTCs KOBapuaHTHas MOAEAb
KBapKOB, paHee pa3paboTaHHasi aBTOPaMM CTaTbW, AAS BbIYUCAEHUS PA3AMUHBIX CMMPAAbHbIX
aAMMAUTYA, KOTOpPbIE OMUCHIBAOT AMHAMMKY Mepexoasd, MHAYUMpoBaHHOro Kabub6o-paspelueHHbIMU
apdexTrBHbIMK ToKamn. AoctmkeHne CCQM cocTonT B TOM, UTO TOABKO M3MEHEHWEM Pa3MepPHOro
napameTpa A MOXHO OnucaTb BCe APEBOBMAHbIE AMArpaMMbl HEAEMTOHHOro pacnapad. 3aTem
MPOBEAEHO BbIUYMCAEHME LWWMPKHBI pacnaaa. LLUunpuHbl, OpeHUMHIM M CMpaAbHble aMMAAUTYAbI
BbIYMCAIIAMCb C MCMOAb30BaHEM 6e3pasMepHbIX MHBAPMAHTHbBIX (hOpM-(HaKTOPOB. bbiAM MpoBeaeHbl
BbIYMCAEHMS AEMTOHHbIX KOHCTAHT Pacnasd CKaASPHbIX M BEKTOPHbIX ME30HOB, KOTOpblE XOPOLLO
COrAQCYIOTCS C 3KCMEPUMEHTAAbHbIMW AQHHBIMUW. Ha AaHHbI MOMEHT HET 3KCNEPUMEHTAABbHbIX AQHHbIX
AAS Pacnap0B, MPUBEAEHHBIX B AQHHOM CTATbe, MO3TOMY Mbl XXAEM HOBbIX 3KCMEPUMEHTOB B CEKTOPE
TAXKEAbIX 6aPUOHOB.

KAtoueBble CAOBa: KOBAapMaHTHAsi MOAEAb KBApKOB, HEAENTOHHble CAabble pacrnaabl, usuka
TXKeAbIX 6ap1OHOB.

Zh.Zh. Tyulemissov®, A.N. Issadykov, A.K. Bekbaev,
D.T. Aznabaev, K. Nurlan

Institute of Nuclear Physics, Kazakhstan, Almaty
*e-mail: zhomart161@mail.ru

Calculation of doubly heavy baryons decay

We calculated a subclass of four nonleptonic two-body weak decays of the double charm baryon
ground states Zf. Nonleptonic decays can be divided into two group: factorizable and nonfactorizable
decays. The first one can be easily calculated from first principles. Therefore, its good example
understands all pros and cons of a model. We focused on a weak two-body nonleptonic decay consists
only from the factorizing contribution precluding a contamination from W-exchange. We use the
covariant confined quark model previously developed by us to calculate the various helicity amplitudes
which describe the dynamics of the transition induced by the Cabibbo-favored effective currents.
Achievement of CCQM is that only size parameter A varying can describe all tree diagrams of
nonleptonic decay. We then proceed to calculate the rates of the decay. The rates, branching ratios and
helicity amplitude were calculated using dimensionless invariant form factors. Also, we calculated
leptonic constant for scalar and vector mesons which has good agreement with experimental data. There
isn’t any experimental data about the decay so we waiting for new experimental observation in the heavy
baryon sector.

Key word: covariant confined quark model, nonleptonic weak decays, heavy baryons physics.
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EKi peT ayblp 6apMOHHbIH, bIAbIPAYbIH ecenrtey

Herisri Kyiaeri eki peTTi CMKbIpAaHFAH CC KBapkTbl ZfF 6GapuoHAapblHbiH, eki 6GeAwekTi
AENTOHAAPAbIH KATbICYbIHCbI3 ©TETiH TepT ©ACi3 blAblpayAapbl ecenTeAiHreH. AenToHAApPAbIH
KATbICYbIHCbI3 OTETIH bIAbIDAyAAPAbl €Ki Torka 6eAyre 6GoAaAbl: (DakTOpM3aLMSAAQHATBIH >KoHe
hakTopmzaumsinaHbanTbiH biAbipayAap. bipiHwi TonTbl oHait ecenTteyre 6oaaabl. Coa cebenTi oA
blAbIPAYAAP KE3 KEAreH MOAEAbAIH, KYLUTI XX8He 9ACI3 XaKTapblH TyCiHyre eTe biHfaiAbl. bi3 ek W-
6030HHbIH, XK8HE AeNnTOHAAPAbIH KATbICYbIHCbI3 ©TeTiH (hakTopM3aumMsiAaHaTbiH eKi BOALLEKTI 9ACI3
blAblpayFa AeH KoMAblK. biz Kabu66o Teopusachl 6oviblHILA PyKCaT €TIAreH TUIMAI TOKTapmeH
MHAYKLIMSIAQHFAH aybICy AMHAaMMKACbIH CMMATTaNTbIH, 8PTYPAI CIMPaAbAbl aMMAMTYAQAAPAbI ecenTey
YLWIiH KYPbIAFAH KOBAPUAHTTbl KBAPK MOAEAIH KOAAAHaMbI3. A OALLEMAI NapameTpiH e3repTy apKblAbl
AEMTOHABIK, eMeC bIAbIPAYAAPAbIH 0apAblK afall cbidb6asapbit cunattay CCQM  (KOBapMaHTThI
LLIEKTEAreH KBapPK MOAEAI) XKeTiCTiri 60AbIn Tabbiraabl. CoAaH KeiiH 6i3 blAbIPAY bIKTUMAAAbIKTapbIH
ecenTeAik. blAabipay bIKTMMAAAbIKTapbl, TapMaKTaAybl >KOHe CMMpaAb aMMAUMTYAAChl OALLEMCI3
MHBAPMaHTTbIK, (hopM-hakTOpAapAbl KOAAAHY apkbiAbl ecenteaai. CoHaam-ak, 06i3 Texiprbeaik
MOHAEPMEH >KaKCbl COMKECeTiH YMAECETIH CKaAsip XXOHEe BEKTOP Me30HAAPAbIH, AEMTOHADIK, blAblpay
KOHCTaHTaAapblH ecenteaik. Kasipri yakbiTta 6yA Makarapsa KeEATIPIAreH blAblpayAapra apHaAFaH
TOXIPUOEAIK MOAIMETTEP >KOK, COHAbIKTaH 6i3 ayblp 6aproHAAP CEKTOPbIHAA >KaHA IKCMEPUMEHTTEPA

KYyTeMmi3.

TyiiH ce3aep: KOBApUaHTThl KBAPK MOAEAI, AEMTOHCbI3 SACI3 bIAbIPAYbI, ayblp GAPUOHAAPAbIH,

dun3mKachbl.

BBengenne

UYertsipe rona Hazaxa kosmabdoparus LHCb coo6-
mUIa 00 OTKPBITHH JBAXKIbI TSHKEIOrO 04apOBaH-
Horo coctosuus =} [1]. JlanHoe cocTosHue ObLIO
00HApY)KEHO B MBAHHAHTHOM MACCOBOM CIIEKTpE
xoneunoi wactuusl (AYK "t nt), rne AL Gapuon
ObLIT BOCCTaHOBIIEH B MoJie pacnana pK ~m ™. Macca
HOBOT'O cOCTOsiHUA paBHa 3621.40 + 0.72 £ 0.14 +
+ 0.27 MbB. T'ox cmycts kxomrabopamuss LHCb
oOHapyuia JaHHYI0 4acTHIly B pacmage ZjF —
- EF +nt ¢ wmaccoii 3620.6 * 1.5(ctar) =+
+ 0.4(cucr) = 0.3(E}) MoB [2]. Usmepenoe Bpems
xusHu EX 6puto pasno ©(EXT) = 0.256 + 0.024 —
—0.022(crar) £ 0.014(cuct) mcexk [3].

CpenHeB3BENIEHHOE 3HAUEHHUE [IBYX U3MEPEHMI
Maccel Mg++= 3621 + 1.1 £ 0.3 + 0.3 MoB ouenp

Oomu3ko B 3HadyeHuto 3610 M»aB, xotopoe ObLIO
MpeAcKa3ano B padote [4] B paMKax MOIEITH OHO-
rmroorHoro oomena de Rujula et al. [5] ¢ wienom
CIIMH-COMHOBOTO B3auMopeiicteust bpeitta-depmu.
[IpumegarensHo, uTo Ebert et al. mpeackazamu 3620
M5B ana EFF ¢ ucnonb30BaHUEM PENSATUBHCTKOM
MOTEHIMAIbHON KBapK-TMKBapKOBOU Mojienu [6]. B
pabote [7] MBI HHTEPIIPETHPOBATH HOBOE JTBAXKIIBI
O0YapOBaHHOE COCTOSIHHE OOHApy>KEHHOE B Macco-
BoM pacnpenenennu (AfK~mtm™) xak pesynbrar

- 1
nenouku pacmago =i - Dit (2455 ; 2—+) (-

Atnt) + K*°(—» K~n%). B nannoii paGore MbI
pacmmpuiay aHanu3 [7] B IByX HampaBiIeHUsX. Bo-
MePBIX, MBI pacCMaTPHUBAaEM BO3MOKHOCTH TOTO, YTO
nepBasi CTyNeHb B LIETIOYKE PaclazoB COCTOUT U3
pacmaga E}F - XF*(2455;3/2%)(= Afnt) + K*°,
rae cocrosuue X} (2455;3/2%) apnserca Tske-
JIOKBapPKOBBIM CUMMETPUYHBIM napTHEPOM
2F*(2455;1/2%) co cimnom 3/2. JleiicTBUTENBHO,
B BceM BbICTymJieHMM Ha cemuHape B LIEPH [8]
Zhang (xommaboparust LHCb) mox3aan Ha awmar-
paMMe WHBapHaHTHOW MaccChl U CBSI3aHHOW CHC-
tembl (A, 1) B koTOpoMm muk s m(A, ) nexur
MeKIy AByMsi cocrosiuamu it (2455;1/2%) u
F*(2455;3/2%). Bo-BTOpHIX, MBI IPEAOCTABIIAEM
pe3ynbTaTel ans moakmacca Kabu66o-paspemieH-
HBIM HEJICTITOHHBIX ABYXYaCTUYHBIX PaclaioB, eIie
HE HICHTU(UIUPOBAHHOIO OCHOBHOT'O COCTOSIHHUS
GapuoHa ABOMHOTO oyapoBanus =7, (3610) ¢ kBaH-
ToBbIMHU unciaamu J¥ = 1/2%, rae 3Hauenue Macchl
CHOBA B3STO U3 pacyer [4].

®u3uka JIBOWHOrO TSHKEIOrO0 OYapoBaHUSA U
IIPEIeCTHBIX OapHOHOB (CIEKTpP Macc M CBOMCTBa
pacmaja) u3ydanach panee B psae padot [4-7], [9]-
[33]. Mbl npeactaBuad  NOAPOOHBIA  aHAIU3
9KCKITIO3MBHBIX PAaCMaIoB IBOMHBIX TSHKENBIX Oa-
PUOHOB C HCIIOJIb30BAHUEM HECKOJBKUX BEpCHil
KOBapHaHTHBIX KBapKOBBIX Mojielieil B paborax [7,
9, 11]. /IBoiiHbIe pacmaasl TSHKEIBIX OAPUOHOB M UX
MarHuTHbIE MOMEHTHI PacCCMaTPHUBAINCh HaMH B [9],



Pacuer pacnagoB ABaXKAbI OUapOBaHHBIX 6apI/IOHOB

rJie MBI [IPOBEJIM BCECTOPOHHEE HCCIIeJOBaHUE TO-
TMYJNENTOHHBIX W PaIWaIlOHHBIX pacmaloB IIBO¥-
HBIX TSDKEJIBIX OapHOHOB C HCIOJb30BAaHHEM
KOBapHaHTHOW KBapKOBOM Mojenu 6e3 peanu3anun
KBapKoOBOTO KOH(]aitHMeHTa. Bepcust koBapraHTHON
KBapKOBOW MOJIEH, MCIOJb30BaHHast B [9], Obuia
yiyuiieHa 3a c4eT 3((EeKTUBHOrO BKIIIOYCHUS
KBapKOBOro orpanmdeHus [34]. B wacTHOCTH, B
pabore [7] MBI HHTEPIpPETHpOBAIU OGapuoH Zj.F
obHapyxeHHbIH Koiutaboparueir LHCb B wunBa-
PHAaHTHO-MAaCcCOBOM paclpe/ieiieHul Habop KoHeu-
upix yactul (AfK~n*nt) nossusercs B pesyin-
TaTte Henouku pacmaga =/ - It (- Afnt) +
+K*°(> K~n*). Henentouusli pacmag Z/F —
- Xt 4+ K*0 otHocuTcs K Kiaccy (pakTopu3yeMbIX
pacmajoB, T.e. pacnajoB, HCKIIOYAIOIINX BKJIA] OT
BHyTpeHHero obOmeHa W-0ozoHom. B kauecte
MOOOYHOr0 TPOJYKTa HAIIETO HWCCIEAOBAHUS MBI
TaKKe MPOAHANTM3UPOBAIN HEJICNTOHHYI0 MOAY C
K° B xomeunom cocrosuuu. B paGore [10] MbI
MPEJIOKIITA HOBBI METOJl OICHKU He(haKTOpH-
3yIOIIUX (TPEXKBAPKOBHIX METENb) AUarpamMm, oopa-
3yeMbIx 00MeHOM W—0030HOM M Y4acTBYIOIIHX B
HEJIENITOHHBIX ABYX-YaCTHYHBIX paclajax IBakIbl
ouapoBaHHbIX OapuoHoB Eft wu QY. Bruans
oOmeHa W—0030Ha MOSBJIAIOTCS B JIONIOJIHEHUU K
(daTtopuzyeMbIM JIpeBECHBIM AHarpaMMam H, B 00-
meM ciryvae, OHU He mojaBieHsl. B pabote [11] Mbr
paccMOTpesH HOBBIE HJIEH B TEOPETUIECKOM OIHCa-
HUH HEJENITOHHBIX PaciiaoB ABaX bl O4apOBaHHBIX
OaproHOB. B maHHOW cTaTbe MBI pacIIApseM HaIll
aHaJ M3 TOJIJIENTOHHBIX pacragoB OapHOHOB C
JIBOMHBIM OYapoOBaHMEM, HayaTelii B [9], myTeMm
BKJTFOUCHHSI BCEX (DAaKTOPU3YEMBIX MOJ JJIT 000UX
TUIIOB CJTa0BIX MEPEX00B — MOIYJIENTOHHBIX U He-
JIENTOHHBIX C WCIOJF30BaHNEM OOHOBJIEHHOM Teo-
petudeckoil ocHOBE — Mojaenu CCQM. OtMernm,
YTO B Halle¥ cratbe [9] MBI HCIOIB30BAIM 3HA-
YeHHs MacC JUIsI MacChl IBaXKIbl OYapOBAHHBIX
6apuonoB 1= 3.61 'eB, KOTOpHIE OTIMYAIOTCS OT
OOHOBJIGHHBIX 3HAYEHHWH Macc, HCIIONb3YEMBIX B
Hacrosmeil cratbe (2= 3.6206 T'eB [35]). Ilpu
CpPaBHEHHH COOTBETCTBYIOIIEH IOIyJIENTOHHOM
MUPUHBL B [9] ¢ TOM, 4TO B HACTOSAIICH cTaThbe,
HEOOXOIUMO TPUHITH BO BHUMaHHE W3MEHEHHBIE
3HaYeHHWsT MacChl, YTO TPUBOAUT K TIOJABICHUIO
Hamiero pesyibsTata 2001 roma B ~ 1.6 pasa, 4to B
OCHOBHOM HOCUT KHHEMAaTU4YEeCKUH XapakTep.
Harmra craThst mocTpoeHa clieyonmm o0pazom.
CHauana Mbl OOCYyMM TOIIOJIOTHH pPaclajoB He-
JIENTOHHBIX JIByXYaCTUYHBIX PACIIaJOB OCHOBHOTO
COCTOSIHUS JBAXIbl 0YApOBAHHOTO GapuoHa. ZjF.
W3 MHOXeCTBa BO3MOXHBIX  DPacmagoB MBI

BbIIENsIeM 4 pacniaja, KOTOpbIE IPOUCXOIAT TOJIBKO
3a cueT (pakTOpU30BAHHBIX BKJIAIOB. 3aTEM MBI
ONMCHIBAEM MaTepHwajl O CIIMHOBOW KHHEMAaTHKe
pacnanos. Onpenenum nHBapUaHTHbIE HOPMPAKTO-
Pl M CHHpaJbHbIE AMIUITUTYAbl. 3alHIIEM TaKKe
(dbopMyNBl Ui TIONYJIENTOHHBIX M HEJENTOHHBIX
mupHH. Taxke MBI IepednciisieM Habop JTOKaIbHBIX
HHTEPIOJIUPYIOIINX TPEXKBAPKOBBIX TOKOB €
MPaBUWIBHBIMU KBaHTOBBIMU YHCIaMU OapHOHHBIX
COCTOSIHMI, KOTOpbIEe OHHU OIUCHIBAIOT. Hemokans-
HbI€ BEPCHH HHTEPIOJIMPYIOMINX TOKOB BXOJIAT B
pacuer pa3nu4HbIX (OpMQAKTOPOB MEPEXOAOB B
Hamiell koBapwaHTHOW Mozaenn kBapka (CCQM).
MBI Takxke JaeM KpaTKOe OMCaHHuEe OCHOBHBIX OCO-
OeHHOCTel Hamero pacuera B pamkax CCQM. Ha-
KOHEIl, MbI TpEACTaBIsieM HalIl YUCIECHHBIE pe-
3yJbTaThl ISl HEJICTITOHHBIX IMPUH U OpPEHYMHIOB.

Metoa ucciaenoBaHus

Henenmonunvie pacnaovt 06asicovl msaicenvix
0UaPOBAHHBIX OAPUOHOB

Pacnan 23 — I}t + P(V) otnocutes k Tomo-
JIOTHU KOTOPasi Ha3bIBAETCS JPEBOBUIHOM AHAarpam-
MOH. [Ins 3apsDKEHHOro UM3Iy4deHHs LBETOBOM
(hakTOp apoMara JaeTcsl JIMHCWHON KOMOWHAITHEH
kodd¢umentoB  Bunbcona (C, + €Cy), rae
¢ = 1/N,, Torna xak ais HeUTPaJIbHOTO M3ITYIESHUS
nonyunM (C; + &C,). Mel B3sumu C; = —0.51 u
C5 = 1.20 u3 paboTsr. [38]. MBI ucionb3yem npesen
Ooxpmux N Ans mBEeTHBIX (DaKTOPOB M apomara.
s nuarpamm trumna ooMeHa W—0030HOM, KOTOpEIE
HE pacCcMaTpUBAIOTCSA B JJAHHOW CTaThe IBETOBOU
¢dakrop umeer Bux C2 — C1.

MartpuyHblil 3JIEMEHT SKCKIIIO3UBHOTO pacrajaa
Bi(p1, A1) = Ba(p2,42) + M(q,An)
ompexensiercs yepe3 (p; = P2 + q)

M(B, » B, + M) =
G " _
= T;Vi].VleefffMMM<B2|q20uq1|B1>€T“(AM),

rmie M=V uM =P — 310 cnyyail BEKTOpHBIX U
TICEB/IOCKAJISIPHBIX ME30HOB, Takue 4To My, u fy,
COOTBETCTBYIOIME Macchl My, Mp U KOHCTaHTHI
nentonHoro pacnana fy, fp . Crpyna Jlupaka O,
onpenensiercs kak 0, = ¥, (1 —ys). V;j — 910 Mar-
puuHBIe 3neMeHThl Matpuilbl Kabn660-Kabosm-
MackaBbl (CKM): Vud = 0.97420 u Vcs = 0.997.
Cefr — 910 KOMOMHAIMSA KO3 PuimenToB Buibcona
Buna (C, + &C;), rne € = 1/N,, a N, — 3T0 4ncio
nBeToB, Wi Buaa (C; + ¢C,) At HEUTPaIbHOTO
ciydas. Mel ncnons3oBaimu C; = —0.51 u €= 1.20
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npu | = me = 1.3 I'eB cornacuo padore [38]. MsI
ucronbp3yem mpeaen Oonpmmx N, Ui I[BETOBBIX
¢axropoB. Bcem u3BecTHO, uTO HeaKkTOpU3yeMblIit
BKJIQJT POUCXOUT U3 OJHOTIFOOHHOTO 0OMeHa, KO-
TOPBIA MOXKET OBITh BaYKHBIM JIJISL ONTHCAHHS HEJel-
TOHHBIX pacmajoB. B kauecTBe mpumepa, BCIOMHUM
XOpOIIIO W3BECTHHIN pacnan B — J /1 + K, xoTopsrit
npornopuroHanen koadhunuenty a, = C; + £C, u,
KOTOPBIN TOJDKEeH OBITH paBeH 0 B ciydae N, = 3. B
JAHHOM Cclly4yae siBHas (akTtopuzalys TOYHO He
omuchiBaeT  3kcnepuMeHT.  OOcyxneHue
ompezencHe HeaKTOPHU3yEMBIX TIOMTPABOK K KOI(-
(¢ULIMEeHTY a, aKTUBHO BEACTCA B JIMTEpPAType C
UCTIONIb30BAaHNUEM Pa3lNyHbIX MeTo0B. OHaKo, Ha-
CKOJIBKO HaM M3BECTHO, JI0 CHUX TIOp HE CYIIECTBYET

YEeTKO YCTaHOBJICHHOW CXEMbI, B KOTOPOH He(aKTo-
pU3yeMble BKJIQJbI MOTJIM OBl yYHTHIBATHCS CaMO-
coraacoBaHHBIM 00pa3oM. [109ToMy MBI HCTIONIB3yeM
(heHOMEHOIOTHYECKOe 1 TIPOCTOE TIPEATIONIOKEHNE B
HaIlMX pacyeTax Uil HEJNENTOHHBIX PacrlagoB Kak
TSDKEJIBIX ME30HOB, TaK U 0aPHOHOB, YTO IIBETOBOM
(hakrop & = 1/N,, TOABISAIOMMIACS B KOMOWHAITHH
ko3 ¢uunentoB Bunbcona, pasen 0. Dto mpexmo-
JIO’KEHUE LIUPOKO UCIIOJIb3YETCSI B IUTEPATypE U XO-
POIIO OTpaBIBIBAETCS MPH CPAaBHEHUH C JKCIIEPHU-
MEHTAJIbHBIMU JaHHBIMA B ME30HHOM CEKTOpE.
AZpOHHBI MAaTPUYHBIN 3IEMEHT (Bz|c_120uq1|31)
MOXET OBbITh OIMKCAH B IIECThIO wieHamu (1/2F —
1/2%) Ge3pa3MepHBbIX WHBApHAHTHBIX (HOp-(akTo-

poB FiV/ 4(¢?). Hony4um

_ _ . q q
<B2|QZVuQ1|Bl> = u(py, s7) [yﬂFf(qZ) - lo_uvﬁv sz(qz) + #Fg(qz)] u(py,s1),
1 1

v Ay

(B2|@2v,u¥541|B1) = u(p2, s2) [Vny‘(qz) —ioyy — F5'(q®) + —Fé“(qz)] Ysu(py, 1),

rae oy, = (i/2)(lyrv — %Yy, @ BCE Y-MaTpHILEL,
MaTpHulibl TipejicTaBieHust beépkena-Jlpenna.

Pe3yabTaThl U 00cyK1€eHHE

Pe3ynbprarel KOBapHMaHTHOTO JUHAMHUYECKOTO
pacyera, KaK B JaHHOM clly4yae, OObIYHO MOIy4aroT
B TepMHUHAaX MHBAPHAHTHBIX (OpM(paKTOpOB, OIpe-
JeneHHbIX Beime. s ynoOctBa 3amuieM Habop

My My

WHBapUaHTHBIX (HOpM-PaKkTOpoB Yepe3 HabOp CIH-
paJbHBIX aMIUTUTY I, TJe JBa Ha0opa JIMHEHHO CBsI-
3aHbl. [103TOMy MBI BbIpa)kacM BEKTOPDHYIO U aK-
V/A
CHAJIbHYIO CIHPAIbHBIC aMIUIUTYbI le/ 1, epes
V/A
WHBapUaHTHbE  (OpPM-(aKTOPHI Fl./ , The
Ay = t,£1,0,a 1, =+1/2 — 510 chnHpanbHBIC
KOMIIOHEeHThl Me3oHa M (M = P,V ) u Gapuona
B,, COOTBETCTBEHHO. BBhIYnCINM BBIpa)XEHHE BUA

Hy, 0 = (Bz(leﬂz)WzOuCIl|B1(P1:/11)>€T“(/1M) = H/‘{zlm - H/{lzlm'

rae ObUIO MPOM3BENCHO pa3/ieliecHUue CIHPaIbHBIX
AMIUIUTY /I Ha BEKTOPHYIO M AKCUAJIbHYIO 4acTH. [{s
pacmaja ¢ yCHICHHEM NBeTa onepatop §;0,q;
OMMCHIBAET TOK 3apsSKEHHOTO MEPexo/a, TOTAa Kak
pacmaj ¢ MojiaBlIeHneM 1BETa, §,0,q, ONUCHIBAET
TOK HeHTpanbHOro mnepexona. Mbl paboTaeM B
cucteMe Tokos Oapmona B; ¢ OapuoHoM B,
JABWXXYHIUMCA B MTOJIOXKUTCIIBHOM HAIIpaBJICHUU OCHU
z: pp = (M,0),p, = (E,0,0,[pz2]) n q =
(90,0,0,—|p2|). ChoupampHOCTH TpeX YACTHUI]

H
I

V= O /e (R Mo+ FY L),

2 1

Y = Vo /a (Fm, + L),

CBSI3aHBI COOTHOIIEHHEM A; = A, — Ay . Mb
UCTONB30BIM O003HaueHne Ap = A, = 0 mis
ckamsipHoro Bkiaga (J = 0), 4ToOBl OTIIMYHTH
cnupanbHOCTh 0T Ay = 0 HCIOIB3yeMoro st
MPOJOJILHOH KOMIIOHEHTH BEKTOPHOTO ME30Ha C
KBaHTOBBIM HamoiiHeHHeM | = 1. CooTHomIeHHS
CBSI3BIBAIONIME  CHUPAIBHBIE  aMIUTUTYABl U
nHBapuaHTHbIE (hopM-(akTopsl g mepexona 1/
2% > 1/2* umetor Bux: HY; _; = +H) ;3 u

A _ A
HZ5, -2 = —Higay:

4 = Vooja? (Fim, - FA ),
& = O/ (Fim - P L),

2 1
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H;Vo - /20_ (—FlV —FY Z—;)

Hcnonp3oBanuchy cnenyromme abOpeBHATyphI
My =M £ M,,Q; = Mi - q2. Benuuuna
UMITyJIbca JoYepHero 6aprona B, 3amaercs |p2| =

Joro~
S =AY (ME LML q7)/(2My).

I[J'ISI HCJICTITOHHBIX pacnaaoB IMOJIYyYUM

F(Bl _)Bz +V) =

Gr |pa2| 12
= |Viijl CeszfVZMlgHV'

- 32m M?

F(Bl_)Bz‘l'P):

Gr |2l 2
Cérpf MEH,

= 320 2 VoV

rae Mbl 0003HAa4aeM CyMMy KBaApaToB MOIyJeH
CHOHpalbHBIX aMIUIMTYyA dYepes Hy u Hg B
COOTBETCTBHU C ABYMS CIIydasiMu

Taﬁ.lmua 1- HHTCpHOJ’IHL{I/IOHHLIe KBapKOBbIC TOKH

H, = 20, (~F{' + F{ ),

1 1
o= )

Ap=t3dy=410

Hs= ) |Hyal"

1
AZ =i§

|H/12:1V |2

1

Kak omucaHo BO BBEICHHH, MbI HCIIOJNB3YeM
KOBapHaHTHyI0 Mozaenb kBapkoB (CCQM) s
pacuera pasmanbix GopM-axropos F 4 (g2 ) mis
nepexoga 1/2% — 1/2%, koropele He0OXOAMMEI
JUTSl BBIYUCIICHHS] CIPATbHBIX aMILTUTY 1. MBI OIH-
ChIBaEM B3aUMOJICHCTBHE OAPUOHOB C COCTABIISIO-
MIUMH HX KBapKaMH C MOMOIIBI0 HEIOKaIbHOTO
pACIIMPEHHs] UHTEPIOJIAHOHHBIX KBapKOBBIX TO-
KoB (moapoouee cm. [7, 10], [45]-[50]). B Tabmume
1 MBI TIEPEYHCITUITN HEOOXOTUMBIC HHTEPIOJISIIHOH-
HBIC TOKH

Bapuon JP MHTepnonupyomue ToKu Macca(M»B)
ESF 1/2* eWbeyhyutcbCy,c” 3620.6
nH 1/2* ebeytysciuPlCy,uc 2453.97

Tpu cocTaBinAOMUX KBapKa paccMaTpUBAIOTCS
KaK OTHeNbHBIe TUHAMHYECKHE O0OBEKTHI, KOTOpPhIE
pacIpoCTPaHSIOTCS C MOTHOCTHIO KOBAPHUAHTHBIMU
(hepMHOHHBIMU  TIpOTIATaTOPaMU Sq (k) =1/
(mg — IQ) B AByXIeTieBou auarpamme deiHmana,
KOTOpas OIUCHIBACT HHAYIIUPOBAHHBIM TOKOM
IepexoJl MEXIy COOTBETCTBYIOIIMMHU OapHOHAMHU.
Maccel mponiaratopos m, NpPEACTaBIAIOT COOOH
MacChI COCTABIIIONINX KBAPKOB, 3a()NKCHPOBAHHBIE
B MPEIBIIYIINX aHaIN3aX MHOXKECTBA aJPOHHBIX
MIPOIIECCOB B paMKax HaIlero moaxoxaa (moapooHee
cMm. [46, 47]).

[Momumo BHIOOpa MHTEPHOIUPYIOIICTO TOKA H
MacC COCTaBIISIOIINX KBAPKOB, €CTh JIBa [TapaMeTpa,
KOTOPHIE OMHCHIBAIOT CTPYKTYpY Oaprona B CCQM.
DTO KOHCTaHTa CBs3HM OapuroOHa C COCTABJISIOIIMMU
€ro KBapkamMH ¢gp M pa3MepHbId napamerp /Ap Xa-
paKTEepU3YIOLINI pa3Mep HEIOKaTbHOCTH KBAPKOB B
Oapuone. KoHcTaHTa CBSI3M gp M pa3MEpHBIN mapa-
MeTp Ap YIOBIETBOPSIIOT YCIOBUIO CBSI3HOCTH
Canama u BaitaOepra [51, 52]. [lo anamorun msl

paccMaTpuBaeM ME30HBI KaK CBSI3aHHBIC COCTOSHUS
KBapKa W aHTHUKBapKa, T.e. CTPOUM COOTBETCTBYIO-
IMUE HEJIOKAJIBHBIC JIarpaHXXUaHbI BSaHMOHeﬁCTBHﬂ
ME30HOB C COCTABJISIONIMMHU HX KBapKaMmH (110 Ipo0-
Hee B pabotax [35, 49]).

YucaeHHbIE Pe3yJabTaThl

OO6cynuM MWUpPHHBL 1 OPEHYMHIU JBYX KJIacCOB
pacraznos

1/2% - 1/2% 4+ 0"
1/2% > 1/2% +1-

Kayk/1b1ii U3 BBIEYTTOMSHYTHIX KIIACCOB COIEPYKUT
yeThipe (DAKTOPU3YEMBIX HENENTOHHBIX JBYXYaCTHY-
HBIX pacnajia. Takum 06pa3oM, MBI MPEUIAraeM BCero
YeTBIPE pacmaza, KOTopsle uMeroT By 245 —» THt +
K®0 z4+ - 34+ 4+ 70(p®). B Tabmume 2 mepeunc-
JeHbl IIMPUHBI M OpEHYMHTH JUIi BCEX HYeThIpEX
KJIaCCOB.
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Tabauna 2 — Kabn060-pa3pelieHHbIe HeJeNTOHHBIC IBYXUaCTHYHbIE paclaabl JBaXKAbl 0OUapOBAHHBIX OAPHOHOB

Pacnan I'[10~13TeB] B[%]
Bl — 2 +K° 1.25
S e 0.054 0.21
Eg—ch i Z;rc+ + K*0 5.61
B -3 +p° 0.81

3akioueHne

Jnist HEeNENTOHHBIX PACIaJ0B MBI MPOAHATN3H-
POBAJIH TOIIOJIOTUYECKYIO CTPYKTYPY HX PA3IAIHBIX
JIByX4YaCTUYHBIX PAcCMajoB B TepMUHAX ABYX W-
SMUCCHOHHBIX (BHEIIHUX U BHYTPEHHHUX) WU JIpe-
BOBHIHBIX TOTIOJIOTHI U TpeX Tomosioruii W-oome-
Ha. [lupuHbl, OPEHYHMHIH U CIHPAJIbHBIC AMILIH-
Tybl BRIYUCISUIACH C MCIIONIb30BaHNEM Oe3pazMep-
HBIX UHBapHaHTHBIX QopM-akTopoB. JlocTmkeHne
CCQM cocCTOUT B TOM, YTO TOJBKO HW3MEHEHHUEM
pa3MepHOro mapaMeTpa A MOXHO OINCaTh BCE
JIPEBOBUIHBIE THATPAMMBI HEIENTOHHOTO pacraja.

B aT01i cTaThe MBI IPEIOCTABHUIIH MIEPBBIE IPE/I-
CKa3aHus Uil OPEeHYMHIroB pacnanoB 255 —» Trt +
KOOEL: > 33 +1°(p°).

B cnenyromeit ctaTbe MBI IUITAHUPYEM TaKKe
BBIYUCINTE BKIag W-o0MmeHa B Kabu000-1oMuHu-
pyIolIrie HEeIENTOHHBIE Pacajbl JBAXIbl 04apo-

BaHHOTO OapHoOHa C MpeACKa3aHusMH JIJs pacra-
JI0OB, HE PaCCMOTPEHHBIX B 3TOH craThe. Hekoro-
pBI€ U3 3TUX pacnagoB OYAYT COCTOSTH U3 Hedak-
TOopu3yeMoro Bkjiana W-obMeHa, KOTOPBIH MOXET
OBITH paccUnTaH U3 MEePBBIX MpUHIUIOB. [loka HeT
HUKaKHX TEOPETUYECKHX paboT, KOTOPHIE MOTIH
Obl NpaBWIBHO IpeAcKa3aTb HepaKTOPU3yeMble
pacnansl.
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NMCCAEAOBAHMUE NMPOLIECCA PACCEAHNA DAEKTPOHA
HA UMOHE B NMAABME MUHEPLUMOHHOTIO TEPMOSAEPHOTO CUHTE3A
B MATHUTHOM TMNOAE

B aaHHOM paboTe M3y4yaAmCb MPOLECChl PACCEsSHWUS IAEKTPOHA Ha MOHE B MAA3Me MHEPLMOHHOIo
TEPMOSIAEPHOIO CMHTE3a B MarHUTHOM roAe. [TpeAAOXKeHHas MOAEAb AASI MICCAEAOBaHMS MPOLIECCOB
paccesHns MeXAY 3aps>KeHHbIMM YacTMLAMM OCHOBaHa Ha pEeLIeHWU YpaBHEHWUS ABUMXKEHUS B
LEHTPAAbHOM TMOAE C YYETOM BHELIHEro MarHUTHOIO TMOAsl, @ TakXXe KYAOHOBCKOrO AOrapvcma,
KOTOPbIN OMPEAEASIETCS C MOMOLLIO YIrAQ PacCesHMS MPU NAPHOM CTOAKHOBEHWMU. BbIAM MCCAEAOBaHDI
CTOAKHOBEHUSI MEXAY IAEKTPOHOM U MOHOM, KOTOPbIE B3aMMOAENCTBYIOT NMOCPEACTBOM MOTEHLIMAAA
lOkaBa. Takxke OblA BbIYMCAEH KYAOHOBCKMIA AOrapudM B MAOTHOM MAA3ME B MarHUTHOM MOA€.
[poBeAeHO UCCAeAOBaHME BAMSIHME yUeTa MarHUTHOIO MOAS Ha YTAbl pacCesiHus, CeuyeHue paccesiHue
U KYAOHOBCKMIA AOTapU(M. M3 MOAyUEHHbIX Pe3yAbTaTOB YCTAHOBAEHO, UTO YUYET MarHWTHOrO MOASI
nprBeA K HEMOHOTOHHOMY M3MEHEHMIO YrAa PacCesiHUsl M YMEHBLUEHUIO CeYeHWMsl paccesiHus npu
CAabbIX B3aMMOAENCTBMSX YacTul. Takxe BbISBAEHO, YTO Mpu GOAbLUMX 3HAYEHUSX MNapameTpa
B3aMMOAENCTBUS i MarHUTHOE TMOAe He BAMSEeT Ha 3HaueHWe KYAOHOBCKOro Aorapudma. Takum
006pa3oM, MOAYUEHHble Ppe3yAbTaTbl MO3BOASIOT M3YUMTb BAMSHME YydeTa MarHMTHOIO MOAS Ha
MPOLIECChl pacCesHus BAEKTPOHA Ha MOHE B MPUOAMMKEHMM MapPHbIX CTOAKHOBEHWMIA BO BHELIHEM
MOCTOSIHHOM MarHWTHOM MOAE B MAOTHOM MAasMe.

KAloueBble CAOBa: MAOTHas MAa3Ma, MHEPLUMOHHbIA TEPMOSIAEPHbBI CUHTE3, MArHUTHOE MOAE,
MPOLIECC paccesiHUsl, KYAOHOBCKMI AOrapUcM.

M.K. Issanova'?*, S.K. Kodanova'?, N.Kh. Bastykova'?, A.l. Kenzhebekova'?
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Investigation of the scattering of electrons by ions in the plasma
of inertial confinement fusion in a magnetic field

In this paper, the processes of electron-ion scattering in the plasma of inertial confinement fusion
in a magnetic field were studied. The proposed model for studying the processes of scattering between
charged particles is based on solving the equation of motion in a central field taking into account the
external magnetic field, as well as the Coulomb logarithm, which is determined using the scattering
angle in a pair collision. Collisions between an electron and an ion that interact via the Yukawa
potential were investigated. Also, the Coulomb logarithm in a dense plasma in a magnetic field was
calculated. The effect of taking into account the magnetic field on the scattering angles, the scattering
cross-section and the Coulomb logarithm are studied. From the results obtained, it is established that
taking into account the magnetic field led to a non-monotonic change in the scattering angle and a
decrease in the scattering cross-section for weak particle interactions. It is also revealed that for large
values of the interaction parameter g, the magnetic field does not affect the value of the Coulomb
logarithm. Thus, the obtained results allow us to study the effect of taking into account the magnetic
field on the processes of electron scattering on an ion in the approximation of pair collisions in an
external constant magnetic field in a dense plasma.

Key words: Dense plasma, inertial confinement fusion, magnetic field, scattering process,
Coulomb logarithm.
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MaruuT epiciHaeri MHepUMSIAbIK TEPMOSIAPOAbIK, CUHTE3 MAa3MacbiHAA
SAEKTPOHHbIH, MOHAQA LUALLUbIPAY MPOLLECiH 3epTTey

ByA >KyMbICTa MarHuUT epiCiHAEri MHEPLMSAbIK, TEPMOSIAPOABIK, CMHTE3AIH MAa3MacbIHAAFbI
MOHAAFbl DAEKTPOHHbIH, Lallbipay npouecTtepi 3epTTeAai. lOkaBa noTeHUMaAbl apKbiAbl ©3apa
opeKeTTeceTiH IAeKTPOH MeH WOH apacblHAAFbl KakTblFbicTap 3epTTeAAi. CoHAal-ak, MarHuT
OpiCiHAeri ThbIFbI3 MAa3MaAaFbl KYAOHABIK, AOrapuMdMm ecenteaai. MarHuT epiciH ecernke aAyAblH
wauwbipay 6ypblliTapbiHa, Walibipay KMMacblHa >KOHE KYAOHABIK, Aorapudmre acepi 3epTTeAAi.
AAbIHFAQH HOTUXKEAEPAEH MarHWT 6piciH ecenke aAy Lwatlbipay OypbillblHbiH, MOHOTOHAbI €Mec
e3repyiHe >kaHe GOALLIEKTEPAIH BACI3 ©3apa apeKkeTTecyi Ke3iHAE Lallblpay KMMACbIHbIH TOMEeHAgYiHe
aKeAreHi aHbikTaAAbl. COHAQIM-aK, ©3apa opeKkeTTecy napameTpiHiH f YAKEH MOHAEPIHAE MarHUT epici
KyAoH AorapudMmiHiH MaHiHe acep eTneiTiHi aHbiKkTanAbl. OCblAaMLLA, aAbIHFAaH HOTUMXKEAEep Tbifbl3
MAa3MaAafbl CbIPTKbl TYpPaKTbl MarHUT epiCiHAe KOCapAaHFaH COKTbIFbICYAAp >KaKblHAQFaH Ke3Ae
MOHAAFbl 3AEKTPOHHbIH LWALlblpay MpouUecTepiHe MarHUT OpICiH ecernke aAyAblH 8CepiH 3epTTeyre
MYMKIHAIK ~ 6epeTiHi  aHblKTaAAbl. ByA >KymbicTa 6i3AIH  aAblHFAH HOTUXKEAED  MHEPUMSABIK,
TEPMOSIAPOABIK, CUHTE3AIH, TbIfbl3 MAA3MaCbIHAAFbl COKTbIFbICY MPOLIECIHAE MarHUT ©pICiH eCKepyAiH,
acepi TypaAbl MaMaasbl aknapaTt 6epeai. ByA 6IAIM MHEPUUSAABIK, TEPMOSIAPOABIK, CUHTE3AIH €H
MaHbI3Abl TEXHOAOIMSIABIK, MOCEAECIH lelly YLiH KaXeT 6GOAbiM TabblAaAbl: OHTAMAbI MakKCaTTbl

KOHCTPYKUMSI MEH >XKYPri3yLUi cMnaTTaMaAapblH aHbIKTay YLUiH.
TyiiiH ce3aep: TbIFbI3 MAa3Ma, MHEPLMSABIK, TEPMOSIAPOABIK, CMHTE3, MarHWT epici, wallibipay

npoueci, KYAOHAbIK, AOrapucm.

BBenenune

Ocoboe mecto cpemu pabOT, MOCBSIIEHHBIX
pa3IUYHBIM acleKTaM TIpoOJIeM YIIPaBISIEMOTO
TEPMOSIIEPHOr0 CUHTE3a, 3aHUMAIOT HCCIEIOBAaHUS
B 00JIACTH WHEPIHOHHOTO TEPMOSIEPHOTO CHHTE3a
(UTC). UccnenoBanus MOCIEAHUX JIET MMOKA3alH,
YTO SHEPreTUYECKH HAMHOTO BBIFOJHEE, €CIU
MpoLlecC CKaTHs MHIIEHH (IeHTepHii-TpUTHEBOM
TaOJIETKN) TPOUCXOAUT B JOCTATOYHO CHIBLHOM
MarHuTHOM Tojie. Takum o0pa3oM, I YCIEITHON
peamzanuu UTC HeoOXxomumMo moHUMaHHE (GU3U-
YECKUX CBOMCTB IUIOTHOM IUIa3Mbl B CHJIBHOM
BHEITHEM MarHuTHOM Tmoyie. OmpenencHue OITH-
MaJbHON KOHCTPYKIIMM MHIIECHU U XapaKTEPUCTHK
JipaiiBepa SIBJIAIOTCS BaKHEUIIMMU 3a7a4aMu SHEP-
FeTHKH OyIyIIEro — WHEPLIUOHHOTO TEPMOSICPHO-
IO CUHTE3A.

WccnenoBanusi, mpoBeACHHBIC MUPOBBIMH yUe-
HbIMH B 00JaCTH MHEPIMOHHOTO TEPMOSICPHOTO
CUHTE3a, ABJIIIOTCSI OJHUM W3 BO3MOXHBIX pellie-
HHW, OCHOBAaHHBIX HAa PAa3BUTHU M HCIIOH30BAHUHU
ANBTEPHATUBHBIX UCTOYHUKOB 3HEPTUHU B OyayIieM
[1-2]. ITosTOMy TIEepeOBBIE TEXHOJIOTHUH, OCHOBAH-
HBIC Ha HCIOJIH30BAHUU IUIA3MBI, B KOTOPHIX HAET
peakLysl CUHTE3a, U MHEPUUOHHOE YAEpXKaHUE 3a
CYeT MArHUTHBIX TOJICH W MOIIHBIX HCTOYHHKOB
HarpeBa, TaKUX KakK Ja3epbl U IYUYKH TSDKEBIX

MOHOB, HEOOXOMMBI B OTPACISX JHEPreTHIeCcKOn
MIPOMBIIIUIEHHOCTH.

IloTeps sHEprUM MOHHBIX ITYYKOB M MPOLECCH
CBS3aHHbIE C HUMH B MAarHMTHOM TIOJ€ SIBJISIETCS
aKTyaJbHOW NpOONEeMOH MNpH peanu3aludl HACU
YIpaBIsieMOro TepMosiiepHOTO cuHTe3a. [lockomb-
Ky MarHuTHOE IO0Jieé B M3BECTHBIX TEPMOSIEPHBIX
YCTpPOHCTBAaxX yBEIMYUBACTCA, corjacHo [3-5], To
TapHbIE CTOJIKHOBEHUS 3apsHKEHHBIX YaCTHUI] B Mar-
HUTHOM TIOJI€ MOTYT BIIUSTh Ha HArpeB W yuep-
*KaHue TUIa3Mbl. llodToMy HEoOXomWMo H3ydYaTb
BIIMSTHHE MAarHUTHOTO I10JI HA PAaCCEesTHUS YacTHILI.

CyI1ecTBYIOT HECKOJIBKO IMOAXOJ0B H3Yy4YEHHS
CTOJIKHOBHUTENBHBIX XapPaKTEPUCTUK B MArHUTHOM
nosie. B paborax [6] ObUTM MPOBEACHBI HUCCIEHO-
BaHUSl KYJIOHOBCKOTO CTOJIKHOBEHHUS B HaMarHH-
4YeHHO Tu1a3Me. B pesynbraTe BBIABIEHO, YTO Mar-
HUTHOE TI0JI€ MPHUBOJIUT K 3aMEIJICHUIO NEpeHoca
CKOPOCTH B TIOTIEPEYHOM HAIIPaBIIEHUH, a B TPO-
JIOIBHOM HAIIpaBJIEHUH K BO3pAacTaHUIO IMEepeHoca
ckopocth. B pabote [7] nns onmcaHust CTOIKHOBH-
TEBHBIX MPOLIECCOB B TEPMOSIEPHBIX YCTAHOBKAX
nojy4eHa aHanuThueckas gopmyna Pesepdopna B
3aBUCUMOCTH OT MarHUTHOTO ToJis (c71aboro), Ko-
TOpask yTBEPXkKAAET, YTO C YBEIUYEHHEM MAarHUTHO-
TO TIOJISl YMEHBINAETCS YTOJl PACCESTHHUS DIIEKTPOHA.
B ciydyae BHemHEro MarHHUTHOTO IIOJIS JIEKTPOH-
HO-MOHHOE paccesHue OOYCIIOBICHO CYIEpIO3H-
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HccnenoBanue Iponecca pacCeaHrs 2JICKTPOHA Ha HOHE B INIa3M€ MHEPIHUOHHOI'O TEPMOSACPHOTO CUHTE3a B MArHUTHOM I10JIC€

nyMed IUKIOTPOHHOTO ABMKCHHS B3JEKTPOHOB U
KYJIOHOBCKOTO CTOJIKHOBEHHS 0€3 MarHWTHOTO IIO-
7. BrnusHue MUKIOTPOHHOTO NBIKEHUS HA YTOI
paccesHHs CTaHOBUTCS CHJIbHEE C YBeJIHMYEHHEM
MarHATHOTO ToJs. bBpUM TpeIoKeHbI METOBI
HCCJIEeIOBAaHUS YIIa PACCESIHUSI B MATHUTHOM TIOJIE
YUCJIEHHBIMU MeTolaMH [8-11].

[annas paboTa HampaBiieHa Ha HCCIIeIOBaHHE
MPOIIECCOB pacCessHUs IIOTHOW HEpPaBHOBECHOU
IUTa3Mbl BO BHEIIHEM MAarHUTHOM ToJie. bBeiio
HCCIEIOBAHO  KIACCUYECKOE  DIIEKTPOH-MOHHOE
paccesHre, BBIYHCICH KYJIOHOBCKHH JOrapupm B
IJIOTHOH TUTa3Me B MAarHUTHOM TIOJIC.

MeToa ucciaex0BaHuA

Teopemuueckasn mooens

B nmanHOW pabote OBLIM HCCIENOBAaHBI MPO-
LIECChl pacCesiHUsA 3apsDKEHHBIX YacTHUI[ MJIOTHOM
IUTa3Mbl B IPUCYTCTBUHM OJHOPOAHOTO MAarHUTHOTO
OIS,

Msbl paccMaTpuBaeM MapHOE CTOJIKHOBEHHE

MEXTY JIBYMsI qacTUI[AMHU C Maccoit
u=mm,/(m +m,), B3aMMOICHCTBYIOIIMMU
yepe3 noTeHuuan  B3auMmozeuictBus — HOxaBbl

U(r)=—U,/ryexp(-r/ 1), U,>0[7].
Vpagaenne Hpl0TOHA BO BHELIHEM MarHUTHOM
rnoJe:

- - d’r
—eF—evxB=m— 1
07 (D

, =
rne E=e/4ns,r” u B — HanpsOKCHHOCTD dJICK-
TPUYECKOrO U MArHUTHOTO I0JIs, COOTBETCTBEHHO.

B nomsipHoii koopauHare e ., e,

BEKTOpHI, T.¢ ypaBHeHue (8) MOXKHO 3amucarb
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(hepeHIIMANBHYIO ()OPMY ypaBHEHUS TPACKTOPHH
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20, 1 27

KymoHoBckuit jorapudm ompenensercs ¢ IIo-
MOIIBIO yTJIa pacCcesHUs NpH MapHOM KYJIOHOB-
CKOM CTOJIKHOBEHWH. BBOMIS 1IeHTp Macc B mporiecc
CTOJIKHOBEHHSA, KYJIOHOBCKHH Jorapu(mM 3ammchl-
Baercs B Buje [12-14]:

_ Lo 2(p)
Aei_EJ‘O sin” N pdp, (13)

1

3M€Ch bJ_ :Zionez/(zEC)7 EC zzlueiuz

— 3Hep-

Idd OCHTpa MacC CTAJIKHBAKOIMHMXCA 4YacTul, U —

OTHOCHUTEIIbHAsI CKOPOCTh PACCESHHOW MpOOHOM
gacTuIle [12-14].

Pe3yabTathl 1 00Cy:KIeHUsI

UccnenoBanus mocneAHUX JE€T YKa3bIBalOT Ha
HEOOXOAMMOCTh TPUMEHEHHUST MarHUTHOTO IIOJIS
JUTSL yoIydiieHus. 3G PEKTUBHOCTH TIepeaadu dHep-
THH OT Jia3epa K MUIICHW WHEPUHUOHHOTO TEPMO-
SJIEPHOTO CHHTE3a, U HEOOXOAUMOCTH MTPOBEICHHUS
WCCIIEJOBAaHUI CBOMCTB IJIOTHOM IUIa3Mbl B Mar-
HUTHOM TI0JIe. BoO-TIepBBIX, 32 CUET MarHUTHOTO
noJisi, 3G (GEKTUBHOCTH Mepenayn dYHEPTHU OT Jia3e-
pa K MUILIEHH YBEIWYUBAETCS B HECKOJBKO pa3 (10
CEMH) eCTU TPHIOKEHHOE MarHUTHOE I0JIe 0OJTb-
me cotHu Tecna [15]. Bo-BTopbIX, mpu npsmMoM
cKaTuu TaOJIETKU Jia3epaMu, JIOCTaTOYHO CHIIbHOE
BHEIIHEE MAarHUTHOE MOJie IMO3BOJIIET JIA3€PHOMY
W3IYYCHHUIO TPOHUKATh B IEHTPAJIbHYIO 00JacTh
muiieHu [16]. B-TpeTbux, BHeIIHEEe MarHUTHOE
MOJI€ TO3BOJSET YMEHBIIUTH TMOTEPU DHEPTHH 3a
CYeT YMEHBIIICHUS YTEYKH HArPEThIX YACTHII IUIa3-
MBI B HAIIPABJICHUH TEPIICHIUKYISIPHOM CHIIOBBIM
JIMHUSIM MarauTHoro mojs [17].

Ha pucyHnkax 1-3 mokasaHsl yribl paccesHUsl B
3aBHCHMOCTH OT TPHUIENBHOTO IapaMerpa s
napamerpa B3aumopeiicteus f = 0.01, f = 1 un
f = 20 mpu pasTUYHBIX 3HAYCHHUSX BHEITHETO
MarHutHoro nosst. CrenoBarenbHO, YCUISHHE Mar-
HUTHOTO TIONS TPUBOAWAT K YMEHBIICHHIO YTia
paccesHUsS TPH MajbIX 3HAYCHHSAX MPUIICIEHOTO
napamerpa. OmHako, MpH OONBIINX 3HAYCHUSIX
MIPHUIIETHHOTO TapaMerpa HaOJromaercss yBennde-
HUE YIJIa pacCcessHus Npu OOJbINNX 3HAUCHUSIX Mar-
HuTHOTO ToNst. Kak BuAHO W3 pucyHKa 4, yMEHb-
IIeHWe yIJla paccesHus OTpa3uiach B CEUCHHHU
paccessHHs TIpU CJIa0OM B3aUMOJICHCTBHH, KOTJa
p<1.

Ha pucyHke 5 npuBeJieHbl 3HaUCHHSI KYJIOHOB-
CKOro Jiorapudma B 3aBHCHUMOCTH OT IapaMerpa
B3aMMOJCWUCTBUS [ TpPU PA3IUYHBIX 3HAYEHUIX
BHEIIIHET'0 MarHUTHOTO oJis. M3 puCyHKOB BUIHO,
YTO TP HHU3KUX TapaMeTpax B3aMMOJIEHCTBHUA [
3HaUCHHWE KYJIOHOBCKOro Jorapupma 0Oe3 yuera
MarHUTHOTO TOJS OOJbIlle, YeM NpU 3HAUCHUSIX
marguTHoro moyis B =1+3T7. Torma kak, npu

OoNpIIMX 3HAUEHHSX HapamMeTpa B3auMOICHCTBUS
S MarHuTHOE I0JIe HE BJIMAET HAa 3HAUYEHHUE KyJIO-
HOBCKOTO Jorapudma. DTOT pe3ysibTaT MOXKET
ObITH OOBSICHEH TEM, YTO YBEIMUYCHHE MArHUTHOTO
MOJISl TPUBOJUT K YMEHBIIECHHUIO yIJla paccesHus
IPU MaJIbIX 3HAYEHHUSX NPHULEIBHOTO apamMeTpa.
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PucyHnoxk 1 — Yrisl paccessHUS B 3aBUCUMOCTH OT MPULIEIBHOTO ITapaMeTpa
JUTs TapaMeTpa B3aumozeiictus ff = 1
MIPY Pa3IMYHBIX 3HAYCHUSIX BHEITHETO MATHUTHOTO TIOJIS
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PucyHok 2 — Y11l paccestHUS B 3aBUCHMOCTH OT TIPHIEIBHOTO ITapaMeTpa
JUIS TapaMeTpa B3auMmogneiicteus f = 20
IIPU Pa3IMYHbIX 3HAYCHUSIX BHELIHEIO0 MAarHUTHOTO MOJISt
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Pucynok 3 — Yrisl paccesHus B 3aBUCUMOCTH OT MPULIETIBLHOTO TapaMeTpa
JUIs IapameTpa B3auMoeiicteus = 0.01
MIPU Pa3IMYHbIX 3HAYCHUAX BHELIHEI'O0 MArHUTHOTO 0TS
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Pucynok 4 — CeueHue paccesiHUS B 3aBUCUMOCTH
OT IapaMeTpa B3auMOJCHCTBU 5
IIPU Pa3IMIHBIX 3HAYCHHUSX BHEIIHETO MAarHUTHOTO HOJIS
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0,8 : : :

Pucynoxk S — KynonoBckuit torapudm B 3aBHCHMOCTH

oT mapameTpa B3auMoielicTaus [

TIPpH PaA3JIMYHBIX 3HAYCHUAX BHECIITHETO MArHUTHOTO MOJIA

3akiIoueHne

B nanHO#t pabore OBLTM HCCIEIOBaHBI TIPO-
LIECChl paccesHUs dJEKTPOHA HAa MOHE B IJIOTHOU
[J1a3Me MHEPIHOHHOTO TEPMOSICPHOIO CHHTE3a B
MarHuTHOM Tojie. W3 MONydeHHBIX pe3ylbTaToB
BBISIBJICHO, YTO YY€T MArHUTHOIO IOJIS MPHBEN K
HEMOHOTOHHOMY HM3MEHEHHIO yTila PacCesiHUS W
YMCHBIIICHUIO CEUEHUS pacCesSHUS MpHU CIabbIxX
B3aUMOJICUCTBUIX YacTHll. TakKe YCTaHOBJICHO,
9TO TpH OONBIINX 3HAYEHUSIX MapaMmerpa B3anMo-
NEHCTBUSL [ MarHMTHOE TI0J€ HE BIHUSCT Ha
3HaYeHHE KYJIOHOBCKOTO JIOTapudma.

OTH pe3ynbTaThl NAlOT TOJE3HYI0 HHpOpMa-
M0 O BIMSHUHM ydeTa MarHUTHOTO MO B IPO-
Ieccax CTOJKHOBEHHH B IUIOTHOW IUTa3Me€ WHEp-
IMUOHHOTO TEPMOSIEPHOTO crHTe3a. Takum obpa-
30M, JUISL peau3alui HJed HHEPIIMOHHOTO TePMO-

SIIEPHOrO CHUHTE3a B IPUCYTCTBUM MAarHUTHOI'O
MOJIsl, MPEXKIEC BCEro, BO3HHUKACT MOTPEOHOCTh B
HAJI’)KHOM OIPE/IeIeHNU (PU3HUYECKUX XapaKTepHUC-
TUK HEU30TEPMUYECKON IMIOTHOM Ma3Mbl B Mar-
HUTHOM TMOJIe. DTH 3HAHWsS HEOOXOJMMBI U JUIS
pellieHus] Ba)KHEWIleW TEXHOJOTHMYECKON 3a1adu
WHEPIIMOHHOTO TEPMOSAIEPHOTO CHUHTE3a: OIpele-
JICHUE ONTHUMAIBHON KOHCTPYKUHMHM MHUILEHU U
XapaKTEpUCTHK JpaiiBepa.
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KOAEBATEAbHAS CINEKTPOCKOIMNA TOHKUX NMAEHOK
KOHAEHCATOB CMECHU OTAHOAA C UHEPTHbBIM TA3OM

M3BeCTHO, UTO, U3MEHSIS KOHLEHTPALMIO B MHEPTHOM CPEAE, MOXXHO 06pa3oBbIBaTh KAACTEPbI pa3-
AMYHbIX pa3MepoB AOOOro BellecTBa MyTeM MX KOHAEHCALMM HA XOAOAHYIO MOAAOXKY M3 ra3oBOM
¢hasbl. TPaAMLMOHHO K TaKMM CUCTEMaM OTHOCSITCS MOAEKYASIDHbIE KPUOKPUCTaAAbL. B aaHHOM pabo-
Te npeACTaBAeHbl pe3yAbTaTbl MK-cnekTpomMeTpnyecknx WCCAeAOBaHWMIA KPMOBaKYYMHbIX KOHAEH-
CcaToOB CMecu 3TaHoAa B asoTe. OCHOBHOM 3aaayeit AQHHOrO MCCAEAOBaHMUSI ABASIETCS OObsICHEHME
CAO>XKHOrO, Yallle BCero, HEOAHO3HAYHOIrO MOBEAEHWMS TOHKMX MAEHOK KPMOBAKYYMHbIX KOHAEHCATOB
3TaHOAQ B Mpolecce ero CokoHAeHcaumm ¢ azotom. C 3Ton ueabto Hbian npoBeaerbl MK-cnektpo-
MeTpUYECKME UCCAEAOBAHUS KPUOOCAKAEHHBIX TOHKMX MAEHOK CMecel «3TaHOAQ B a30Te» B pa3Any-
HbIX KOHLEHTPAUMOHHbIX COOTHOLWEHUAX. O6beKTaMM WMCCAEAOBAHUI SBASIOTCS TOHKME MAEHKM
KPMOKOHAEHCATOB CMECH 3TaHOAA C MHEPTHbIM ra3om (a3oTom). Temnepatypa koHaeHcaumn T, = 16 K.
AaBAeHMe ra3oBoi dasbl cMecu npu KpurokoHAeHcaumm P = 107 Topp. AmanasoH KOHLEHTpaumi
3TaHOAQ B CMecsX COCTaBAsIA OT 3 % A0 90 %. CnekTpaAbHbliii MK-AMana3oH M3MepeHns COCTABASIA
400-4200 1/cm. TMNMpeanoaaraercs, 4TO M3MEHEHME KOHLEHTpaLMM 3TaHOAA B CMECHM MPUBOAMT K
06pa3oBaHMI0 PAa3AMUYHBIX KAACTEPHbIX COCTABOB MOAEKYA 3TAHOAQ, PACTBOPEHHbIX B MHEPTHOM CPEAE.

KAtoueBble cAoBa: CnekTPOCKONMS, TOHKME NMAEHKM, KPUOKOHAEHCATbI, 3TAHOA, CMECH.

A.U. Aldiyarov*, D.Y. Sokolov, A. Z. Tychengulova, D. Yerezhep

Al-Farabi Kazakh National University, Kazakhstan, Almaty
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Vibrational spectroscopy of thin film condensates
of ethanol mixture with inert gase

It is known that by changing the concentration in an inert medium, it is possible to form clusters of
various sizes of any substance by condensing them on a cold substrate from the gas phase. Traditionally,
such systems are presented by molecular cryocrystals. This paper demonstrates the results of IR spectro-
metric studies of cryovacuum condensates of ethanol mixture with nitrogen. The main task of this study
is to explain the complex, most often, ambiguous behavior of thin films of ethanol cryovacuum conden-
sates in the process of its co-condensation with nitrogen. For this purpose, vibrational spectroscopy of
cryodeposited thin films of “ethanol in nitrogen” mixtures in various concentration ratios was performed.
The objects of research are thin films of cryocondensates of ethanol mixture with inert gas (N2). The sam-
ples were condensed at the temperature T = 16 K. The pressure of the gas phase of the mixture during
cryocondensation was kept at P = 107 Torr. The range of ethanol concentrations in the mixtures varied
from 3% to 90%. The spectral range of measurements was considered in 400-4200 1/cm. It is assumed
that the change in the concentration of ethanol in the mixture leads to the formation of various cluster
compositions of ethanol molecules dissolved in an inert medium.

Key words: vibrational spectoscopy, thin film, cryocondensates, alcohol, cluster, relaxation, kinetic
stability.
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MHepTTi razéeH 3TaHOA KOCNACbIHbIH, KOHAEHCATTAPbIHbIH,
XKYKA YAAIPAEpiHiH, TepOeAMeAi CreKTPOCKOMMSIChbI

Ke3 keAreH 3aTTblH, l/IHepTTi OpTaAa KOHUEHTpPauMACbIH ©3repte OTblpbIn, ra3 (ba3aAaH CYbIK

Tecemere KOHAEHCALMSIAQY apKbIAbl OAAPAbIH, 8P TYPAI BALLEMAETT KAACTEPAEPiH Ty3yre GOAATbIHABIFbI
6eAriai GoAbIN TabbiAaAbl. ASCTYPAI TYPAE MYHAQM >KyWMeAepre MOAEKYAAAbIK, KPUOKPUCTAAAAP
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XaTaTblHbl GeAriAi. ByA 3epTTey XXymbICTa a30TTaFbl 3TAHOAAbIH KPUOBaKyyMAbl KOHAeHcaTbiH MK-
CMEKTPOMETPUSIAbIK, 3epTTey HOTMXKEAEPi aAbIHAbI >K8He MakKaAaAa KeATipiAAi. 3epTTeyAiH Herisri
MIHAETI — OYA 3TaHOAAbIH KPMOBAKyyMAbl KOHAEHCATTapblHbIH a30TrneH 6ipre KOHAEHCaUMSAaHY
NMPOLECIHAE OAaPAbIH >KYKA YAAIPAEPIHIH KYpAEAI >koHe kebiHece GipMOHAI emec opekeTTepiH
TycCiHAIpYy. Ocbl MaKcaTTa ap TYPAI KOHLEHTPALMSAbIK, KATbIHACTaFbl «@30TTaFbl 3TAHOA» KOCMACbIHbIH,
KPUOTYHABIPbIAFAH  >KYKA YAAIpAepiH WMK-cnekTpoMeTpusAblK,  3epTTey KyprisiareH. 3epTTey
HblCaHAApPbl MHepTTi ra3 6eH (N,) 3TaHOA KOCMaCbIHbIH KPUOKOHAEHCATTapbiHbIH XXYKa YAAIpAepi
60AbIN Tabbiraabl. KoHaeHcaums Temnepatypacsl T = 16 K. KprokoHaAeHcaums KesiHAe KOCnaHblH, ra3
azacbiHbiH, KbiCbiMbl P = 10 Topp. Kocnarapaarbl 3TaHOA KOHUEHTPAUMSICbIHbIH, AMana3oHbl 3 %
6actan 90 % aenin xeteai. CnekTpaik MK eawwey amanasonbt 400 — 4200 1/cm kypaabl. Kocnasarbi
3TAHOA KOHLIEHTPaAUMSICbIHbIH ©3repiCi MHepTTi opTapa epireH 3TaHOA MOAEKYAACbIHbIH 8p TYPAI

KAQCTEPAIK KYpPaMblIHbIH TY3iAyiHe aAbin KeAeAi Aer GOAXKaHAAbI.

TyiiH ce3aep: CnekTPOCKOMMs, >KYKa YAAIpAep,

peAakcaumsi, KUHETUKAAbIK, TYPAKThIAbIK,.

BBenenue

Opnolt u3 OBICTPO pa3BUBAIOLINXCSA OOIacTel
COBpEMEHHON (U3UKH SBISAETCS (PU3UKA KOHICHCH-
POBAHHBIX CpEJl C HEYNOPALOUYEHHON CTPYKTYPOM.
K HuM OTHOCATCS OYTH BCe TBEpAbBIE TENa, y KOTO-
PBIX OTCYTCTBYET JalbHHMH MOPSAOK B pacrojoxkKe-
HUM 4yacTull. be3yciaoBHO, B 3TOM IUTaHE HEJb3S HE
OTMETUTB XKHUJKOCTH U )KUJKHE METAILIbI, IPECTAB-
JSAIOUIME HAYYHO-NPAaKTUYECKUHA MHTEpeEC, KaK Hau-
Oornee pacnpocTpaHeHHbIE KOHICHCUPOBAHHBIE Cpe-
IIbl C HEYNMOPSAOYEHHOU cTpyKTypoil. Kak u3Bect-
HO, OTCYTCTBHE HAJILHETO MOPsAKA B 3THX Cpelax
00yCJIOBIIEHO OCCHOPSIOYHBIM TEIUIOBBIM TBHIKE-
HUEM aTOMOB M MOJIEKYJI. LIeblif mIacT CHCTEMBI ¢
HEYHOPSAJOYEHHON CTPYKTYpPOM TaKkXe COCTABIISIEOT
CHJIBHOJIETHPOBAHHbIE MOJYTIPOBOAHUKOBBIE MaTe-
puainsl [1-5], B KOTOPBIX HEYHNOPSAOYEHHOCTDH BbI-
3BaHa XaOTHYECKHUM paCIpeeIeHHEM MPUMECHBIX
aTOMOB B OCHOBHOM MaTpHIle BEILECTBa, HEMepuo-
JUYeCKHe METAJUIMYECKUE CIUIaBbl M KPUCTAILIBI, B
3JIEMEHTApHOU sSYelike KOTOPHIX UMEIOTCS OoJbIle
IIyCTBIX MECT, YEM aTOMOB.

B Hacrosmee Bpemsi HabIroaeTcsa Bce BO3pac-
TAIOIUN HMHTEpec B 00JAaCTH W3YyUYCHHS SJICKTPH-
YECKUX Y MarHUTHBIX CBOMCTB HEYNOPSIOYEHHBIX
TBEPABIX CHUCTEM C IIEPEHOCOM 3apsia W BOJO-
ponHOU cBs3pI0. OCOOEHHOCTH BOAOPOIHOMN CBSZH
COCTOHUT B TOM, YTO y4YacCTBYIOIIUE B HEH OIHOBA-
JIGHTHBIA aTOM BOJIOPOJIa, CBSI3aHHBIM C 3JIEKTPO-
OTPHULATEIBLHBIM aTOMOM MOJIEKYJIBl KOBAJICHTHOU
CBSI3bI0, OJHOBPEMEHHO CBSI3BIBAETCS M C OPYTUM
aTOMOM TOH K€ MOJIEKYJIbl 1M IPYTOH MOJIEKYJIBI.
B pesynbTare 00pazoBaHus BOAOPOIHOMN CBSI3U Be-
HIECTBO MPUOOPETAeT CTPYKTYPY, OIpEAeIsieMylo
Halu4yMeM B HeM OOJbIIOro YHcia accolMaToB,
BEJIMYMHA M CTPOCHUE KOTOPBIX MOTYT OBITH BECh-
Ma pasznuuHbMH [6]. BomopoaHsle cBsI3u MMEOT
OTPOMHOE BIIMSTHUE Ha pa3In4Hble XUMUueckue [7],

KPUOKOHAEHCATTap, CrIMPT, KAACTepAep,

ounonoruueckue [8,9], u puzuueckue [10] mpornec-
Cbl. MOIIeKyJIbl MHOTHX BEIIIECTB BCTYTAIOT MEXMO-
TIEKYJISPHYIO BOJIOPOJIHYIO CBSI3b, Y KOTOPBIX B CO-
CTaBe MOJIEKYJIBI UMEETCS THIPOKCUIbHAS TPYyIIIa.
TpaaumroHHO K STHUM BeIIecTBaM OTHOCATCS BOJA,
¥ W3 YWCNa YTIEBOJIOPOJIOB OTHOCSTCS BCE BHIBI
CIIUPTOB.

Haubonpmiee gncno mccinegoBaTesneil n3y4aroT
MOJIEKYJTy METaHOJIa, KaKk HanboJiee mpocToro mpe-
CTaBUTENS OJHOATOMHOTO CIMPTa, KOTOpas MMeEeT
MEKMOJICKYJISIPHYIO BOJOPOIHYIO CBSI3b U OOHIYIO
JUIS BCEX CIMPTOB BO3MOXKHOCTH BHYTPEHHETO Bpa-
LIEHUS THAPOKCUIIBHOM Ipymibl oTHOcUTENbHO C-O
cBsi3u [11]. Otu u npyrue ocobeHHOCTH 00YCIIOBH-
71 OONBLION MHTEPEC UCClleoBaTeIel K U3yYEHHUIO
CBOMCTB CIIMPTOB, KOTOPBIN JINIIb YCUIIHIICS TOCIIE
TOr0 Kak ObLIO YCTaHOBJIEHO, YTO MOJICKYJIBI dTa-
HOJIa IPUCYTCTBYIOT B MEX3BE3/IHBIX 00JIaKkax rasza
[12]. 3BecTHO, YTO B MEK3BE3IHBIX 00JaKax rasza
caMOil pacHpoCTpaHEHHOW MOJIEKYJION SIBISETCS
H,, KOTOpBIH NMPUCOEAMHSAETCS K 0OJIeE THKEIBIM
atomam, TakuM kak O, C, u 1p., ¥ IPUBOAUT K 00-
pPa30BaHUIO BOJBI M JIPYTMX HACHIIICHHBIX YaCTHII,
srioTh o CH,CH,OH [13].

Onnoii u3 cnoxuocreit mosexkynst CH,CH,OH
(aTanon) sBusieTcsl OONBIIOE KOJIMYECTBO BO3MOXK-
HBIX CTaOWJIBHBIX CTPYKTYp MOHOMEpa 3TaHoJa.
CymiecTByeT TpH U303HEPTETHUECKUX U30MEPA MO-
HOMEpa 3TAHOJIA: T'Olll-, aHTH ¥ ToIl+ (OTHOCUTEIh-
HO 3HaveHus AByrpanHsix yrnmos CCOH -60°, 180°
u +60° cooTBeTcTBeHHO) [14]. B menom, u3yueHue
MOJIEKYJI CIIUPTOB MO3BOJIAET OOJiee NeTaIbBHO TPo-
CIIETUTH TIEPEX0/ OT OAWHOYHBIX MOIIEKYN B Ta3o-
BOH cpefie K KUAKUM M CTEKJIIOOOpa3HBIM Cpelam,
a TaKkKe M3MEHEHHE CIIEKTPATbHBIX XapaKTEPUCTHK
Ha 3TOM ITyTH.

OcHOBHO#1 3ama4yeil JaHHOTO WCCIIEIOBAHUS
ABJISIETCSI OOBSICHEHUE CIIOKHOTO, Yallle BCEro, He-
OJIHO3HAYHOTO TOBEAEHUS TOHKHMX IUIEHOK KpHO-
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BaKyyMHBIX KOHJCHCATOB 3TAaHOJA B XOJE TEPMO-
CTUMYJIMPOBAHHBIX MPEBPALLECHUNA C TOYKH 3PEHUS
BIIMSIHUSL Ha 3TH TMPOLECCHl aCCOLHUALUU MOJEKYJI
CH3CH20H. C aroit nienpio ObuTH TIpoBeaeHBl MK
CIEKTPOMETPHUECKHE HCCIEJOBAHUS KPHOOCAXK-
JICHHBIX TOHKHX TUICHOK CMecel «3TaHolia B a30Te»
B Pa3IUYHBIX KOHIIEHTPALIMOHHBIX COOTHOLICHHUSX.
Taxkum 006pazoM, 0OBEKTaMH WCCICIOBAHUU SIBIISI-
FOTCSI TOHKHE TUIEHKA KPHOKOHIEHCATOB CMECH dTa-
HOJIa ¢ UHEPTHBIM razoM (azotom). Ilpennomnaraer-
Cs1, YTO M3MEHEHNE KOHIIEHTPAIIUHU STAaHOJIa B CMECH
MPUBOAUT K 0Opa30BaHHUIO PA3JIUYHBIX KIAcTep-
HBIX COCTaBOB MOJIEKYJ 3TaHOJIa, PACTBOPEHHBIX B
HWHEPTHOH cpefne.

3KCHepI/lMeHT, METOAUKA U MaTEpPHAJIbI

UccnenoBannsi ObUTM MPOBEACHBI HA DKCIIEPH-
MEHTaJbHOW YCTAHOBKE, TMPEICTABISIONMIEH cOo00i
YHUBEPCAIBbHBIA HU3KOTEMIIEpaTypHBIi CIIeKTpodo-
TOMETp. DCKU3 YCTAHOBKH CXEMaTU4HO ITPEACTaBIICH
Ha pucyHke 1. OCHOBHBIM y3JI0M YCTaHOBKH SIBJIAET-
cs BakyyMHas kamepa (1). ns momydeHus: 9ucToro
1 BBICOKOTO BaKyyMa B KaMepe HCIONIb3yeTcs TypOo-
MOJIeKyJISIpHBIN Hacoc (2) Tamna Turbo-V-301 ¢hupmer
«Agilent Technologies, USA», KOTOpBIil coenuHEeH
C TIPOCTPAHCTBOM KaMepbl MHOSPHBIM 3aTBOPOM (3)
CFF-100 ¢pupmer «VVT, Switzerland». dns npeasa-
pUTEIBHOM OTKAYKU BaKyyMHOM KaMephl UCIIOJNb3Y-
eTcs CyXoii crimpainbHblid Hacoc Thna SH-110 ¢pupmbr
«Agilent Technologies, USA» (Ha pucyHKe He TIOKa-
3aH). [Ipu aTOM npenenpHOE 3HAUEHHE BaKyyMa B Ka-
mepe nocruraio P=10* Topp. [l koHTpOsst 1 n3me-
peHus AaBieHus B pabodeil KaMepe MCIIOIb30BaJICs
IIMPOKOIMANa30HHbIN gaTtank nasieHus (4) CC-10
¢dupmel «Televac, USA» ¢ KOHTpOIIEpOM.

B nenTpanbHON HMXKHEW 4acTH KaMepbl pac-
0JIO’KEHA MHKPOKpHOIreHHas cucreMa [ 'uddopna-
Maxk-Marona (5). 3epkanpHas momnoxka (6), Ko-
TOpasi CIYXHUT TOBEPXHOCTHIO ISl KOHJEHCAINH
HCCIIEIyeMbIX BEILECTB, 3aKpelUleHa Ha BEpXHEM
(maHIle MUKPOKPHOTEHHOH MamiHbl. Marepraiom
MOJUIOKKH SIBJISIETCS Melb ¢ pabouell MOBEpXHO-
CTBIO, KOTOpasi TOKpHITA cioeM amoMuHus. [ua-
MEeTp TOUIOKKH paBeH d=35 mMm. MuHHMaibHASA
JOCTH)KMMas TeMIepaTypsl Ha mojuioxkke T = 12
K. JIns1 HenmpepbIBHOTO KOHTPOJISI TEMIIEPATYPBL UC-
none3yeTcst kpemHuenblit natauk AT 670-1.4 ¢ Tep-
MokoHTposutepoM model 325 ¢dupmer «LakeShore,
USA». U3mepenne TOMIMIMHBL U CKOPOCTH KOHJICH-
Callii OCYIIECTBIISIETCS! ABYXJIYYEBBIM Ja3epHBIM
uHTeppepomeTpoM (9) Ha Gaze (HOTOINEKTPOHHBIX
yMmHOXwuTenei P25a-SS-0-100.
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i1 IpUTOTOBJIEHUS] CMECH HCIIOIb30BAIMChH
Maphbl JKUKOT0 3TAaHOJIA C YUCTOTOM HEe MeHee 99,9%
¢bupmer «SeccoSolv»y U ra3000pa3HBId a30T C YH-
croroit 99,993% dupmer <K IHSAN TECHNOGAZ».
MeTtoauka SKCIIEpUMEHTa OCYIIECTBISIACh B Cle-
IyroleM mnopsake. BakyyMHyro kamepy OTKauu-
Banmu g0 nasieHuss P = 10® Topp. Bxmrouaercs
MUKPOKpPHOTEHHAsI MallliHa JUTSI OXJIXKICHHUS TTOA-
JIOXKKH 10 HeoOxoaumoi temmeparypsl T = 12 K.
[Tocne moctmxeHust HEOOXOIMMON TEMITEPaTyphI C
MOMOIIBIO crcTeMbl Hamycka (11) ycranaBnuBaet-
cs B KaMepe pabouee AaBlieHHUE KOHACHCAIH CMe-
cu P =107 Topp, mpu KOTOPOM HauMHACTCS TPO-
[IeCC KPHOOCAXKACHUS IUICHKH, KOHTPOJIHNPYEeMOH
JIBYXJIyYeBBIM JIa3epHBIM HHTepdepomeTpoM (9).
[To mocTmxeHNN HEOOXOIUMOU TONIIUHEI 00pa3ia
(oxomo 25-30 MKM) HaIlycK ra3a MpeKpaliaeTcs, U B
KaMepe BHOBb yCTAHABJIMBACTCS JABJICHUE ITOPSIIKA
P =10 Topp. Hanee uzmepsiercst nHdppaxpacHslit
criekTp oOpasma mpu momomu criekrpomerpa MKC
29 (10) pupmer «LOMO, Russia».

PesynbTaThl

Ha pucynke 2 mnpoaeMOHCTpHUpPOBaHBI KoJe-
O6arenpable MK crekTpsl KpHOBaKyyMHBIX KOH-
JIEHCAaTOB CMECH a30T-3TaHOJ] C Pa3IMYHBIMU KOH-
HeHTpausaIMu dTaHona. CHekTpajabHBINA JUana3oH
cocraBnsier oT 400 mo 4200 1/cm. Temmeparypa
TTOTTOXKKH TP KOHAeHcarwu coctapmsuia T = 12K.
Konnentparnus sTaHona B a30T€ COOTBETCTBOBaiA
C YCTaHOBIIEHHOH TommuHON oOpasua: C = 0,5%
(12,5 mxm ), C = 3% (10 mxm ), C = 5% (7,5 Mxm
), C =10% (5 mxm), C =24% (4,5 mxm ), C = 50%
(4 mxMm ), C =70% (3,5 mxm ), C = 90% (3 Mxm).
TommuHa 00pa3oB ycTaHAB/IMBajIach B 3aBUCHMO-
CTH OT KOHIICHTPAIIUX 3TaHOJIa B CMECH, TaK YTOOBI
s¢dextuBHOe B3aumojeiicteue MK wmsnmyuenus c
mostekynamu CH,CH,OH ocraBanoch MoCcTOsHHBIM.
CriekTpsl pa3ardHBIX 00pa3IoB s yA00CTBa aHa-
JM3a M CpaBHEHUsI OB pa3HECEHBI [0 BEPTHUKAJIM.
Ha pucyHke npuBe/ieHbI ciieayronme 0003HaYeHUs
xapakrepuctuieckux nonoc mnornomieHus: n(CO)
— BasienTHble KoJieOanus C—O-cBszu; n+d+r(CH)
— KOMOWHAaIuu ae(pOopMaluOHHBIX, BAJICHTHBIX U
BeepHbIx konebanuii; d(COH) — nedhopMarimoHHbIe
koneOanus mo jguHun C-O-H; n(CH) — BaneHTHBIC
konebanus C-H-cBsi3u; n(OH) — BajieHTHBIC KOJIe-
6anus O-H-cBs3u. [l ananm3a u 00CYKASHUS T10-
JYYEHHBIX pPe3yJbTaTOB HEOOXOJUMO PACCMOTPETH
MO0 OTJENBHOCTH JWANa30Hbl PacCMaTPUBAEMBIX
4acTOT, COOTBETCTBYIOIIUX XapaKT€PUCTUUECKUM
KOJIeOaHUSM MOJIEKYJIBI 3TaHOJA.
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Pucynok 1 — Dcku3 sKCIIepUMEHTaIBHON YCTAaHOBKH. 1 — BakyyMHas KaMepa;
2 — BakyyMHBIH Hacoc Turbo-V-301; 3 — mm6epHsIi BakyymHslit 3arBop CFF-100;
4— maraux nasnenust CC-10; 5— pedpmkeparop 'nddopra-Mak-Marona; 6 — momoxka;
7 — ICTOYHMK KOT'€PEHTHOIO U3iyueHus; 8 — ontuueckuii kanan VK-crnexkrpomerpa;
9 — nazepwnsiii uaTepdepomerp; 10 — UK-ciekrpometp; 11 — cuctema HaTeKaHUS,
12 — macc-cnexrpometp cepuu Extorr XT 100

HurepBan gactor 880-900 1/cM oTHOCHTCS K
pasieHTHBEIM CO xone0aHuaIM U UX KOMOMHAILMSIM C
BpaLIaTeIbHBIMU KOJIEOAHUSIMU METHIIOBOM U METH-
neHoBoil rpymmel. KoMOuHanmmy BaneHTHBIX, Bpa-
IaTeIbHO-KOMEOATENbHBIX YaCTOT PACHOI0KEHBI
B uHTepBasie 1000-1200 1/cm. Yacrotel aedopma-
LIMOHHBIX ¥ BeepHbIX Konebanuit CH, u CH, rpynn
BMemaetcss B uHTepBan 1300-1500 1/cm. Cumme-
TPUYHBIE U ACUMMETPUYHBIEC BAJICHTHBIC KOJICOaHUs
C-H cBszu metunosoit CH, u merunenosoit CH,
TPYIIIBI PACHOJIOKEHBI B JUana3zoHe yacTot ot 2800
mo 3000 1/cm. MaTtepsan 3000-3700 1/cm cooTser-
CTBYET BaJleHTHbIM Kosiebanusim O-H cBsizu B cBO-
OOZHBIM U CBS3aHHBIM COCTOSIHUSAM MOJIEKYIL.

OOBIYHO TPU MCCIECTOBAHUU CHEKTPATBHBIX
XapaKTepUCTUK oOpa3zoBaHus H-cBsA3aHHBIX acco-
[IMaTOB B CIIMPTax OCHOBHOE BHUMAaHHE YAETSIET-
csi oOmactm BaneHTHBIX Konebannii OH-rpymnmsi
(3000-3800 1/cm), TOTOMY 4TO HMEHHO 3Ta TpyIINa
NPUHUMAET aKTUBHOE y4yacTue B (POPMUPOBAHUHU
BOJIOPOAHON cBsi3u. VX oueBMAHOE paznuyue B

CIIEKTpax OOYCIIOBJICHO Pa3HOW CTENEHBI0 BOJIOPO-
JIOCBSI3aHHOCTH B arperarax 3TaHoJIa, HaXOsIIuXCS
B CMECH.

B cooTBeTcTBHM C AaHHBIMH, MPUBEACHHBIMH
Ha pUCYHKe 2, 1oJjioca MorjounieHus Ha v = 3660
I/cm (TIOKa3aHO CTpPENKOi) B CIEKTpax C Majbl-
mu koHuentpanusamu (C = 3%, 5%, 10%) moxer
OBITh KOMMEHTHpOBaHa Kak KoneOaHus OH-cBs3n
MoHOoMepoB u aumepoB monekyn CH,CH,OH. Kak
BUHO, 3TO I0JIOCa HAOJIIOJAeTCs B OCHOBHOM Ha
CIEKTpax OOpa3IOoB ¢ MaJbIMA KOHIEHTPAIUSIMH,
KOTOpasi McUe3aeT C IMOBBIIIEHHEM KOHIEHTPAIUH
aTa”ona B cMecH. Ee cIBUT B HU3KOYaCTOTHYIO 00-
JacTh MO0 CPAaBHEHUIO C XapaKTepHBIMH YaCTOTaMH
MOHOMEPOB W AMMEPOB, HAaXOISIINXCS B Ta30BOM
(haze [15,16], sBusercs, CyIs IO BCEMy, pe3yJIbTa-
TOM BIHSHUS KPUCTAIMUECKOHW PENIeTKH a30Ta.
Taxum o6pa3om, 3Ta mosoca ¢ yactoroir v = 3660
1/cM, xoropas HICHTHOUIHMPYETCS MPU MAbIX
KOHIIGHTpAIUIX, COOTBETCTBYeT Kosiebanusm OH-
TpyMIbl, HE MpUHUMAlOUIe ydactue B (hopMHUpo-
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BaHUU BOJIOPOJHON CBSI3U, TO €CTh MPHHAICHKHUT
MOHOMEpaM W aAuMepaMm. A Immpokas mnojoca (v =
3000-3500 1/cm), HaxoAsMIasICS B HU3KOYACTOTHOM
00J1acTH OOBIYHO OTHOCSTCS K KOJICOAHHSIM BOJIOPO-

nocBsizanHbix OH-rpynm. Takum oOpa3om, MBI OT-
HOCHUM TI0JIOCY TIOTJIOIIECHHSI B YACTOTHOM AMara3o-
He v = 3000-3500 1/cM k komebanusm n(OH) 6omee
BBICOKMM Kiactepam moniekyn CH,CH,OH.

Pucynox 2 — KonebaresbHble CIIEKTPI TOHKUX IIEHOK KPHOKOHIEHCATOB CMECH a30T-3TaHOJ
C pa3IMYHBIMH KOHIIEHTpAIMsAMHE 3TaHoja. Temieparypa kouaeHcauu 16 K.
TosuHa 06pa3ioB B COOTBETCTBUY C KOHIIEHTPAIMSAME 3TAHOJIA:

10 mxm (C = 3%), 7,5 mxMm (C = 5%), 5 mxMm (C = 10%), 4,5 Mxm (C = 24%),

4 mrMm (C = 50%), 3,5 mxm (C = 70%), 3 mxm (C = 90%)

Wntepan gacror 2800-3000 1/cM BKirouaer
BasieHTHBIEe Kosiebanusi CH-cBsI3M METHUIIOBOH U Me-
TUJIEHOBOMW rpymisl 3TaHoja. Ha pucyHke 2 gaHHbIM
WHTEpBaJl O0O3HAYEH CTPENKOW. SIpKO BBIpasKeH-
HBIW Y3KH UK MOTJIOMIEHHUs Ha yacToTe v=2980 1/
CM OTHOCHUTCS K BAJIEHTHBIM aCUMMETPHUYHBIM KO-
nebanusm CH-cazu metwnosod rpymmnbsl v(CH,)
[17]. ®opma maHHOM MOJOCH! CYLIECTBEHHO HE W3-
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MEHSETCS B 3aBUCUMOCTH OT KOHLIEHTPAIIUHU 3TaHO-
J1a B cMecu. MOXHO caienaTh BHIBOI, YTO M3MEHEHHE
KOHIICHTpAIM 3TaHOJIa He BIMAET Ha 3TOT THIM KO-
nebanus mosekyssl CH,CH,OH.

Wurtepsan vactot 1200-1500 1/cM oTHOcHTCS
K 4acToTaM pa3lW4YHOro poaa Ae(opMarMOHHBIX
kosiebanun. Ha pucyHke 2 naHHBIA MHTEpBal BbI-
JieNieH ITpuxoBKoil. Kak BUIHO 13 pUCYHKA, CTPYK-
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Typa CIIEKTPOB CMeCel 3TaHOJa C a30TOM ISl KOH-
nentparuii C = 3%, 5%, 10%, 24%, O6omnee cioxHa
HEXXENU CHEeKTphl OonblmMx KoHueHTpauuit (50%,
70%, 90%). M3 MHOXecTBa XapaKTEpHBIX INHKOB
CIIEKTPa MaJIbIX KOHIICHTPAIIMH PacCMaTPUBAEMOM
HMHTEPBaJIe 4aCTOT OCTACTCS YEThIPE XapaKTEPHBIX
noJioc moromieHus. Mcueszaer monoca co cpeanei
gactoToi v=1260 1/cMm, KOTOpas COOTBETCTBYET Jie-
¢dopmarmonnomy konebanuro O(COH)-anti. Cym-
HOCTh JTAHHOT'O U3MEHEHMS 3aKJIH04aeTCs, BUAUMO,
B TOM, uTo 1o Juaun cBsi3u O(COH)-anti ocymect-
BIISICTCS O0pa30BaHUE IMKIMYECKUX IOJIHarpera-
TOB 3TAHOJIA C TOCIEAYIONIAM 3aTOPMaKUBAHHUEM
JIAHHOTO THUMa KojeOaHuu. [[pyrue XapakTepHBIC
MMUKA OTHOCUTHCS K JedopMalioHHOMY KoieOa-
uuto 6(COH)-gauch nzomepam. OHU 0c000 HE MO~
BEpraloTcsi M3MEHeHHAM. Takum 00pa3oM, MOXKHO
cenaTh npenoiioxkenue, uro cBszb O(COH)-gauch
HE YYacTBYeT B KIACTepOOOpa30BaHUHM MOJIEKYII
3TaHOINA.

Jwnamazon gactor 1000-1200 1/cM oTHOCHUTCS
K TI0JIOCaM TIOTJIONIEHUS, OTHOCSIIIUMCS K KOMOH-
HaIMsIM BaJICHTHBIX KOJIOaHWH C BpamiaTelTbHBIMA
KOJICOAHUSIMH METHJIOBOW W METHIJICHOBOH TPYIIIIBI
(n+d+r(CH)), u nedhopManmMOHHBEIME KOJICOAHUS-
Mu OH-cBsizu. Bua cnektpa mosiocsl HOMNIOIICHUS
CMECH C MaJIbIMH KOHIIEHTPAIUSIMH 3TaHOIa Ooee
CIIOXKHBIH, 4eM ¢ OOJNBIIUMH KOHIEHTPAIUSIMHU.
Cuextp cmecu ¢ kouneHrtparusmu C = 3%, 5%,
10%, 24% umeer B paccMaTpHBacMOM JAHAIIO30HE
TPH HIMPOKHUX SPKO BBIPAKEHHBIX MUKA MOTJIONIE-
Hus. BumHO, 4TO B 3TOW 00JacTH CHEKTpa TaKxKe
MPOUCXOMAAT CYIIESCTBEHHBIE H3MEHEHHsS C IOBBI-
[IeHHEeM KOHIIGHTpallud 3TaHolla B cMmech. llpwm
MaJIbIX KOHIIEHTPAIUSIX B 3TOM YaCTOTHOM HHTEp-
Bajie PETUCTPHUPYIOTCSA TPH HHTEHCHBHBIE TIOJIOCHI C
gactotamu v=1028 1/cm, v=1054 1/cm, v=1089 1/
cM. MHTeHCUBHOCTHh MONOCH ¢ 4acToTol v=1028
1/cM yMeHbBIIAETCS C POCTOM KOHIICHTPAILlUU, U
BbllIe KOHLEHTpauuu C = 24% noJIHOCTBIO Ucye3a-
eT. CyTh TpaHchopMauii 3TUX KOJIeOaHUN MOMXKHO
00BSICHUTH, OCHOBBIBASICh HAa aHAJIM3€E PUBEICHHBIX
B cienyromux padorax [16,18]. Tak, mojoca ¢ Mak-
cuMmymoM morutorerns v=1028 1/cM cooTBeTCTBY-
eT KoMOMHanuu BajeHTHBIX kojeOanmii v(CCO) ¢
BpalaTebHBIMA KOJIEOaHUIMHU METHIIOBOH TPYTITIBI
r(CH3). ITonoca nmormnouexus ¢ neHTpoM Ha v=1054
1/cm cBs3an ¢ komOuHarmed BanmeHTHRIX V(CCO)
KoneOaHuii ¢ neOpMAIMOHHBIMUA KOJICOAHUSIMU
O(COH) cBsi3u. JlaHHble KoyieOaHHMsI OTHOCITCS K
gauche-koHpopmam 3taHona. Ecou npuHUMAaTh BO
BHMUMaHuE CcKIOHHOCTH MojieKyn CH,CH,OH x 00-
Pa30BaHHIO IUKINYECKUX KIIACTEPOB, TO CTAHOBUT-

Csl IOHATHBIM CIMSHHUE 3TOr0 KonebaHusl ¢ APYroi
mostocoit (v=1028 1/cM) mpu pocTte KOHICHTpAIMH
3TaHOJA B a30T€ U MOJIHOE UCUYE3HOBEHUE ATOH I10-
JIOCHl ¥ 00pa3loB C BBICOKUMH KOHLIEHTPAIUSMHU.
Taxum obpazom, konebanuss COH-cBs3M aKTHBHO
YYacTBYIOT B (JOPMHPOBAHHE IIUKITUIECKUX KITacTe-
POB M OCYIIECTBIISIIOT «3aTOPMa)KMBaHUE» KojeOa-
HUIl ¢ pOCTOM pa3Mepa KIacTepoB B KPHUOIUICHKE.

WuTepBan gacror 800-1000 1/cMm cooTBeTCTBYET
BaneHTHBIM KoseOanusm v(CCO), a Takxke Momam
KOMOMHAIMK 3TUX KoyeOaHuil ¢ BpamarelbHbBIMU
KoJeOaHUSIMH METWIIOBOM rpynmsl. B m3mepenHOM
HMHTEpBaJie KOHLUEHTPALUI UK MOTJIOIEHHS C LIeH-
TpoM Ha yactore v=885 1/cM mpexacraBiseT coboit
[IOYTH CUMMETPHYHYIO MOHOMONoCy. Yacrora naH-
HOM MOJIOCHI CYIIECTBEHHO HE MEHSETCA C POCTOM
KOHIIEHTPAIMK 3TaHOJa B a30T€, HO 110 aMIUTUTYAE
nMeeTcsl HeboubIIoe U3MEHEeHHe. DTOT (HaKT HABO-
JUT Ha MBICIIb, YTO II0JI0CAa HE y4acTBYET B (hOpMHU-
POBaHMM LMKINYECKHX KIJIACTEPOB MOJIEKYJ 3Ta-
HOJIa B a30T€, HO MOXKET IaTh WHGOpMAHIO 00 uX
KOJIMYECTBE.

Janee Hamu OBUTH M3y4deHBI OCHOBHBIE XapaKTe-
PUCTHUYECKHE MTOJIOCHI MTOTJIOIECHHUS MOJIEKYJ 3TaHO-
Jla B a30Te, KOTOpHIe HanboJiee XOpoIIo pearnpyroT
Ha U3MEHEHUS KOHIEHTpAIUM 3TaHOJIa B pacTBOPE,
Ha TIpEIMET UX CTaOMIIBHOCTH TIpH oTorpeBe. K atum
4acTOTaM OTHOCSITCSl YaCTOTHl KOMOMHAIIMM Bpala-
TENILHBIX M BAJCHTHBIX KOJeOaHWi W nedopmariy-
OHHBIX KosieOaHwmii OH-CBSI3M OTHOCHTENBHO OCH
C—C-0. Llenp 3TOr0 M3yUYEHUS CBSA3AHO C TEM, UYTO
OJHMM M3 acCTIeKTOB HCCIIEOBAHHUM SIBIISICTCS H3y4e-
HHUE Tpoliecca peopraHu3alrii MOJIEKyJ 3TaHOJIa B
MaTpHIle a30Ta IOCJIe OTOTPEBa, a TAKXKe ONTHYE-
CKHX CBOMCTB 00pa30BaHHBIX B IUICHKE CTPYKTYP.
Oxnaanock, 4To Onaroaapst HAUIMYHIO MEXKMOJIEKY-
JISIPHOM BOJIOPOJIHON CBSI3U OYAYT OCYIIECTBIATHCS
IIPOLIECCHl CaMOOPraHU3alluy MOJIEKYJ 3TaHOJa Ha
MIPOMEXYTOUYHON CTaJuM, T.€. MEXIY TEeMIIepaTy-
poli KOHICHCAIIMY ¥ TeMIIEpaTypaMy CTYIIEH4aToro
OTOTpeBa.

Pe3ynpTaThl NOMyYEeHHBIX JaHHBIX NPU (UKCHU-
POBaHHBIX TeMIepaTypax CTYNEHYaToOro OTOrpeBa
obpasma mpuBeneHs Ha pucyHke 3. s amanmsa
ObuTM BBIOpaHbI naHHbIe 3% 00pa3la TOHKOM MyIeH-
KM KPMOKOHJEHCATOB CMECH ATAaHOJA B a30T€. JTOT
BBIOOp OOYCIIOBJIEH HArJSJHOCTBIO JAHHBIX C Tpa-
(hraeckoi TOUKM 3PEHHUS U €T0 IKCTIEPUMEHTATFHON
JerkoBocnpon3BoauMocTeio. Ha pucyHke nmana-
30H YaCTOT KOMOWHAIMH BpallaTeJIbHBIX U BAJICHT-
HBIX KOJIeOaHU IOKa3aH ciieBa, a Anana3oH aedop-
MalUMOHHBIX KojeOannii OH-cBA3M OTHOCHTEIBHO
ocu C—C—O noxkazan cnpasa. Hanbonee xapakrep-
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HBIMH TIOJIOCAMH TIOTJIONIEHUS B 3THX JHAIa30HaX
SIBJITFOTCS TTOJIOCHI TIOTJIOIICHUSI C MUHIMYMaMH Ha
gactoTax v=1028 1/cm 1 v=1260 1/cm.

Hanuyue monmoc mMOTJIOIMIEHHST HAa 4YacToTax
v=1028 1/cm u v=1260 1/cm o3HavaeT, 4TO B pac-
CMaTpHBaeMON CHUCTEME MPUCYTCTBYIOT MOHOMEPHI
" auMepsl 3tanona [15,16,18-20]. 3meHeHune aM-

IUTUTY/IBI TIOTJIOMIEHUSI Ha 3THX YacTOTaX C IOBBI-
[ICHUEM TeMIIEPaTyphl YKa3bIBaCT Ha HATHUYUE IIPO-
necca 00beAMHEHUSI MOHOMEPOB U IUMEPOB MOJIe-
KyJI 3TaHoJa B OoJiee KpymHbIe arperaTsl. [Ipu sTom
B OTOM IMpOIECCe aKTUBHOE YyYacTHE MPUHUMAET
B3auMozelicteue no H-cBs3u, BapuaHThl KOTOPOH
MPOJEMOHCTPUPOBAHBI HA PUCYHKE 4.

Pucynok 3 — KonebarenbHble crieKTpel 3% pacTBopa 3TaHOJIa B MAaTPHIIE a30Ta
B OKPECTHOCTSX YaCTOT KOMOWHAINI BpallaTeIbHBIX H BAICHTHBIX KoJeOaHuil (crieBa)
u nedopmanroHHbix konebanuit OH-cBs3u otHOocuTensHO ocu C—C—O (cmpaBa)
MU YKa3aHHBIX TEeMIIepaTypax MaTpPHIIbL

Kak MBI paHee oTMeuay, Mojoca ¢ MaKCUMYM
noromeHus Ha yactore v=1028 1/cM cooTBETCTBY-
€T KOMOMHaIMU BajeHTHbIX kojebanuii v(CCO) ¢
BpalIaTebHBIMU KOJICOaHUSIMA METHIIOBOM TPYIIITBI
r(CH3) [18]. HeoOX0auMO OTMETHTh, YTO JaHHOE
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KoJieOaHWe OTHOCUTCS K TPaHCKOH(DOPMHOMY CO-
CTOSIHUIO MOJICKYJBI 3TaHona. [lomoca mormore-
HUS B OKpecTHOCTsX 4acToThl 1060 1/cM cBs3aHa
¢ kombuHanuei BaneHTHBIX V(CCO) u Bpamareib-
ueix 7(CH,) xoneGanuii ¢ 1e)OpMaMOHHBIMHE KO-
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nebanusmu 6(OH) COH-cBsizu. Ilpu 3Ttom maHHOE
KoJieOaHHue OTHOCHUTHCS K gauche-xoHpopmam 3Ta-
goia. Ilonoca mormomieHusa Ha yactore v = 1095
1/cM oTHOCHTCS K KOMOWHAIIMHM BaJIEHTHBIX KOJe-
barmii v(CCO) c BpamarenbHBIMU KOJICOAHHSIMU
metunoBoi rpymmbl #(CH,). ITonoca mormomenus

Monomep

Tpumep

Ha vactore v=1060 1/cM cooTBeTcTByeT Aedop-
MalmoHHbIM KosiebanusmM O-H oTHocuTeNnbHO ocH
C-C-O monexynsl. [llupokas nonoca B paiioHe ya-
ctotel v=1300 1/cM mpexacraBisier TUOpaIIOHHBIC
KoJIeOaHUsI METUIIOBOM M METHIICHOBOW TPYII MO-
JIEKYJIBI ATAHOIIA.

Jumep

Terpamep

Pucynok 4 — Cxemarnanoe npencrasienue Monomepos CH,CH,OH u ee knactepon

[Tomocs! mormomenust Ha gactotax v=1028 1/
cM 1 v=1260 1/cM MOJIEKyIIBI 3TaHOIA B a30T€ CO-
OTBETCTBYIOT KBa3U-CBOOOJHON MOJIEKYJIe dTaHONA
B a30Te. OTH MOJOCH! MOTJIOUIEHUS Ha PUCYHKE 3
BBIJIEJIEHBI IITPUXOBKON. BCEBO3MOMKHBIE M3MEHE-
HUsl (POPMBI MHUKA HA 3TOW YACTOTE COOTBETCTBYIOT
W3MEHEHUIO MPOSBIICHUS KOJICOaHUH TaHONA B Ha-
MpaBlieHUM OOJIbIICH CTeneHW CBs3aHHOCTH. [lo-
HSTHO, YTO aMIUTUTYZa YrioBbIX koieOanuii O-H
otHocuTensHo ocu C-C-O monexkynsl CH,CH,OH
JIOJDKHA OBICTPO yYMEHBIIAThCA TIPH B3aUMOJICH-
CTBUH TI0 BOJOPOIHOMN CBS3H C KUCIOPOIOM COCEJ-
Hel MoJIeKybl 3TaHoia. Kak BUIHO U3 pucyHKa 3,
MOBBIIIICHNE TEMIIEPaTyPhl KPUOIICHKH, HAYMHAS C
temnepatypsl konaencanuu (T=16K), mpuBogut
YMEHBIICHUIO aMIUTUTYIBI TOTIIOMICHHUS.

3akiIouyeHne

Ha ocHoBanum aHann3a MOJYYECHHBIX peE3yJib-
TaTOB WCCJICAOBAaHMUSA MOXKHO CHAENATh CIEIYIOLIHNE
o01m1ye BBIBOJBL:

e IIpY COKOHJICHCAIIMH 3TAHOJIa C a30TOM Ha XO-
JIOJTHYIO TIOJJIOKKY ¢ Temmepatypoit T=16 K obpa-
3yeTcsl KpUOKOHJIEHCaT ¢ COoJiepXKaHUeM KJIacTepoB
pasmunbix pasmepos mosexyn CH,CH,OH.

® TI0JIOCHI TIOTJIOMICHUS] B HMHTEpBalE YacTOT
3000-3700 1/cm UK-criekTpe TOHKHX TUIEHOK CMe-
CH 3T@HOJIa C a30TOM YKa3bIBalOT HA HAIMYKE B KPU-
OIUJICHKE CJIEYIOLINX arperaroB MOJIEKYJ 3TaHOJA!
MOHOMED, AUMEp, UUKINYECKUI AUMEp, LUKINYe-
CKMH TpHMEp, LMKIMYECKHI TeTpamep, rekcoMep
U T.A. B 3aBUCHUMOCTH OT KOHLICHTpALUil 3TaHOJa B
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asore. lllupoxast nonoca B uatepBaie 3250-3330 1/
CM O3HaYaeT HaJM4We B MaTPUIIE KPYIHBIX MOJHA-
IPeraToB, B KOTOPHIX MOJIEKYJIBI 3TAHOJIA HAXOSATCS
B BOJIOPOAOCBSI3aHHOM COCTOSTHUM (multimer).

e JIOKaJhHBIH MHUHHUMYM ¢ dactotod 1260 1/
CM, KOTOpast COOTBETCTBYeET 1e(hOpMaIlMOHHBIM KO-
nebanusM 6(COH), moTHOCTBIO MCYE3aeT 0 Mepe
YBEJIMYEHHUS KOHIIEHTPALIMK 3TAaHOJAa B CMECH, B TO
BpeMs Kak ToJioca noriomenus Ha yactore 1300 1/
cM coxpansiercs. OOBSICHEHHEM 3TOTO SBISIETCS TO,
YTO B TOHKOM IIEHKE KPHOKOHIEHCATa YBEIIMUNBA-
€TCSl KOIMYECTBO IUKINYECKU KPYITHBIX TIOJUarpe-
raToB CBSI3aHHBIX MEXMOJEKYJISPHON BOJOPOIHOMN
CBSI3bEO MOJICKYJI 3TaHOJIa. MOXXHO yTBEPAHTh, UTO

kosiebarenbHbld mporiece o(COH) akTtuBHO yua-
CTBYET B 00pa30BaHWU MalbIX KJIACTEpPOB dTaHOIA
B CMECH.

e pacuieryieHue mnonockl BajeHTHeIX CCO-
konebanmii (1028 1/cm u 1060 1/cm) mpu ymeHbIIIe-
HUU KOHIIEHTPAIIMU 3TaHOJIA B CMECH CBSA3aHO C 00-
pa3oBaHMEM MOHOMEPOB M AMMEPOB ITAHOIA CBO-
OOIHBIX OT MEXMOJIEKYIISIPHOM BOJOPOIHOMN CBSI3H.

BaaropapHocTn
PaboTa BrinonHeHa pu GUHAHCOBOH HOAIEPXK-

ke MunucrtepcTBa 06pa3zoBaHus 1 HayKku Pecry0Omm-
ku Kazaxcran, rpant Ne AP08855738.
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SCROLL COMPRESSOR.
ANALYSIS OF CALCULATION METHODS

The paper deals with some aspects of mathematical modeling of a scroll compressor. Various
approaches to modeling the working processes of machines of the volumetric compression principle,
their applied value and priority of use are presented. An analytical review of the methods for calculating
the leakage of a compressed medium, applied to a scroll compressor, taking into account the
classification of slots, is carried out. Conclusions are made about the need to clarify the assumptions and
improve this technique by taking into account the fact of the mobility of the walls of the gap, depending
on the share of the influence of various factors on the leakage of the compressed medium. And also
about the influence of this fact on the accuracy of calculations and the optimal choice of the operating
mode of the compressor. Examples are given in which taking this condition into account in the
transformed systems of equations will improve the accuracy in applied calculations of the working
processes of spiral machines, when designing new samples.

Key words: Scroll compressor, calculation method, mathematical modeling, mass flow rate of the
working substance, regrinding of the compressed medium.
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Cnupanb komnpeccop. Ecentey aaictemeciH Taapay

ByriHri TaHAQ 3KOAOIMSIAbIK, MpobAemManapra 6aAaHbICTbl TOHA3LITKbIW XabAbIKTapbl HAPbIFbIH-
AaFbl Te3 GOAbIMN >KaTKaH e3repicTep XarAarblHAA XKabAbIKTbIH KaHa TYpAepiH 6enimaey Hemece Kypy
MacCeAeci TybliHAaMAbl. TOHA3bITKbIW 6HEPKaCiOiHiH, KenTereH caraAapbiHAQ CypaHbICKa Me TOHA3bIT-
Kbl KOMMPEeccopbl Temrnepatypa MeH KbICbIMHbIH, KeH AMarna3oHbIHAQ XKaHa CaAKbIHAATKbILITAPAbI
KOAAQHYFa MYMKIHAIK OGepeTiH camaAblk, e3repicTepai KaxeT eteai. byAa >kymbicta cnvpasb
KOMMPECCOPAbI MaTEMATUKAABIK, MOAEAbAEYAIH Kenbip KepiHicTepi KapacTbipbiAFaH. KeAemMAiK CbiFy
NPUHUMMI  MaLIMHAAAPbIHBIH, >KYMbIC MPOLIECTEPIH MOAEAbAEYAIH 8p TYPAI ToCiAAEpi, OAapAbIH,
KOAAAHBAAbI MaHbI3bl MeH ManAaAaHy 6GacbIMABIAbIKTapPbl KeATipiareH. CaHplAayAapAbIH KIKTEAYiH
eckepe OTbIpbIN CrMpaAb KOMMPECCOpFa KAaTbICTbl CbIFbIAQTBIH OPTaHbIH, afbill  KeTyiH ecenTey
dAicTeMeciHe aHAAMTMKAABIK, LUOAY >KyprisiareH. CbIfblAQTblH OpTaHbIH afbill KeTyiHe 8p TYpPAi
hakTOpAapAbIH, acep eTyiHe 6arAaHbICTbI CaHbIAQY KabblpFaAapbiHbIH, KO3FAAY XKaFAaiblH eCKepyAiH
ecebiHeH pyKCcarT eTiAreH >XarAanAap MEH OCbl AICTEMEHI XXETIAAIPY KaXKETTIAIr TypaAbl TyXKbIpbIMAAP
>kacanpbl. CoHaaM-ak, OCbl >KaFAaMAbIH, ecentey ABAAIN MEeH KOMIPECCOPAbIH, >KYMbIC PEXWUMIH
OHTaMAbl TaHAAYFa 8Cepi TypaAbl TYXbIPbIM XacaAAbl. TYpAEHAIpPIAreH TeHAeyAep >KYMeCiHAe OChbl
WapTTbl €CKepy >KaHa YArAepAi >kobanay KesiHAE CrMpaAb MallMHAAAPAbIH >KYMbIC MPOLECTEpiH
KOAAQHOAABI OALLEY ADAAITIH XKOFapbIAATyFa MyMKIHAIK OEPEeTiH MbiCaAAap KEATIPIATeH.

TyiiiH ce3aep: CnMpaAb KOMMPECCop, ecentey aAiCTEMECI, MaTEMATMKAABIK, MOAEABAEY, YKYMbIC
3aTblHbIH, MAaCCaAbIK, LbIFbIHbI, CbIFbIAATbIH OPTaHbIH afFblM KeTyi.
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CnupaAbHbIit KOMnpeccop. AHaAM3 METOAMK pacuyéTa
Cel‘OAHH, B YCAOBUAX CTPEMUTEAbHbIX M3MEHEHWIN Ha PblIHKE XOAOAMNABHOIO O60py,AOBaHVISI,

CBSI3aHHbIX C 3KOAOTMYECKUMM NpobAemMamu, BO3HUKAET npobAema asanTalmMm MAM CO3AAHUS HOBbIX
TMNoB 060pyAoBaHus. CMPaAbHbIN XOAOAMABHbIN KOMIPECCOP, KOTOPbI Tak BOCTPEGOBAH BO MHOMMX
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006AACTAX XOAOAMABHOW MPOMbILLIAEHHOCTH, TakxKe TpebyeT Ka4eCTBEHHbIX U3MEHEHUIA, MO3BOASIOLLNX
MCMOAb30BaTh HOBblE XAQAAr€HTbl B LIMPOKOM AMaria3oHe Temriepatyp M AaBaeHuit. B pabote
pPacCMOTpeHbl HEKOTOpble acrnekTbl MaTeMaTUUYeCKOro MOAEAMPOBaHMS CMUMPAABHOIO KOMMpeccopa.
MNpeacTaBAeHbl Pa3AMUHbIE MOAXOAbl K MOAEAMPOBAHMIO PABGOUMX MPOLLECCOB MALUMH OGBbEMHOIO
MPUHLMINA CKaTusl, MX MPUKAAAHOE 3HaUYeHMe 1 MPUOPUTET UCTMIOAb30BaHMUs. [1pOBEAEH aHAAUTUYECKUIA
0630p METOAMK pacuéta npoTeyek KOMMPUMUPYEMOW CpPeAbl, MPUMEHUTEABHO K CMMPaAbHOMY
KOMIPECCopY, C YYETOM KAaccudmkaumm weaeid. CaeAaHbl BbIBOAbI O HEOOXOAMMOCTU YTOUHEHMS
AONYLLEHNA U COBEPLUEHCTBOBAHMS AAQHHOM METOAMKM 3a CUYET yuéTa (pakTa MOABMIXKHOCTM CTEHOK
LLLeAM, B 3aBUCMMOCTM OT AOAU BAUSHUS Pa3AMUHbIX (DAaKTOPOB Ha MPOTEUYKU KOMIPUMMPYEMOI CPEAbI.
A TaKk>Ke 0 BAUSIHUM AQHHOTO (paKkTa Ha TOYHOCTb PACYETOB U OMTUMAAbHBIN BbIGOP pabGoyero pexxrma
Komnpeccopa. MNMprBeAeHbl MPUMEPDI, B KOTOPbIX YUYET AQHHOIO YCAOBMS B NPeobpa3oBaHHbIX CUCTEMAX
YPaBHEHUIA MO3BOAUT MOBbLICUTb TOYHOCTb B NMPUKAAAHBIX pacyérax paboumx npoLeccoB CrMpaAbHbIX

MallnH, Npn NpoeKTMpoBaHMN HOBbIX O6pa3LLOB.

KAtoueBble CAOBa: CrMpaAbHbIi KOMMPECCOP, METOAMKA pacyéra, mMaTemMaTuuyeckoe MOAEAW-
pOBaHMeE, MACCOBbIN Pacxos paboyero BeLWecTBa, NPoTeUKU KOMIPUMUPYEMO CPEAbI.

Introduction

Today, in the stream of rapid changes in the
refrigeration equipment market related to
environmental issues, the problem of adaptation or
creation of new types of equipment arises. The
refrigeration scroll compressor, which is so in
demand in many areas of the refrigeration industry,
also requires qualitative changes that allow the use
of new refrigerants in a wide range of temperatures
and pressures. So, the determining factor in the
choice of a refrigeration compressor for operation at
various operating modes is the possibility of smooth
regulation of performance with a change in the
degree of pressure increase of the working fluid,
while maintaining the maximum -efficiency
indicators [1-3].

For the design of such samples, the development
of the most adequate compressor model is required.
Why is the concept of approximation of description
used in the practice of mathematical modeling,
which is characterized by the assumptions and
assumptions adopted in its preparation? The choice
and consideration of the factors affecting the
operation of the compressor requires a balanced
approach and should be based on the task set by the
researcher, since the limited application of the
developed model will depend on this [4—6]. Solved
problems of increasing the efficiency of
compressors of the volumetric principle of
operation, inevitably touch upon the issues of
thermo- and gas dynamics of working processes [7,
8]. The scroll compressor belongs to the volumetric
type of machines and has leaks of the working fluid
due to the contactless coupling of the working
bodies. Working fluid leaks are the dominant losses
that have a significant impact on its characteristics.
So, in a number of studies, attention is paid to the

study of the feed rate, and the expressions obtained
have an important applied nature [9]. However,
statistics indicate a significant percentage of error in
calculating the leakage of a compressible medium
when using conventional techniques based on
traditional approaches that allow the acceptance of
the stationarity of the slot walls and do not take into
account the loaded operating mode of the
compressor. In this case, one has to ask about the
possibility of full-scale use of classical models, or
rather the calculation methods included in them,
taking into account the accepted assumptions, for
various operating modes of the compressor [10—12].
This fact undoubtedly requires an assessment of a
sufficient degree of accuracy of calculations, and at
the same time an analysis of the correspondence of
the system of assumptions to the real processes of
the scroll compressor operation. For this, special
attention should be paid to the thermal and power
factors in the loaded state of the compressor and the
study of the influence of the mobility of the slot
walls on the nature and dynamics of leaks, including
these factors in the mathematical model. Having met
this condition, we will be able to compare the
accuracy of the calculations using various
techniques, identifying the modes with the greatest
discrepancy. Ultimately, expand the scope of the
general model of scroll compressor workflows and
improve its adequacy.

The methodology for calculating the working
processes in the compressor should be built on the
basis of an understanding of the real compression
process, which can be described by a
mathematical model, which is the basis for
developing the methodology. In fact, the
mathematical model reflects the sequential change
in the states of the compressed medium and is, a
set of relationships connecting the characteristics
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of the system states with the system parameters,
initial  information, initial and boundary
conditions in the presence of restrictions imposed
on the functioning of the system; moreover, this
set forms a mathematical object that is in a certain
correspondence with the real system and can
replace this system, so that the study gives new
information about the processes occurring in the
real system, or about the entire real system as a
whole [13]. When simulating the working
processes of positive displacement compressors,
such relationships are the basic equations of
thermodynamics, converted into differential
equations for changing the parameters of the
working fluid in the process. The integrity of the
mathematical model should be considered from
the standpoint of the presence of its constituents,
such as: parameters and characteristics of the state
of the system; background information; initial and
boundary conditions; equations that specify the
set of relationships between the characteristics of
the state of the system and the listed elements of
the mathematical model; information obtained by
means of a mathematical model, etc. [14—16].
Analysis of the methodology for calculating
work processes, as a set of methods and techniques
that give the final result, can be carried out, in
addition to assessing the integrity of the

The first of these equations is the mass balance
equation in differential form, and the second is the
energy conservation equation. The mass flow rate m is
determined by passing the refrigerant through a
diaphragm. To ensure efficient and reliable operation of
the scroll compressor at high casing temperatures
(relevant for SS compressors), it is necessary to provide
certain openings during operation (i.e. after heating the
machine) that cannot be predicted without a
mathematical model of heat transfer from the main
elements of the scroll compressor. In such cases, the
mathematical model of the workflow is complemented
by the mathematical model of heat transfer.

So, from the review of methods of
thermodynamic analysis based on mathematical
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mathematical model, also from the standpoint of
assessing: simplicity and completeness of the
description of the real process; the degree of
closeness to the description of the real process;
limited application and adequacy of the model. In
positive displacement compressors in general and
scroll compressors in particular, work processes are
performed with a variable mass of the working fluid.
This is due to the filling and emptying of the
working cavities in the processes of suction and
discharge, as well as to the overflow of the
compressed substance between the working cavities
through the gaps. There are various approaches to
the mathematical description of work processes in
scroll compressors. In practice, for calculating
processes with variable mass, three types of
differential equations can be distinguished that
describe the change in pressure and temperature in
the considered thermodynamic system.

The paper presents a mathematical model based
on a complete energy balance, which determines the
heat fluxes between the refrigerant being
compressed and the compressor elements used [17].
The complete energy balance has been established,
the control volume method is applied. The work [18]
presents a method for calculating the working
process of a refrigeration scroll compressor, based
on the following equations:

) (1)

modeling of the working process of positive
displacement compressors, it can be seen that the
most promising, differentiated and adequate method
for calculating a scroll compressor is the method of
mathematical modeling of working processes, in the
general case based on the equations of
thermodynamics of a variable mass body and the
equation of state for gas. Considering this
conclusion, first of all, it should be understood that
the integrity of the mathematical model of the
working process of the scroll machine (in particular,
the scroll compressor), in turn, will depend on the
integrity of the mathematical model that sets the
method for calculating the loss of the compressed
medium.
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Methods

Based on the nature of our study, we chose a
comparative method for its conduct, which in this
case has obvious validity. At the first stage of the
study, topical issues are identified in the field of
modeling a scroll compressor, as a special case of
machines of the volumetric principle of action. And
shows the fundamental components of the integrity
of the mathematical model for this area of
knowledge.

At the second stage, we identified the
approaches to the mathematical description of work
processes most used in foreign practice, studied the
reasons for this choice and the composition of the
systems of equations. Because of a generalized
analysis, equations were identified based on the
description of work processes with a variable mass
of the working fluid [19-21].

Having revealed this fact, we proceeded to the
third stage of our work, at which the approaches to
determining the leakage of a compressible medium
in the working area of compressors of the volumetric
principle of action were studied in a similar way. At
the same time, we paid attention to which of these
methods are of a real practical nature, what is the
difference in methods, what is the percentage of
error in the calculations. Together with this, we
considered the issue of the outflow of the working
medium through the movable slot. Note the aspects
of the operating mode of spiral machines, in which
this fact acquires the ability and it should be taken
into account in calculating the leakage of a
compressible substance [22,23].

We classify the slots in the scroll compressor
and provide analytical data on the quality and
quantity of the working substance overflow during
the compression process, i.e., at different orbital
angles of the spiral position. At the last stage, we
analyzed and generalized the revealed facts. We
made conclusions and assumptions.

Results and discussions

To date, a lot of theoretical and experimental
material has been accumulated to determine the flow
rate of the working substance through the gaps of the
working elements of rotary machines. At the same
time, as already seen in relation to the scroll
compressor, the greatest losses from gloves through

the radial clearances, to a lesser extent through the
tangential clearances, the clearances themselves
change during the operation of the compressor from
force and thermal deformations. Moreover, the
deformation of the spiral from gas forces is
incomparably less than the deformations caused by
the heating of the spiral.

The total differential of the change in the mass
of the compressed medium in the working cavity can
be represented:

dm, =dm, ,—dm,_,, 2)

where dmi;; — change in the mass of the
compressible medium in the working cavity,
associated with the overflow of the working fluid
from the leading cavity; dmi.; — change in the mass
of the compressible medium in the working cavity,
associated with the overflow of the working fluid
from the considered cavity. The mass of the
compressible substance flowing in or out of the
working cavity through the slots between the
working elements:

dm; = FW.pdr, 3)

where u; — the coefficient of the flow rate of the
working fluid through the slot; F; is the area of the
passage section of the slot; W; is the adiabatic
outflow rate; p; is the density of the working
substance in the cavity from which the compressible
medium flows out; dr is the period of time during
which the expiration occurs. No generalizing
dependences on the choice of values of the flow
coefficient J¥; for different types of slots at different
parameters before and after the slot have been
obtained so far.

In the design practice of positive displacement
compressors, an equation is most often used to
determine the mass of the overflowing working
substance, which may be of practical interest.

A

m= s (4)

ln(%)z +&E+AX
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rae Py, T;, Py, T, — mapamerpsl pabouero Tena 1o u
mocite mienn; pi=Pi/RT, — mioTHOCTH pabodero
tTema; R — rasosas mocrtossHHas; [ U 0 — IIUHA U
MUHUMAaIlbHAsT BBICOTA MIenu; & — xodddummenT,
YUUTHIBAIOIINI MECTHBIC CONPOTHBIICHHUS Ha BXOJIE
W BbIXOJE W3 LIENH; A — KOA(POHUIMEHT TpeHus
KOMIIPUMHPYEMOTO  TOTOKAa B INeNW;  X-
K03 PUIIMEHT POPMBI HIETH.

This formula takes into account the parameters
of the working substance before and after the slot,
the type of slot, the geometric dimensions of the slot,
the length of the throttling path, the friction of the
compressible flow, the losses at the inlet and outlet
from a sudden narrowing or expansion. The
calculations carried out by many researchers using
this formula, in principle, have good quantitative
agreement with the experimental data [24,25].

When carrying out calculations, the equation is
written in the form:

Table 1 — Type of slot in a scroll compressor

-p), 5)

K = — is the

! \/ln(%)z +&+ A4

dimensionless experimental flow rate.

F =06 -h — cross-sectional area of the slot; / is
the height of the spiral.

The coefficient K, takes into account the
decrease in consumption due to losses during the
movement of the working fluid through the slot.
With known shapes and sizes of the slot, physical
properties and parameters of the working fluid
before and after the slot, the determination of the
flow rate through the slot is reduced to the
determination of the flow rate coefficient K,,.

where

Slit name

Slit configuration

Along the line of contact of the end of the feather of the spiral
with the platform of another spiral (type a)

r

t,
1 L rrrrrrrarrasssr s

=

Along the line of contact of the surfaces of the feathers of the
spirals (type b)

o LA
s ’

Along the line of contact of the end sections of the spirals
(type ©)

Along the line of contact of the end section and the surface of
the feather of the spiral (type d)

Analysis of the literature on determining the
flow rate in rotary compressors, which are the
closest in the type of slots (see Table 1) and the
principle of operation to scroll compressors, showed
that this issue is most fully summarized in work
[26]. The resistance parameter is determined by the
formula:

b-C,

YT R ©
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where Cr is the coefficient of resistance, taking into
account the roughness of the walls of the slot,

determined by the function Cr= f(Re); b is the
depth of the slot.

The determination of the flow rates, according
to [27], is carried out by the approximation method,
which complicates the use of this method in the
numerical solution of the system of differential
equations. The implementation of the considered
methodological approach is carried out in a
computational program and is possible only with
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obtaining the following analytical dependences: the
Cr coefficient on the Reynolds number and the
consumption coefficient Kp on the parameter S,
which, as noted above, are presented in [27] in the
form of graphical dependencies. For this purpose,
these graphs can be approximated by the design
equations presented below. It should be noted that to
improve the accuracy of the calculation, the
dependencies are divided into intervals.

So, the dependence of the Ci coefficient on the
Re number is represented by the following
equations:

R, =42.148+300 — C, =-2.1632-In(R,)+ 18.256,
R, =300+500— C,=12599-R*";
R, =500+2000— C,=100.17-R*"° +0.015;
R, =2000+2500 — C, =0.0166 - R,"**;
R, =2500+10000 — C, =0.4274 -In(R.)— 0.8754;
The dependence of the flow rate K, on the
parameter S when using the specific critical flow
rate of the compressible medium ggp in the
calculation of the Reynolds number is represented
by the following equations:
S=0+5->K,=-0.1078-In(S)+0.4985;
S=5+20—>K,=04443-""7%;
§=20+50—>K,=0.262-5-0.2503-0.001;
§=50+100—K,=0.1037-0.00003 - S;
The dependence of the flow rate K, on the
parameter S when using the specific second flow
rate of the compressible medium ¢ in the calculation

of the Reynolds number is represented by the
following equations:

§=0+0.144>K, =—0.1032-In(S)+0.501;
§=0144+2>K, = 0.5418 -8
§=2+10—>K,=0.6309-S"" —0.002;
S=10+25—> Kp =0.9888 -8 %177 .
§=25+30—>K,=0.6808- §04007
§=30+200—>K, =0.2225.87007% .

This approach, together with the developed
calculation subroutine, can significantly reduce the

time when calculating the working process of the
scroll compressor and eliminate the possibility of
mechanical errors when using graphic material. In a
scroll vacuum pump, in contrast to a scroll
compressor, the flow through the clearances due to
pressure changes can vary from viscous through
transient to molecular. Taking this into account,
when studying foreign works [28,29] in this area, the
proposed general equation, which is equally
applicable for three different flow regimes, may be
of interest. Here, the overflows through the slotted
channel are found using the formula for a flat
rectangular slot, in particular, from the Navier-
Stokes formula for the viscous (laminar) regime:
3 2
_hs, d_p+@.m[i_lj2_p, @
x

O =100 Pax " 2n

kT
where A = —=——— — is the average free path of
NEL p

molecules.

To improve the accuracy, an expression with
three coefficients was proposed, which is presented
in the form:

—C.rs
=- : G0, +
0Os eXp(1_488/J 20,

froefzZe o e

where empirical coefficients C; = 10, C, = 1,86,

o1 i

12n r» dx
2
0, = ho, ~p/1(i—]jd—p.
2n o dx

The disadvantages of this technique include the
fact that the empirical coefficients C;, Cz, Cs were
obtained for slits of specific sizes and geometry. The
possibility of using these coefficients for slots with
other spiral sizes and gaps was not considered. The
presented methods also require solving differential
equations for calculating conductivity.

The most interesting approach was proposed in
[30-32], where a dependence was obtained for
determining the mass flow rate of the working
substance through the slot, taking into account the
wall mobility. Mass flow is presented as

®)

Gs = 1,5, and
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G=—+—q, )

PF
JRT

where 5= f(v,r) is the flow coefficient — a

function determined by numerical methods, which
depends on the ratio of the pressures at the ends of
the slot and the slot parameter U, which is equal to

g 5inRT

or (10)
where / is the length of the channel in the direction
of flow of the compressed medium.

Thus, formulas (9), (10) are applicable only for
a flat rectangular slot. But in works [33, 34] it was
proposed to use this technique for calculating the
mass flow rate of a gas-oil mixture when flowing
through channels of variable cross-section. For this,
the equivalent channel length, determined from the
condition of channel expansion to 44, is substituted
into equation (10) instead of /. An obvious drawback
of this technique is that the transition to an
equivalent channel was carried out by processing
experimental data for the flow of a gas-oil mixture,
which can introduce a significant error in
determining the mass flow rate of a pure working
substance, especially when varying the dimensions
of the channel.

The technique for determining the leakage of a
compressed medium, as the flow of a viscous flow
in slots with movable walls, was further developed
in the works of Pronin V.A. [35,36]. Here, two
mathematical models have been developed for
calculating the flow rate of the compressed medium
through the slots formed by the working bodies of a
single-rotor screw compressor, taking into account
the mobility of their walls. The following were used:
the equation of continuity for the unsteady flow of a
compressible medium, the equation of unsteady
motion of a continuous medium and the equation of
conservation of energy in a form that is valid for a
real gas. When solving the problem, it was assumed
that the height of the slots is small compared to their
depth, and the flow of the medium is laminar
(viscous). This approach gave good agreement with
the experimental data obtained in a wide range of
temperatures and pressures for R717. The validity of
the data should be considered primarily for a single
rotor screw compressor. It should be taken into
account and taken into account the fact that in the

40

region of low pressures the mobility of the walls
affects the flow of the working substance much
more strongly, this is described by the authors in
[37], devoted to rotary vacuum pumps, including
spiral type.

The use of widely known, in compressor
technology, methods for calculating the mass flow
rate of a working fluid in slotted channels, which
were mentioned earlier, in a number of cases can
lead to significant errors. The need to use graphical
dependencies to determine the coefficients included
in the equations and various formulas, depending on
the type of slot, also create inconvenience in
calculations. The graphs shown may not cover the
required pressure ranges. With  different
combinations of radii R;, R, types of slit and gap,
the calculation of the conductivity gives an
underestimation from 10% to 3 times in comparison
with the experimental data. Moreover, the error
grows with decreasing channel length. Analyzing
the leaks through slots of various shapes of rotary
compressors, we can assume an interesting
formulation for calculating the flow rate of the
working fluid through the slots using the
dependence of the friction coefficient on the
Reynolds number.

Conclusion

Thus, we can conclude that at present, in most of
the works devoted to the study of scroll
compressors, a technique is used to calculate the loss
of a compressed medium with the assumption that
the walls of the slot are stationary. However, studies
in some works obtained using the model and its
correlation with experimental data cast doubt on this
assumption. Moreover, one should take into account
the calculation error and the relative laboriousness
of these methods.

Based on the nature of the movement of the
working fluid and its interaction with the working
organs of the scroll compressor during overflows,
we can talk about the presence of both a passing
movement, when the flow rate of the working
substance increases, as well as a counter movement
of the wall and working substance, when its
consumption decreases. If, at the same time, we take
into account the dynamics of the compressor
operation, spiral deformations, which change the
gap during operation, and a number of other factors,
then the quantitative issue of leakages is far from
unambiguous, being very promising for research.
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STUDY OF PHASE FORMATION
IN FE,0,-ND,0,—NDFEO,/FE,0, NANOCOMPOSITES
AS A RESULT OF THERMAL ANNEALING

The aim of this work is systematic study of the thermal annealing effect on the preparation of
nanostructured composites NdFeO,/Fe,O, with a spinel type structure. The interest in these nano-
composites is due to the enormous potentlal of their application as a basis for magnetic devices,
catalysts, and magnetic carriers for targeted drug delivery. As a synthesis method, two-stage syn-
thesis was used, which includes mechanochemical grinding of nanopowders Fe,O, and Nd,O, in a
planetary mill, followed by thermal annealing of the resulting mixture in a Wlde temperature range
600-1000°C. Durlng the studies carried out, it was found that in the initial state the obtained nano-
composites are a mixture of a solid solution of interstitial and substitutional Fe,O, and Nd,O,. At an
annealing temperature of 600°C, the onset of the formation of the NdFeO, phase lS observed which
at a temperature of 1000°C is fuIIy formed and dominates in the comp05|te structure (content more
than 85%). It was also found that during thermal sintering, the processes of phase transformations
of the Fe,0,-Nd,O,—»NdFeO./Fe,O, type are accompanied by an increase in the particle size by a
factor of 1.5-2.

Key words: spinel, Fe,O,-Nd,0,—NdFeO,/Fe,O,, nanocomposites, catalysts, thermal annealing,
phase formation.

E.b. Ermsbex'?, K.K. KaabipxxaHoB'
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Fe,0,-Nd,0,—NdFeO,/Fe,O, HaHOkOMNO3UTTepiHAeri
TEPMMSIAbIK, BHACYAIH, HOTHXKECIHAE (hpa3aAblK, KYPbIAYAbI 3epTTey

BYA >KYMbBICTbIH MaKcaTbl — LIMNMHEeAb TUMTI KypbiAbiMbl 6ap NdFeO, / Fe,O, HaHO Kypbl-
AbIMAbI KOMIMO3UTTEPAI aAyFa TEPMMSIAbIK, OHAEYAIH ©CepiH >XyileAi Typae 3epTrey 60AbIn
TabblAaAbl. BYA HAHOKOMMO3UTTEPre AEreH Kbi3blFyLbIAbIK, OAAPAbl MAarHUTTIK KYPbIAFbIAQPAbIH,
KaTaAM3aTOPAAPAbIH, XX8HE ABpPi-ASPMEKTepAi MakcaTTbl TYPAE XXETKi3yre apHaAfaH MarHuUTTIK
TaCbIMAAAAFbILLTAPAbIH Heri3i peTiHAe KOAAQHYAbIH YAKEH aAeyeTiHe 6aiAaHbICTbl. ByA XXyMbICTbI
CMHTE3 SAICI peTiHAe eKi CaTbiAbl CMHTE3 KOAAAHbIAABI, OHbIH iwiHAe Fe,O, xoHe NdZO3 HaHO
YHTaKTapblH MAAHETapAbIK, AMiIDMEHAE MEXaHOXMMUSABIK YHTaKTay, COAQH KeMiH aAblHFaH KOCMaHbl
KeH TemrnepaTypaAblk, ananasoHbiHAA: 600 — 1000 °C — TepMUSIAbIK KYRAIPY ©TKi3iaai. XKyprisiareH
3epTTeyAep GapbicbiHAa 6acTankbl KylAe aAbiHFaH HaHo komnosutTep — Fe,O, xane Nd,O, eny
JKOHE aAMaCTbIPFbIL KaTTbl €PITIHAI KOcnacbl TypiHAEe 60AaTbiHbl aHbIKTaAAbl. JKoHe Ae eHaey
Temnepatypacbl 600 °C kesinae NdFeO, dasacbitbiH Ty3iAyiHiH 6acTaaybl 6aiikasbin, aa 1000 °C
Temrnepatypasa KOMMO3UTTIH KYPbIAbIMbIHAQ TOABIK, KAAbINTACAAbl )XOHE YCTEMAIK eTeTiHi (Kypambl
85 %-aaH xofapbl) Garkanabl. CoHaaii-ak, TepMUsAbIK KakTay kesiHae Fe,0,-Nd,O,—NdFeO,/
Fe,O, Tunri c.ba3.a/.\bn< TYPAEHY npouecTepi 6OAWEKTEPAIH OAIEMAEPIHIH 1,5 — 2 ece yAFalobIMeH
KaTap XYPEeTiHAIr aHbIKTaAAbI.

Tyitin cesaep: wnuHeab, Fe,0,-Nd,0,—NdFeO,/Fe,O,, HaHOKOMNO3WUTTEP, KaTaAM3aToOpPAap,
TEPMUSIABIK, BHAEY, (Da3aAbIK, KYPbIAY.
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M3yuenne ha3zoo6pa3oBaHus B HAHOKOMNO3UTAX
Fe,0,-Nd,0,—NdFeO,/Fe,O, B pe3yAbTaTe TEepMHMUECKOrO OTXKMIA

LleAblo AaHHOM paboTbl SIBASETCS CUCTEMATUYECKOE M3YUYeHWEe BAUSIHUSI TEPMMUECKOro OTXUra
Ha MOAyYeHMe HaHOCTPYKTYpHbIX Komrosutos NdFeO,/ Fe,O, co WwnMHeAbHOro Tuna CTPYKTYpOW.
MHTepec K AaHHbIM HAHOKOMMO3MTaM OOGYCAOBAEH OrPOMHbIM MOTEHLUMAAOM UX MPUMEHEHUS B
KaueCTBe OCHOBbI AASl MarHUTHbIX YCTPOWCTB M KaTaAM3aTOPOB, a TakXe M MarHUTHbIX HOCUTEAEN
AASl QAPECHONM AOCTaBKM Pa3AMUHbIX AEKAPCTB. B kauecTBe MeToaa cMHTE3a B paboTe MCMOAb30BAACS
ABYX3TarHblii CUHTE3, BKAIYUAIOWMIA B Ce6S MEXaHOXMMMUECKOe MepemMaAblBaHuMe HAHOMOPOLLIKOB
Fe,O, n Nd,O, B naaHeTapHOI MeAbHHLIE, AAAEE C MOCAEAYIOLLIMM TEPMUMUYECKIM OTXKMIOM MOAYYEHHOM
CMecu B LUIMPOKOM Amarna3oHe TemnepaTyp 600 — 1000 °C. B xoae npoBeAeHHbIX MCCAEAOBaHWIA
YCTAaHOBAEHO, UTO B UCXOAHOM COCTOSIHMM MOAYYEHHblE HAHOKOMIMO3UTbl MPEACTABASIOT COB0M CMeCh
TBEPAOrO pacTBopa BHeapeHus u 3amelleHns Fe,O, n Nd,O,. Npu Temnepatype omxura 600°C
HabAlopaeTcs Havyano chopmmposanme dasbl NdFeO,, koTopas npu Temnepatype 1000 °C sBasieTcs
MOAHOCTbIO CPOPMUPOBAHHON M AOMUHMPYET B CTPYKTYpe KOMMo3uTa (coaep>kaHune 6oaee 85 %).
Tak>xe yCTaHOBAEHO, YTO NPU TEPMUYECKOM CrieKaHnu, NpoLecchbl ha3oBbix npespaileHnii Tna Fe,O,-

Nd,O,—NdFeO,/Fe,O, conpoBoxAaI0TCs yBeAnUeHnem pasmepos yactuu B 1,5-2 pasa.
Kaouesble caoBa: wnuHeab, Fe,O,-Nd,O,—NdFeO,/Fe,O,, HaHOKOMNO3WTbI, KaTaAM3aTOPbI,

TEPMMYUECKMI OTKMr, (ha3oobpasoBaHue.

Introduction

One of the promising areas of research in mod-
ern materials science is the study of the kinetics of
phase transformations in nanostructured materials
under the influence of external factors [1-3]. Interest
in this area is due to the need to obtain new data on
the processes of phase formation in nanomaterials,
which have significant differences from bulk ana-
logs, and can also be accompanied not only by phase
transformations and changes in structural character-
istics, but also by significant changes in morpho-
logical parameters, consisting in a change in the
shape of nanoparticles. their density and porosity.
At the same time, in the case of nanostructured ma-
terials, in most cases, the formation of new phases
occurs under significantly different conditions from
similar massive samples [4,5]. This is primarily due
to small particle sizes, which lead to the fact that
a large number of structural metastable distortions
and deformations occur in the structure, which un-
der external factors can lead to an acceleration of
phase transformation processes. In this regard, the
study of such processes, as well as obtaining new
data on the dynamics of phase transformations, as
well as the possibility of obtaining nanocomposite
structures is of great interest not only from a funda-
mental point of view, but also of great potential in
industrial application [6-10].

Among the wide variety of magnetic nano-
structures, structures based on iron oxide doped
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with other magnetic components, such as nickel,
cobalt, or neodymium, are of particular interest
[11-15]. Interest in these types of structures is due
to their unique magnetic properties, which, as is
known, directly depend on the structural charac-
teristics, including the degree of ordering, and
phase composition. Also of interest are spinel-
type structures of the ABO, type, where A is the
magnetic component of the dopant and B is iron
[16-20]. Such structures have great potential for
application not only in biomedicine, as a basis
for magnetic resonance spectroscopy, targeted
drug delivery, but also in catalysis, purification
of aqueous media, magnetic sensors, etc. In this
case, the choice of neodymium as component A
in most cases plays an important role both in the
magnetic performance of nanoparticles and in the
increase in the adsorption capacity of nanocom-
posites, which are increasingly used as adsorbents
or as a basis for catalysts for the purification and
disposal of harmful compounds and heavy metals
from aqueous media. [21-25].

Summarizing all of the above, this study aimed
at studying the dynamics of phase transformations
in nanocomposites Fe,O,-Nd,O,—NdFeO,/Fe O,,
the ultimate goal of which is to obtain spinel-type
NdFeO, structures, is one of the topical trends in the
development of nanomaterials science, and the data
obtained on phase transformations and methods of
obtaining nanostructures NdFeO, can later be used
for semi-industrial applications.
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Experimental part

To obtain NdFeO,/Fe O, nanocomposites, a
two-stage synthesis technique was used, includ-
ing the mechanochemical mixing of two Fe O, and
Nd,O, powders in a planetary mill for 1 hour at a
grinding speed of 400 rpm. The grinding tempera-
ture mode did not exceed 50°C, in order to avoid the
initiation of phase transformation processes during
mixing. The second stage consisted in isochronous
thermal annealing of the resulting mixture in the
temperature range of 600-1000°C in the atmosphere
for 5 hours, followed by cooling together with the
furnace for 24 hours. After annealing, the resulting
nanocomposites were placed in plastic containers to
avoid oxidation and air degradation processes.

The assessment of morphological features was
carried out using scanning electron microscopy im-
plemented using scanning electron microscopy Jeol
7500F.

The dynamics of nanocomposites phase trans-
formations was studied on a D8 Advance ECO
powder diffractometer (Bruker). X-ray diffraction
patterns were recorded in the Bragg-Brentano ge-
ometry, in the angular range 26=20-80° with a step
of 0.03°, Cu-KA=1.54 A.

Results and discussion

Figure 1 shows the results of a study of the mor-
phological features of synthesized nanocomposites,
depending on the annealing temperature. As can be
seen from the presented SEM images of the initial
nanocomposites, after grinding, the structure of the
composites is represented by particles of various
irregular shapes, covered with a thin porous layer,
the presence of which is caused by the processes of
grinding and rubbing. In turn, annealing at a tem-
perature of 600°C leads to the formation of stuck
together fused agglomerates of particles, the size of
which varies from several hundred nanometers to
several microns. The agglomerates themselves con-
sist of particles, the size of which varies from 10 to
30 nm. Further annealing of the samples at a tem-
perature of 800°C leads to the formation of spheri-
cal or sphere-like particles, the size of which varies
from 20 to 50 nm. At a temperature of 1000°C, an
increase in particle sizes to 50-70 nm is observed,
with the formation of large dendritic-type clusters.
In this case, in contrast to the samples in the initial
state, the nanoparticles obtained at temperatures of
800°C and 1000°C have a denser structure, without
visible cracks or porous inclusions, which indicates

a high degree of structural ordering and an increase
in the strength properties of nanocomposites.

The assessment of structural changes, as well as
the dynamics of phase transformations as a result of
thermal annealing, was carried out using the method
of X-ray phase analysis, the results of which are
shown in Figure 2. The general view of the obtained
diffraction patterns indicates a polycrystalline struc-
ture of the synthesized structures, and the low inten-
sity of reflections and their broadened shape indicate
nanoscale dimensions of X-ray diffraction patterns.
At the same time, the general appearance of changes
in diffraction patterns depending on the annealing
temperature, characterized by the formation of new
reflexes, as well as a change in their shape and inten-
sity, indicates the process of phase transformations
as a result of annealing.

During analysis of the initial sample, it was
found that after mechanochemical grinding, accord-
ing to X-ray phase analysis, the structure of the ini-
tial composite is a mixture of two phases: cubic neo-
dymium oxide (Nd,O,) and a rhomboid phase of he-
matite (Fe,0,) in a content close to 1:1. At the same
time, the position and shape of diffraction reflexes
for both phases is characteristic of highly disordered
structures with a high content of an amorphous-like
fraction. This type of structure, characteristic of an
interstitial or substitutional solid solution, is most
likely for the selected synthesis conditions, and the
high content of the amorphous fraction is caused
by the grinding processes and partial destruction of
phases during the synthesis.

The most characteristic method for increasing
the crystallinity degree, as well as for the forma-
tion of spinel structures of the NdFeO, type, is the
method of thermal annealing, which makes it pos-
sible not only to increase the degree of structural
ordering, but also to initiate phase transformation
processes. Analysis of the obtained diffraction pat-
terns of samples under study annealed at a tempera-
ture of 600-1000°C showed that with an increase in
temperature, the main changes in the diffraction pat-
terns are associated with the appearance of new re-
flections at 20=24-26° and 20=33-36°, the intensity
of which increases with an increase in temperature.
At the same time, the main peak at 20=33-34° is
shifted and divided into two maxima characteristic
of the NdFeO, and Fe,O, phases. At an annealing
temperature of 600°C, the onset of the formation of
the NdFeO, phase with the partial displacement of
the Nd,O, phase is observed (see Figure 3). An in-
crease in the annealing temperature to 800°C leads
to the complete transformation of the Nd,O, phase
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into the NdFeO, phase, with the presence of the
Fe,O, phase, the content of which is no more than
25%. This transformation occurs due to the fact that
under the influence of temperature, an increase in
thermal vibrations of the lattice, as well as anneal-
ing of point defects, leads to the processes of the
incorporation of iron into the lattice sites of Nd,O,
with the subsequent formation of the orthorhombic
phase NdFeO, of the spatial system Pnma(62). The
complete formation of the NdFeO, phase occurs at a
temperature of 1000°C, with a small content of the
hematite phase (no more than 11%). As is known
from the literature [26,27], the hematite phase is re-

e 100 nm

e |00 nM

©)

sistant to annealing in the temperature range 600-
1000°C, which is characterized by the processes of
thermal annealing of point defects and vacancies. In
this range of annealing temperatures, the hematite
structure is ordered and becomes stable. In this case,
the NdFeO, phase in its structural formula is close to
the hematite phase, with only one difference, which
consists in the substitution of a neodymium atom
for an iron atom. Therefore, the observed structural
ordering, characterized not only by a change in the
shape of the diffraction lines, but also by a decrease
in amorphous inclusions, indicates the annealing of
defects and the formation of stable phases.

e 100 nm

e |00 NM

d)

Figure 1 — SEM images of the studied nanocomposites: a) Pristine sample; b) 600°C; ¢) 800°C; d) 1000°C
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Figure 2 — X-ray diffraction patterns of the studied nanocomposites depending on annealing temperature

Figure 3 shows the results of changes in the  to this diagram, it can be seen that the main pro-
phase diagram of nanocomposites calculated on  cess of phase transformations can be written as
the basis of the obtained X-ray data. According follows:

Fe,0,/Nd,0, —*< 5 Fe,0,/Nd, O, | NdFeO, —**< 5 NdFeO,(Fe,0,)

100+
—a— Fe203
e Nd203
75 —4— NdFeQ,
2
¢ 504
0]
®
L
o
254
0 T T T T T T T T T T T T T 1
Pristine 600 800 1000

Temperature, °C

Figure 3 — Dynamics of phase transformations
as a result of thermal annealing
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Structural parameters such as crystal lattice pa-
rameters, crystallite size, dislocation density and de-
gree of crystallinity were calculated on the basis of

Table 1 — Crystallographic data

the obtained X-ray diffraction patterns. The results
of these crystallographic characteristics are present-

ed in Table 1.

Parameter Phase Pristine 600°C 800°C 1000°C
Fe.O a=5.04646, a=5.02568, a=5.00498, a=4.99615,
273 c=13.78934 c=13.72175 c=13.65987 c=13.63564
Crystal lattice Nd,O, a=11.03509 a=10.99398 - -
parameter, A a=5.59723, a=5.57638, a=5.57638,
NdFeO, - b=7.740217, b=7.70840, b=7.68573,
c=5.43482 c=5.41883 ¢=5.40927
Crystallite size, nm 10.6+1.1 12.9+1.4 25.4+2.2 44.943.1
Dislocation density, 10 cm™ 8.89 6.01 1.55 0.49
Crystallinity degree, % 74.3 76.1 84.7 87.9

From the data presented in Table 1, it can be
seen that thermal annealing leads not only to the
processes of phase transformations, but also to the
ordering of the structure due to a decrease in dis-
location density, an increase in the size of crystal-
lites, as well as an increase in the crystallinity de-
gree, which indicates a decrease in amorphous and
disordered inclusions in the structure of annealed
composites.

Conclusion

The paper presents the results of the study of the
dynamics of phase transformations and changes in
the morphological and structural features of the syn-
thesized Fe,0,-Nd,0,—NdFeO,/Fe,O, nanocom-
posites as a result of thermal annealing. Scanning
electron microscopy and X-ray phase analysis were
used as methods for characterization. During experi-
ments carried out, it was found that the formation of
the NdFeO, phase begins at a temperature of 600°C,
followed by ordering and dominance at higher tem-
peratures. It has been determined that the formation

of the NdFeO, phase leads to an increase in the de-
gree of structural ordering, a decrease in amorphous
inclusions, and an increase in the grain size. Analy-
sis of the morphological features showed that an in-
crease in the annealing temperature leads not only
to an increase in the grain size with the formation
of large agglomerates of a dendritic structure, but
also to a significant ordering of the grains, which
indicates an increase in their density.

The obtained data on the dynamics of phase
transformations can be used further as a basis for
the development of a technology for the production
of magnetic nanocomposites on an industrial scale.
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PACCMOTPEHUE BAUAHNA CAMOATPETUPOBAHUA
B HAHOPA3MEPHbIX KAACTEPAX CDS

KBaHTOBble TOUKM, TakMe Kak CyAbuaa kaamms (CdS), 9BASIOTCS NMOAYNPOBOAHMKOBBIMU HAHO-
KpUCTaAAaMM, KOTOpPble OOAQAQIOT YHMKAAbHbIMM OMTUYECKMMM CBOWMCTBaMM, BKAIOYas BO30OYyxAe-
HMe B LUMPOKOM AMamna3oHe, nepecTpavBaemble MO pasmepy Y3KMe CreKTPbl U3AYYEHWS U BbICOKYIO
poToCTabUABHOCTb. Pasmep M COCTaB KBAHTOBbIX TOYEK MOXHO BapbMpOBaTb, UTOObI MOAYUUTb
)KeAaemble CBOMCTBA U3AYUEHUS U CAEAATb MX MPUTOAHBIMM B PAa3AMUHBIX OMTUUYECKMX U GUOMEANLIMH-
CKMX MPUAOXKEHMSX. B AQHHOM CcTaTbe METOAAMM KOMMbIOTEPHOrO MOAEAMPOBAHMS Ha OCHOBE TEopUmn
YyHKUMOHAAQ MAOTHOCTM C CUAbHOM cBsiblo (DFTB) paccmMoTpeHO BAMSIHME camoarpernpoBaHus
Ha AEKTPOHHblE CMEKTPbl MOFAOLEHMSI M HA AMMOAbHBI MOMEHT B HaHouacTuuax CdS. O6bekTom
MNCCAEAOBAHUS SIBASIOTCS YeTbipe CTPYKTYpbl CdS 1 ABE MOAEAM arperMpoBaHHOrO AMMEPA AAS KaXKAOFO
KAacTepa. [ocTpoeHne AMMEPOB KAACTEPOB CYyAb(MAA KAAMMS NOKA3aA0, UTO MOXKHO A0OUTbCS 6Goaee
BbICOKOrO YPOBHS$ MAaCCMBMPOBAHMSA B CPABHEHMM C MCXOAHBIMM MOHOMepamu. [1pn 3ToM noctpoeHune
ANMEPOB AOAYKHO NMPOUCXOANTb BAOAb HAMPABAEHWUS AMMOABHONO MOMEHTA MOHOMEPA C LIeAbIO ero
MUHUMM3AUMK. [1O3TOMY MOXKHO MPEAMOAOXKMWTb, YTO AMMOAbHbLIA MOMEHT UIpaeT KAIOYEBYIO POAb
B (pOPMMPOBAHMM AOKAAM30BaHHbBIX COCTOSIHMIA B HaHOPa3MepHbIX KAacTepax CyAbdMAa KaAMUS U
3aAa4a NaCCMBMPOBAHMS CBOAMTCS K MUHMMM3aLIMM AMMTOABHOIO MOMEHTA.

KAtoueBble caoBa: kaactepbl CdS, metoa DFTB, camoarpervpoBaHusi, NaCCMBUPOBAHMS, AMMOAbHbIN
MOMEHT.
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Consideration of the effect of self-aggregation in nanoscale CdS clusters

Quantum dots, such as cadmium sulfide (CdS), are semiconductor nanocrystals that possess unique
optical properties, including wide-range excitation, size-tunable narrow emission spectra and high pho-
tostability. The size and composition of quantum dots can be varied to obtain the desired emission prop-
erties and make them suitable for various optical and biomedical applications. In this article, the effect
of self-aggregation on the electronic absorption spectra and on the dipole moment in CdS nanoparticles
is considered using computer modeling methods based on the density functional tight-binding (DFTB).
The object of the study is four CdS structures and two models of an aggregated dimer for each cluster.
The construction of dimers of cadmium sulfide clusters showed that a higher level of passivation can be
achieved in comparison with the initial monomers. In this case, the construction of dimers should occur
along the direction of the dipole moment of the monomer in order to minimize it. Therefore, it can be
assumed that the dipole moment plays a key role in the formation of trap states in nanosized clusters of
cadmium sulfide, and the problem of passivation is reduced to minimizing the dipole moment.

Key words: CdS clusters, DFTB method, self-aggregation, passivation, dipole moment.
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CdS HaHoeALLeMA] KAacTepAepiHAE O3IHAIK arperauusAayAblH 9CepiH KapacTbipy

Kaamuit cyabduai (CdS) cusakTbl KBAHTTbIK, HYKTEAEp — OYA epeklle ONTUKaAbIK, KacueTTepre ue,
OHblH, iWiHAE KEH AMana3oHAaFbl KO3Y, OALLIEMI PETTEAETIH Tap SMUCCUSAbIK, CMIEKTPAEP XKBHe XOoFapbl
oTOCTabUAbAIAIK CeKiaal KacueTTepi Gap >KapTbiAai eTKisriw HaHo Kpuctaaaap. CayAeaeHyAiH
KQKETTI KacueTTepiH aAy YIUiH >K8HE OAapAbl SOPTYPAI OMTUKAABIK, >XOHe OGUMOMEAMLMHAADIK,
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PaccmoTpenue BIUSAHIS CaMOarperupoBaHys B HAaHOpa3MepHbIX knactepax CdS

KOCbIMLLIAAAPAA KOAAAQHYFA >KapamAbl €Ty YIUiH KBaHTTbIK, HYKTEAEPAIH MOALlepi MeH KypambiH
e3reptyre 60Aaabl. bya Makaaaaa kywuTi 6arAaHbIChbl 6ap ThiFbI3AbIK, (yHKLMOHaAbI (DFTB) TeopusicbiHa
HEri3AEAreH KOMIMbIOTEPAIK MOAEAbAEY SAICTEPIH KOAAAHA OTbIPbIMN, ©3iHAIK arperaumsianayAbiH CdS
HaHOOBALIEKTEPIHAETT SAEKTPOHADIK, XKYTY CMEKTPiHE K8He AUMOAb MOMEHTIHE acepi KapacCTblPbIAAbI.
3epTTey HbicaHbl TOPT CdS KypbIAbIMbI XKOHE 8P KAACTep YLiH OipiKTipiAreH AMMEPAIH eKi MOAEAT BOAbIM
Tabblraabl. KaaMuin cyAbUAIHIH, KAAQCTEPAIK AMMEPAEPIHIH, KYPbIAbICbI 6acTankbl MOHOMEPAEPMEH
CaAbICTbIDFAHAQ MACCUBALMSIAQYAbBIH, XKOFapbl AEHreiHe KOA >KeTKi3yre 6O0AATbIHAbIFbIH KOPCETTi.
ByA >XaFparaa AMMEPAEPAIH KYPbIAbICbI MOHOMEPAIH AMMOAb MOMEHTIHIH MOHIH a3alTy YLUIH OHbIH
GarbiTbl 6oMbIHILA >XYPYi Kepek. COHAbIKTAaH AMMOAb MOMEHTI KaAMMI CYAb(MAIHIH HaHO OALLEMAI
KAQCTEPAEPIHAE AOKAAM3ALMSAAAHFAH KYMAEPAIH KAAbINTACYbIHAQ LIELLYLLT POA aTKapaAbl Aen 6oAXKayFa
60AaAbI XXOHE MacCMBaLMS MIHAETI AUMOAb MOMEHTIH TOMEHAETYre GarbITTaAaAbI.

Ty#in cezaep: CdS kaactepaepi, DFTB aaici, ©3iHAIK arperaumsiaay, naccmsaums, AMNOAb MOMEHTI.

BBenenue

B nmocnexnue aBa necATUAETHS MOITYyTPOBOIHH-
KOBBIE HaHOPAa3MEPHbBIE KPUCTAJUIBI CTAIH OJHUMU
U3 IHPOKO HMCCICTYEMBIX OOBEKTOB C OOJBITAM
MIOTEHLIUAJIOM PUMEHEHUH B COBPEMEHHBIX TEXHO-
JIOTUSX 3a CUET CBOMX ONTHUYECKUX CBOMCTB. Cpe-
1 MHOTHX KOJUIOMIHBIX IMTOIYTIPOBOJHHKOB HAHO-
kpuctamoB CdS mpuBiek 3HAYUTENBHBI UHTEPEC
M3-32 IMUPOKOTO CIEKTpa MPUMEHEHUH, TAKHX KaK
(hoToanexkTpuaeckue ceHcophl [1-4], cBeTOTMOIBI
[5-8], mazepsr [9-11], Ouomapkepsi [11-15]. ITpume-
yatenbHO, 4yTo CdS sgBIsieTCS OMHUM U3 HamOoJjee
3 PeKTUBHBIX (HOTOMPOBOMANIUX CEHCHOMIH3ATO-
POB M3—3a COOTBETCTBYIOLIEH ONTHUYECKOW 3ampe-
mieHHo 30861 2,42-2.45 53B. Kpome Toro, cynbhua
KaJaMusi HanOoJjee CyIIeCTBeHHO U3yUYEeHHBIA HaHO-
KpUCTAJUTMUECKUH MOTYIPOBOJHHUK HE TOJIBKO U3-3a
€ro TIOAXOMAAIIEH SHEPTUH 3alpEeIeHHON 30HBI, HO
Y U3-32 YHUKAJIBHBIX ONTHYECKUX CBOMCTB, 3aMeya-
TEJNLHON CTaOWJIBHOCTH M MPOCTOTO TMpolecca IMo-
myderusi. OTHAKO B pealbHBIX HAHOKPHCTAIIaX MO-
T'YT BO3HUKATh HEKOTOPHIE JIOKATH30BAHHBIE COCTO-
sTHUSL B 00JIaCTH 3alpelieHHON 30HBI, IPUBOASALICH
K 3aXBaTy HOCHTEJEH 3apsaa, KOTOPbIe TOHWKAOT
KBaHTOBBIN BBIXO]I CBEUEHHS MOIYIPOBOTHUKOBOTO
HaHokpucTtayuia. CuuTaeTcs, 4To NMpUInHa GOPMHU-
pOBaHHA JIOKAJM30BAaHHBIX COCTOSHHUM — TOBEPX-
HOCTHBIE nedekTsl [16,17], Takue kak 00OpBaHHBIC
CBSI3M TIOBEPXHOCTHBIX aTOMOB WM HPHUMECHBIC
ATOMBI.

OpHako HAK TOPEABIAYIINE  PEe3yJIbTaThI
[18,19] ¢ mpumenenuem npubmkenus DFT s
HeOompmuX KiactepoB CdS mokasanu, 9To TUTIOINb-
HBbII MOMEHT HaHOPa3MEPHBIX KPUCTAJUIOB CKOpee
UTPaET BAXKHYIO POJIb B 00pa30BaHUU JIOKATU30BaH-
HBIX COCTOSIHHIA, YeM CaMU MOBEPXHOCTHBIE Ae(]eK-
Thl. B maHHOW paboTe MBI PacCMOTPENH BIUSHUE
JUTIOIHHOTO MOMEHTa Ha (hOpMUPOBAHUE JOKAIH-
30BaHHBIX COCTOSIHUM B OTHOCHUTEIHHO OOJBIINX
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kBaHTOBBIX Toukax CdS ¢ momorsio Metona DFTB.
Kax oguH M3 METOI0B M3MEHEHHS JUIOJIHLHOTO MO-
MEHTa MBI BEIOpaIM METOH CaMOarperupOBaHUA.
Jns 3TOro MBI paccMOTPENH YEThIpE CTPYKTYPHI
0 6- 3+
(S (G e oo arpeimosariors
28713 36
IMepa T KaKIOTo KiacTepa, KOTOphle OBIIN I10-
CTPOCHEI 10 HAIPABJICHUIO JUIOJLHOTO MOMEHTA
OCHOBHBIX CTPYKTYP.

MeToauka pac4yeTron

Jns pacueTroB mcnoib3oBaiics MeTon (pyHKITH-
OHaJla TIOTHOCTH ¢ cuibHOU cBsa3bio (DFTB) [20-
23], KOTOpBIii 0COOEHHO XOPOIIO MOIXOMUT IS
pacdera 3IEeKTPOHHBIX CTPYKTYP OONBIIUX CHCTEM
(10 HECKOIBKO THICSY aTOMOB) WJIH JJISI CUMYJIHPO-
BaHUs AMHAMHUKH Ha OOJIBIIIOM BPEMEHHOM IpOMe-
xKyTke. DFTB pacuer npousBoamiIcs B mporpamm-
HOM makere demon, Ha BHICOKOTIPOU3BOANUTEIEHOM
BBIYUCIUTEIBHOM pecypce B TeXHHYecKOM yHUBEp-
curere JlpesneHa.

Jist KaKIoro KiacTepa pacCUUTHIBAIOCH Mall-
JIUKEHOBCKOE pAaCIpelleiecHne 3apsiiOB, HA OCHOBE
KOTOPOTO TMPOBOAMJIICS PACUET AUTIOIFHOTO MOMEH-
Ta [24]. 3apsg kIacTepoB BO BCEX pacyeTax OIpeie-
JsUICA TI0 cneayromier gopmyne q = 2x(g-j) — k mas
KJIactepa ¢ oOrmmieil dhopmMynon [Cngj(SH)k]Cl [25].
Bo Bcex paccMOTpPEHHBIX CTPYKTypax UCHOJb30Ba-
Jlach BIOPLMTOBAs KpUCTaTMueckas pemerka CdS,
MMOCTPOEHHAS 110 SKCTIEPUMEHTAIFHBIM JTaHHBIM.

Pe3yabTaTthl u 00cy:KkaeHust

s pacCMOTpEHHUsT BIMSHHUS CaMOarrperu-
pOBaHMS Ha 3JICKTPOHHBIC IMEPEXO0Jbl B HaHOpPa3-
MepHBIX kiactepax CdS ObUT MpoBEAEHBI pacdyeThl
ONTUMHU3UPOBAHHON CTPYKTYpPhl M 3JEKTPOHHOIO
cnekrpa mornomenus  knacrepa  [Cd,S SH,]
(pucyHok 1).



AM. Acus0ekoBa u IIp.

a) — crpykrypa [Cd,S SH.]; 6) — crpykrypa [Cd,S,SH,,]*; B) — cTpykTypa [Cd,S.SH ]

Pucynok 1 — OnTuMU3HpOBaHHEIE CTPYKTYPBI M UX JTUITOTEHBIE MOMEHTEI

Ilocne ompenesneHus HampaBiICHUS M BEJH-
YHHBI JTUIOJBHOTO MOMEHTa CTPOMJIACh MOJIENb
arperupoBaHHOrO JAMMEpa KiacTepa IO HaIlpas-
JICHUIO IUIIONBHOTO MOMEHTA C LENbI0 MUHUMHU-
3allU¥l JTUTIOJIBHOTO MOMEHTa Jaumepa. Takum o0-
pasoMm, ObUTM TONydYeHBl JBa BapHaHTa AUMEpa
[Cd,S,SH ,]* u [CdS,SH ], cTpyKTypbl KOTOPBIX
ONTHMHU3HUPOBATHNCH (pUCyHOK 1). B mepBom Bapu-

aHTE JOTOJIHUTENIBHBIN aTOM Cepbl UCIIOIb30BAJICS
KaK MOCTHK JiIsT 00pa30BaHMs CBSI3U BIOJb HAIIPaB-
JICHUS BEKTOpa JUMOIBHOTO MoMeHTa. (st 000-
HX BapHaHTOB JUMEPOB PACCUHTHLIBAINCH DHEPIHH
MEPBBIX DJIEKTPOHHBIX IEPEXOJ0B M THITOJIBHBIE
MOMEHTHI. J[aHHBIE PACUYETOB AIEKTPOHHBIX CIICK-
TPOB U JAMITOJBHBEIX MOMEHTOB IIPEICTAaBJIEHbI B Ta-
onune 1.

Ta6auua 1 — Paccunrannsie ansa xaacrepos [Cd,S SH ], [Cd S.SH 1> u [Cd,S,SH,,] sHepruu nepsrix nepexonos E, u ux cuna

OCHWIIIIATOPA f, a TaK K€ JUIOJbHBIE MOMCHTEHI L

Kracrep E, (3B) f p (K m)
[Cd,S,SH,] 2,827 0,0049724 8,12x10%
[CdS.SH 1> 4,609 0,0303504 0,85x10%
[Cd,S,SH ] 2,699 0,0018141 0,20x10%

Kak BumHO m3 Tabmmier 1, arperupoBanHme
MPUBOJUIIO K MOHWKEHHUIO AUMOIHHOTO MOMEHTA.
[pu dpopmuposanuu aumepa [CdS.(SH) ,]* ge-
pe3 JOMONHUTENbHBI aTOM cepbl TOMHUMO MOHH-
JKEHUS! JUMOJBHOTO MOMEHTa MPOUCXOAMIO MO-
BBIIIEHNE SHEPTUHU [IEPBOTO IEPEX0/1a C yBeIHUe-
HUEM €ro CHJIBl OCHMIUISITOpPa. DTO YKa3bIBaeT Ha
TO, YTO JAaHHBIH BapHaHT JUMepa Jy4lle IMacCcH-

BHPOBaH, 4eM Mcxoanbii kmacrep [Cd,S (SH),].
C npyroi#t cTopoHbl, (OpPMHpPOBaHHE arperupo-
BanHoro aumepa [Cd.S (SH),,] conposoxna-
J0Cch HEOONIBIIUM MOHIKEHHEM SHEPTHH IIePBOTO
nepexojia B CpaBHEHUHU C UCXOAHBIM MOHOMEPOM
[Cd,S,(SH)(], uTo ykaspiBaeT Ha OOJBIIYIO Be-
POSITHOCTE (OPMHUPOBAHUS JOKATH3OBAHHBIX CO-
CTOSIHMM B naHHOM nuMmepe. OIHAKO, YYWUTHIBas

53



PaccmoTpenue BIUSAHIS CaMOarperupoBaHys B HAaHOpa3MepHbIX knactepax CdS

KBaHTOBOpa3Mepbld 3 (HEKT MOXKHO MPEANoo-
KUTh, YTO MIPHU BJABOE OONBIIEM pa3Mepe JAuMepa
[Cd,S,(SH),] B cpaBHEHHH C UCXOJHBIM KIIacTe-
pom [Cd,S (SH),] nx pasnuna B sueprun E, mo-
JKET CUYUTAThCA He3HAuyHTeNbHOH. TakmMm oOpa-
30M, 00pa3oBaHue AMMEpPa B HAIPaBJICHUU TTOHH-
KEHUS JUTMOJHPHOTO MOMEHTAa MOXET MPUBOJUTH
K 3HAYUTENHbHOMY MOHIKEHUI0 (HOPMHUPOBAHUS
JIOKQJIN30BAHHBIX COCTOSHUU.

Jis cpaBHEHUS KauecTBa MMACCUBUPOBAHUS JH-
MEpPOB W HCXOJHOTO KIIacTepa Ui BCEX CTPYKTYP
Hamu ObUta paccuutaHa BenuuuHa E, X n, rae n,
KOJIMYECTBO WHTCHCHBHBIX IEPEeX0MIOoB (OoIbImas

CHJIa OCIMIIIISITOPA) Cpeau MepBbiX 10 3MeKTpoHHbBIX
nepexonoB. JIokann30BaHHbBIE COCTOSHUSI XapaKTe-
PHU3YIOTCSI MaJIOM BEPOSTHOCTBIO I1EPEX0Jia B 3JIEK-
TPOHHBIX Iepexojax M Manoil sHepruei. Ilos-
TOMy veM Oonbuie BenmuduHa E, % n, Tem y4mie
MacCUBUPOBAHNWE W MEHbIIE BEPOSTHOCTH (OPMH-
POBaHUsI IOKaJIM30BaHHBIX cocTosHui. Y HaobopoT,
yeM MeHbpiie E, X n. TeM 0osblue BEPOATHOCTH
00pa3oBaHMs TIyOOKO JEXAMUX JOKAIN30BAHHBIX
cocrosiuil. Ha pucynke 2 mpexacrtaBieH rpaduk
3aBUCUMOCTH E| X n_OT IMIIOIBLHOIO MOMEHTA JUIs
[Cd,S,(SH),]° u ero arperupoBaHHBIX CTPYKTYp
[Cd,S,(SH) ,]*, [CdS,(SH) ,]°.

Pucynok 2 — 3apucumocts E| X n, OT IUMOILHOTO MOMEHTA B KJIACTEPE
[Cd,S (SH),]’ u ero arperupopannbix ctpykryp [CdS,(SH) ]*, [Cd,S,(SH) ,]°

Kak BugHo w3 pucyHka 2  KIacTep
2-
[Cd,S,(SH) ,]* nemMoHCTpUpPYET HaUIYUIIYIO CTE-
MIeHb NTACCHBUPOBAHUS MPH MaJOM 3HAYCHHUHU JIU-
nonpHoro momenta. Kmacrepw [Cd,S (SH),]’ u
0

[Cd,S,(SH),]° meMOHCTPUPYIOT NPUMEPHO OJH-
HakoBoe 3HadeHue E, X n. Omnako, y4uThiBas
KBaHTOBOpa3MepHHI 3 dexT u BIBoe OoNbIINN
d.S.(SH),,1° -
pasmep numepa [Cd,S,(SH),1°, MoxHO yTBEpXK
IaTh, 9YTO 3TOT JUMEP MPOSIBISIET O0siee BEICOKYIO
CTENCHb MNACCUBHUPOBAHHUS TPH 3HAYUTEIHHO
MEHBIIEM JUIOJIHPHOM MOMEHTE B CPAaBHEHUH C
ucxoxueiM  MoHomepom [Cd,S (SH),]°. Taxum
00pa3zoM, MOKHO CJIeTIaTh BBIBOJI, YTO TIOHMIKEHUE
JUIOJBHOTO MOMEHTa 3a cueT (HOpPMHpPOBAHUSA
IUMepa MOXKHO HCITOJIB30BaTh KaK METO]| IacCH-
BHPOBAHUS HAHOPa3MEPHBIX KJIACTEPOB CyIbhuaa

KaJMHUSL.
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Hanee anst paccMOTpeHUs BIHSIHUSI camoarpe-
THUPOBaHUsSI HA DJICKTPOHHBIC TIEPEXO0/Ibl B HAHOPA3-
MepHBIX kiactepax CdS ObUT MpoOBEAEHBI pacdyeThl
ONTUMHU3UPOBAHHOW CTPYKTYPBI U 3JIEKTPOHHOTO
cnekTpa nornomenus knacrepa [Cd,S (SH) ,]*.

OnpeieuB HAMTPABICHNE U BEITHYUHY JHIONb-
HOI'O0 MOMEHTa ONTHMM3UPOBAHHONH CTPYKTYPHI
(pucyHOK 3) cTpowmsack MOJENb arperupoBaHHOTO
JUMepa KiacTepa 10 HampaBlIeHHIO JTUTOIBHOTO
MOMCECHTA C LCJIbI0O MUHUMH3AllUNU JUITIOJBHOI'O MO-
MeHTa. Takum 00pa3om, ObLI MOMYYECH OJMH Ba-
puant numepa [Cd.S (SH),,]'*. B atom Bapuante
auMepa JBa ofMHaKoBbIX kiacrepa [Cd,S (SH),,1*
OBLTH PaCMOIOKEHBI TaK, YTO BEKTOPA TUIONBHBIX
MOMEHTOB ObUIM HampaBJIeHBI JPyT Ha Apyra. JlaH-
HBIC paCyY€TOB JJICKTPOHHBLIX CIICKTPOB U AUIIOJIb-
HBIX MOMEHTOB TIPE/ICTABIICHBI B TaOMHIIE 2.
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a) — crpykrypa [Cd,S (SH) ,1%; 6) — cTpykTypa [CdS,(SH),,]"™

Pucynox 3 — Onrumusuposannsie crpyktypst [Cd,S (SH) ] u [Cd,S,(SH),,]" 1 ux qunonbHbIe MOMEHTBI

Ta6auua 2 — Paccunrannsie ans knacrepos [Cd,S (SH),,1% u [Cd.S,(SH),,]"*aHepruu nepsrix nepexonoB E, u ux cuna ocuumis-

Topa f, a Tak e AUTOIbHBIC MOMEHTHI |l

Kuacrep E, 3B) f u (Kt m)
[Cd,S,(SH),,]* 0,153 0,0000179 2,645997x10%
[CdS,(SH),,]"™ 5,164 0,0963374 0,970712x10%

Kak BugHO U3 TaONUIB! 2, arperupoBaHue MpH-
BOJMJIO K TIOHM)KEHHIO TUIIOJIBHOTO MOMeHTa. [1pu
(opmuposanuu gumepa [Cd,S,(SH),,]'* uepes mpo-
THBOIIOJIOKHOE HATIPABIICHUE TUTTOJIbHBIX MOMEHTOB
MOHOMEPOB TIOMUMO TTOHW)KEHHS OOIIETO JUTIOJb-
HOT'O MOMEHTA MPOUCXOJIUIO 3HAYUTEILHOE TIOBBI-
IICHHE SHEPTUH NEPBOTO Mepexo/ia. ITO yKa3bIBaeT
Ha TO, YTO JIAHHBIA BapHaHT JUMepa 3HAYUTEIHHO
Jydille TMACCHBUPOBAH, YeM WCXOJHBIA KiacTep
[Cd,S,(SH),,]*. K ToMy 3Ke, y4uTbIBasi KBAHTOBO-
pa3MepsIil 3QPEKT MOKHO TPEIIOIOKHUTE, YTO IPU
BaBOe Gombmiem pasmepe aumepa [Cd S (SH),,]' B
CpaBHEHHHM ¢ McXoaHbIM Kinactepom [Cd,S (SH), 1>
3HAQUUTENIBHO JIyYllas IacCHBAIMs JOCTHIAeTCs,
YeM 3TO YKa3bIBAaeT TOJLKO Pa3sHHIA BENWYMH E ,
XOTsl W 3Ta pa3HHIA Beiauka. Takke BHUIHO, YTO B
ciyyae auMmepa BenuuuHa f Takke 3HAYUTEIHHO
Oonplie, 4YeM B ciy4ae HCXOJHOTO MOHOMEpa ¢
OOJIBIIUM JIUTIONILHBIM MOMEHTOM. Takum oOpaszom,
oOpa3oBaHMe AMMeEpa C MOHWKEHHEM JUTOIBEHOTO
MOMEHTa MOXET TPUBOJUTHh K 3HAYUTEIHHOMY
HNOHIKCHUIO BEPOSTHOCTH (POPMHUPOBAHHUS JIOKa-
JIM30BaHHBIX COCTOSHUH.

Hns xnacrepa [Cd, S, (SH), I’* 6bina paccuu-
TaHa ONTUMHU3UPOBAHHAs TeOMETpUsi (PHUCYHOK

18), ompezneneHa BeTUYMHA TUTMIOJIBHOTO MOMEHTA
U JHEepruu mepBbiX 10 3JIEKTPOHHBIX MEPEXOJIOB.
Brons HampaBieHHsT BEKTOpa JUIOJNBHOTO MO-
MeHTa OBLIO TPOM3BEICHO IOCTPOEHHE BTOPOTO
AHAJIOTMYHOTO KOMIUIEKCA C IICNbI0 MMOHUKCHUS
JIIIOJILHOTO MOMEHTA B arrperipoOBaHHOM JIUME-
pe xnacrepa [Cd,,S, (SH), J’". B pesynbrare ObLi
noiyden aumep [Cd,,S, (SH), ] Taxxe Obu1 mo-

nyyen apyroét mumep [Cd, S (SH),]*" o6paso-
BaHHBI Yepe3 100aBJIEHHE CBSA3BIBAIOIIETO aTOMa
KagMHs BAOJIb JIMHUM COEAWHEHHUS 2-X KIIACTEPOB
[Cd,S,(SH), ’* (mo HanpapieHHIO JHUIOJIBHO-
ro MoMeHTa). [lng AByX BapHaHTOB AMMeEpa ObUIH
paccuuTaHbl ONTUMHM3UPOBAHHBIE CTPYKTYPHI (pH-
CYHOK 4), IUTTOJIbHBIE MOMEHTHI M DHEPIHH JJICK-
TPOHHBIX TepexoaoB. [lomydyeHHbIe AaHHBIE IS
SHEPIUi NEPBBIX JJIEKTPOHHBIX MepexonoB E, ux
cuibl ocrmuiiTopa f W AWMOTBPHBIX MOMEHTOB
MpeJCTaBJICHBI B TabuIle 12.

Pesynprarel npeacraBieHHble B Tabnuue 12 mo-
Ka3bIBAIOT, 4TO B ciydae aumepa [Cd,, S, (SH),, ]
BeMYMHa B, HEMHOTO MOHMKAETCSA B CPABHEHHH C
ucxonHeiM MoHomepom [Cd,, S, (SH), I**, HO 1ipm
stom yBenmunBaercs f. [IpuHMMas Bo BHUMaHHE
KBaHTOBOpa3MepHBIH dPQeKT, MOKHO YTBEPKAATS,
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uto qumep [Cd,,S, (SH),,|°" nyumie naccuBupoBaH, — aroTCs B CPAaBHEHMH C MCXOJHBIM MOHOMEPOM
uem Mmonomep [Cd,S (SH), P*. Hns xmacrepa [Cd,S, (SH),]**, 4ro ykaspiBaeT Ha MIOXYIO

numepa [Cd, S, (SH),,|*" E, u f 3HaunTensHo Monu-  maccHBaluio.

a) — crpykrypa [Cd,,S, (SH), I*"; 6) — ctpykrypa [Cd, S, (SH),,]*"; B) — ctpykTypa [Cd,,S, (SH),,1*

22710

PucyHok 4 — OnNTHMU3HPOBAHHBIE CTPYKTYPhI U UX AUMOIBHBIE MOMEHTHI

Tabauna 3 — Paccunrannbie ais kiacrepos [Cd,, S, (SH), I u [Cd, S, (SH),,]*, [Cd,,S,(SH),,]°" sHeprun nepsbix nepexosos E,
U UX cuia ocumsuisitopa f, a Tak jKe JUIOoIbHBIC MOMEHTHI |4

Knacrep E, B) f p (K m)
[Cd,,S,(SH), ]** 3,803 0,0833809 5,21x10%
[Cd,.S,,(SH),,I* 2,284 0,0259480 3,44x10%
[Cd,,S,(SH),, ] 3,670 0,1014945 1,89x10%

Juis Oonee peranpbHON OIIEHKH KadecTBa Iac- JlaHHBIC MIpEACTABICHHBIN HA PUCYHKE 5 TIOKa-
CUBUPOBaHUS OBLI MOCTPOEH TpadK 3aBUCHMOCTH  3BIBAIOT, UTO MPEAIIOIOKEHUE O TOpa3 o Ooee BbI-
BEIMYMHBI E X n.  OT JAMNOJBLHOTO MOMEHTa Uil COKOM YPOBHE IaCCHBMPOBAHMS IPH 3HAYHUTENb-
MOHOMEpA U JABYX IUMEPOB, KOTOPHIH MPEACTABICH HOM YMEHBIIEHUU JUIOJBHOTO MOMEHTa B CIIy-

Ha PUCYHKeE 5. vae aumepa [Cd,,S, (SH),,]°" BepHo. Takxe moza-
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TBEpPXKAACTCSI HU3KUU YPOBEHb NACCHBUPOBAHHS
ansa aumepa [Cd, S, (SH),,]¥" npu nesHauntens-
HOM MOHM)XCHHH JMIIOJIBLHOTO MOMEHTa. Takum
3+
obpasom Ha npumepe knacrepa [Cd,,S (SH), 1" n

ero arperupoBanHeix cTpyktyp [Cd,.S, (SH),,]* u

45720

Pucynoxk 5 — 3asucumocts E| X n, oT qunossHoro Momenra B knactepe [Cd,,S
W €T0 arperupoBaHHBIX CTPYKTYD [

Hanee ObLI paccMOTpeH KJ1actep
[Cd,S (SH),]*. Hna xnacrepa [Cd,S (SH),]*
ObLTa paccYMTaHa ONTUMHU3UPOBAHHAS TEOMETPHSI
(pucyHoOK 6), ompejeieHa BEIUYHHA JHMITOJIBHO-
ro MOMEHTA U dHEPTUH MepBbiX 10 3JIEKTPOHHBIX
nepexo/0B. Bionb HampaBiieHHs BEKTOpa [H-
HOJBHOIO0 MOMEHTa OBUIO MPOU3BEIEHO MOCTPO-
€HHE BTOPOTO aHaJOTHYHOTO KOMIUIEKCa C JI0-
0aBJICHUEM CBS3BIBAIOILIETO aTOMa CEPhI C LENbIO
NOHUXKEHHS JHUITOJLHOTO MOMEHTA B arrperupo-
BaHHOM Jqumepe knactepa [Cd, S (SH), ] B pe-
synbrate Obu1 nomyden aumep [Cd, S, (SH) J'*.
Taxyke ObUIH IOCTPOEHBI €IIIE JIBA APYTUX AUMEpa
[Cd, S, (SH).,]'"* ¢ paccTosiHMEM MEXIy MOHO-
mepamu 32 A u 11,1 A. IocTpoenue Tux aAByX
JUMEPOB MPOUCXOAMUIIO BIOJb HAIpABICHUS JIH-
MOJHHOTO0 MOMEHTA C I[EJIbIO €T0 MOHMKEeHHS. J[yist
TPeX BapUAHTOB JAMMepa ObUIM PACCYMTAHBI OTITH-
MU3UPOBAHHBIE CTPYKTYPHI (PUCYHOK 6), THIIOJb-
HbIE MOMEHTBI U HEPTHUHU DJIEKTPOHHBIX IEPEX0-
noB. ITonyueHHble MaHHBIE I DSHEPTHM MEPBBIX

[Cd,,S,,(SH),,]°" mokasaHo, 4TO arperupoBaHue 110
HaIIPaBJICHUIO JTUIIOJIBHOIO MOMEHTA C IICJIBIO €ro
MOHMYKEHHS MOYKET 3HAYMTEIHHO YIydIlaTh Kave-
CTBO MACCHUBUPOBAHUS HAHOPA3MEPHBIX KIIACTEPOB
cynbhuIa KaaMusl.

(SH), I’

22710

cd, S (SH), I

45720

(SH),,I*, [Cd,,S

4420

3JIEKTPOHHBIX NepexoaoB E, ux cumbl ocumuis-
Topa f U AUMOJIBHBIX MOMEHTOB IPEICTABICHEI B
Tabmune 4.

B cootBeTcTBHYM C JaHHBIMU TaOIUIIBI 4 7151 BCEX
TPeX AUMEPOB ObLIO IMOJIyYE€HO MEHbIIee 3HAUCHHUE
JUIOJILHOTO MOMEHTa TPH TIOHWKEHHH SHEPTHU
MEPBOro Nepexoia BMECTE C yMEHBIICHUEM 3Hade-
Hus f. Ha mepBeIid B3I 9TO MOXKET YKa3bIBaTh Ha
yXyIIIeHNEe Ka4eCTBa MAacCUBUPOBAHUS KIIACTEPOB
B cly4ae AMMEPOB IO CPaBHEHHIO C MCXOAHBIM
MoHOMepoM. OJHaKo, C OIHOM CTOPOHBI HAIO
NpUHUMAaTh BO BHUMAaHUE KBaHTOBO-pa3MEpPHBIN
3 eKT, ¥ ¢ IPYTroi CTOPOHBI TOHKUKEHHUE SHEPTHU E,|
ana gumepos [Cd, S, (SH)., 1" u [Cd,S, (SH),,]"*
(32 A) 10BONBHO HE3HAUMTENHEHOE B CPABHEHHH C
HUCXOIHBIM MOHOMEPOM.

s Gonee meTanbHONM OIICHKHM KaueCcTBa MACCH-
BUPOBaHUsSI OBUI IOCTPOEH TpauK 3aBUCHMOCTH
BeJIMYMHBL B X 1, OT JUMONBHOTO MOMEHTa JUIs
MOHOMEpA M TPEX IUMEPOB, KOTOPBIH MPEICTABICH
Ha PHUCYHKE 7.
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a) — crpykrypa [Cd,.S ,(SH),]%; 6) — ctpykrypa [Cd S, (SH).,]'"; B) n

28713 5627

r) — crpykrypa [Cd, S, (SH).,]"? (paccrosHme mesxay MoHomepamn 32 A n 11,1 A)

5626
Pucynok 6 — OnTUMH3MPOBAaHHBIE CTPYKTYPBI M UX JUIIONbHBIE MOMEHTBI

Tabauua 4 — Paccunrannbie juis knacrepos [Cd, S (SH),]%, [Cd, S, (SH),,]'*, [Cd, S, (SH),,]'"* (paccTosinue Mexk 1y MOHOMEpa-

mu 32 A u 11,1 A) sneprun nepsbix nepexonos E, 1 ux cuna ocumuiaropa £, a Tak e AUIOIbHBIC MOMEHTSI [

Knacrep E, (3B) f p (K m)
[Cd,S ,(SH),]* 3,818 0,1100189 47,07x10%
[Cd,S,,(SH),,]'* 3,754 0,0725840 9,80x10%
[Cd,S,(SH),,]'* 32 A 3,755 0,0000000 2,68x10%
[Cd,S,(SH),,]'* 11,1 A 2,189 0,0000043 2,61x10%

JlanHbIe, TpeIcTaBIEeHHBIE HA PUCYHKE 7 yKa-

12-
3pIBAKOT Ha TO, uto aumep [Cd, S, (SH) ,]'* (32
A) mokasbIBaeT HanmyuIllee KauecTBO MACCHBHPO-
BaHUs, TayK€ HECMOTPSI Ha HYJIEBYIO CHUITY OCIIUII-
JIATOpa MEPBOTO Iepexojia. ITO CBSA3AHO C TEM,

4YTO IJId 3TOro AuMeEpa UMECTCA 4 MHTEHCHBHEIX
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nepexoaa B mepBbIXx 10 3JEKTPOHHBIX MEPEXO-
nax. JI7st BCeX OCTaNbHBIX KJIaCTEPOB UX MEHbIIIE.
IIpu 3TOM cnenyer yduThIBaTh, YTO JAHHBIE IO
CpaBHEHHMIO Benn4uH E, X n, npencraBieHHbIe HA
pHCYHKEe 7 He BKIIOYAIOT y4eT KBaHTOBOpa3Mep-
Horo 3¢ddekra.
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Pucynok 7 — 3aBucumocTb E1 X N, OT IMIOJIEHOT'O MOMEHTa B KJlacTepax

[Cd,S ,(SH),]%, [Cd,,S,(SH),,]'*,

28713 5627

3akaouenue

TakuM 00pa3oM, MOKHO MPEANOI0KHUTh, YTO
arrperupoBaHue HAHOpPa3MEpPHBIX KIACTEPOB C
TEJbI0 MOHUXKCHUA TUITOJIBbHBIX MOMCHTOB MOXKET
MPUBOJUTE K MOHUKCHHUIO BEPOSTHOCTH (HOPMHU-
pOBaHUS JIOKaJTU30BaHHBIX COCTOSHHUW B 3ampe-

Cd,S,(SH), ] 32 A u 11,1 A)

56726

HieHHOW 30He. [lo3TOMy MOXHO CYHUTaTh, 4YTO
(hopMHUpOBaHUE JIOKATW30BAHHBIX COCTOSIHHI B
IIOJIyIIPOBOJHUKOBBIX KJIacTepax CBSA3aHO C Ha-
JUYUEM 3HAUYUTENbHOTO JHIOJIBHOTO MOMEHTA,
KOTOPBIH CIIOCOOCTBYET JOKANIU3aLUU HOCUTENEeH
3apsAl0B B OIpPEAEIEHHBIX 4acTAX o0bema Kiac-
TEPOB.
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BAUAHUE UHAYKTUBHOCTHU
HA TMAPAMETPbI MAASMEHHOT O ®OKYCA
B UMITYAbCHOM KOAKCHUAAbHOM YCKOPHTEAE

Ha ocHoBe u3nueckoro aHaAmMsa MNpPOLECCOB, MPOUCXOASLMX B MMIYAbCHBIX MAQ3MEHHbIX
YCKOpPUTEASIX, 0OOCHOBbBIBAETCS BO3MOXHOCTb MX WMCMOAb30BAHUS AAS CO3A@HUSI U MCCAEAOBaHUS
nAasMeHHoro ¢pokyca. B yacTHOCTM, M3yueHO BAMSIHME MHAYKTMBHOCTM Ha rMapameTpbl NMAAa3MEHHOro
chokyca B ycTaHoBKkax Tuna «[1AasMeHHbIn pokyc» (MdD) KMAOAXKOYAEBOrO AMana3oHa, CO3AaBaeMbIX
Ha OCHOBE WMMIMYAbCHOIO KOAKCMAAbHOIO yckopuTeAs. lNMpearoxkeHa M 06OCHOBaHa 3KBMBAAEHTHasl
CXeMa YCTaHOBKM, Ha OCHOBaHMM aHaAM3a KOTOPOWN MCCAEAYETCS BAMSIHME MHAYKTUBHOCTM KOHTYypa
M EMKOCTM KOHAEHCATOPHOM GaTapen Ha 3HauYeHWEe MAKCUMAAbHOIO TOKA M HEMTPOHHOrO BbIXOAQ
6e3 yuéTa napameTpoB paspsAHMKA M TOKOMPOBOASLLMX MPOBOAOB. Ha ocHOBaHMM TeopeTuuyeckom
OLEHKM WMHAYKTMBHOCTM YCTAHOBKM paccumMTaHo eé Hamboaee BeposiTHoe 3HaueHuwe. OKasaAoCh,
UYTO B YCTAHOBKAX pacCMaTPMBAEMOro AManasoHa 3HeprumM MHAYKTMBHOCTb COCTaBASIET MPUMEPHO
7,5°107 TH 1 nMeeT 3aBMCMMOCTb OT EMKOCTM KOHAEHcaTopHoM Oatapen. HanpoTtms, B ycTaHOBKax
C MerapXXOyAeBOM 3HepreTukon MHAYKTMBHOCTb He 3aBMCUT OT YMCAA M EMKOCTM KOHAEHCATOpOB,
BCAEACTBME YEro yBeAnYeHUe MoCAEAHeN He BAMSIET Ha POCT CUAbI TOKa. [oAyYeHbl SKCepuMeHTaAbHble
M TeopeTuyeckre 3aBUCUMOCTM PaspsAHOTO TOKA OT MPMAOXKEHHOTO HarnpshKeHWs Mpu pasAMUHbIX
8MKOCTSIX KOHAeHcaTopHow 6GaTapen. [IpuBEAEH CPaBHUTEAbHbI aHAAM3  TEOpeTUYEeCcKUX MU
3KCMEPUMEHTAAbHbIX OCLIMAAOTPaMM Toka. OBHapY>KEHO HaMbOAbLLEE COBMAAEHUE TEOPETUUECKUX U
3KCMeprMeHTaAbHBIX PE3YAbTAaTOB NMPU AAUTEABHOCTU paspsiAHOro umnyabca T = 30 MKC.

KAroueBble cAOBa: MAasma, nAasmMeHHbl (DOKYC, MMHY, BbICOKOBOABTHbIN PaspsiAHMK, Pa3psaAHbIi
TOK, MIHAYKTUBHOCTb, KOHAEHCATOP, KMAOA>KOYAEBbIN AMAMa3oH.

B.M. Useinov*, A.A. Solodovnik, S.K. Zhumabayeva

M. Kozybayev North Kazakhstan university, Kazakhstan, Petropavlovsk
*e-mail: buseinov@gmail.com

Effect of inductance on the parameters
of the plasma focus in a pulsed coaxial accelerator

Based on the physical analysis of the processes occurring in pulsed plasma accelerators, the pos-
sibility of their use for the creation and study of a plasma focus is justified. In particular, the influence
of inductance on the parameters of the plasma focus in kilojoule-range «Plasma focus» (PF) installations
created on the basis of a pulsed coaxial accelerator is studied. An equivalent installation scheme is
proposed and justified, based on the analysis of which the influence of the inductance of the circuit
and the capacitance of the capacitor bank on the value of the maximum current and neutron output is
analyzed, without taking into account the parameters of the spark gap and the conducting wires. Based
on the theoretical estimate of the inductance of the installation, its most probable value is calculated.
. It turned out that in the installations of the considered energy range, the inductance is approximately
7.5910-7 Gn and depends on the capacitance of the capacitor bank. On the contrary, in installations
with megajoule energy, the inductance does not depend on the number and capacity of capacitors, so
that an increase in the latter does not affect the increase in current strength. Experimental and theoretical
dependences of the discharge current on the applied voltage at different capacitances of the capacitor
bank are obtained. A comparative analysis of theoretical and experimental current waveforms is pre-
sented. The greatest coincidence of theoretical and experimental results was found for the duration of
the discharge pulse T = 30 microseconds.

Key words: plasma, plasma focus, pinch, high-voltage spark gap, discharge current, inductance,
capacitor, kilojoule range.
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MMNyAbCTi KOAKCHUAAADI YAETKILUTeri
NAa3Manbik, (hOKyCbIHbIH, MapameTpAepiHe MHAYKTUBTIAIKTIH, acepi

MMMyAbCTi  MAA3MaAbIK, YAETKILUTEPAE >KYPeTiH npouectepAi (hr3MKaAblk TaaAdy HerisiHAe
OAapAbl MAa3MaAblkK, (hOKYCTbl Kypy >KeHe 3epTTey YLIiH MarAaAaHy MYMKIHAITI HerisaeAreH. Artan
aNTKAHAQ, MMIMYAbCTI KOaKCMaAAbl YAETKIlll Heri3iHAe KypbIAFaH KMAOAXOYAb AMamasoHbIHbIH
«[MAa3manbik, dokycbl» (MMD) TUATI KOHAbIPFbIAAPAAFbl  MHAYKTMBTIAIKTIH MAa3Ma  (QOKYCbIHbIH
napameTpAepiHe acepi 3epTTeAreH. IKBMBAAEHTTI OpHATy CXeMacbl YCbIHbIAFAH KOHE Heri3AeAreH,
OHbIH, Heri3iHAe Ti306eKTiH MHAYKTMBTIAIMIHIH XKoHe KOHAEeHCaTop 6aTapesiCbiHbIH, CbIMbIMADBIAbIFbIHbIH,
MaKCMMaAAbl TOK MeH HeNTPOHAbIK, LLIbIFbIC M8HiHe pa3psATayllbl MeH OTKI3rill CbIMAAPAbIH
napamMeTpAEpiH eCKepMecTeH acepi TaapsaHaAbl. KOHABIPFbIHbIH MHAYKTUBTIAIMIH TEOPUSIAbIK, Gararay
Heri3iHAe OHbIH eH bIKTMMAaA MoHi ecenTeAeAi. KapacTbipbIAbIN OTbIPFaH 3HEPrusi AManas3oHbIHbIH,
KOHAbBIPFbIAGPbIHAQ MHAYKTMBTIAIK WwWamameH 7,5-107 [H KypaiAbl )koHe KOHAeHCaTop GaTapesiCbiHbIH,
CbIMbIMABIAbIFbIHA TOYEAAI €KeHAIri 6eAriai  60AAbl. KepiciHile, MerapKoyAb 3Heprusicbl 6ap
KOHAbBIPFbIAAPAA MHAYKTMBTIAIK KOHAEHCATOPAAPAbIH CaHbl MEH CbIMbIMABIAbIFbIHA OaMAQHbICTbI EMEC,
HOTUXKECIHAE COHFbICbIHbIH YAFalObl TOK KYLLUiHIH ecyiHe acep etnenai. KoHAeHCaTOpAbIK, GaTapesHbiH,
SPTYPAI CbIMbIMABIABIKTAPbIHAQ Pa3psiA TOTbIHbIH, KOAAQHbIAATBbIH KepHeyre 3KCMePUMEHTTIK >KaHe
TEOPUSABIK TOYEAAIAITT aAbiHaAbl. TOKTbIH TEOPUSIABIK, XKOHE DKCMEPUMEHTTIK OCLIMAAOTPAMMaAapbIHa
CaAbICTbIPMaAbl TaApay KeATipiAreH. T = 30 MKC pa3psaATbIK, UMNYAbCiHIH Y3aKTbIFbl KE3iHAE TEOPUSIABIK,

JKOHEe IKCMEPUMEHTTIK HOTUXKEAEPAIH €H, YAKEH COMKEC KeAYi aHbIKTaAAbI.
TyiiiH ce3aep: nAasma, NAasmaAblK, (hOKYC, MUHY, XKOFapbl BOAbTTbI Pa3psiATay KypaAbl, pa3psia
TOrbl, MHAYKTUBTIAIK, KOHAEHCATOP, KMAOAXKOYAb AMAMa3oHbl.

BBengenne

B mnactosimee BpeMs akTHBHO pa3BUBAIOTCA
NpUKIaAHble (QU3NYECKUe HCCIEeJOBaHUS, Halle-
JIGHHbIE Ha MpaKTHYeCKoe NMpPHUMEHEHHE B3auMo-
JNeHCTBUS IJIa3MEHHOI0 (OKyca C MOBEPXHOCTHIO
pPa3IMYHBIX MAaTEPHANOB C LEIbI0 YIYULIEHUS UX
JKCIUTYyaTallUOHHBIX CBOMCTB. Peanmusanms Ta-
KHX MPOEKTOB CBSI3aHA C PELICHHEM LIEJOT0 psiaa
TeXHUYECKUX U (PU3NYECKUX 3a]ad, OJHOHM U3 KO-
TOPOW SBJISIETCS MCCJIEAOBaHUE BIUSHHUS MHIYK-
TUBHOCTH Ha IapaMeTpsl IJIa3MEHHOro (okyca,
¢dbopMupyeMOro B HMMIIYJIbCHOM KOAKCHAJIbHOM
YCKOpHUTETIE.

[TnasmennsiMu  yckoputensmu (1Y) HasbiBa-
I0TCS YCTPOHCTBa, (hOpMHUPYIOLIIEe KBa3HHEHTPah-
HbIE TUTa3MEHHBIE MOTOKU C JOCTATOYHO BBICOKOM
sHeprueil noHoB. CxXojHbIe QU3MYECKre CBOMCTBA
¢ I1Y nmerot knaccndyeckue razoiuHaMHUYECKHE CH-
CTEeMBI, yCKOPHUTEIH 3apsHKEHHBIX YaCTHIL U TIJIa3MO-
TpoH=I [1].

B nmnazmeHHOM yckopHTene MOXHO HOJIYYHUThH
MOTOKH IUTa3Mbl co ckopoctsmu 10-10° km/c u 60o-
JIee, 9TO COOTBETCTBYET KHHETHYECKOM SHEPTHH HO-
HOB 0T ~10 3B 10 103-10° 3B. TemnoBsie mporeccsl,
HMOHU3ALMsI U MPOLIECCHl BO30YKICHUS B IUIa3MEH-
HBIX YCKOPHUTENSX SBISIOTCS BTOPOCTEIEHHBIMH,
TaK KaK OHU CBOHCTBEHHBI CKOpEE YCKOPHUTENSIM
MOJIHOCTHI0 HOHU30BAHHOM M1a3mbl [2].
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NmMnynbcHbIE MIIa3MEHHBIE YCKOPUTEIN MOYXKHO
pa3zenuTh Ha JIBa OCHOBHBIX THIA: KOAKCHAIbHbIE
iazmenHble yekoputenu (KITY) u penscoTpoHHBIE
yckoputenu. KITY moapaszmenstorcs, B CBOIO Ode-
pelb, Ha: YCKOPUTEIN C UMITYJIbCHBIM HAIlyCKOM
rasa, co CIUIOIIHBIM HallOJHEHWEM Ta3a U KBa3ucTa-
LMOHAPHBIC UMITYJIbCHBIE TUIa3MEHHBIE YCKOPUTEIN
(AITY) [1].

B UITY popmupoBanHme MOTOKA YACTHII ITPOVC-
XOJIUT B HECKOJIBKO MOCJEeI0BAaTENbHBIX CTAINH, a
o0pa3zoBaHHe TUTa3MBI COCTOUT W3 Psijia 30H: IIa3-
MEHHas NepeMbluKa B Ha4aJIbHOM cTanuu paspsia,
3al0JIHECHUE IUIa3MOM MEXAJIEKTPOAHOrO 3a30pa,
o0Opa3oBaHHe TOKOBOTO CIOS M TNIA3MEHHOTO (o-
Kkyca. IloaToMy, TeopeTHUYeCKHE MOJEIU, OIU-
CBIBAIOIIME MpoLecc ycKopeHus minasMel B UITY,
HE00X0MMO TPUMEHATH K ONpPEeIeIeHHON CTaJuH
(hopMHUpOBaHHS TIOTOKA, a HE K CHCTEME B LEIOM
[2].

Haubonee mpocToli MOIENbI0 OMHCAHUS MPO-
1ecca YCKOPEHUs SABISIETCS dJIEKTPOANHAMHUYECKas
Mozenb. CoryacHo e ma3Ma UMeeT BUJ TOKOIPO-
BOJSILIEN MTEPEMBIUKH C COCPEAOTOUEHHON MAaCCOM.
WuTerpanshas Gpopma JaHHOW MOJIENH, YIUTHIBACT
SIBIIGHUS 3aXBaTBIBAHUS M YCKOPEHHS Ta3a, pacrpe-
JIEJICHHOTO TIO JUTHHE YCKOPHUTEIs (MOJIENb «CHETO-
OUMCTHUTENS»), BKIIAJ B YCKOPAEMYI0 Maccy Ipo-
JIYKTOB 3PO3UH AIEKTPOAOB, U3MEHEHUE COMPOTUB-
JICHUSI DJIEKTPUUECKOM IIeTH B IPOIEcCce YCKOPEHUSI.


mailto:buseinov@gmail.com
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OpHako, JIEKTpOAWHAMUYECKas MOJENb HE JaeT
HOJTHOTHI aJIeKBaTHOTO OIMCAHUS OCHOBHBIX (pH3H-
YECKHX MPOILIECCOB, MPOUCXOISIUX B TUIA3MEHHBIX
YCKOPUTEJISIX.

CymectBytoT pexkumsl pabor B UITY, compo-
BOXK/IAIOIIMECS] BOSHUKHOBEHHEM IIIIa3MEHHOTO (o-
Kyca 3a cpe3oM 3JeKTponoB. Ecian KoakcuallbHbIN
YCKOPHUTEIb C MOJ0XHUTEIHHON MOIIPHOCTHIO LIEH-
TPaJBHOTO AJIEKTPOa paboTaeT B PEKUME «CHETO-
ouucTUTeNs» (CrpebaHmue Crycrka B o0béMe Iuias-
MOIIPOBOJIA), TO MIPY BBINAAaHUU TOKOBOT'O CJIOS Ha
Cpe3 AJIEKTPOJIOB, OH CKUMAETCS K OCH, BOJU3HU KO-
TOPOTO W BO3HUKAET IIa3MeHHBIH Pokyc [2].

Bnaronmapst 3TOMy, MMITYJIbCHBIE TUIa3MEHHBIC
YCKOPHUTEJIN MOXHO OTHECTHM K yCTAHOBKaM THIIA
TUTa3MEHHBIH (OKYC, MOCKOJBKY TMPH OMNpeAesieH-
HBIX YCJIOBHSIX Ha BBIXOZIE U3 TOpLIAa BHELIIHETO JIEK-
Tpoja yckopuTesss GOpMUPYETCs CHRUMAIOIIUICS K
OCH TIJIa3MEeHHBIN CTYCTOK, WJIH TIAa3MEHHBIN (DOKYyC.

Onucanue 3KC]’lepl/IMEHTaJ'leOI71 YCTAaHOBKH

OKClepUMeHTalbHass YacTh pPadOTHl TIPOBO-
JWIach Ha MOJIENBHOM MPOTOTHUIIE YIPABISIEMOTO
TepmosiiepHoro peaktopa «llmazmeHHBIH (oOKyCy,
pa3paboTaHHOTO HAa OCHOBE MMITYJILCHOTO KOAKCH-
aIBHOTO YCKOPHUTEIS, & KOMIIBIOTEPHOE MOJAEIHPO-
BaHUE BBIIOIHIOCH C UCIOIB30BaHUEM IIPOTPaMM-
HOTO si3bika C++, UMEIOIIEro JIYUIIHe BO3MOXKHO-

a)

CTH Ul BU3yallU3alluy Pe3yJIbTaTOB UCCIIEIOBAHUS
1 OBICTPBIX PacUeTOB.

Mozenb 3KCIEPUMEHTaIbHOIO TEPMOSIIEPHOIO
peakropa «llnma3meHHbIi (OKYC», BBINOTHEHHBIN
Ha 0a3e MMITyJIbCHOTO IIIa3MEHHOTO YCKOPHTEIS
BKJIIOYAET Kamepy IutasMeHHoro ¢okyca (I1D), em-
KOCTHBIM HAaKOMUTEIh 3HEPTHUU, BBHICOKOBOJBTHBIN
Pa3pAOHMK M CHCTEMY TOKONOIBOIOB. B kauectBe
€MKOCTHOTO HaKOMMWTENsI 3HEPTUU HUCHOIb3yeTcs
KOHZIeHCcaTopHas Oarapes u3 konzaeHcatopo MK-
50-3 ¢ nanpsokenuem 50 kB u cymmapHoii emko-
ctoio 72 Mx® [3]. Kamepa [1D npencrasisier coboit
3JIEKTPOPa3pAIHOE YCTPOUCTBO C MENH3EPOBCKOM
(a/a>1), momychepuueckod CUCTEMOH >JIEKTPO-
noB. BayTtpennuii anexrpos (aHox) nuamerpom 25
MM H3TOTOBJIEH U3 MMM, B LIEHTPE aHO/a UMeeTCs
0CEBOE OTBEPCTHE AMAMETPOM OKoJIo 5 MM. BHemi-
HHAW 27eKTpoJ (kKaTom) auameTpoMm 50 MM, Takke
U3roTOBIEH U3 Meau. Dotorpadus 37IeKTpOAHON
CHUCTEMBI TIPUBEJICHA Ha pUCYHKE la.

B kauecTBe BakyyMHOH KaMephl, HCIIOJIB30-
Bajach roTOBas KaMmepa OT TypOOMOJEKYJSPHOIO
Hacoca TMH-500 [4-5]. BuewHuil Buj kamepbl
npuBe/icH Ha pucyHke 16. Hanmuue aByx ¢ranies
no 18 cM u oanoro auamerpom 30 cM MO3BOJISET
MOJTHOCTBIO pean30BaTh TpeOyeMble YCIOBHS IS
9KCHEPUMEHTOB. TONIIMHA CTEHOK KaMephl COCTAB-
nsiet 6oree 1 M, penenbHbIi BakyyM mopsiaka 107

Topp.

0)

Pucynok 1 — ®ororpadun 371eKTPOAHOM CHCTEMBI (2)  BAaKyyMHasi KaMepbI
(6) aKCepUMEHTAIBHOTO TEPMOsAEPHOTo peaktopa «Ila3MeHHbIH HOoKyCc»
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Kak ormeueno BBIIIC, B YCTAHOBKAx 11D me-
Tra>kKOyJICBOTO AUala3oHa nNpu ONpEeaACICHUU 1a-
paMeTpoOB 00BeKTa U HCCICOOBAHUUN Pa3pAAHBIX
poneccoB HeO6XOI[I/IMO YYUTBIBATh MHAYKTHUB-
HOCTh BCEH ILJIa3MCHHOU YCTaHOBKH, KOTOpas
COCTOHUT IOCTOSHHOM WHAYKTUBHOCTU KOHJICH-
caTtopa u I[PIHaMH‘IeCKOﬁ HHAYKTUBHOCTHU KaMC-

pHI [6].

Mogens ynpaBisieMOro TEPMOSIEPHOIO pe-
aKTopa, u3ydaemasi B Haieil paboTe, OTHOCHUTCS K
KWJIOAKOYJIEBBIM yCTaHOBKaM. B Hell MOXXHO 3Ha-
YUTEIHHO COKPATUTh BIIMSHUE MMOCTOSTHHON MHIYK-
TUBHOCTH KOHTYpa Ha BEJIIMUMHY Pa3psiIHOTO TOKa,
€CITM TIOMECTUTh OaTapero KOHAECHCATOPOB B BaKy-
YMHYIO Kamepy Oe3 paspsOHHKa U TOKOIPOBOIS-
HIUX TPOBOJOB, KaK MMOKA3aHO HA PUCYHKE 2.

e -
T
L,
U |
—0c, R

PucyHok 2 — DKBHBaJCHTHAs cXeMa ycTaHOBKH [1D
0e3 pa3psgHUKA U TOKOIIPOBOSIINX IPOBOIOB

ITo mamHO¥M cxeMe ycTaHOBKa OyAeT paboTaTth B
CIIeNTyIOIIeH MOCIIe0BATEIbHOCTU: BHAYAlle B BaKy-
YMHYIO Kamepy HaITyCKaeTCs ra3 JI0 OMpeIerIeHHOro
JIABJICHUSI U 3aTeM TIOCTCIICHHO TMOJAeTCs HampshKe-
Hue. [Ipu onpeaeneHHOM COOTHOIIEHUH HAIPSKEHUS
Y JaBJICHHUS B KaMepe B COOTBETCTBHU C KPUBBIMH
[Namena npou3oiineT paspsaa U obOpasyeTcs Iia3Mma,
IIPY IPYTOM CIoco0e CHavasa ImoiaeTcs HapsHKeHUe
Ha KOHJICHCATOPHYIO 0aTapero M 3aTeM IOCTEIICHHO
YMEHBIIIAeTCs 10 ONPENENICHHOTO JABICHUS U TIPO-
u3oieT mpodoii ¢ oOpazoBanueM raza [7-14].

Ecnmu mpeneOpeusr WHAYKTUBHOCTBIO pabodeid
KaM€phbI U IIJIa3BMEHHOT' O CTOJ'I6a, TO UHAYKTUBHOCTbH
paspsjia KWIOIKOYJIeBbIX ycTaHOBOK [ID, Oymer
OMnpeACIATLECA TOJIBKO MHAYKTUBHOCTBIO 6aTapeH u
MTOIBOASIIIINX TTPOBOAOB. J{JIsi HAXOXKISHUS aMILIH-
TyIbl TOKa i Takoro LC-koHTypa, B puOImxKe-
HUW MAJIOCTH aKTHBHOTO CONPOTHBJICHHS NMHAHYA H
MOJIBOSIIIUX KaOesiel, MOKHO HAWTU M3 BBIpaxe-
Hus (1), MOMYyYEeHHOTO HAa OCHOBE aHajaM3a 3aKoHa
COXPAaHEHUS SHEPIUU AJISl JTAHHOW LIETIH:

CUZ nC,
Im = T :Um . (1)

rie C — eMKOCTh KOH/IEHCATOPHOM OaTapew, C1 — eM-
KOCTb OJTHOTO KOHJEHCATOpa, N — YKUCJIO KOH/ICHCA-
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TOpOB, L — MHIYKTUBHOCTH KOHJECHCATOPHOU OaTa-
peu, MPOBOISALINX IPOBOOB U MPOBOJIOB U ITA3MBI.
Takum 00pa3om, WHAYKTHBHOCTh BCEH CHCTEMBI
CKJIaJbIBACTCSI U3 IMOCTOSHHOM WHAYKTUBHOCTU U
e€ TMHAMHWYECKOUN COCTaBIISIONIEH L= Lp + LD
. TeopeTnueckas olleHKa UHAYKTUBHOCTU B HaIlei
mozenu nana 3uadenune 107 T'H.

Pe3yabTaThl U 00CyKIEeHHE

Pacders1, BeimonaeHHBIE IO dopmyne (1) mms
PasHoOro yucia KOHAEHCATOPOB MPHUBEICHHI HA PH-
cyHKe 3.

W3 nmawHBIX pucCyHKa 3 cieayeT 2 BBIBOAA:
C YBCIIMYUCHUEM HAIPAKECHUA TOK PACTCT IMOYTH
JMHEHHO; YyeM OOoJIbIlIe eMKOCTh, TeM OOJIbIIE Chila
TOKA.

NHayKTUBHOCTD BCEW CHCTEMBI MOXKHO BBIpa-
3uTh U3 popMyisl (2):

L=—""7-1 @)

PacueTsl mOKa3bIBaIOT, YTO C POCTOM E€MKOCTHU
KOHJCHCATOpHOW Oarapew (C yYBETMYEHHEM UHMCIIA
KOHJICHCATOPOB) B JIBa pa3a JMHAMHYECKas MHIYK-
THBHOCTH yBeIMUUBaeTcs B cpenuem Ha 0,810 I'n.
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Pucynok 3 — I'paduk 3aBHCUMOCTH CHIIBI TOKA OT HAIPSDKEHUS

B urtore MHIyKTHBHOCTH BCEH CHUCTEMBI (CyM-
Ma IOCTOSIHHOM MHIYKTHUBHOCTH KOHAEHCATOPOB U
COETUHUTEILHBIX TPOBOIOB paBHOi Ha 6,5-107 T'n
U JTUHAMUYECKOM MHAYKTHBHOCTH IJIa3Mbl paBHOU

107 TH) B peallbHOM DKCIIEPUMEHTE JOJDKHA OBITH
7,5-107 TH. Ha pucyHke 4 moka3aHO CpaBHEHHE
3KCIIEpUMEHTAIBHBIX U TEOPETHUYECKHUX pPe3yIlb-
TaTOB.

Pucynok 4 — CpaBHeHHE SKCTIEPUMEHTANBHBIX X TEOPETHIECKUX PE3YIbTATOB

CpaBHEHHE 5SKCHEPUMEHTANBHBIX U TEOPETH-
YECKUX PE3yJIbTAaTOB IOKAa3aJl0 HUX YJOBIETBOPHU-
TenpHOE corjacue. PacxokneHue B pesyibTaTax
MOXHO OTHECTH 3a CUYET HE YUYTEHOIro BKJIaJa B
UHIYKTUBHOCTb COEJAMHUTEIBHBIX HPOBOAOB U
JIPYTUX BTOPOCTETIEHHBIX 3JIEMEHTOB YCTaHOBKHU. B
KWJIOAKOYJIEBOM JIHANA30HE YBEIMUYECHUE EMKOCTH

KOHICHCATOPHOW Oarapen BeleT K YBEINYCHUIO
CHJIBI TOKA, TIPY TOM, YTO YBEITUYCHUE EMKOCTH KOH-
JIEHCATOPOB JIMIIh HEMHOTO YBEINYHBAET HHIYK-
TUBHOCTB, CTOSIIIYIO B 3HaMeHatese Gopmysbl (1).
YBenmuueHne €MKOCTH KOHIEHCATOPHOHM Oata-
peu BieYET 3a COOOM YBEIUYCHUE MPOJIOJDKUTEIb-
HOCTH pa3psizia, 9To TpeOyeT yBeInIeHUs TeOMETPH-
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YECKUX pa3MepoB paspsiHOi kamepsl. B pesynbra-
T€ UHAYKTUBHOCTb B pa3psAHON KaMmepe CTAHOBUT-
csl mpeo0Jiaaoniell B YCTAaHOBKE U KakK, CIEICTBUE
YBEIMYEHHE EMKOCTH HE BIIUSAET HAa POCT CUJIBI TOKA,
YTO U PEATU3yeTCs B YCTAHOBKAX C METaKOYJIEBOU
SHEPIeTUKOM.

B xome skcnepuMeHTa BelNMUYMHA Pa3psIHOTO
TOKa OIpeAeIsIach MosicoM POroBckoro u paccyu-
TBIBaJach 1o Gopmyie:

IJIE N — YKMCII0 BUTKOB Katyiuku (n=2000), U, — Be-
JINYMHA U3MEPEHHOTO HANpPSHKCHUsS Ha BBIXOJE Ka-
TyImKH, ¥ R — conmpoTusienue.

B xone skcrmepuMeHTa MONYYEeHBI OCIHILIO-
rpaMMBbl TOKa M €T0 TPOW3BOJIHOM, W OMPE/CIICHBI

TEOPETUYECKUE 3HAUCHUS aMIUIUTYIbl PAa3psiAHOTO
ToKa. PacueTs! mpoBoaminck no ¢popmyie:

I(t)=1,e " sinwt. 3)

Cunycoupl pa3psIHOTO TOKa M €r0 MPOU3BO-
JTHOHM, TIOCTPOEHHBIE M0 pe3yjbTaTaM pacuera mpu
T =20 mxc, ®=3,14-10° pan/c u cpaBHeHHE DKCIIE-
PUMEHTANbHBIX W TEOPETHUYECKHX 3HAUYeHHH pas-
PSTHOTO TOKA M €ro MPOHM3BOJHON MpPEACTaBICHBI
Ha pUCYHKe 5.

YcTaHOBNICHO Hawilydlliee COBIQJICHHE Teope-
THYECKHX U IKCIIEPUMEHTAIBHBIX PE3YJIbTaTOB IPU
T=30 mkc. Ha pucynke 6 mpuBeneHbI cpaBHEHHE
IKCTICPUMEHTAIBHBIX 3HAYCHUH U Pe3yIbTaTOB pac-
YeTa paspsHOro Toka u ero mpoussoaHou T,=30
MKc, ®=2,09-10° pax/c.

Pucynok 5 — CpaBHeHHE SKCIIEPUMEHTAIBHBIX
Y TEOPETUMECKUX 3HAYCHUH Pa3psIHOTO TOKa U ero npoussonHoi (T =20 mxc)

OC0OEHHOCTHIO YCTAaHOBOK THIIA TUTa3MEHHBIN
(hoxyc sBIsETCS 3aBUCUMOCTh HEMTPOHHOTO BBIXO-
Ja or 3Hepruu E, 3amaceHHON B KOHIEHCATOPHOM
Oarapen, 1 COOTBETCTBEHHO, OT BEITMYMHBI pa3psiil-
HOTO TOKa B MOMEHT NMUHYEBaHUS Ip [15-20]. Ot
3aBUCUMOCTH MOXHO MPEACTABUTH B BUAE:

Y, = 10E?, (4)
Y,=25-1/L (5)

W3 ypaBHeHus (5) cienyer, 4YTo HEHUTPOHHBIH
BBIXOJ [UI YCTaHOBOK C KHUJIOAXKOYJIEBOW 3HEpre-
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THKOW ONPENENsIeTCs] BEIMYUNHOM MAaKCHUMAaJIBHOTI'O
TOKa paspsija.

W3MeHeHne Benn4ruHbl HEUTPOHHOT'O BBIXOZA € PO-
CTOM pa3psIIHOrO TOKa MPH PA3IMYHbIX 3HAYCHHUAX EM-
KOCTH KOHJICHCAaTOPHO! ITPE/ICTABIIEHA HA PUCYHKE 7.

Ha pucynke 7a mnokazaHa 3aBUCHUMOCTh HEM-
TPOHHOTO BBIXO/a OT Pa3psAOHOrO TOKa JJii ycTa-
HOBKH C KOHJIIGHCATOPHOH OaTapeeid eMKOCThIO 27
MKD (9 KOHIIEHCATOPOB), MAKCUMAJIBHBIA HEUTPOH-
HOro BbIXOJ coctaBwi 1,5:10° HelTpoH/UMITyIIbC,
Ha pucyHke 70 — mis Garapen eMKOCThiOo 54 MK®D
(18 KoHAEHCATOPOB), MAKCHMAaHHBIN HEUTPOHHBIN
BBIXO — 5,9 10° HEHTPOH/UMITYITBC.
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Pucynok 6 — CpaBHeHHE SKCIIEPUMEHTAIBHBIX
Y TEOPETUYECKUX 3HAYEHHH pa3psIHOTO TOKA M €ro MPOU3BOAHOMN
(T,=30 mkc)

PucyHok 7 — 3aBUCHMOCTh HEHTPOHHOT'O BBIXOJIa OT Pa3psiIHOTO TOKa

i MeragxoyneBoro nauamna3oHa HEUTPOHHBIN
BBIXOJ] HE 3aBUCHUT OT dHepruu. [Ipu mocTtossHHOM
HaANPsOKEHUH 3apsaIKd OaTaped POCT DHEPTUU CO-
MIPOBOXKIACTCS YBEIMUCHUEM KOJIMYECTBA KOHJICH-

CaTOPOB, YTO NPUBOJUT K NAJCHUIO HHIYKTUBHOCTH
Oarapeu. A yBeJM4YeHUE €MKOCTH KOHAEHCATOPHON
Oarapen NMPUBOIUT K YBEIMUYEHHUIO IITUTEIHHOCTH
paspsiia ¥ K YBEJTUYEHUIO JJIMHBI AJIEKTPOJIOB pas-
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PSAAHOW KaMephl, YTO SIBISICTCS HEM30EKHBIM IS
COXPaHEHUS YCIIOBUS COIIAaCOBAaHUS MOMEHTA NpH-
X0J1a TOKOBOI 00OJIOYKH K OCH YCTaHOBKH C MaK-
cumymMoM Toka [20-25]. B wurore cOOTHOIIEHNE
Mexy BenmmunHamu L n L, cTaHoBHTCS 0OpaTHBIM
KUJIOJDKOYJILHOMY JiHanasony, To ectb L << L. bo-
jee TOro, MpH JalbHEWIIEM YBEIMYEHHUH €MKOCTH
Oaraped yke HE MPOUCXOIUT MOBBILICHUEM TOKa
paspsijia, BCIEACTBUE YBEIWYCHHUS HHITYKTUBHOCTH
KaMepbl. MakcuManbHOE 3HaU€HUE TOKa paspsia B
3TOM Clly4yae ONpeneNnseTcsi MHAYKTUBHOCTBIO Ka-
MEpBI, a He KOHJIeHcaTOpHOH Oarapeu. [Iponcxoaut
HaCBILIEHUE TOKa pa3psAja, U COOTBETCTBEHHO Ha-
CBILIIEHHE HENTPOHHOTO BBIXOJIA.

3akiaouenue

Takum o0pa3oM, B cTaThe IMpeIaraeTcs 3KBU-
BaJICHTHAsl CXeMa HCCIICZIOBAaHUS BIMSIHUA WHAYK-
TUBHOCTH Ha MapaMeTphl IUIa3MEHHOTO (OKyca U
MIPUBEIEHBI Pe3yIbTaThl SKCIEPUMEHTa U Teope-
THdecknx pacu€toB. llokazaHo, 9TO B peaslbHBIX
AKCIIEPUMEHTAIBHBIX YCTAHOBKAX KHJIOJKOYJIe-
BOT'0 AMANa30Ha UHAYKTUBHOCTH COCTABIISIET MPH-

MepHo 7,5:107 TH. ¥ 3aBUCHT OT EMKOCTH KOH-
JIEHCATOPHOH OaTapew, HAIPOTHUB, B YCTaHOBKax
C MEraJpkoyJleBOH JHEPreTUKOM WHIYKTHBHOCThb
HE 3aBUCUT OT 4YHCIAa KOHJEHcaTopoB. Hekoro-
pO€ pacXOKAEHUE HKCIIEPUMEHTAIbHBIX IAHHBIX
U TEOPETUYECKUX 3aBUCUMOCTEN CHIIBI TOKA OT Ha-
MPSDKEHUS] MOKHO OOBSICHUTH pa3iMuueM WHAYK-
THUBHOCTEH TEOPETUUYECKOU MOJEIU U YCTAHOBKH.
B pabore ycTanoBieHa 3aBHCHMOCTD ITapaMETPOB
IUTa3MEHHOT0 (OKyca OT XapaKTEPUCTUK HAKOIH-
TeIs SHEPruu W paspsaHuka. Ha ocHoBe aHammsa
OCIWIJIALUN TOKA U €ro IPOU3BOJHOM, onpeerne-
Hbl 3Ha4YE€HMsI aMIUTUTYJbl pa3psAgHOTO TOoka. Tak
aMIUTUTY/a pa3psaHOro TOKa AJ OJHOTO KOHACH-
catopa cocrasnser 0,14 MA, a qia 18 xonaenca-
TopoB coctapisier 0,7 MA, B npeneie BO3MOXKXHO
noyuerre 1| MA u 6onee. 3yueHHBIH XapakTep
3aBHCUMOCTH HEHTPOHHOIO BBIXOJa OT TOKa pas3-
psAna TOATBEPKIAIOT TEOPETHUYECKYIO BO3MOXK-
HOCTh HEMTPOHHOTO BBIXOJa IIpHU eMKocTH 54 MKD
no Y =5,9-10° ueiitpon/umnynsc. HeHTpoHHbIi
BBIXOJ] Il YCTAHOBOK C KHMJIOJKOYJIEBOI 3HeEpre-
THKOW ONpPENeNsAeTcsl BEINYNHOW MAaKCUMaIbHOTO
TOKa paspsja.
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3AEKTPOAUTTI-MAA3ZMAABIK, MOAUDGUKALMAAAH KEMIH
TOMEH KOMIPTEKTI BOAATTBIH, BETKI KABATbIHbIH,
K¥PbIAbBIMADBIK-®A3AADbIK XXAFAAUDI

TemeH KeMipTeKTi AeripAeHreH 60AATTbl SAEKTPOAMTTI MAA3MAAbIK, MOANMDUKALMSIMEH HbIFANTYAbIH,
6arama TEXHOAOIMSCbI >KacaaAbl. 20X 60AAT YATriAepiH 6HAEY DKCMEPUMEHTTIK KOHAbIPFblAA XKYP-
ri3iAAil, OHAEYAIH OHTAMAblI PEXUMAEPI SIMIMMPUKAABIK, TYPAE aHbIKTaAAbl. OHAEATEH GETTi MOAEAb-
Aey OOALIEKTEPAI DAEKTPOAUTTI MAA3MAAbIK, KbI3AbIPY Ke3iHAE KaTamTymeH KaTap MeTaAAblH OeTki
KabaTTapblHblH XMMMSIAbIK, MOAMMUKAUMICHI XKypeAi Aen 6oAXKayFa MYMKIHAIK 6epeai. YCbIHbIA-
FaH eHAeYyre HakKTbl yaKblTTbl KOAAQHYMEH BOAbT TeMrepaTypacbiHblH, CuMaTTamacbl yKcac 60AaTTbl
HbIFANTYAbIH ASCTYPAI 8AICTEPIMEH CAABICTbIDMaAbl TYPAE KATaWTy YaKbITbIHbIH €ABYIp TOMeHAEe-
reHiH ankbiH kepceTeai. CoHpaM-aK, 3HEPrus LWbIFbIHbI €ABYIP TOMEHAENAl, calkeciHwe 6eAllex
NneH eHIMHIH, 83IHAIK KYHbl. DAEKTPOAUT-NAA3MAAbIK, MOAMDMKaUMS ipi TYRIpLWIKTI nepAUT-heppuTTi
MUKPOKYPbIAbIMABI MAPTEHCUTKE alMHaAAbIPYFa biKMaA eTeai. bactankpl Kyire KaTbiCTbl KATTbIAbIK-
TblH >KOFapblAQybl 3AEKTPOAUT-TMIAA3MAAbIK, OHAEYAEH KeliH (Pr3MKa-MeXaHUKAABIK, KaCcUeTTepAiH
>KOFapbIAQYbIH KOPCETEAI. DAEKTPOAUTTI-NMAA3MAABIK, BHAELY BAICIHIH apTbIKWbIAbIFbI XXOFapbl Gepik-
TEHAIPY XXbIAAAMABIFbI KE3IHAE a3 DHEPIUS LWbIFbIHAAPbIHAH, >Kep BETiH XXepriAiKTi eHAEY MYMKIHAIK-
TepiHeH TypaAbl, 0aAama BDAEKTPOAUTTI-MAA3MaAbIK, OepiKTEHAIPY YLWiH >KapTblAaii ©HEepKaCinTikK
KOHABIPFbI KYpYyFa aAfbiliapTTap 6ap. FbiAbIMM 3epTTey HOTMXKEAEPI IAEKTPOAMTTI MAA3MaAbIK, BHAEY
HaTUXKeCiHAE 60AATTbIH, (ha3aAblk, ©3repicke aKeAeTiHiH KepceTeai. boaaTTbiH 6eTki KabaTbl KEMipTeK-
neH KaHblFaTbiHbl 6arKaasbl. BeTKi KaTTbIAbIKTbIH, YAFAlObl METAAAbIH, KOAAAHY MEP3IMiH YAFANTaTbIHbI
aHblIK,.

TyiiH ce3aep: SAEKTPOAUTTI-MAA3MAABIK, MOAMMUKALMS, MAPTEHCUT, MMKPOKYPbIAbIM, KaTalo,
KATTbIABIK,.
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Structural-phase state of the surface layer
of low-carbon steel after electrolytic-plasma modification

An alternative technology of strengthening by electrolytic-plasma modification of low-carbon alloy
steel for the wedge columns binding for stop valves has been developed. The processing of steel 20X
samples was carried out on an experimental installation, the optimal processing modes were determined
experimentally. Simulation of the treated surface makes it possible to assume that during the electrolytic-
plasma heating of parts, along with quenching, chemical modification of the metal surface layers oc-
curs. The volt-temperature characteristic with the superposition of real time on the proposed processing
clearly shows a significant reduction in the time for hardening, relative to traditional hardening methods
of similar steel. Also, energy consumption and, accordingly, the cost of the part and the product as a
whole are significantly reduced. Electrolyte-plasma modification promotes the transformation of coarse-
grained pearlite-ferrite microstructure into quenched martensite. An increase in hardness relative to the
initial state indicates an increase in physical and mechanical properties after electrolyte-plasma treat-
ment. The advantage of the method of electrolytic-plasma treatment consists in low energy consumption
at high quenching rates, the possibility of local surface treatment; there are prerequisites for creating a
semi-industrial installation for an alternative electrolyte-plasma hardening.

Key words: Electrolyte-plasma modification, martensite, microstructure, hardening, hardness.
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CTpykTypHO-ha3oBoe COCTOSIHME MOBEPXHOCTHOTO CAOS
HU3KOYrA€POAMNCTOMI CTAAU MOCAE IAEKTPOAUTHO-NMAA3ZMEHHOH MoAMUMKaLUK

PaspaboTaHa aAbTepHATMBHAs TEXHOAOIMS YMPOUHEHUS SAEKTPOAMTHO-MAA3MEHHOW MOAMDU-
Kaumein HU3KOYrAEPOAMCTOM AErMpoBaHHOM CTaAM OOBS3KM KOAOHH KAMHOBBIX AAS 3arOpHOMN
apmarypbl. O6paboTky 06pasLoB ctaar 20X MPOBOAMAM Ha SKCTMIEPUMEHTAABHOM YCTAHOBKE, OMbITHbIM
MyTem OMpeAEeAMAN ONMTUMAAbHbIE PEXMMbI 00PaboTKM. MoaeApoBaHre 06paboTaHHONM MOBEPXHOCTH
AAET BO3MOXHOCTb MPEAMNOAOXKMTb, YTO MPU IAEKTPOAMTHO-TNAA3MEHHOM HarpeBe AETaAel HapsAy
C 3aKaAKOM MPOUCXOAMT XMMMYecKas MOAMMUKALMS MOBEPXHOCTHbIX CAOEB MeTaaAa. BoabT-
TemrepaTtypHasi XapakTepMUCTMKa C HAAOXKEHMEM PEAAbHOTO BPEMEHM Ha mpeaAaraemyto 06paboTky
HarAsiAHO MOKa3blBA€T O 3HAYMTEAbHOM CHUXEHUM BPEMEHW Ha YMPOYHEHWE, OTHOCUTEAbHO
TPAAMLMOHHBIMA METOAAMM  YNPOYHEHUSI aHAAOTUYHOM CTaAM. TakXKe 3HAUMTEAbHO CHMXKAIOTCS
dHeprosarpartbl M, COOTBETCTBEHHO, CeOECTOMMOCTb AETAAU UM M3AEAUSI B LIEAOM. DAEKTPOAUTHO-
NnAa3meHHas MoamduKaums cnocobCcTByeT MpeBpaLLeHMI0 KPYNHO3EPHUCTOM MepAUTHO-(heppUTHOM
MMKPOCTPYKTYPbl B MAPTEHCUT 3aKaAKu. YBEeAMUYEHME TBEPAOCTN OTHOCUTEABHO MCXOAHOIO COCTOSIHUS
CBMAETEAbCTBYET O MOBbILEHUN (DU3MKO-MEXAHUUYECKMX CBOMCTB MOCAE IAEKTPOAMTHO-TAA3MEHHOM
06paboTku. [MpenmylecTBo crnocob6a 3AEKTPOAUTHO-TIAA3MEHHOM 06pPaboOTKM COCTOMT B MAaAbIX
sHeprosarparax npu 6OAbLIMX CKOPOCTSIX 3aKaAKM, BO3SMOXHOCTH AOKaAbHOM 06paboTKM MOBEPXHOCTH,
MUMEIOTCS  TIPEAMOCBIAKM  AASl  CO3AQHMSI MOAYMPOMBILAEHHOM YCTAHOBKM AASl  aAbTEPHATMBHOIO
DAEKTPOAUTHO-TIAA3MEHHOIO YNpPOYHeHUs. Pe3yAbTaTbl MCCAEAOBAHMS CBUAETEABCTBYIOT O (ha30BOM
npeBpaLLeHnn CTaAn, MOAMMKaLMM NMOBEPXHOCTU YTAEPOAOM, @ TAKXKE O MOBbILLEHUN TBEPAOCTH, YTO,
HECOMHEHHO, NMPUBEAET K MOBbILLIEHUIO AOATOBEYHOCTU.

KAtoueBble CAOBa: 3AEKTPOAUTHO-TMAA3MEHHas MOAMMDMKALMS, MAPTEHCUT, MUKPOCTPYKTYPa,

yNpoYHeHWe, TBEPAOCTb.

Kipicne

Kazakcrannpslk MalmHa xacay CalachlHBIH ajl-
IbIHA TYPFaH MaHbI3Ibl MICEJIe — HHHOBALUSIIBIK
TEXHOJOTHSAJIApAbl CHTi3y JKOHE MallliHa >jKacay
KELICHIH Xeael xKaHrbIpTy. KazakcTaHHBIH MaluHa
Kacay KypbUIBIMBIH/IA iIIKi CYPaHBICTHI KAMTaMacChI3
€TETIH Tay-KeH METaJIyprusl KoHe MyHai-ra3 cek-
TOPHI YIIIiH 6HIM eHipici 0ackM [ 1]. KasakcTaHHBIH
MaIlliHa acay KOCITOPHIHAAPHIHBIH Oip OaFbITHI
KYOBIp apMaTypachblH J>KOHE MyHal KOCIIIIiIiri
JKaOJBIKTapBIH OHIIPY OONBIT TaObUTambl. bekiTy
apMaTypachlHBIH HOMEHKJIATypachl MEXaHUKAaJbIK
OHJICY apKbUIBI XKacanajbl, KOpIyc OelikTepi JoHe-
KepJIEHreH-IITaMITaIFaH KYPbUIBIMIBL Olnmipeni,
COHJIBIKTAH KOII JKaFaiia TOMeH KOMIPTEKTi JIeTip-
neHre” OomnatTap KongaHeuiaapl. CeiHa OaraHana-
PBIHBIH Oaiiamaapel — OJapbl i1y, OJap/IblH apa-
CBIH/IaFbl CaKUHAJBIK KEHICTIKTI repMeTu3anusiay
JKOHE OHJAFbl KbICBIMIBI OaKbllay MaKcaThIHAA ip-
rejec OaraHOapAbIH KOFapFbl YIITApbIH Oainayra
apHajraH. MyHaii aiiiay nporiecine chiHa OaraHa-
napberHbly, kadapikTapeiH (CBXK) Oaiimay >xorapbl
TYHicnieni KepHeylepre >KoHEe COKKbI-IIapiiay
TO3ybIHa YIIbIpaiael. 20X TOMEH KeMipTeKTi 0o-
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marran (MEMCT 33260-2015) »xacanran CBbX
IUTAlIKaapelH  OCpIKTeHAIpY HOCTYpJi TOCIIMEH
— JJIEKTp MEITepiH/Ie KeHiHHEeH MIBIHBIKTBIPA OTHI-
pBINL, KaTThl KapOropu3aropnaa (aram Kewip) Iie-
MEHTTEYMEH KaMmTamachi3 etiieni [2]. Anakaa, Oy
MIPOIIECC >KOFapbl JKbUTy HIBbIFbIHAapeIMeH, [IOK
TOMEHJICTYMEH, YJIKEH YakKbIT UIBIFBIHIAPBIMEH
(ecipece memTi KaXeTTi TeMIepaTypara JeiiH
KBI3JIBIPFaHIa), JKOFapbl SHEPTUsl TYTHIHyMEH (Kyat
meiFbIHEL 60-100 kBt Kypaiiaen) inecin xxypemi [3].
KeMipTeKTiH eHy ®KbUIIaMJIbIFbl TOMEH, a1 TePSHJIIT1
1-2 MM, xKapOropu3aTOpaarsl JalbIHIAMAaHBI Oerimi
O0ip Temneparypana 8-10 caraT KbI3JbIPY KaxerT,
comaH KediH Karaiteuanel [4]. Kasipri yaxeirTa
TEPMUSIIBIK, MEXaHWKAIBI-TEPMUSIIBIK ~ OHJACYAIH
IOCTYPJTl 9micTepiMeH KaTap JKOFapbl DHEPTHSIIBI
JKEPTiTiKTI KaTaiiTy oicTepi KeHiHeH KOJAaHbLTyIa.
¥ChIHBUIFAaH KYMBICTA MYHal-ra3 apMarypacbiHa
apHaJIFaH TOMEH KOMIPTEKTi 001aTThl TUPQY3USIIBIK
KaHBIKTBIPY/IBbIH 3JIEKTPOJIUTTI-IUIa3MaJIbIK MPOLEC]
KapacThlpbuiraH. KaHBIKTBIDY Y3aKTHIFBI OipHeIe
MUHYTTHI aJ1aJIbI XKOHE KalTa KbI3JBIPYChI3 COJI DJICK-
TPOJIUTTE COHIIPYMEH OHal Yisiecesi.

JKyYMBICTBIH MakcaThl — 93ipJIeHreH peKUMAI
KOJIJaHa OTBIPBIN, TOMEH KOMIPTEKTi JIeTripJeHreH
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K K. KombaeB xoue T.0.

0ONaTTHIH 3JEKTPOJIUTTI-IUIA3MANBIK  Moau(puKa-
nusACHIHBIH (Oymaan opi — DIIM) eHumeneTiH OeTTIH
OHIMJITITiHe, ©HJeY THUIMAUIITIHe, camnachlHa,
COHJIali-aK KYpBUIBIMBI MEH KAaCHETTEpiHE OCEpiH
3epTTey.

TaxkipuOeHin MaTepuaJgapsbl, Ka0ABIKTAPBI
JK9He dicTeMeci

OIM opeiHAay yumiiH 1 AMIEKTPIIK KYMBIC
BaHHACHIH, IUaMeTpi 2 MM 7 KOIJCHEH TecCiKTepi
Oap MMIMHAPIIK IJIaCTHHA TYpiHAeri 3 aHOa Kam-
TUTBIH apHaWbl O3IpPIIEHTeH TXIPUOENiK KOHIBIP-
FBI la-cypeTi KonmaHbUiabl [5]. AHOI 4 KOHYCTBIK
canTaMmara cajbIHFaH, aJl 5 KaToj peTiHle KaTaii-
TBUIFAaH YJTi/0eik Koaganbuiaasl. PesepByapnan 8
mTyuep apkpuibl 4 cantamara 10% kanbluilieHreH
cona anekrpoaut Oepineni. Kepi Oepimicti eHaey

a) OIIM cantama cyibacsl

Ke3iH/e pe3epByapFa 2 TYTIK apKbUIBI aifHaIaabl.
Kyar ke31 kaTox meH CYWBIK DJIEKTPOJIUT apachlH-
Jla KOCBUTFaH Ke3zle Oy-Ta3 KaOBIFbI maiga 0omamipl,
OJ1 TUICHKaIIbl KaiiHaTyMeH Oipre >xypeai [6]. Ocbl
KBICKA YaKbIT apaJIbIFBIHA AIEKTPOIUTTIH KypaMac
OeJTiKTepi MOHJANAIBl JKOHE JJICKTPOJIUT Ila3Ma-
Chl Ko3Fanazwl, 10-cyperi. O3mepiHi3 OineTiHmeH,
IJ1a3MaHblH TeMIepaTypachl KYpbUIBIMABIK (a3a-
JBIK ©3Tepy TeMIlepaTypachblHaH edyip acasipbl,
COHJIBIKTaH 013 3JCKTPOJIUTTI-IIA3MANBIK OHJCY
PEXUMICPIH TOXKIPHOCTIK KOJIMEH aHBIKTAIBIK.
CeHjtipy AJEKTPOIUT aFbIHBIHJIA JKY3€Tre achIphblia-
IIBI, TIUKJIIK OHJIEY KE31HIEe KAKChl HOTHXKETe KOJI
KeTkiziaeni [7].

3eprreynep 20X OonaTTaH jKacalFaH YiTije-
piaze (¢ 0.17-0.23%; Si 0.17-0.37%; Mn 0.5-0.8%;
Cr 0.7-1.0%, MEMCT 33260-2015), emmemaepi
10x10x25 mwm, xyprizinmi.

6) OIIM KOHIBIPFBICHI

1 >KyMBIC BaHHACHIL; 2 BIIEKTPONUTTI Kepi Oepyre apHaJIFaH TYTIK; 3 aHOATHI INIaTHHA; 4 KOHYCTHI CalTaMa;
5 Katon — yiri/0eik; 6 KbICKBIII MEXaHN3Mi; 7 aHOATAFbI TECIKTEP; 8 ANMEKTPOIUTTI Oepyre apHaIFaH WITyLEp.

1-cypet — 3epTTey Kypridyre apHaJlFaH TOXKIPpHOCIiK KOHIBIPFBI

Meramnorpadusiiplk — Taimayra,  dJIEKTPOH-
JIbl  MHKPOCKOIIUSJIBIK ~ 3€pTTEYJIepre apHaJFaH
YATiIEp alNAblH-ala TeTICTEYNCH, KBIITHIpaTy-
JaH koHe eHAeydeH oTTi. Ocbl Makcarrap YIIiH
OHJICNITCH YIITUIEp JKyyIaH JKOHE KENTipyaeH KeHin
STMOKCUATI MIalBIPMEH IUIACTHKTEH HEMece MeTal-
JlaH KacajJFaH KaJbIKa KYWBUIBIT, ailHa >KbUITHI-
pBIHA IEHiH TericTemill, XbThIpaThuIabsl. OmaH opi
Oomar ynrinepiHiH >XpurThlpaTeurFaH Oeti: 5-7 C
IIHIE 3T CHHUPTIHAETT a30T KBIIKBUIBIHBIH 5%
epitiaicimen (KypmaroB peaktusi) enmenai [8].

JopineHy aapexeci MUKPOCKONTA 3THJI CIHPTIMEH
OEKiTyMEH KoHE aFbIH/IBI Cy/Ia )KYYMEH OaKbIIaH IbI.
CyOcTparThl MeTALTOTPAdUSIBIK 3EPTTEY «Sony»
CaHIBIK Kamepachl Oap «Axioscop — 2MAT»
HIAFBUIBICKAH KAPBIKTHIH MHBEPTTENTEH (OTOMU-
KPOCKOTIBIH/IA KYpri3inai [9]. KaTThUIbIKTHI emimey
CT C3B 469-77 xone UCO 6508-86 TanantapsiHa
coiikec PoxBenn omici 6oiibrHmA *)yprizingi. MaIu-
kaTop petiage 120° OyprIlIieH KOHYCTHIK anMas
YIIIBI KONMIAHBUIIEL, MoHI 0,5 KaTThUTBIK OipiiriHe
nerin genrenektenmi [10].
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Toxipubenaik HITHIKeJep KIHe
TaJKbLIAY

oJIapabI

Bacrankbl (BICTBIKTAli WIIEKTENTEH) KYHe
6onatThiH 20X MHUKpPOKYPBUIBIMBL ipi TyHipimi nep-
muT-peppuT KYpBUIBIMBIH  Oinmipemi  (2-cyper).
DeppuT jxoHE MEPIUT TYHipaepiHiH Gopmanapsl me-
MEHTHUT (pa3achIH KYPaNTHIH TeMip KapOUIiHIH KyKa
KaOBIFBIMEH KaOBUIFaH. XPOMHBIH JIETipJeyIi
dJEMEHTTEepl OONATTBIH OYKIT KeJNIeMiHIe Ycak
qUcrepcTi  yaecripimre wue. TeMeH KeOMipTEKTi
Oomatrapma deppur OackIM 0OJambl, al MEPIUT
Tydipaepi a3 ynecti kypaiael. Ilemmen (Oasy
JKOHE Y3aK) KBI3IBIPY KE31HIe MEePIUT ToHIACPiHIIe
LIOFbIpiIanFaH KeMipTek auddy3us HoTHxeciHae
MeTaJIbIH OYKIT Kesemide Oipkenki Tapanmagst [11].
OHBIH KOHIICHTPAIHSCHI IEPIIUT JASHCPIHCTI KOH-
neHTpaiusmMer cansicteipranga (0,8%) 0,1-0,2%
MapKaJbl MoHTe JieiiH TemMeHaei i [12]. byn remen
KOMIPTEKTI OONarTap[plH MEITI KbI3AbIPYdaH
KaTalTy Ke3iH/e THIM/II KaTalobIHA KO OepMeii.

2-cypet — 20X GonaTThIH MUKPOKYPBUIBIMBI OacTarnKbl
KYHiHJE, ONTHKAJIBIK MUKpOcKonusi, X 200

CoHOBIKTaH, TOMEH KOMIPTEKTi JeripJeHreH
6onarran xacanran OKK mumamkanapslH HBIFAUTY
YIIiH KaTTbl KapOlOpH3aTopia KeMIpTEeKIeH Ie-
MEHTTEY apKbUIBI OCTTIK KaHBIKTBIPY XKY3€re achl-
pBUIaABI, comaH KeiiH Kartaiteutamer [13]. By
TEPMUSIIBIK OHJICY TPOIEeCi OTe Y3aK, YaKbITThI
KaXXeT ETETiH KoHE PHEPTUSHbI KaXKeT eTeli.

[Tna3ManbIK KaTalTy TEXHOJIOTUSIIAPBIH JaMbl-
Ty TOMEH KOMIpTeKTi OonaTTapipl HBIFAWTy Typa-
JBl KaJBINTACKaH Ke3KapacTapiAbl KaiiTa Kapayra
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MyMKiHAIK Oepexi. DIIM mpomectepi Oip MUK
MPOIECIHIH HAKThl YaKbITHIH KOJIJaHa OTBIPHIII,
BOJIT-TEMITEPATYPAIBIK ~ CHIIATTAMAMEH  KaKCHI
cunattanansl (3-cyper). Erep pesepByapman car-
TaMara JKOHE JKYMBIC BaHHACHI apKbUIBI JJIEKTPO-
mut OenMe TemmepaTypacbiHaa, ImaMameH 20°C
alfHaJIFaHBIH eCKepceK, OHIa Iuia3Ma OipHemne
cexkyHaTa Ko3awlpsuinel [13]. Temen kepneyinep-
ne (AB Oemiri) snexkTponuTke OaThIpBUIFAH Ka-
TOJ KapCBUIBIKTHI Ce3iHe[i. YJTiHIH KeJepriciH
OKIIayJiay eCeOIHeH KEPHEYIIH apTyhl JICKTPOJIUT-
MeH KaHacy aliMarblHJA EpITIHJIHIH KallHaraHFa
IeHiH KBI3YBIHA KOHE TOKTHIH Y3UTyiHIH TYBIHIAYHI-
Ha (9K y4ackeci) okeneai. KUCBIKTBIH ochl Oemirinne
KOHJICHCAITUSTHBIH MEP31MIi TTPOIIeCTepiHe KOHE Ka-
TOJI/MalibIHIaAMaHbIH allHaNachiHa Oy KaOaThIHBIH
naiiga OoybiHa OalIaHBICTBI TOKTHIH HMMITYJILCTI
cunatel Oaiikanazapl [14]. byn xarmalina sxapbuty-
MEH OHE JKapKpUIMEH Oipre YIIKBIHHBIH Maiaa
Oosrysl ToH. C HYKTECiHIETi 3JeKTPOJMTTI IIa3-
Ma TYPaKTBUIBIKKA M€ OO0JIajibl XKOHE TeMIleparypa
KOFapbUIANIBI, KXYHe KBI3IBIPY PEeKUMIHE oTelni
(CD 0Oemnimi). By karnmaiina SMeKTpPONUTTI TUIa3-
Maza OeJNiHEeTIH KyaTThlH apTyblHa OailIaHBICTHI
kepHeyaiH 150-200 B aeitin sxorapbuiaybIMEH TEM-
nepaTypa >korapbuiai el [15].

DE Getiri yIiIiH 3JIEKTPOJIUTTIH CaJIKbIHaybIHAH
TyBIHAAFaH KaToJI TEMIIEPaTyPAChIHBIH KYPT TOMEH-
neyi ToH. OI1O mpolleciHiH €H MaHBI3bl CHIIAT-
TaManapsl TeMIepaTrypa MeH KbI3ABIPY KbUIIaM-
IBIFBI  0OJBINT TaObUIAABI. KBI3IBIPYIBIH KOFaphI
KBUIIaMIBIFBl DOY -HbI XUMHSITBIK-TEPMHSITBIK OH-
JIeYJIiH KbUIaM Tociaiepine xatkpi3asl [16]. Co-
HBIMEH, TYPaKTHl KepHey MoHi 6ap D110 KaTOoITHIK
HYCKAChl YIIiH OOJIKTIH KbI3IBIPY >KbUIIAMIIbIFbI
200 rpamyc/c nmetiin xeremi [17], am aHom ymriH —
250 rpanyc/c neitin [18]. Kei3npipy Temneparypacsl
HETI31HEH KOJIAHBUIATBIH KEPHEYAIH MOJIIepiHe,
AJNIEKTPOJITHIH MOJIIIEPiHe, AJNEKTPOIUTTIH TeMIIe-
paTypachl MEH IKbUIJAMIbIFbIHA OailiIaHbICTHI.
AHOJ TeMIlepaTypachIHbIH JKBUTY PEKUMIHIE KOJI-
NaHBUIATBIH KEPHEYAIH IaMachlHA TOYeIILTIri
[18]. AHOx nMaMeTpiHiH YJIFalObl TYPaKThl KEpHEY
Ke3lH/Je OHBIH TEeMIepaTypachIHBIH TOMEHJIEyiHe
oKeneni, an OWIKTIKTIH >KOFapbuiaybl (OaThIpy
TEpeHJIiri), KepiciHIle, TeMIepaTypaHblH KOFa-
peinaybiaa okeneni [19]. By xyiiene bty arbiH-
JAPBIHBIH Tapaly epeKIIeTKTepiHe OalIaHbBICTHI.
ConpimMen, Na2CO3 epiTiHgiciHeri TUMTanaH
YJITiHI KBI3ABIPYJBIH MaKCUMalbl TeMIeparypa-
CHI DJIEKTPOJIMTTIH €H TOMEHT1 TeMIIepaTypachiH/a,
al eH TOMEHT1 KbI3IBIpY TEeMIepaTypachl dJIEKTPO-
JUTTIH €H JKOFapbl TEMITepPaTypachiH1a OO IBI.



K K. KombaeB xoue T.0.

Hon ocel pesxumae yiri/6enik 840-860°C tem-
neparypara Aedid Ker3anpl, sFHA 20X 00NaTTHIH
KaToAThl (aszalblK TYPJIACHYl YIIIH >KETKUTIIKTi
[20].

3-cyper — Bip LMK yaKbIT HHTEPBAJIBIHIAFbI
OIIM BonbT-TeMIEpaTypajblK CUIIaTTaMachl

OHuipicTik xargainapaa a3 KeMipTeKTi 6onaT-
THIH OETiH KOMIPTEeKIEH KaHBIKTBIPY KoHE yKcac
MHUKPOKYPBUIBIM YJIKEH SHEPTUsl IIBIFBIHIAPBIMEH
eIoyip VY3aK YaKbIT apajbIFbIHIa aibiHamel [21].
Aifita ety kepek, OIIM muKIaik eHIey apKbUIbI
JKY3€eTe achIPbUIIIEI, OapibIFbl 4 MUHYT itmiHae. [11a3-
MaJIBIK KBI3IBIPY apajibiFbl 4 CEKyHITBHI KYpauisl,
IEKTPOJIUT aFbIHBIHIAFBl COHIIPY 4 CEeKyHITHI
Kypaiinpl jkoHe THiciHIIe wUukigap cadsl 30-ra
TeH [22]. bypeiabipakra DIIM eHaeyAiH OHTAIIbI
PEKUMIEPIH TIXKIPUOECTIK aHBIKTAY JKOHE BIIEKTPO-
JIUT IIEH aHOTHIH Na2C03 KOMIIOHEHTTEPiHIH BIIbI-
pay MOHAApbIHAH METANAbl KOMIpTETiIMEH KaHBIK-
TBIPY Typalbl 3epTTEyJiep >Kapusinanabl. bonaTTeiH
KOMIpTETiMeH XoHe Oacka dineMeHTTepMeH Tudpdy-
3USJIBIK KAHBIFYBl TE€K 3JIEKTPOJIMTICH FaHa €Mec,
conpaii-ak 613 12X18H10T tot GacnaiiTein Oonat-
THI TIAMIaJlaHFaH aHOJ DJIEMEHTTEPIHCH JIe¢ MYMKIH
[23].

Kartonm OeriHmeri »JeKTp 6OpiCiHIH KemipTeri
AHMOHJIAPBIHBIH OepilyiHe OH acepi Typajbl TUIO-
te3anap 6ap (5-cyper). DIIM yIIIiH ICKTPOTUTTED
KypaMblHa KOMBUIATBIH Tajlantap OipHele HiapT-
TapMeH aHBIKTaNanel. EH amasiMeH, OeIImIeKTep IiH
THIMII KeMipTeri AuQQy3uach YLIH KETKUTIKTI
TeMmIiepatrypara JediH KbI3yblH KaMTaMachl3 €Ty
kaxer. [llemim OIIM Kypyasl KaMTaMachl3 €TETiH
€H a3 JIEKTP OTKI3TIMTIKKE He OOJyhl KepeK. Op

DNEeKTPONUTTI-IA3MANBIK ~ MOAU(DHUKAIMSIMEH
enyenred 20X 6oxar yATiCiHIH MHUKPOKYPBUIBIMBI
IIBIHAAYABIH WHENTI MAPTSHCUTIHIH OOTYBIH KyoJlaH-
IeIpansl (4-cyper).

“HRC40

MapTeHcuT
HRC45

\_

Kepcertkimmen i3aep MeH KaTTBUIBIK MOHAEPI
kepcerinreH, x 200.

4-cypet — 20X 605aTTBIH JIEKTPOIUTTI-IIa3MAIIBIK
MoauduKaMAgaH KeHiHT1 )KOFaphl OETiHIH
MHUKpPOKYpbUTBIMEL, U =200 B, t = 4 MuH.

TYpJIL SJEKTPOJIUTTEPAiH KaHBIKTBIPY Kabijeri
KeMipTeri 0ap KOMIIOHEHTTEPIiH bIABIPAY PeaKIus-
JapBIMEH JKOHE OCHI BIIBIPAY OHIMICPiHIH OHJIEITCH
OeTKe acopOLUAChIMEH aHbIKTATa bl [24].

DNEeKTPONUT  aHAJIBIMBIHBIH  KBIIIaMIBIFBI
apanacThIpy >KOHE CaJIKbIHAATY KapKbIHJBUIBIFBIH,
YATiHIH KaTaloblH aHbIKTaliasl [25]. KoHycTBIK
canramalarbl THIPOJUHAMUKANIBIK JKaraaiiapra
0aiflaHBICTBl KAaTONTHI aWMaKTarbl JKBUTy aiMa-
CY 3aHJABUIBIKTApbl KAHBIKKAH KOMIIOHEHTTEPIiH
[IBIFAPBUTATHIH OHIMHIH O€TiHe IIBIFApPhUIYBl MEH
OepiyiHiH epeKIIeNIKTepiHe aWTapibIKTall ocep
eteni. bysr 3aHABUTBIKTap ANEKTPOIUTTEPAIH Kypa-
MbIHA JIa OalJIAHBICTBI, OJIAP OHJICY PEKHUMIICPIMEH
Oipre OIIM KkeHliH aNbBIHFAaH MaTepHATIAPIBIH
KAaCHUETTEPiH aHBIKTaMIbI.

[1ma3maHbBIH )KOFaphI KOHIIEHTPAIUSIIaHFaH TEM-
repaTypackl KOMIPTEKTIH OFaphl KOHICHTPAI[H-
ChI Oap kapOu OeIIIeKTepiHiH CyOCTpaThIHA OTETIH
OeTki KabaTThIH IIaMalibl KA0AaThIH Kypanisl (5-cy-
peT). DJNEKTPOIUT aFBIHBIHAAFEI ITUKIIK KaTaio
00JaTThIH MHKPOKYPBUIBIMBIHA TEPMIUSIIBIK dCep
eTy aliMarbIH Kacaiasl. by aiimakTa jxyka wHemi
MapTEHCUTTIH MNaiga OomybIMeH (a3aliblk e3repic
Kypeni. YdackenepaiH aiKbIH IeKapajiapbl JKOK,
Oipak KaTaifaH Ka0aTThIH JKaJIbl TEPESHIITi 2 MM-Te
KeTel, 011 GacTarKpl HepIUT-QeppuT KYPhUTBIMBIHA
Oipringen etemi [26].
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Bacranke! ipi Ty#ipii nepauT-heppuUTTi MUKPOKYPBUIBIMEL,
HB222-231~ HRC21-22 (MEMCT 23677-79).

Kewmipreri MeH a30T HOHAapbIMEH OeJICEH1 KaHBIKKAH IIa3Ma
TeMIIepaTypacklHaH TEPMUSIIBIK ocep €Ty ydackeci. MUKPOKYPBUIBIM HHEI]
MapTEHCHUT OOJIBIN TaObUIAIbI,

HRC 40-45.

OKCHITI KaOBIK

OnekTponuTTi mnasma, remneparypacst 1000-6000 K 6acram.

5-cypeT — Yari/0enmiex OeTiHIH MEKTPOIUT-IUIa3MAIBIK MOAU(UKAIIMA MOZENi

KongaHbutaTelH KepHEYAl ©3TepTe OTBIPHIIL,
YJITiHIH a3 MeJIIEPIH eCKepe OTHIPHIN, KATOATHIH
TeMIIepaTypachlH Te3 6ackapyra 00yaasl — OHICI-
red eHiMm 400-gen 1100 °C-ka newiin [27], Oy
TeMIIepaTypaHblH KOJIIaHbUIATBIH KEPHEYIIH IIa-
MAacChlHA CBHI3BIKTHIK TOYEALUTITIMEH CUIIATTaNa (bl
[28]. DaeKkTpoNHT-TIIa3MalbIK KBI3ABIPYIBIH KO-
Fapbl KBUIJAMIBIFBl YITiHIH/OOMIKTIH OepinreH
TEeMIIepaTypachblHa KETy YaKbITBIH KBICKAPTHII
KaHa KOWMaiabl, COHBIMEH KaTrap MpPOIECTIH
KehOip Ke3eHIepiHe JKarbIMJbl dCEp €Te OThI-
pbin, nuddy3usanbik KabatTapablH maimga 0oiy-
bIH Te3aeTelli. basy KbI3IbIpy acTBIKTHIH ©CYiHE
Karmal oKacaiipl, al IKOFapbl KBIJIJIAMJIBIKTA

muhdy3usiHBl  TE3AETY YIIIH TeMIepaTypaHblH
KOFapbLIaybl MYMKiH.

PokBe/msl KaTTBUIBIFBIH  OJIIIIEY HOTHXKEIEpi
HRC20-24 OacTtankbl MoHIHE KaTBICTBI OETTIK KaT-
TIBIKTBIH HRC 41-45-ke  aeiiiH >korapbUiaybIH
aHbIKTanel (6-cyper). OIIM eHmereHHeH KeHiH
KaTTBUIBIKTBIH Taparybl 20X 0onaTTarbl KeMipTeri
KOHIICHTPAITMACHIHBIH, TapaTybIMEH TOJBIFBIMEH
0aliIaHBICTBI JKOHE BJICKTPOIUTTEPAIH KAHBIKTBHIPY
KaOljeTiHe ColiKec KeJIeTiH BTEKTOMATHI OojaTKa
coiikec keneni [29]. Byn keMipTeKTiH MakcHMai-
Il KBl KOHIICHTPAITUSChIHA OalIaHBICTHI, OJI
KaHBIKKaH TeMIlepaTypajia ayCTCHUTTE KaHBIKKaH
epITIH/I KOHE KaTalIaH KeiH MapTEHCUT TY3€/Ii.

6-cypet — 20X Gonar OeTiHIH KaTThUIBIFBIHBIH CaJIBICTHIPMAIbI Ipaduri
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Kypambeinma 10% xanenuiinenren coma Oap
AJNEKTPOJIUTTErl KYPBUIBIMABIK OOJIaTTapiblH Ka-
TOATHI IMKINIK Karatobl 840-860 °C Temmnepary-
paga 4 MUHYT IiIIiHIAE ONAPIBIH KATTHUIBIFBIH 2
ece apTThIpyFa MYMKIHIIK Oepeni, Oyil KeiliHHEH
KaTalTyMeH KaTThl KapOmopH3aTropia IEMEHTTE-
TeHHEH anjeKaiaa a3. CoHbIMEH KaTap, TEPMHSIIBIK
OHJICY YaKBITBIH a3aiiTy MYMKIHIIIT KepCEeTLIreH,
OYJ1 ©3 Ke3eriHJe OHEPKICINTIK MeIITi JKBUIBITYFa
SHEpPrus IIbIFBIHBIH a3alTajbl KOHE TyTacTai
anFaHaa OeNmIeKTepAl OHIIPYMiH 63iHIIK KYHBIH
TOMEH/IETEI].

Tecin eTeTiH KbI3ABIPYABl OONIBIpMAy KOHE
CBIHFBIIITHIKTBI APTTHIPY YIIIH 3JCKTPOJIUT aFbIH-
JapbIMeH (Qa3aiblK TYPJICHIIPY TeMIepaTypachl-
Ha JICWiH IUKIABIK MbiHaaymen OIIM xkyprizy
VCBHIHBUIABI, OJT TOKIPHOETIK JKOJIMEH aHbIKTaIFaH
JKOHE OKCIIEPHUMEHTTEpIi JKocmapiay ece0iMeH
pactanran [30].

Ocepinanma, gaMmeirad OIIM  TeXHONIOTHACHI
3epTTEYIIUIepAl KBI3BIKTHIPAAbI, OUTKEeHI (pu3nka-
MEXaHUKAJIBIK KACHUETTEPiH KepceTkimTepi 00-
JIATTBI KaTaWTyABIH IOCTYPIIl 9miCTepiHEH el KeM
tycredai. JXaHa TEXHOJOTHSHBI €HTi3y 3JIEKTpPO-
JUTTIK-TJIA3MANbBIK  IIBIHBIFY TaOWFATBl TYpalIbl
JKaHa akmapaTr alyra MyMKiHaik Oepeni. Ilpak-
TUKaJBIK KONAaHy TypreickiHaH OIIM MmexaHn3mi
ANEKTPOIUTTEP/IiH OHICY PSKUMIEPI MCH KYPaMbIH

IIYPBIC TaHJAy YIITiH, COHIai-aK KaKETTI )Ka0JbIKTHI
KYPY YIIiH KaXeT.

KopbIThIHABI

1. OIIM HakTBl yakeIT KabaTTacybIMeH BonbT-
TEMIIepaTypallblK CHUTNIATTAMAachl JAibIHIaMaHbIH
KOFapbl TEMIIepaTypasibl 3JIEKTPOJHUTTIK IUIa3Ma-
JIaH KbI3BIPY YaKbIThl 4 MHHYTTBI KYPaWTHIHIBIFbIH
KepceTei, Oy AoCTYpaIi HeMEHTTeyTe, COlaH KeiH
KaTalTyFa KeTETiH yaKbITTaH eadyip as3.

2.YariGeriHiHYITi cyJ10ackl 0eTKi KabaTTa OKCH T
TUICHKACHIHBIH Tasi3 Ka0aThl Maiia 00NaThIHABIFbIH,
KOMIPTEKIIeH KaHbIKKAaH MapTeHCUTTI KaTalTbUIFaH
Kabar Oacramkpl NepauT-QeppUT KYPHUTBIMBIHA
OipTiHAET aybICATHIHABIFBIH KOPCETE]I.

3. 20x OoyaT yiriciHiH OETTIK KATTHLIBIFBIHBIH
OIIM keitiH OacTankel Ky#iHE KaTBICTBI 2 ece
JKOFapbUIaybl aHBIKTAJIJIBL.
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apTTHIPY» TPAHTTHIK >KOOAHBI JXy3ere achelpy as-
ceiHga «KP BFM FhuibiM KOMHTETI» KapKBUIBIK
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OCOBEHHOCTU PACIMPEAEAEHUSI COBbITUIA
MO MHOXECTBEHHOCTU BTOPHUYHbIX YACTUL],
B 3ABUCMMOCTHU OT SHEPTUN CTOAKHOBEHMUS

N ACCUMETPUYHOCTU CTAAKNBAIOLLUXCA

PEAATUBUCTCKUX AAEP

AAS noucka CUrHanos (pasoBoro nepexopa BellecTBa M3 AAPOHHOTO COCTOSIHMSI B KBapkK-
FAKOOHHYIO MAA3MYy MCCAEAYIOTCS B3aMMOAENCTBUS C SKCTPEMAAbHBIMM XapakTepucTkamu. [poeBeaeHo
NCCAEAOBaHME 3aBUCMMOCTWN CPEAHEN MHOXECTBEHHOCTM OT 3HEPrMM HAAETAIOWEro sSApa AAS SAEP
cepbl 1 KpemHus € aHepruamn 3.7 Al'aB, 14 AI'aB 1 200 Al'3B. 3kcnepuMeHTaAbHble AQHHbIE HEYTPYTUX
B3anmopencTeuit ¢ sapamm amyabcum NIKFI BR-2 noayuenbl Ha SPS B CERN 1 Ha CuHxpodazoTpoHe
B OUAN. AAs yueTa (OAYKTyaUmii HauyaAbHbIX YCAOBUIA SAPO-SIAEPHOIO B3aMMOAEMCTBUSI COObITUS
ObIAM pPa3AEAEHbl Ha LieHTPaAbHble U nepudepuyeckme. TprUBEAEH CPaBHUTEAbHbIM aHAAM3 CpeAHeit
MHO>KECTBEHHOCTM C TSKEAbIMU M AerkKMMK siapammn poTosmyAbcun. KoapdumumeHT yBeanuenmns
MHO>KECTBEHHOCTM MMeEeT MOYTU MPAMOAMHENHDBIA POCT OT 3HEPrMM (Ha AOrapuMMUEecKorn ocn) AAS
BCEX COObITUI, 32 MCKAIOYEHWEM LIEHTPAAbHbIX B3aMMOAENCTBUI SAEP CEPbl C THKEAbIMU SApaMu
doToamyabcum npu 200 Al3B. AaHHble COObITUSI IBASIIOTCS COBLITUSIMM B3PbIBHOIO TWMa, KOTOpPbIE
AQIOT MOTOK BTOPWMUHbIX 4YacCTWL, B Y3KOM MHTEpPBAAe CpPEAHei MCeBAOOLICTPOTbI M CyLLECTBEHHO
CMeLLEHHbIM B CTOPOHY HU3KMX 3HaueHuin <7>. [NpeacTaBAeH aHaAU3 COObITUIN MOAHOMO pa3pyLIeHus
gApa cHapsaa. Takue cobblTMsS paccMaTpuBaloTCs Kak CoObiTWs, B KOTOPbIX CO3AaHbl Hamnboaee
6AAronpusTHblE YCAOBUSI AAS 0OPA30BaHMS KBAPK-TAIOOHHOM MAA3Mbl.

KAtoueBble cAOBa: MHOXKECTBEHHOCTb BTOPUUHBIX YacCTuL, NCEBAOOLICTPOTHbIE PACTIPEAEAEHMS,
SAEPHbIE SMYAbCUM, HEYMPYTME B3aMMOAENCTBUS SAEP.

A.l. Fedosimova *, lLA. Lebedev, E.A. Dmitriyeva,
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Features of the distribution of events by the multiple
of secondary particles depending on the energy of collision
and the assymetricity of collising relativistic nuclei

To search for signals of the phase transition of matter from the hadronic state to the quark-gluon
plasma, interactions with extreme characteristics are studied. The study of the dependence of the av-
erage multiplicity on the projectile energy for sulfur and silicon nuclei with energies of 3.7 AGeV, 14
AGeV, and 200 AGeV has been carried out. Experimental data on inelastic interactions with the nuclei of
the NIKFI BR-2 emulsion obtained at the SPS at CERN and at the Synchrophasotron at JINR. To take into
account fluctuations in the initial conditions of the nucleus-nucleus interaction, the events were divided
into central and peripheral ones. A comparative analysis of the average multiplicity with heavy and light
nuclei of the photographic emulsion is presented. The multiplicity increase factor has an almost linear
increase in energy (on the logarithmic axis) for all events, except for the central interactions of sulfur
nuclei with heavy emulsion nuclei at 200 AGeV. These events are explosive events, which give a flux of
secondary particles in a narrow range of average pseudo-rapidity and significantly shifted towards low
values <5 >. The analysis of events of complete destruction of the projectile nucleus is presented. Such
events are considered as events in which the most favorable conditions are created for the formation of
a quark-gluon plasma.

80 © 2021 Al-Farabi Kazakh National University


https://orcid.org/0000-0001-9607-6074
https://orcid.org/0000-0002-7562-9925
https://orcid.org/0000-0002-1280-2559
https://orcid.org/0000-0002-6652-9252
https://orcid.org/0000-0001-6745-5462
https://orcid.org/0000-0001-8145-7974

A.N. denocumona u ap.

Key words: multiplicity of secondary particles, pseudo-rapidity distributions, nuclear emulsions,
inelastic interactions of nuclei.

AN. Depocumosa*, M.A. Aebeaes, E.A. AMuTpuesa,
C.A. M6panmosa, E.A. BoHnaapb, .M. Kpacosmuxun
Satbayev University, ®u3nka-TexHUKaAbIK, MIHCTUTYTbl, Ka3akcTaH, AAmMarsl K.

SApPOAbIK, hr3mKa MHCTUTYTbI, KasakcTaH, AAMathbl K.
*e-mail: ananastasia@list.ru

COKTbIFbICY HEPrUsICbIHA YKOHE COKTbIFbICATbIH
PEASITUBUCTIK SIAPOAAPAbIH ACUMMETPUSICbIHA OAaMAAHBICTbI KaiTaraMa
OeALLEeKTepAiH KONTiri 00MbIHLLIA OKMFAAAPADBIH, TApaAy epekLUeAikTepi

3aTTblH, QAPOHABIK, KYMAEH KBAPK-TAIOOH MAa3MacbiHa (pa3aAblk, aybliCy CUIHAAAAPbIH i3AeY YLUiH
3KCTpPeMaAAbl cMMaTTaMaAapMeH e3apa apekeTTecy 3epTTeAeai. 3.7 Al3B, 14 AlaB >xeHe 200 Al3B
3HeprusAapbl 6ap KyKipT XeHe KPEMHUI SAPOAAPbI YLLiH YLIATbIH SAPO SHEPTUSCbIHA OpTaLla KONTIKTiH
TayeAAiAiriH 3eptrey xyprisiaai. NIKFI BR-2 3MyAbCUSCbIHbIH SAPOAApPbIMEH ©3apa 8peKeTTeCyAiH
akcnepumMeHTTiK aepekTepi CERN-ae SPS-te xeHe OUANM-pae CuHxpoda3oTpoHAa aAblHABL. SApO-
SAPOAbIK, ©3apa 9peKeTTecyAiH GacTankbl >KaFAAMAAPbIHbIH, AYbITKYbIH €Cerke aAy YLUiH OKUFaAap
OpTaAbIK >XaHe nepudepusiabik, 6oAbIN 6AIHAI. DOTOIMYALCUSIHBIH, aybIp >KOHE >KEHIA SAPOAAPbIMEH
opTalla KeruleHiH CaAbICTbIpPMaAbl TaAAaybl KeATipiareH. Kebeity koadumumenti 200 Al3B aybip
(HOTO3IMYABCUS  SAPOAAPBIMEH KYKIPT SAPOAAPbIHbIH, OpPTaAblK, ©3apa ©peKeTTecyiH KOCrnaFaHAQ,
6GapAbIK, OKMFAAAp YLLiH 3HEPrusAaH (AorapudMmAiK ecTe) Tikeaei ecyre ne. bya okurasap — oprauia
NCceBAOOBICTPOTThIH, Tap MHTEPBAAbIHAQ eKiHLLII PeTTiK GOALLEKTEPAIH aFbiHbIH GepeTiH xaHe <z>
TOMEH MBHAEPiHe arnTapAblKTal aybiCaTblH XXapbIAFbILL TUNTEr okuraap. CHapsA SAPOCBIHbIH TOABIK,
6Y3bIAY OKMFAAAPbIHA TAAAQY YCbIHbIAFAH. MYHAQI OKMFAAAP KBAPK-TAIOOH MAA3MACbhIHbIH, NMaiAa G0AYbI

YLWiH eH KOAaMAbl YKaF AaiAap XKacaAFaH OKMFaAap PeTiHAE KapacTbIPbIAAAbI.
Tyiin cesaep: KainTanama OOALIEKTEPAIH KOMTiri, nceBAOOLICTPOTTbI YAECTIPIMAEP, SAPOAbIK,
3MYAbCUSIAAD, SAPOAAPAbIH CEPMIMAI eMec e3apa apeKeTTecyi.

BBenenue

Uzyuenne cBoicTB (ha30BOTO Mepexoaa Bemie-
CTBa U3 aJpOHHOTO COCTOSTHUS B KBAPK-TITFOOHHYIO
miazMy [1-3] saBiseTcs akTyanapHOH 3amaued ans
coBpeMenHoi Qusuku [4-6]. Jlns moncka cHUTHA-
70B (pa3oBoro mepexoia MCCIEIYIOT B3aUMOJCH-
CTBUS C DKCTPEMAIIBHBIMH XapaKTepucTukamu [7].
[Ipu snpo-saepHBIX B3aUMOJEHWCTBUSIX BBICOKHX
sHepruii [8-11] oOpasyercs O0oJIblIOE KOJIMYE-
CTBO YaCTHUII, U MHOKECTBEHHOCTh TaKUX COOBITHUI
Ype3BBIYaiHO BaXKHA JUISl ACTaIbHOTO HCCIIEJ0Ba-
HUS XapaKTEPUCTHK IpoIiecca 00pa3oBaHUs HOBBIX
gactur] [12,13]. IlpenmosaraeTcsi, 4TO COOBITHS
MOJTHOTO Pa3pyIIeHusl sapa CHapsaa, B KOTOPBIX
CO3/IAI0TCs OJIArONPUATHBIE YCIOBUSA s 00pa3o-
BaHMS KBapK-TIIOOHHOH IIa3Mbl, MPEICTABISIOT
co00if IIeHTpalibHbIe B3aUMOJICHCTBHS, B KOTOPHIX
nepenaeTcs MaKCHUMallbHass SHEPTHS HaJeTarolle-
ro siipa B o0sacth B3aumonevicteus [14,15]. dus
WCCJIeIOBaHNS OCOOCHHOCTEH paclpe/eneHus co-
OBITHI 110 MHOXECTBEHHOCTU BTOPUYHBIX YACTHUIL
[16,17] B 3aBUCHMOCTH OT DHEPTUH CTOJIKHOBEHUS
OBLTM TIPOAHAIM3UPOBAHBI COOBITHUS B3aUMOJICH-
CTBHA HAJIETAIOMIETO S/Ipa ¢ HETIOABIKHON MUIIIE-
Hb10[18].

MeToauka uccjaea0BaHus

B kauecTBe MHMIIEHU HCIIOJIB30Balach JIETKHE
(CNO) u Tsxensle (AgBr) sapa dorosmynbcuu
[19]. OMyIBCHOHHBIH METOM SBISICTCS KpaiHe WH-
(dbopMaTUBHBIM A1 U3y4YeHHS TOYKM (Ha30BOTO
nepexona [20-23]. beulM HCTOIB30BaHEI CICIYIO-
LI1e 3KCIIEpUMEHTAIbHBIE JaHHbIEe: 837 HEyNpyTux
B3aumonericteuii S+Em 200 AI'B [24-26] ¢ siapa-
mu smyabscun NIKFIBR-2, nonyuennsle Ha SPS B
CERN u 924 nmeynpyrux B3aumoneictBusi S+Em
3.7 AT»B c¢ saapamu smynascun NIKFIBR-2, moiy-
yenHble Ha Cuuxpodazorpone B OUSU ([1yOHa,
Poccus) [27,28].

Pe3yabTarhl u 00cy:KI1€eHUE

s HOHUMaHUsT BO3MOXKHOU CBSI3U 0COOEHHO-
CTe MHO)XECTBEHHOTO POXKACHHSA U MapaMeTpoB
(parMeHTauMy HaJeTAIOUIero Aapa ObUINM MpoaHa-
JU3UPOBAHBl PACIIPENIENIEHNsI 0 MHOXECTBEHHO-
CTH B 3aBHCUMOCTH OT HEPIHMM B3aMMOICHCTBUS
[29,30].

Ha pucynke 1 mpencraieHsl pacipeneneHus
TI0 MHOKECTBEHHOCTH JIMBHEBBIX YACTHUIL /1 B IEH-
TPaJbHBIX COOBITHUAX C MOJHBIM pa3pylICHUEM Ha-
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JISTAOIIEro Apa (Nf=0) U COOBITHSAX C OTHUM MHO-
rozapsiiibiM - (parMEHTOM BO B3aUMOJEHCTBUSIIX
S+Em200 AI'3B.

Kak BumHO U3 prcyHKa 1 KpoMme 0XKHIaeMOro
pocTa MHOKECTBEHHOCTH IIPH BBICOKMX YHEPTUSIX B
COOBITHSIX TIEHTPAILHOTO THIA C N, / =0 mosBIsIETCA
JOTIOJIHUTEINIbHAST COCTaBIsIomas. PacrpeneneHue

COOBITHI 10 MHOXECTBEHHOCTH MPEICTABIAET CO-
00i1 sicHYI0 JBYXTOpOOBYIO CTPYKTYpY, pasieieH-
Hyto yposHeM 1 =200. IIpx 3TOM BEpOSTHOCTH CO-
OBITUH BBICOKOW MHOXECTBEHHOCTH (HAIpUMep, C
n =400) MpakTHYECKH COBNANAET C BEPOATHOCTHIO
MTOSIBJICHUS COOBITHH MaJIOi MHOKECTBEHHOCTH (Ha-
npumep, ¢ n.=40).

PucyHox 1 — MHOXECTBEHHOCTb n_ 9acTHIL s B3aUMOJICHCTBUI
S+Em 200 A I'3B ¢ pa3HbIM 9HCJIOM MHOTO3apsIHbIX (hparmMeHToB N,

Jnst wcciaenoBaHUsl IPYrUX OTIUYUTEIBHBIX
OCOOEHHOCTEH TaKWX COOBITHH IpOaHATH3UPOBA-
HO HX CpeAHee MCEeBIOOBICTPOTHOE pacIpeaesicHHe
[31], mpemcraBneHHOE HA PUCYHKE 2.

st cpaBHEHUS Ha BCeX PUCYHKax 2 a), 0), B)
1 T) HATOXKeH put dyHknmedt ["aycca mis morHO-
ro pacmupeaeneHusl Mo CpenHeil IceBroObICcTpoTe
JUBHEBBIX YaCTHIl, HOPMHUPOBAHHBIH Ha YHCIIO
cOOBITHH, TpeAcTaBICHHBIX Ha pucyHKe 2. Kax
BUJIHO W3 PHUCYHKA 2, pacupeaesieHue Mo cpeaHei
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MCEBAOOBICTPOTE JIMBHEBBIX YACTHI B COOBITHAX C
N=0 n mHOxecTBeHHOCTBIO 7>200 CylIecTBEH-
HO OTJHMYaeTcs OT APYTHX paclpeleNeHni, npea-
CTaBJICHHBIX Ha 3TOM pHCyHKe. Bo- mepBbIx, 3TO
pacmpezneneHre 3HAYUTENBHO Oonee y3Koe, deM
Ipyrue pacopenenenus. [lucnepcus pacnpenene-
HUS, IPEICTABICHHOTO Ha pUCYHKe 2 T), B 2.3 pa3a
MEHbBIIIE JUCIEPCUM pacHpeeseHus, NpPeaAcTaB-
JICHHOTO Ha pucyHKe 2 B). Bo-BTOphIX, cpenHee
3Ha4YeHHE PpacCHpelesICHus, IMPEJCTaBICHHOr0 Ha
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pHUCYHKE 2 T), CyHIECTBEHHO CMELICHO B CTOPOHY
HU3KUX 3HAYECHUH <>,

Takum 00pa3oM, B CTOJIKHOBEHMSIX S+Em mpu
sHeprun 200 AIBB c simpamu potosmynbcuu 00-
Hapy>KeHbl COOBITHSA B3PHIBHOTO THIIA C BBICOKOH

MHOKCECTBCHHOCTBIO, KOTOPBIC 1al0T IOTOK BTOPHY-
HBIX YacCTHUI B Y3KOM MHTEpPBAJIC CPEAHEU ICEBIO-
OBICTPOTHI U CYIIECTBEHHO CMEIICHHBIM B CTOPOHY
HU3KHX 3HaUYEHUI <> (CMEeIIeHHe B CTOPOHY 00JIb-
[INX YTJIOB).

Pucynok 2 — Pacnipenienienue 1o cpenHeit ceBao0bICTPOTe COOBITHIT B3aNMOACHCTBHS siliep cephl S
¢ aneprueit 200 AI'B ¢ sapamu GoTosMyiibcuu st COOBITHIA
C pa3HbIM YUCIIOM MHOTO3apsIHBIX (parMeHToB N,

s ucenenoanys 3aBUCUMOCTH CpEAHEN MHO-
JKECTBEHHOCTH OT SHEPTHM HAJIETAIOIIEro siipa Ha
pHUCYHKe 3 IOCTPOEHBI paclpeleseHUs Ul CEpbl U
KpeMHus ¢ sHeprusimu 3.7 AIBB, 14 AI'BB u 200
ATIB. [lns yuera ¢urykTyanuid HauaibHBIX YCIOBHH
AOPO-SJEPHOT0 B3aUMOICHUCTBHUS COOBITHS OBLIM
pasienieHsl Ha LEHTpaJlbHbBIE U nepudepryeckue.

Kak nieHTpanbHele B3aUMOIEHCTBHSA pacCMaTpH-
BaJIMCh COOBITHSA, B KOTOPBIX OTCYTCTBYIOT MHOTO-

3apsiiHble GpparMeHTsl (N =0), xax nepudepudecKue
B3aMMOJICHCTBHS PACCMATPUBAIUCH COOBITHS C OJI-
HUM MHOTO03apsSIHBIM (ParMEHTOM HaJIETaIOIIEeTO
spa (Nle)'

W3 pucynka 3 BHOHO, YTO C POCTOM JHEPTHH
YBEJIUUMBACTCA CPEAHSAS MHOXECTBEHHOCTH BTO-
puuHbIX yacTul. OnHAKO MpH OONBIINX IHEPTUAX
S+Em 200 AI'3B poct MHOKECTBEHHOCTH BTOPHUY-
HBIX YacTHUI] JJS LEHTPANbHBIX B3aUMOIEHCTBUI
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HaMHOTO OoJibllle, YeM B COOBITHSX ¢ mepudepu-
YeCKHM B3aMMOJICHCTBUEM sjIep, YTO YKasbIBaeT
Ha aHOMAJBHBIH POCT YHUCJIA COOBITUH TOJHOTO
paspylieHus sapa-cHapsana. s B3auMonelcTBHN

cepsl ¢ 3Heprueit 3.7 AI'B u s snep kpeMHus ¢
sHeprueit 14 ATBB u s nepudepuueckux u s
LEHTPAIbHBIX B3aUMOJECHCTBUM MHOXECTBEHHOCTD
JIUBHEBBIX YACTHI] OTINYAETCS IPUMEPHO B 2 pasa.

300 T
250 B ® Nf=0
i | Nt:l
L /ﬂ
200 |- /
! /
[ yd
150 |- % 1
X /
i /
100 |- //
[ /
50 |- / I
0 i el PR T A | J. L 1 L PR R B |
10 10°
E, AGeV

Pucynok 3 — 3aBHCHMOCTB Cpe/THEH MHOXECTBEHHOCTH BTOPUYHBIX YaCTHIL N
BO B3aumoyeiicTBusax S+Em 3.7 AI'»B, Si+Em 14 AT'»B u S+Em 200 AI'>B
OT SHEPrUX B3aNMOJEHCTBHUS JUISl COOBITUI TOTHOTO pa3pyIleHNs HAJIETAIONIETO apa
(N=0) 1 coOBITHIT C OTHIM MHOTO3apS/THBIM (hparMeHTOM

st B3ammopeiicteuit S+Em 200 AI'BB xoad-
(uIMeHT yBeNMMYeHUsS MHOXKECTBEHHOCTH 3aBHCHT
OT CTETICHU TMEPEKPBITHS SAEp, I MEHTPATHHBIX
B3aumonenctuii C =8.4, a s nepupepruIecKux
C =4.38.

Jlst moHMMaHUs BO3MOXKHOM CBSA3U aCUMME-
TPUH B3aMMOJICHCTBYIOIMUX SA€P U OCOOCHHO-
CTEH aHOMAaJIbHO BBICOKOH MHOKECTBEHHOCTH
JUBHEBBIX YAaCTHI[ HA PUCYHKE 5 mpelcTaBlicHa
3aBUCUMOCTb CPEJHEH MHOXKECTBEHHOCTU BTO-
PUYHBIX YACTHIL 71 BO B3aUMOEUCTBUIX S+Em
3.7 AI»B, Si+Em 14 AT3B u S+Em 200 AI'>B
OT SHEPTUU B3aUMOJCHCTBUS IS COOBITHH C
pa3NUYIHBIM YHCIOM (GPArMEHTOB sIApa MULICHU
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N, u MHOTO3apsAHBIX (PArMEHTOB spa CHaps-
na Nf

Ilpu cpaBHUTENPHOM aHalU3€ CpelHed MHO-
JKECTBEHHOCTH [UIs B3aMMOJEIHCTBUH simep cepsl U
KPEMHHS C TSDKENBIMH U JIETKUMH siipaMu (HoTo3-
MYJIbCHH, IPEACTaBICHHOM Ha pUCyHKe 4, 00Hapy-
KEHa 3aBHCUMOCTb KOd(pdUIlMeHTa YBETUUICHHUSIM-
HOXECTBEHHOCTH COOBITHS OT pa3mepa sapa-MHuLIe-
Hu. KoaduiueHT yBenmnueHrss MHOXKECTBEHHOCTH
C MMeeT MoYTH NPSIMOIMHENRHBIA POCT OT SHEPTUH
(Ha morapupMHUUYECKON OCH) JUIsl BCEX COOBITHA, 32
UCKITIOYCHHEM LICHTPAIbHBIX B3aUMOACHCTBHM A1ep
CepHI € TSDKENBIMU siipamu (HoTodMynbeud mpu 200
AIsB.
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Yepusie kpyru — N=0, N, >8; senennie Tpeyronbuuku — N, =0, N, >8;
kpacuble kBaaparsl -N=1, N, <8; cunue 3Be3np — N =1, N, <8

Pucynox 4 — 3aBucUMOCTb CpetHeli MHOKECTBEHHOCTH BTOPUYHBIX YACTHIL N
BO B3aumojeiictBusax S+Em 3.7 AI'»B, Si+Em 14 AI'»B u S+Em 200 AI'>B
OT SHEPTUH B3aUMOICHCTBUS ISl COOBITHI C Pa3IMIHBIM YHUCIOM ()PArMEHTOB sIpa
mumend N, 1 MHOro3apsaaHbIX GparMeHToB aapa cHapsaaa N,

Takum O6p3.30M, MHOKECTBEHHOCTh COOBITHUS
CYHmECTBEHHO 3aBHCUT OT OJOHCPIruun B3aI/IMOI[eI>'I-
CTBUA U aCUMMCTPUHU AAPO-AACPHOTO BSaHMOHeﬁ—
CTBHAI.

3akiaouenune

C poCTOM 3HEPruM YBEIUUYUBACTCS CPETHSS
MHOKECTBEHHOCTh BTOPUYHBIX 4acTHl. OIHaKO
npu 6onpmux sHeprusx S+Em 200 AI'sB poct
MHOKECTBEHHOCTH BTOPHUYHBIX YACTHUILl AJIS LIE€H-
TPaJbHBIX B3aMMOJICUCTBUH HAMHOIO OOJIbIIE,
9eM B COOBITHSAX C TEepHPEPUUCCKUM B3aUMO-
NIEUCTBUEM SIAEP, YTO YKa3bIBAE€T HA aHOMAJIbHBIN

POCT unciia COOBITHI MMOJTHOTO Pa3pyIIeHHS Sapa-
CHapsifa.

Pacmipenenenne mo cpemaHel mceBmOOBICTPOTE-
TaKUX COOBITHI CYIIECTBEHHO CMEIIEHO B CTOPO-
Hy HU3KHUX 3HAYEHUH <#>, YTO CBHUIETEILCTBYET O
JIBYX Pa3lMYHBIX IMOTOKAX YaCTHII, HAMPABICHHBIX
o pas3iIMYHbIMU YTIJIaMH.

Baaropapnocrts

HccnenoBanne BBIMONHEHO TpHU (UHAHCOBOM
nojaepxkke Munucrepctsa ObpasoBanust 1 Hayku
Pecniy0Onuku Kazaxcran (rpant Ne AP08855403,
rpant Ne AP09562078, rpant Ne BR10965191).

Jlutepartypa

1 Scharenberg R.P., Srivastava B.K., Hirsch A.S., Pajares C. Hot Dense matter: deconfinement and clustering of color sources

in nuclear collisions // Universe. — 2018. — Vol. 4(9). — 96.

2 Sahu D., Tripathy S., Pradhan G.S., Sahoo R.Role of event multiplicity on hadronic phase lifetime and QCD phase boundary
in ultrarelativistic collisions at energies available at the BNL Relativistic Heavy lon Collider and CERN Large Hadron Collider //

Physical Review C. —2020. — Vol. 101(1). — ID.014902.

85


https://www.webofscience.com/wos/author/record/17609
https://www.webofscience.com/wos/author/record/6277863
https://www.webofscience.com/wos/author/record/30309332
https://www.webofscience.com/wos/author/record/59405

Ocobennoctu pacnpeacicHus COOBITHIA IT0 MHOXKECTBEHHOCTH BTOPUYHBIX 9aCTUIl B 3aBUCUMOCTH ...

3 Bernhard J.E., Moreland J.S., Bass S.A. Characterization of the initial state and QGP medium from a combined Bayesian
analysis of LHC data at 2.76 and 5.02 TeV // Nuclear physics A. —2017. — Vol.967. — P.293-296.

4 A.M. Syam Kumar, J.P.Prasanth, Vishnu M.Bannur Quark-gluon plasma phase transition using cluster expansion method //
Physica A: Statistical Mechanics and its Applications. — 2015. — Vol. 432. — P. 71-75.

5 Zhang X.B., Zhang Q.R. Zero-density phase transition to quark-gluon plasma and the relativistic finite baryon volume effect
in hadronic matter /Communications in Theoretical physics. — 1999. — Vol. 32(4). — P. 575-582.

6 Ropke G. The physics of quark-gluon plasma and relativistic charged particle systems // Contributions to Plasma Physics. —
2003. — Vol. 43(5-6). — P. 350-354.

7 Alice Ohlson Investigating correlated fluctuations of conserved charges with net-A fluctuations in Pb—Pb collisions at ALICE
//XXVIIth International Conference on Ultrarelativistic Nucleus-Nucleus Collisions (Quark Matter 2018). // Nuclear Physics A. —
2019. - Vol. 982. — P. 299 -302.

8 Bhattacharyya S., Haiduc M., Neagu A.T., Firu E. An investigation of projectile helium fragments in high-energy nucleus-
nucleus interactions //Canadian Journal of Physics. — 2020. — Vol. 98(2). — P. 153-157.

9 Abdurakhmanov U., Gulamov K., Lugovoi V., Navotny V. Observation of gaussian pseudorapidity distributions for produced
particles in proton-nucleus collisions at tevatron energies //Advances in High Energy Physics. —2018. — Vol.2018. — ID.3098252.

10 Bhattacharyya S. Studies of asymmetric particle production in different multiplicity zones in azimuthal space in high en-
ergy nucleus-nucleus interactions //Canadian Journal of Physics. —2021. — Vol. 99(5). — P. 340-346.

11 Rasool M.H., Ahmad S. Some observations on Levy stability and intermittency in nucleus-nucleus interactions at SPS ener-
gies //Chinese Journal of Physics. —2017. — Vol.55(2). — P.260-267.

12 Bhattacharyya S., Haiduc M., Neagu A.T., Firu E. Event by event analysis of maximum pseudo-rapidity gap fluctuation in
high energy nucleus-nucleus collisions // EPL. —2019. — Vol. 126. — 42001.

13 Bhattacharyya S., Haiduc M., Neagu A.T., Firu E. An investigation of projectile helium fragments in high energy nucleus-
nucleus interactions // Canadian J. of Phys. — 2020. — Vol. 98(2). — P.153-157.

14 Kawecka A. Collective dynamics in relativistic nuclear collisions studied with ALICE at the LHC// Photonics applications in
Astronomy, Communications, Industry, and High Energy Physics Experiments. — 2020. — Vol.11581. —ID.1158113.

15 Bhattacharyya S. Centrality dependence of pseudo-rapidity distribution in nucleus-nucleus collisions at (4.1-4.5) AGeV/c //
International journal of modern physics E. — 2020. — Vol.29 (4). — ID.2050020.

16 Basu S., Thakur S., Nayak T.K., Pruneau C.A. Multiplicity and pseudo-rapidity density distributions of charged particles
produced in pp, pA and AA collisions at RHIC & LHC energies //Journal of Physics G: Nuclear and Particle Physics. — 2021. —
Vol.48(2). —1D.025103.

17 Kawaguchi K., Murase K., Hirano T. Multiplicity fluctuations and collective flow in small colliding systems // Nuclear Phys-
ics A. —2017. - Vol. 967. — P. 357-360.

18 Andreeva N.P., Gaitinov A.Sh., Lebedev I.A., Skorobogatova V.1, Filippova L.N., Shaikhieva D.B. Full destruction charac-
teristics of light and heavy nuclei with 3.7-158 AGeV energies //Physics of Elementary Particles and Atomic Nucleus. Experiment.
—2007. — Vol.4(1). - P.67-72.

19 Kumar S., Singh M.K., Singh V., Jain R.K. Characteristics of the grey particles emission at relativistic energy /The European
Physical Journal Plus. —2021. — Vol.136. — N.115.

20 Zhi Zhang, Tian-Li Ma, Dong-Hai Zhang Forward—backward emission of target evaporated fragments in high energy nucle-
us—nucleus collisions //Physics Procedia. —2015. — Vol. 80. — P.50-53.

21 Bari W., Rather N.A. Sensitivity of multiplicity fluctuations to rapidity in high-energy nucleus-nucleus interactions //Ukrai-
nian Journal of Physics. —2017. -Vol.62(1). — P.12-19.

22 Bhoumik G., Bhattacharyya S., Deb A., Ghosh D. Measurements of charged hadron fluctuations in pseudo-rapidity bins in
0-16-AgBr at 60 A GeV and S-32-AgBr at 200 AGeV //European Physical Journal A. —2015. —=Vol.51(7). — N.78.

23 Ghosh D., Deb A., Bhattacharyya S., Datta U. Multiplicity dependence of entropy in different rapidity bins in high-energy
nucleus-nucleus interactions //Physica Scripta. —2012. —V0l.85(6). — ID.065205.

24 Gaitinov A. Sh., Kharchevnikov P.B., Lebedev L A., Lebedeva Al Investigation of density structure of pseudorapidity fluc-
tuations in interactions of nuclei Au 10.7 AGeV and Pb 158 AGeV with photoemulsion nuclei by Hurst method /HEP-Ph. —2012.
—Vol.1 —P.1-10.

25 Fedosimova A.l., Gaitinov A. Sh., Grushevskaya E., Lebedev 1. Study of the peculiarities of multiparticle production via
event-by-event analysis in asymmetric nucleus-nucleus interactions// EPJ Web of Conferences. —2017. — Vol.145. — ID.19009.

26 Lebedev LLA., Temiraliev A.T., Fedosimova A.l. Initial state fluctuations and complete destruction of the projectile nucleus
in interactions of asymmetric nuclei at high energies //Knowledge E Energy & Physics. —2018. — P.102—108.

27 Adamovich M.I. et al. Azimuthal correlation of secondary particles in 32S induced interactions with Ag(Br) nuclei at 4.5
GeV/c/nucleon // Part.Nucl.Lett. — 2000. — Vol.4(101). — P.75-82.

28 Adamovich M.I. et al. Rapidity densities and their fluctuations in central 200 AGeV 328 interactions with Au and Ag, Br
nuclei EMUO1 collaboration //Phys. Lett. B. — 1989. —Vol. 227. — P.285-290.

29 Fedosimova A.l., Gaitinov A.Sh., Lebedev I.A., Temiraliev A.T .Study on initial geometry fluctuations via correlation of
finite distributions of secondary particles in nucleus-nucleus interactions //J. Phys.: Conf. Ser. — 2016. — Vo0l.668. — ID.012067.

30 Andronov E. Transverse momentum and multiplicity fluctuations in Ar+Sc collisions at the CERN SPS from NA61/SHINE
//Acta Physica Polonica B Proceedings Supplement. —2017. —=Vol. 10(3). — P.449-453.

31 Ying Yuan Cylinder models and particle (pseudo)rapidity distributions in nucleus-nucleus collisions at high energies //Ra-
diation measurements. — 2008. — Vol.43. — P.250-253.

86


https://www.webofscience.com/wos/author/record/726936
https://www.webofscience.com/wos/author/record/5409352
https://www.webofscience.com/wos/author/record/8264209
https://www.webofscience.com/wos/author/record/9356932
https://www.webofscience.com/wos/woscc/full-record/WOS:000613014800001

A.N. denocumona u ap.

References

1 R.P. Scharenberg, B.K. Srivastava, A.S. Hirsch and C. Pajares, Universe 4, 96 (2018).

2 D. Sahu, S. Tripathy, G.S. Pradhan and R. Sahoo, Physical review C 101, ID.014902 (2020).

3 J.E. Bernhard., J.S. Moreland and Bass S.A., Nuclear physics A 967, 293-296 (2017)..

4 AM. Syam Kumar, J.P.Prasanth and Vishnu M.Bannur, Physica A: Statistical Mechanics and its Applications 432, 71-75
(2015).

5 X.B. Zhang and Q.R. Zhang, Communications in Theoretical physics 32, 575-582, (1999).

6 G. Ropke, Contributions to Plasma Physics 43, 350-354 (2003).

7 Alice Ohlson, XXVIIth International Conference on Ultrarelativistic Nucleus-Nucleus Collisions (Quark Matter 2018), Nu-
clear Physics A 982, 299-302 (2019).

8 S. Bhattacharyya, M. Haiduc, A.T. Neagu and E. Firu, Canadian Journal of Physics 98, 153-157 (2020)..

9 U. Abdurakhmanov U., K. Gulamov, V. Lugovoi and V. Navotny, Advances in High Energy Physics 2018, 1D.3098252
(2018).

10 S. Bhattacharyya, Canadian Journal of Physics 99, 340-346 (2021).

11 M.H. Rasool M.H. and S. Ahmad, Chinese Journal of Physics 55, 260-267 (2017).

12 S. Bhattacharyya, M. Haiduc, A.T. Neagu and E. Firu, EPL 126, ID.42001 (2019).

13 S. Bhattacharyya, M. Haiduc, A.T. Neagu and E.Firu, Canadian J. of Phys. 98, 153-157 (2020).

14 A. Kawecka, Photonics applications in Astronomy, Communications, Industry, and High Energy Physics Experiments
11581, ID.1158113 (2020).

15 S. Bhattacharyya, International journal of modern physics E 29, ID.2050020 (2020).

16 S. Basu, S. Thakur, T.K. Nayak and C.A. Pruneau, Journal of Physics G: Nuclear and Particle Physics 48, ID.025103 (2021).

17 K. Kawaguchi, K. Murase and T. Hirano, Nuclear Physics A 967, 357-360 (2017).

18 N.P. Andreeva, A.Sh. Gaitinov, I.A. Lebedev, V.1. Skorobogatova, L.N. Filippova and D.B. Shaikhieva, Physics of Elemen-
tary Particles and Atomic Nucleus. Experiment 4, 67-72 (2007).

19 S. Kumar, M.K. Singh, V. Singh and R.K. Jain, The European Physical Journal Plus 136, 115(2021).

20 Zhi Zhang, Tian-Li Ma and Dong-Hai Zhang, Physics Procedia 80, 50-53(2015).

21 W. Bari and N.A. Rather, Ukrainian Journal of Physics 62, 12-19 (2017).

22 G. Bhoumik, S. Bhattacharyya, A. Deb and D. Ghosh, European Physical Journal A 51, N.78 (2015).

23 D. Ghosh, A. Deb, S. Bhattacharyya and U. Datta, Physica Scripta 85, ID.065205 (2012).

24 A. Sh. Gaitinov, P.B. Kharchevnikov, I.A. Lebedev and A.I. Lebedeva, HEP-Ph. 1, 1-10, (2012).

25 A.L. Fedosimova, A. Sh. Gaitinov, E. Grushevskaya and 1. Lebedev, EPJ Web of Conferences 145, ID.19009 (2017).

26 I.A. Lebedev, A.T. Temiraliev and A.I. Fedosimova, Knowledge E Energy & Physics 3, 102-108 (2018).

27 M.1. Adamovich et al., Part.Nucl.Lett. 4(101), 75-82, (2000).

28 M.I. Adamovich et al., Phys. Lett. B. 227, 285-290, (1989).

29 AL Fedosimova, A.Sh. Gaitinov, I.A. Lebedev and A.T Temiraliev, J. Phys.: Conf. Ser. 668, ID 012067 (2016).

30 E. Andronov, Acta Physica Polonica B Proceedings Supplement 10(3), 449-453 (2017).

31 Ying Yuan, Radiation measurements 43, 250-253 (2008).

87


https://www.webofscience.com/wos/author/record/17609
https://www.webofscience.com/wos/author/record/6277863
https://www.webofscience.com/wos/author/record/30309332
https://www.webofscience.com/wos/author/record/59405
https://www.webofscience.com/wos/author/record/726936
https://www.webofscience.com/wos/author/record/5409352
https://www.webofscience.com/wos/author/record/8264209
https://www.webofscience.com/wos/author/record/9356932




BENCBI3BIK ®PU3UKA.
PAJIMOD®U3UBUKA

NONLINEAR PHYSICS.
RADIOPHYSICS

HEJUHENHAS ®N3UKA.
PAJIUODPU3UKA



ISSN 1563-0315; eISSN 2663-2276 Recent Contributions to Physics. Ne3 (78). 2021 https://bph.kaznu.kz
MPHTU 47.45.29 https://doi.org/10.26577/RCPh.2021.v78.i3.10

H. Meiipambexyabl  , b.A. Kapu6ae*
A.A. Temup06aes , A.K. UmanbaeBa

Kazaxckuii HalMOHAIBHBIA YHHUBEpCUTET UM. aib-Dapabu, Kazaxcran, . Amarsl
*e-mail: beibitkaribaev7@gmail.com

S- U X-AUANMA3OHHASA NATY-AHTEHHA
AASl HAHOCITYTHUKOB CUBESAT

KoHuenuwns CubeSat cTara o4eHb NONYASPHOM Kak B YHMBEPCUTETCKUX rpymnnax, Tak n CpeAu
MCCAEAOBATEAEN, KOCMMUYECKMX areHTCTB, MpaBUTEAbCTB M KomnaHui. CubeSat npeaaaraet
ObICTPbIA U AOCTYMHbIN CMOCO6 AAS LLMPOKOIO KPyra 3aMHTEpecoBaHHbIX CTOPOH BbiTh aKTUBHbIM
B KocMoce. baaropaps BbICOKOW CTeneHW MOAYABHOCTW U LUIMPOKOMY MCMOAb30BAHMIO FOTOBbIX
KoMMepYeckux noAcuctem npoektbl CubeSat mMoryt 6biTb MOAFOTOBAEHbI K MOAETY ropaspo
6bICTpee, Yem NMpu UCMOAb30BAHUM TPAAMLIMOHHBIX CMYTHUKOBbBIX pacrnucaHuii, 06blYHO B TeUeHne
OAHOro-ABYX AeT. B AaHHOM paboTe HaMM pacCMOTpeHa MOAEAb NaTy-aHTeHHbl S U X AMana3oHoB
AAs HaHocnyTHMKoB CubeSat B 06AacT AMCTAaHUMOHHOIO 30HAMPOBaHUs 3emMAn (A33). Pasmepbl
aHTeHHbl ObIAM OMpPeAEeAeHbl M CMPOEKTUPOBAHbI COrAACHO rabapuTHbLIM MapameTpaMm MaAoro
Kocmuueckoro annapata. @opma msayyawouen yactv 6biaa chopMMpoBaHa C UCMOAb30BaHUEM
reomMeTpuueckoro pakrasa aHM30TPOMHOM CTPykTypon. C NMOMOLLbIO MpOrpaMMHOro nakera
CST Microwave Studio 6bIAM ONpeAeAeHbl SAEKTPOAMHAMUYECKME, YACTOTHbIE XapaKTePUCTUKM U
HanpaBAeHHble CBOMNCTBa aHTEHHbI. Pe3yAbTaTbl KOMMbIOTEPHOTr O MOAEAMPOBAHUS AEMOHCTPUPYIOT,
4yTO paspaboTaHHas KOHLENLUMs aHTEHHbl MMEeeT MHOr0AMaNa3oOHHOE CBOMCTBO M COOTBETCTBYET
BCEM MapameTpam, KOTOpble HEOOXOAMMbBI AAS TIPMEMA M MEPEeAaUYn AaHHbIX B AManasoHax S u
X. Tak)Xe MOAyYeHO, UTO aHW3O0TpornHas pakTaAbHag CTPYKTypa MO3BOASET aHTEHHE WMEeTb
HEeCKOAbKO paboumx 4acToT.

KatoueBble cAoBa: naTy-aHTeHHa, HaHoCnyTHUK, CubeSat, aHM30TPONHbIN PpaKkTaA, XapakTePUCTUKM
aHTEHHbI.

N. Meirambekuly, B.A. Karibayev*,
A.A. Temirbayev, A.K. Imanbayeva
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S and X band patch antenna for CubeSat nanosatellites

The CubeSat concept has become very popular with both university groups and researchers,
space agencies, governments and companies. CubeSat offers a fast and affordable way for a wide
range of stakeholders to be active in space. Due to the high degree of modularity and widespread
use of off-the-shelf commercial subsystems, CubeSat projects can be prepared for flight much faster
than using traditional satellite schedules usually within one to two years. In this paper, we have
considered a model of an S and X band patch antenna for CubeSat nanosatellites in the field of
Earth remote sensing (ERS). The antenna dimensions were determined and designed according to
the dimensions of the small spacecraft. The shape of the emitting part was formed using a geometric
fractal with an anisotropic structure. Using the CST Microwave Studio software package, the electro-
dynamic, frequency characteristics and directional properties of the antenna were determined. The
results of computer simulations demonstrate that the developed antenna concept has a multi-band
property and meets all the parameters that are necessary for receiving and transmitting data in the
S and X bands. It was also found that the anisotropic fractal structure allows the antenna to have
several operating frequencies.

Key words: patch antenna, nanosatellite, CubeSat, anisotropic fractal, antenna characteristics.
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CubeSat HaHOCNyTHMKTepiHe apHaAFaH
S xoHe X AMana3oHAbI NaTy aHTeHHa

CubeSat Ty>XXblpbIMAAMacbl YHMBEPCUTETTEP TOMTapbl MEH 3epTTEYLIAEp, Fapbill areHTTiKTepi,
YKIMETTED MEH KOMMaHMSAAAp apacblHAa eTe TaHbiMaa 6oAabl. CubeSat MyaaseAi TapanTapAbiH
KeHicTiriHae 6eAceHAl GOAYAbIH >KbIAAAM BPi KOAXKETIMAI SAICIH yCbIHaAbl. MOAYAbAIAIKTIH >kOFapbl
AEHreiiiHe >®8He CaTbIAbIMHAH TbIC KOMMEPLMSADBIK, ilWKI >XyMeAepAiH KeHiHEH KOAAQHbIAYbIHA
6anaatbicTbl, CubeSat »xobaAapbl yliyFa ASCTYPAI CMYTHUKTIK KECTEAEPAI KOAAQHYAAH SAAEKAMAQ
KbIAAAM AAMbIHAAAYbI MYMKIH, 8AeTTe Oip-eKi XbIAAbIH iliHAe. OcbiFaH opait, 6yA XymbicTa 6i3
Kepai kawbikTbikTaH 30HATay (KK3) canacbiHaarbl CubeSat HaHOCMyTHMKTEpiHe apHaAraH S
>)KoHe X AMana3oHAbl aHTEHHAHbIH YATICIH KapacTbIpAbIK. AHTEHHaHbIH OALUEMAEPI LWaFblH FapbILL
KEMECIHIH ©AlleMAEpiHe COMKeC aHbIKTaAAbl >KoHe >ko0aAaHAbl. LLIbiFapaTbiH  GOAIKTIH niwiHi
aQHM30TPONTbI KYPbIAbIMbI 6ap reoMeTpUsAbIK, (PpakTaAAbIH kemerimeH Kaabintactbl. CST Microwave
Studio 6araapAamanblK, >KacakTamacblHblH KOMEriMeH aHTEeHHaHbIH 3AEKTPOAMHAMMKAABIK, >KUIAIK
curnatTamaAapbl MeH 6arbITTblK, KAcMeTTepi aHblKTaAAbl. KOMIMbIOTEPAIK MOAEAbAEY HOTUXKEAEpi
AHTEHHaHbIH, 83ipPAEHIeH TY>KbIPbIMAAMACBIHbIH, KON >KOAAKTbl KACMETKE Me eKEHAIriH >KeHe S >koHe
X AManasoHbiHAQ MOAIMETTepAI KabbiAady MeH 6epy YiliH KaxkeTTi 6apAblK, NMapameTpAepre Conkec
KEAETIHIH KepceTeAi. AHM30TPONTbI hpakTaAAbIK, KYPbIAbIM aHTEHHaHbIH BipHeLle XKYMbIC >KMIAIriHe ne

6OAYbIHa MYMKIHAIK GEpETiHI A€ aHbIKTaAAbI.

TyiiH ce3aep: naty aHTeHHa, HaHocnyTHWK, CubeSat, aHM30TpONTblI (hpaKTaA, aHTEHHa cunaT-

Tamaaapbl.

BBenenune

3a nocnegnue 10-15 mer HU3KOOPOHMTANBHBIC
Majele kKocmudeckue ammapatel (MKA) m HaHO-
cnytHuku ¢opmara CubeSat (o0bémom 1 1) ak-
THBHO DPa3padaThIBAIOTCS M YCIIENIHO SKCIIIyaTH-
PYIOTCS KPYIMHBIMH KOCMHUYECKHMH areHTCTBAMH,
YHUBEPCUTETaAMH U KOMITaHUsAMH [ 1-4]. ITpoToTHIIBI
MKA o4eHb OBICTPO CO3AI0TCS U MO3BOJIAIOT MPO-
BOJIUTH HMCITBITAaHUS 32 KOPOTKOE BPEMS C OPTaHW-
HBIMH 3aTPaTaMU 110 CPABHEHUIO ¢ 00JIee KPYITHBI-
MU KOCMHYECKHMH arapaTaMy.

Ha ceromusmauil 1eHb pa3BUTHE 3JIEMEHTHOM
0a3bl U HOBBIC Pa3pabOTKH B TEICKOMMYHUKAIIH-
onHoii yactu MKA nozsosnsitor CubeSat u npyrum
HEeOOIBIINM CITyTHUKAM IepeaBaTh OOJbIIe 00b-
€MBbl JIaHHBIX, OOMEHUBAThCS NAaHHBIMH U3 Oolee
OTJAJICHHBIX TOYEK COJIHEYHOW CUCTEMBI U obectie-
YUBaTh COOP PaTMOMETPHUYECKUX AAHHBIX IS Ha-
BHUTAIMOHHBIX (QyHKIMA [5-7]. Bo Bcex aTmx nei-
CTBUSIX HEMAIIOBAXHYIO POJIb WIPAIOT aHTCHHBIC
ycTpoiicTBa. i ycnemHoro npuemMa u rnepeiaydu
JTAHHBIX TPeOYETCsI COOTBETCTBYIOIINE aHTEHHBI IO
rabapuTaM, dIEKTPOTUHAMUIECKUM XapaKTePUCTH-
KaM | JIpyTuM mapamerpam. Kpome Toro, paguoka-
Haybl coBpeMeHHBIX MKA o0ecrnieunBaror cBs3b B
IIMPOKOM YacTOTHOM auana3zoHe oT YKB g0 Ka u
BO MHOTHX CIy4asx AJisl KaKJOro YaCTOTHOTO JHa-
Ma30Ha UCTONB3YIOT OTAENbHBIE OOPTOBBIE aHTEH-

HeI [8-11]. Ucmonp30oBaHNe HECKOJIBKO aHTEHH OJI-
HOBPEMEHHO CO3[AI0T JOMOJHUTENbHBIE HATPY3KU
JUTSL CUCTEMBI MTUTaHMS, YBETTMUNUTE MacCy MOJIE3HOM
Harpy3Ku, a TaKke 3aHUMAroT OOJIbIIIe MECTO Ha I10-
BEpXHOCTH amnmapata. [loaToMy coznanne KoMnaxT-
HBIX U MHOTOJIMAIIa30HHBIX OOPTOBBIX aHTCHH JIS
MKA sBasieTcst OIHOM U3 aKTyalIbHBIX 3a/1a4.
Lenpro manHO# paboOTHI sBIETCA pa3padoTka
KOMIIBIOTEPHOM MOJENN MHUKPOIOJIOCKOBOM MaTy-
aHTeHHBI U1 HaHocmyTHHKOB CubeSat. Ilpemmo-
JKEHHasl aHTE€HHA MpeHa3HaveHa /s HaHOCITY THH-
KOB, UCIOJIb3YEMBIX B CUCTEMaX JUCTAHIIMOHHOI'O
3onaupoBanus 3emian (/133). Bo MHOrux cmywasx
TaKkye CITyTHHUKH IS Tepenadyn M300pakeHHs WC-
MIOJIB3YIOT BBICOKOCKOPOCTHBIE TNEpPEeNaTYUKH S U
X nuamna3zoHoB. MuHHATIOpU3allMs paccMaTpuBa-
€MOH aHTEHHBI ObUIAa OCYLIECTBICHA C MOMOIIBIO
(dpakrampHOW TeoMerpuu [12]. Bribop mamHOTO
MOIX0J1a OOBSCHSAETCS ByMS] YHUKAIBHBIMU CBOM-
CTBaMH TE€OMETPHUYECKHX (PaKTaJOB: 3aMOTHEHHE
MIPOCTPAaHCTBa M caMmonoaodue. DT cBOMCTBA AaeT
BO3MOJKHOCTB CO3/IaBaTh, MPOEKTHPOBATh MHOT'O/TH-
ara3oOHHBIX U MIHUPOKOIOJOCHBIX aHTECHH.

MartepuaJibl 1 METOABI
[InockocTs wW3mMywaromeil 4YacTh CHPOEKTH-

poBana B (popMe paBHOOEIPEHHOTO TPEYTrOJbHH-
Ka ¢ nehOpMUPOBAHHBIM OCHOBAaHUEM, COTJIACHO
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TEOMETPUU TPEThEeH HEpPApXUH AHU3O0TPOIHOIO
¢pakrana ZhF, xotopslii ObUT BIEpBbIE Tpea-
noxeHn JKanabaeBpiM 3.0K. [13-14]. dopma nan-
HOro ¢pakrana (GopMHpyeTCs IMyTeM Ppa3BHTHUS
[1-06pa3HbIX HEepapXUUECKUX YACTEH TOJIBKO B OJ1-
HOM HaIllpaBjieHHH, 0e3 nedopmanu OOKOBBIX 3Be-
HbeB (puc.l). B paccMaTpuBaeMoM aHH30TPOITHOM
reoMeTpudeckoM (pakraie ¢ yBeIUYCHHEM YHCIIa
npeadpakTana 9actu GOPMUPYIOTCS TOJIBKO B OJ-

HOM HAIIPaBJICHUH, IIPU 3TOM OOKOBBIC 3BEHbS HE
nehOPMHUPYIOTCS.

[IpoexTrpoBaHWEe aHTEHHBI NPOU3BEICHO B
nporpamMmHoit cpeae CST Microwave Studio. ITno-
CKOCTh «3eMJISI» UMEeT cpe3 (OpMBI, TTOKa3aHHBII
Ha pucyHke 1 (0). [IuTtaromas Touka (mopt) pacmo-
JIO’)KE€Ha B YIJIy HAlPOTHB OCHOBAHUS TPEYTOJBHH-
Ka. B kauecTBe MOJUI0KKH HCIOIB30BaH CTEKIOTEK-
croiiut FR-4 (¢ = 4.4) ¢ tommunoit 1,6 MM (puc.2).

Pucynox 1 — I'eomerpuueckue napaMeTpbl aHTEHHBI.

Pe3y.]'[I)TaTI)I H oﬁcyme}me

Ha pucynke 3 mokaszaHbl pe3yJbTaThl MOJe-
JTUpOBaHUS KOd()PUIHEHTAa OTPaKEHHUS aHTCHHBI
(mapamerp §,,) B 4acToTHOM auanasone 0-+10
ITu. Ha pe3oHaHCHBIX YacTOTax ¢ LEHTPaJbHbI-
mu yactoramu fl1 =2.45 I'Tu, 2 = 3.2 I'Tu (BxO-
mat B S mmama3on) u f3 = 8,2 I'T'p (X amamaszon)
BEJIMYMHA O0pPaTHBIX MOTEPh HAMHOTO HUXe «-10
nb». JlocTUrHyTa IIMpPUHA MOJIOCH HMIIEJaHCca
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«-10 nb» na mepBoil pe3oHancHoU yactore 150
MI1 (2400 MI'm — 2550 MI'n), Ha BTOpO# pe-
3oHaHCHOM yactore 60 MI'm (3160 MI'm — 3220
MI'1) u Ha TpeTheit 265 MI'n (8085 MI'n — 8350
MI1). Kpome stux pabounx pe3oHaHCOB MOXXHO
3aMeTUTh elle /IBa pe30HaHCa, HO y HHUX 3Haue-
HHASA KOd(PhHUIMEHTa OTPaKeHUS HUKE MTOPOTOBO-
ro «-10ab». [loaToMy 3TH pe3oHaHCH MOXHO HE
paccMOTpeTh H3-3a HE COIVIACOBAHHOCTH aHTEH-
HO-(QUAEPHOTO TPAKTa.
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Pucynok 2 — Komnsrorepras monens anteHHsl B cpere CST Microwave Studio.

Ha pucynke 4 mokazan k03)HUIHEHT cTos4er
BoutHbI 110 Hanpsoxernio (KCBH) antenHsr Takxke B
muanazone 0+10 I'T'u. CormacHo rpaduky, Ha Bcex
pesonancHeIX yactotax KCBH aHTeHHBI HIDKE TI0-

kazarens 2 (f1-1,2; f2-1,4; f3-1,1), 4yTo MoKa3pIBacT
COTJIACOBAaHHOCTh AHTCHHBI C (PUIECPOM 10 YPOBHIO
BOJIHOBBIX CONPOTHBJICHUH M ee paboTocmocod-
HOCTb B JAHHEIX 9aCTOTaXx.

Pucynok 3 — S, mapameTp MHOTOIMANa30HHOMN IaTY-aHTEHHBI

Ha pucynke 5 mnokaszaHbl pe3yibTaTbl MoO-
JnenvupoBaHus 2D nuarpaMMbl HampaBJIEHHOCTH
(phi{0+36(0}, theta=90) B mossipHO#1 cucTeme KOop-
JIMHAT, IOCTPOCHHBIE 110 MAaKCUMAaJIbHBIM 3HAUYEHH-
aMm kodduuuenta ycunenus (KY) Ha pe3oHaHCHBIX

4yacToTax B JaiibHeW 30He. Ha Bcex pe3oHaHCHBIX
4acToTaX aHTeHHAa uMeeT (OpMY «BOCBMEPKHY,
TO €CTh MMECT J[Ba OCHOBHBIC JiemecTKH. [laHHas
OCOOEHHOCTH CBsI3aHA C TEOMETPUUYECKON (hopMoit
IUIOCKOCTH <«3eMiis». Ha pucyHke 6 NpUBEICHBI
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TpexMepHble (0OBEMHBIE) OUarpaMMbl HalpaBliCH-
HOCTH aHTEHHBI. [IIOTHOCTh MOTOKa MOITHOCTU
Ha BCEX pE30HAaHCaxX pachpeiesieHa IOCTaTOYHO
PaBHOMEPHO, CHMMETPHUYHO U 0€3 Pe3KHX BCILIe-
CKOB B BHUJIe OOKOBKIX JierecTkoB. [1o yposHio KY

pe3oHaHC f2 B qUama3oHe S MMeeT OTPHUIATEIBHOE
3HadeHue: — 2,37nb, moaTomMy 3Ta 9acToTa HE TOI-
XOJIUT JUISl UCTIONIb30BaHUs. OCTalbHbIC PE30HAHCHI
f1 (KY=3,191b) u /3 (KY=2,891B) nonHoctsio co-
OTBETCTBYIOT JUIs paJAHONEPEIaud U PUeMa.

Pucynok 4 — KCBH anteHnst

(@)

(©)

(8)

Pucynox 5 — 2D-auarpamMmMa HarpaBlieHHOCTH aHTeHHBL, (a) — 2,45 I'T, (6) — 3,2 T, (B8) — 8,2 I'Ty
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(a) ©) (®)

PucyHnok 6 — 3D-auarpaMma HanpaBJIeHHOCTH aHTEeHHHL, (a) — 2,45 [T, (0) — 3,2 [T, (B) — 8,2 I'T'w.

3akiouenue BBIX JICTIECTKOB (MX HAJWYHE CO3MIAIOT ITOMEXH Ha-
3EMHBIM CITy’K0aM) B IMarpaMMe HalpaBICHHOCTH.

Pesynbratel MopenupoBaHHUS MOKa3aliH, YTO PaccmarpuBaemasi KOHIIEIITUS aHTEHHBI 110 Ta-
aHU30TpOMHAsl (paKTajdbHAs CTPYKTypa I[O3BO-  0apuTy, BeCy, BBICOKOW MEXaHUYECKOW IPOYHO-

JISIeT aHTEHHE MMETh HECKOJBKO pabodMX YacTOT.  CThIO M KOPOTKOCTBIO (PHIICPHOIO TpakTa, a TAKKe
BriOpaHHBIE HAMU TEOMETPHUYECKHE TapaMeTpbl U IO NEKTPOANHAMHYCCKUM XapaKTEPUCTHKAM COOT-
CTPYKTYpBI paccMaTpUBaeMOW MAaTY-aHTEHHBI Ui  BETCTBYET TPEOOBAHMSM, NMPEIbIBISCMBIC K aHTCH-
HaHOCITyTHHKOB CubeSat co cBOMMH 3JeKTph4e-  HaM HaHOCHYTHHUKOB J[33.

CKAMH JTMHAMH Pe30HUpoBaiH Ha S m X quana-

30Hax. llepBple 1Ba M3 HUX JeXaT B Hpenenax S BbuaaropapHocts
JMana3oHa, TpeThs — B AnanasoHe X. Y BceX HHUX
MOXKHO HaONIO/aTh HU3KHE 3HAYEHUS KOd(PUIH- Pabota BeinosiHeHa npu noaaep;kke MuHuCTEp-

eHToB oTpaxkeHus (ot -151b mo -251b), koTopeie  cTBa 0Opa3oBaHus U Hayku PecnyOnnku Kazaxcran
obecrieunBatoT dPPEKTHBHYIO paboTy 3a c4€T co- B pamkax rpanta AP09057984 «Pa3pabotka u co3-
TJIACOBAaHHOCTH aHTEHHO-(GUAEpPHOro TpakTa. Tak-  nmaHue aHTeHH S ¥ X JAMANa30HOB JJIsi HAHOCIYT-
JKe pe3ysIbTaThl MOKa3anu Beicokre kodddunuentsl  HukoB CubeSat IUCTAHIIMOHHOTO 30HIAMPOBAHMUS
yeunenus (3,19ab u 2,891b) n orcyrctBue Goko-  3emuny.
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