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The survey covers a main achievements in the field of dynamo theory. Applications of the model of turbulent convective dynamo to
the problem of generation of a large-scale vortexes and magnetic structures in the solar photosphere are discussed. Investigated are
the new models of the vortex dynamo in a rotating fluid with small-scale external force. The main results in these models are
obtained by the method of multiscale asymptotic expansions. The results of numerical analysis of nonlinear equations of a magneto-
vortex dynamo in a stationary mode are provided. Solutions are found in the form of spiral kinks, periodic nonlinear waves and
solitons, which are also considered in the survey.

KEY WORDS: dynamo theory, large-scale convective instability, Coriolis force, multiscale asymptotic expansions, & - effect,
solitons, kinks

BEJIMKOMACIHITABHI MATHITHI I BUXPOBI CTPYKTYPU Y TYPBYJIEHTHOMY CEPEJJOBHUIII
B.B. STuosceknii'?, A.B. Typ®, M.H. Konn'
Tnemumym monoxkpucmannos, Hayionansna Axademisn Hayx Yipainu
np. Jlenina 60, 61001 Xapxis, Yrpaina
2Xapkieecz’mn? HayionanoHul ynieepcumem imeni B.H. Kapaszuna
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
3Universite Toulouse [UPS], CNRS, Institute of Research for Astrophysics and Planetology
9 avenue du Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France

B ormami po3misHYTO OCTaHHI JOCATHEHHS B obmacti Teopii AuHamMo. OOroBOPIOETHCS 3aCTOCYBAaHHS MOAENI TypOyJIeHTHOTO
KOHBEKTUBHOTO JHMHAMO JO TpoOJieMH TreHepallii BEIMKOMACIITaOHMX BUXOPOBHX 1 MAarHiTHHX CTPYKTYp y ¢(otocdepi CoHis.
Po3risiHyTO HOBI MOJIENi BHXOPOBOTO JHHAMO Y PiNUHI, MO OOEPTAETHCS, 3 30BHIIIHBOK JpiOHOMAcIITaOHOW CHiIor. OCHOBHI
pe3yJIbTaTH B IUX MOJEISX OTPHMAHO 32 JIOIIOMOTOI0 MeTo Iy OararoMacitabHOr0 aCHMITOTHYHOTO po3kiany. HaBeneHo pesynbraTi
YHUCEJBHOTO aHaNi3y HENiHIMHUX PIBHSAHb MarHiTO-BUXOPOBOIO JMHAMO B CTAalliOHAPHHUX PEXHMaX. 3HAWACHO PO3B’S3KU y BHIVISII
CHipaibHUX KiHKIB, HETIHIITHUX MEPIOAMYHUX XBHIIb Ta COJITOHIB, SIKi TAKOX PO3TIISTHYTI B OTJISIL.
K/IFOYOBI CJIOBA:Teopis auHamMo, BelMKOMaclTaOHA KOHBEKTHBHA HecTiiikicTe, cmina Kopiomica, OaratomacmrabHOTO
ACHMIITOTHYHI PO3KJIaIaHHs, O- €pEKT, CONITOHU, KIHKK

KPYITHOMACIHITABHBIE MAT'HUTHBIE U BUXPEBBIE CTPYKTYPBI B TYPBYJIEHTHBIX CPEJAX
B.B. SInoscknii' %, A.B. Typ®, M.M. Konn'
"Unemumym monoxpucmannos, Hayuonansnas Axademus Hayx Yipaunol
np. Jlenuna 60, 61001 Xapvkos, Yxkpauna
2Xapwkosckuii Hayuonanbhbiii yrusepcumem umenu B.H. Kapasuna
nn. Ce0600wi, 4, 61022, Xapvros, Yxkpauna
3Universite Toulouse [UPS], CNRS, Institute of Research for Astrophysics and Planetology
9 avenue du Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France
B 0030pe paccMOTpeHBI TOCTeNHIE NOCTIKeHUsT B o0nacTu Teopun auHamo. OOCykaaeTcss MpUMEHEHHE MOAETH TypOyJICHTHOTO
KOHBEKTHBHOTO JIMHAMO K MpOOJeMe TeHepaliy KpyMHOMAacIITaOHBIX BHXPEBBIX M MAarHUTHBIX CTPYKTYp B (orocdepe ConHia.
PaccMOTpeHB! HOBBIE MOJIENH BHXPEBOTO AWHAMO BO BpallaromIeics XHUAKOCTH ¢ BHEIIHEH MelkoMmacmTabHO# cutoil. OCHOBHBIE
pe3yIbTaThl B 3THUX MOJEISIX IMOJYYeHBI C IOMOIIBI0 METOJa MHOroMacmTaOGHOTO aCHMITOTHYECKOTo pasiokeHus. IIpuBeneHbI
pe3yNIbTaThl YHCIEHHOTO aHallM3a HEJIMHEWHBIX YpaBHEHHH MAarHUTO-BUXPEBOTO IMHAMO B CTallMOHapHOM pexume. HaiineHs!
pemeHI/m B BUIC Cl'[l/lpaJ'lebIX KHHKOB, HeﬂHHeﬁHbIX l'[epI/IO}ll/I'-leCKI/IX BOJIH U COJIMTOHOB, KOTOpble TAKXKE paCCMOTpeHbI B 0630pe.
K/IIOYEBBIE CJIOBA: Teopuss aMHamo, KpymHOMaciuTaOHas KOHBEKTHBHAas HEYCTOHYMBOCTh, cuia Kopwuonuca,
MHOTOMacHITa0HBIE ACHMITOTUYECKUE PA3NIOKEHUS, ¢ - 3)(HEKT, COTUTOHBI, KHHKH

O030p TOCBSIIIEH COBPEMEHHBIM Ipo0jeMaM TEeOpWUH JUHAMO, 3aHMMAlOIleiics BOIpOCcaMH TeHEepaluu H
HEJIMHEHHOM SBOJIIOIMM KPYIHOMACIITAaOHBIX MAarHUTHBIX M BHXPEBBIX CTPYKTYp B TypOyJEHTHBIX Cpenax.
HccnenoBanne npoOieMbl reHepauy KpyITHOMAcIITa0HBIX BUXpeBbIX CTpYKTyp (KBC) mMeer BakHOe 3HaYeHHE IS
LEenoro psifa reodu3nYecknx M acTpoHU3MUECKnX 3aaad. B wacTHOCTH, K TeOo(M3MUECKMM 3ajadyaM OTHOCSTCS
nccnenoBanus mo reaepannn KBC Tuna Tponmueckux HMUKIOHOB (TakiyHOB), TOpHamo, cmepuei u T.4. Ot KBC
© Yanovsky V.V, Tur A.V., Kopp M.I., 2016
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UTpaloT OOJIBLIYIO POJIb B III00AIBHOM HUPKYJISIMK aTMOC(EPHI, YTO OYEHb BayKHO JUIS IIPOrHO3a MOTO/BI U KJIMMAaTa Ha
Hamelt mwanere[1-5]. K actpodusuueckum 3agauam oTHOCATCS pobieMsl rerepanuu KBC B ralakTH4ecKkux TUCKax, B
atMoctepax 1aner CoyHeyHO# cuctembl M T.1.[6-9] LleHTpanpHOE MECTO B 3TOM HaNpaBlICHUW 3aHUMAET TEOpUS
BuXpeBoro quHamo [6]. [lepBoHauanbHO HIesl BUXPEBOTO AMHAMO ObuIa BhICKa3aHa B padote [10], mocie Toro kak Obu1
OTKPHIT & - 3pdeKT B MarHuTHON ruapoauHamuke [11-17]. TIpobiema reHepanny KpyImHOMACIITAOHBIX MAarHUTHBIX
MoJicli B 3JICKTPOIPOBOIAIIMX CpEelaX C MEIKOMACIITa0HOH crnupanbHON TypOyiaeHTHOCThIO [11] mmeer Gonee

T0JTyBEKOBYIO HCTOPHIO. B Takoii TypOyaenTHOCTH Koppensuus VFotV # () oTiMuHa OT Hysis U 9MCIO BUXPEii 0IHOTO
3HaKa OoJipllle, YeM BHXpeW Jpyroro 3Haka. Murerpan J.ﬁroﬁdl_” SIBJISIETCSI TOIIOJIOTMYECKUM HMHBapuaHToOM (B

OTCYTCTBHE BSI3KOCTH M BHELIHUX CHIT), KOTOPBIH OMpPEAEIAET YMCIIO 3aUCIUIIOINXCS TMHIH TOKa B 00bEME, 3aHATOM
TypOyneHnTHOI cpemoil. OtkpeiToe B pabore [11] sBiIeHMe reHepanuu KPYMHOMACIITAOHBIX MAarHUTHBIX MOJEH
OJTHOPOJTHOI HM30TPOIHOM, HO 3epKAbHO-HECUMMETPUYHOW (CIUpalibHOI) TYpOYJCHTHOCTBIO MOJNYYHJIO HA3BaHHE
anbda-apdexra. Ha ocHoBe 3TOro 3dpdexra ObUIM MOCTPOCHBI PA3TUUHBIC TCOPHH, OOBSICHSIONINE MPOUCXOKICHUE
MarHMTHBIX TOJIEH y pa3IM4HbIX acTpodusnueckux o0bekroB: ianet u Comnnua [11-15], ranaktuk [16] u T.1.

B mocnenrem 0630pe mo 3Toit TeMe [17] mupoko 00Cy)KaarTces 1abopaTopHbIe JUHAMO-3KCIIEPUMEHTHI. Pa3BuTre
BBIYHCIUTENBHON ¢Gu3uku [17] Takke CHOCOOCTBOBAIIO NPHUMEHEHHUIO allb(a-TEOpUil K Ppa3IMuHBIM MPUKIAIHBIM
3ajayaM, 4TO B KOHEYHOM CUETE MPUBEIO K ONPEAEICHHIO HOBOTO CaMOCTOSITENBHOIO pasfena (HU3UKHU-TEOPHU
JMHAMO. B COBpeMEHHOM MOHSITHHU TEOpHs AMHAMO BKIIOYAET B ce0s M TaK Ha3bIBAEMOE BUXPEBOE JHHAMO, KOTOPOE
omuckiBaeT 3PdeKT reHepanru KpynmHOMACIITAOHBIX BUXpeH B TypOylneHTHbIX cpepax [6]. Mcropus BO3ZHHKHOBEHUS
BUXPEBOro JAWHAMO Hawaiack ¢ padotsl [10], rae Obuia BhICKa3aHa TUIIOTE3a O TOM, YTO CHHpalibHasi TypOyJeHTHOCTh
CIocoOHa TeHEepHpOBaTh KPYHHBIE BHXpPH. JTa THUIIOTE€3a OCHOBHIBAJIACh Ha CXOJCTBE YpPaBHEHHH WHIYKIIMU

marnutHoro mnons B wu Buxps 2 =rotVv B rugponunamuke. B paborte [10] Oblia BBIBMHYTa THIOTE3a, YTO
criupainbHas TypOyJIeHTHOCTh CIIOCOOHA T€HEPUPOBAaTh KPYyNHBIE BUXPU IOAOOHO KPYIHOMACIITAOHOMY MarHHTHOMY
IIOJIF0 B MAarHUTHOH ruzapoauHamuke [11]. dusnyeckast CynHOCTh 3TOTO SIBICHHS 3aKJII0YAETCSl B MHBEPCHOM KacKaje
nepeiaun YHEPruK OT MEJIKUX BUXpel K Ooisiee kpymHbIM. OnHako B padote [18] Obu10 mokazaHo oTcyTcTBHe ddekra
TeHepaluy KPYIHOMAacITaOHBIX BUXPEH OJHOPOAHOW HM30TPOITHOM CHHPajbHOW TYpOYJIEHTHOCTHIO B HEC)KHMaeMOU
xuakocTd. [IpuumHa oTpunartensHOro sddekra 3akiroyaeTcss B ONpPENEJICHHOH CHMMETPUHM TEH30pa HanpspKEHWH
Peltnonbaca B ocpenHeHHoM ypaBHeHuH Hasbe-Crokca. HecMoTpst Ha 3ampeT 3ToH TeopeMbl aHTUAMHAMO, IEPBBIN
IIpUMEp BUXPEBOTO JAWHAMO B CIUPAIBHOIN TypOyJICHTHOCTH ISl CKMMAeMOM >KHIIKOCTH ObLT Haiinen B pabore [19].

Tam BriepBbIe GBUIO MOTYYEHO JTMHEAPM30BAHHOE ypaBHeHHe 1isi BUXps (), KOTOpOE MO BHJLy TOXOXKE Ha yPaBHEHHE

UHJYKIMK JUIsS cpeHero nojis B . DddexT reHepamuu KpyNHOMAcCIUTAaOHBIX BHXpeEM CBA3aH C MOSBIEHUEM 4IEHA

arot), tme « BhIpaKaeTcs 4Yepe3 CHHUPATLHOCTH TYPOYJNEHTHOCTH. JTOT 3(QEKT MOMydnsa Ha3BaHUE
ruapoauHamMudeckoro anbpa-addexra. JlanpHellnee HanpapieHHE pPa3BUTUS TEOPHH BHUXPEBOTO IHHAMO OBLIO
OCHOBAHO Ha IOWCKE JOTOJHUTENbHBIX (haKTOPOB, HAPYIIAIOUIMX CUMMETPHIO YpaBHEHUI. DTUMH (haKkTOpamMu, KpoMe
CKHMMaeMOCTH CpeJibl, ABISAI0TCA HapuMep, HEOAHOPOIHBIN MOToK [20], rpaAneHT TeMIepaTypsl B moJie TsbkecTH [21],
YaCTHUIIBI IPUMECH U Ty3bIPEKH BO3yXa B skuakocTh [20]. M3BecTHO Takke 0ONBIIOE KOJIMYECTBO padoT MO reHepaluu
KBC c yuerom a¢dexron Bpamenust [22-28].

31ech Hy’)KHO OTMETHUTB, YTO 0COOYI0 pouib B nponeccax renepanun KBC B atmocdepax mraner urpaer cBobogHast
KOHBEKIIMSI WJIM TEIUIOMAacCONEpeHoC BeulecTBa B moje cuiibl TsokecTH [29,30]. BosnuknoBenue KBC u renepanus
KPYIHOMACIITaOHBIX MarHUTHBIX MOJeH B KOHBEKTHBHBIX CHCTEMaX M3y4yaJloCh KakK B PaMKax JIAMHHAPHON TeopuH [4,
31-46], Tak u B TypOyneHnTHOH [21,23,24,47-50]. Haubomnpmee pa3BuTHe mMomyduna TypOyIeHTHas Teopus (BUXPEBOE
JMHAMO), B KOTOPOH IOKa3aHO CYIIECTBOBAHHE KPYITHOMACIITAOHOW HEYyCTOWYMBOCTH B KOHBEKTHUBHBIX CHCTEMax C
MeJIKOMAacINTabHOM crmpanbHoit TypOynentHocthio VIOtV # (. Ha ocHoBe wumcnennsix [27,51] pacueros, mnpu
PacCMOTPEHHH BpAIIAlONIUXCA KOHBEKTHBHBIX CHCTEM, OBUIM TIPEIANPHHATH IONMBITKH IMPUMEHEHHS ITONyYCHHBIX
PE3yJIbTaTOB K TEOPHH BOSHUKHOBEHHMS TPOIMUYECKUX [IUKJIOHOB.

Ha nayanpHOM 3Tame pa3BUTHA TEOPUH AMHAMO, 3aMKHYTBIE ypPaBHEHMsS Ui CPeAHUX (KPyMHOMAcIITaOHBIX)
noneit ObUIM TOMYYEHbl B OCHOBHOM IIPU IIOMOIIM METOJA 3JIEKTPOJUHAMHUKM CpEIHEro Moyt (WIM TEOpUU
KOPPEJSLUOHHOTO CriaKHBaHUsi BTOporo mnopsiaka) [15] u dyHkumonanbHoi TexHuku [52,53]. O6a 3t MeTona B
IPUMEHEHUH K 3a/layaM TEOPUH JUHAMO MMEIOT INIAaBHBIN HEOCTATOK, 3aKJIIOYAIOIIUIICS B TPYIHOCTH OINpEIeNICHHs U3
BCEH MepapXuM BO3MYIIEHHH IIIaBHOTO MOpPSIKa IPU KOTOPOM BO3HHMKAeT HEYCTOWYMBOCTH. B cBs3M ¢ aTuM, B padbote
[54] O6buTa paccMoTpeHa KpyITHOMAcIITaOHasi HEYyCTOWYNBOCTh B HEC)KMMAEMOMN HIKOCTH METOJIOM aCHMITOTHYECKUX
MHOTOMacCIITaOHbBIX pa3jIoKeHUH. B kadecTBe Mayoro rnapamerpa Juis aCHMITOTHYECKOTO METOJIa MHOTOMAacCIITaOHbIX

Pa3IOKEHUH HMCIONB3yeTcss 9ncio Pelinonmbaca R =M<<l IUIS. MEJTKOMACIITaOHBIX IMyJIbCAllUi CKOPOCTH V),
0

BBI3BaHHBIX MEJIKOMACIITa0HOW CHiIoW. Mopenbh BHEIIHEH MeTKOMAacIITa0HOH cHibl OblIa BRIOpaHa ¢ HapyIICHHEM

YEeTHOCTH (TIPH HYJICBOW CIIUPATBEHOCTH). D (GEeKT reHepariy KPYITHOMACIITaOHBIX BOSMYIIEHIH TaKOW CHIION MOy YT

Ha3BaHUE AaHM3OTPOITHOTO KHHeTHdYeckoro ambpa-apdexra mm AKA-apdexra [54]. OTmernm, yTO HapylieHHE
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YETHOCTH SIBNISETCS Hambojiee OOIMM TOHATHEM, YeM CIMPANbHOCTh, XOTS HWMEHHO criupaibHocTh VIOtV # 0
SBIIIETCS  CaMbIM PacCHpPOCTPAHEHHBIM MEXaHW3MOM HApPYHIEHHS YETHOCTH THAPOAVWHAMUYECKUX TedeHHd. B
JanbHEHIIEM, TPUMEHSSI METOl MHOTOMAaCIITA0HBIX aCHMIITOTHYECKHUX Pa3JIOKEHUH ObUIM pa3paboTaHbl JIMHEHHBIC U
HEeNIMHEWHBIE TEOPHH BHXPEBOTO AWHAMO IS CXKMMAEMBIX cpell [55,56], KOHBEeKTUBHBIX CPeJ CO CIIMPaTbHON BHEIIHEH
cunoii [47,48,50]. Bo Bcex ymOMSIHYTBIX BBIIIC pab0Tax cCrHHpaibHas TYpOyJCHTHOCTh CUMTANACh 33JaHHOM, JHOO
BOIIPOC O €€ IPOUCXOXKIEeHUH (TeHepaliK) paccMaTpuBajics oTaenbHo [57]. ['eHepanuio cnupainbHOi TypOyJIeHTHOCTH
B MPHUPOJIHBIX YCIOBUSX OOBIYHO CBSI3BIBAIOT C BiMsHHEM cuiibl Kopromuca (wm cunbl JlopeHna) Ha TypOyseHTHOe
nBwkenne cpeabl [11,57], xoTopoe W3Ha4yaIbHO OBUIO OJHOPOJIHBIM H3OTPOIHBIM M 3€PKalbHO-CHMMETPUYHBIM
(aectimpanbHbiM). OTCIO/Ia €CTECTBEHHO BO3HHKAET BOIPOC O BO3MOXHOCTH TI'€HEpAalMM KpPYITHOMAcIITaOHBIX IOJIeH
(BUXpEBBIX W MAarHMTHBIX) BO BpPALIAIOMIMXCSA Cpefax IoJ ACHCTBUEM MEJIKOMACIUTaOHOM CHiIbl C HyJEBOH

cipansroctbio  FyrotFy = 0. Takoii npumep rexepaun KBC Bo Bpamaromeiics HECKUMAaeMOil JKHAKOCTH ObLI

HaizeH B pabote [58]. Tam ke ObIIO MOKa3aHO, YTO B pe3yibTaTe Pa3BUTH KPYIMHOMACIITaOHON HEYyCTOHYMBOCTH B
HaKJIOHHO Bpallalolieiics »KUIKOCTH BO3HUKAIOT HEJIMHEHHbIE KPYITHOMACIITAOHbIE CIIMPaIbHbIE BUXPEBBIE CTPYKTYPhI
TUMa BUXpen benbTpaMu WK J0KaIM30BaHHbIE KUHKU C BHYTPEHHEHN CIIUPaIbHOW CTPYKTYPOU.

Lens paGoOTHI — M37I0KEHUE COBPEMEHHBIX JOCTHXXEHUH B 00JIACTH TEOPUU KPYMTHOMACIITAOHBIX MAarHUTHBIX W
BUXPEBBIX CTPYKTYP, KOTOPHIE ITO3BOJISIOT MTPOJABUHYTHCS B TIOHUMaHUU MHOTMX MarHutoruapoanHamuueckux (MI'I)
SIBJICHUH, TPOTEKAIOMNX B Pa3IMYHBIX acTpodu3ndecknx oObekTax. OCHOBHOE BHHUMAaHHE Y/EIEHO HOBBIM THIIAM
JIOKAJIM30BAHHBIX BUXPEBBIX CTPYKTYP, OTKPBITHIM OTHOCUTENBHO HEIABHO.

TYPBYJIEHTHOE KOHBEKTUBHOE JUHAMO B MI'/]

PaccmoTpuM Oe3rpaHUYHBIN CIIOW AIIEKTPONPOBOISAIIEH JKUAKOCTH B MOCTOSHHOM TPAaBUTALIMOHHOM IIOJIe TIpU
MOCTOSIHHOM T'PaJMeHTe TEMIIEPATypPhl, HAlpaBleHHOM 1o ocu 7 . IIpeHeOpexeM TakkKe BJIHSHHEM BHELIHETO
MarHUTHOTO IOJIS W BpauleHus. B Takoil mocTtaHoBKe 3a/iada MpeNCTaBiISeT UHTepec Uil Teopuu auHamo [10-17].
Mopgenb TypOyJICHTHOTO KOHBEKTMBHOT'O JMHAMO OIKCHIBAETCS HM3BECTHBIMU ypaBHeHHsMH MI'J] B mpuOnmkeHun
Byccunecka:

aa—VJrR(VV)V:—VP+AI7+§R[rotExE]+RaTZ+FO, (1)
t
O _pp AT =-R(VV)T -V, , )
ot
a—B—Pm’lAf? :Rrot[Vx§J+fB, 3)
ot
divB=0, divV =0. “4)

Vpasuenus (1-4) 3anucanbl Ui Ge3pa3sMEPHBIX MEPEMEHHBIX: CKOPOCTH V., MHIYKIIMM MarHUTHOTO mnois B u
temmeparypsl 1 . B cucremy ypaHemmii (1-4) Bxomar ciemyrommue Oespasmepubie mapamerps: Ra = Ra / Pr,

Ra=gPBljA/vy — waucno Pones, Q=Q/Pm, Q=0BiA /¢’ py,v — wuncio Yanzpacekapa,

2
Pm=v/ V., =470 /C° V- MaruuTHOE YHMCIO [MpannTns. 3pneck NPHUHATHL CTaHAAPTHBIE OOO3HAUCHMS VIS
K03(h(QUIMEHTOB KUHEMAaTHYECKOH BA3KOCTH V', TEIUIONPOBOAHOCTH ) M 3JIEKTPOIPOBOJHOCTH O . Bexrop
dTy,
dz

OCTOSIHHBII rpajueHtT temueparypsl ( A = const, A>0), p,, = const, T}, — paHOBecHbIEe 3HAYCHNUS IIOTHOCTH

e =(0,0,1) - enmununbiii BexTop B Hanpasnenun ocu Z , f — kodpuumEent Temnosoro pacmmpenus, 4 =

u temrepatypsl. B ypaBuenue (1), [ MoxenupoBaHUsT METKOMACIITA0HON CIUPAIEHON TypOyJIEHTHOCTH, BKIIIOUEHA

BHCHIHAA CHJIa FO 5 o6naaa}0maa CIIMpaJIbHbBIMU CBOIiCTBaMU:

divFo =0 ,Fo?’ot?o #0, Fo= foﬁo(%,i , (5)
o o

rae A, —xapakTepHbiii Macwta6, f, — XapakTepHOe Bpemsi, f, — XapaKkTepHas aMILIUTY/a.
Kak crenyer u3 ypaBHeHust (3), MEIKOMacITaGHOE MarHUTHOE Tone B B IMHEHHOM NPHOIMKCHHH HE MOXKET
BO30Y)KIaThCs BHEIIHEH MenkomaciuTabHoii cntoit F) . TIo3TOMy HHKE MBI PACCMOTPHM JBa BO3MOJKHBIX CIICHAPHS

Pa3BUTHA prHHOMaCIHTa6HOI>i HGYCTOﬁQHBOCTH. HepBLIﬁ, Koraga MEJIKOMACIITaA0HOE MAarHUTHOE I10JIE BO CyHIECTBYCT
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M3HAYAIBHO, M BTOPOM, KOIJa MelKoMacTabHoe noie B, cosnaercst BHEIHUM HCTOYHUKOM [y, HMEIOIIMM Takue

K€ TONONOrMYeCKHe CBoiicTBa, kak u cwia Iy, t.e. FyrotF, #0. EcrectBeHHo, 4T0 BO30Y)XIaeMoe TakuM
5 = . B

MCTOYHUKOM MarHuTHOe mone Taxke crupamsho: BrotB; # 0. Xapakrepupii macmrab ucrounuka A, u

B
XapaKTCpHOC BpeMs tO y)106H0 BI)I6paTL COBIAAAOMINMU C XapAKTCPHBIMU MacirabaMu ﬂ“O n tO COOTBCTCTBCHHO, HO

XapaKTCPHbIC aMIUIUTY bl 9TUX UCTOYHHUKOB 6y,ueM npeanojaaratb pasHbIMH:

x t
—i— | fo#= I3 (6)
Ay 1

Heo0xoauMocTh Takoro MCTOYHMKA CBsI3aHA C HAIMYMEM B PEANBHBIX CHCTEMaX HEKOTOPOTO CTallMOHAPHOTO YPOBHS
MEJIKOMAacCIITa0HbBIX OCHMIISIIAN MarHUTHOTO Nourst. J[ist ero mojepaHust Ha CTallMOHAPHOM YPOBHE B ypaBHEHHH (3)
1 Hy)XEH Takoli HCTOYHMK. B peanbHBIX CHCTeMax YpPOBEHb ATHUX OCHMUIALMHA MarHUTHOTO IOJIS MOJACPKUBACTCS
BHEIIHEH HAKayKOM WIM HEKOTOPOHl HEYCTOMYMBOCTBIO. IIprMepoM BHEIIHEW HAaKauKu MOKET CIIYXKUTh Hakadka
OUPKYISIPHO-TIOSIPU30BAHHONW DIIEKTPOMArHUTHOW BONHOW. Takas BO3MOXHOCTh HIMPOKO OOCYKIAlach B CBS3H C
MpoOIEMOIl «TOKOBOTO yIEp)KaHHA», CyTb KOTOPOTO COCTOMT B TEHEpAallMM TOKa IPH HHXEKLIUH CIHUPAIBbHOCTH
LHUPKYJISIPHO-TIONSIPU30BAHHON  3JIeKTpoMarHuTHoM BomHOM  [59]. Kak mokazano B [60] coupanbHOCTH
MeJ'IKOMaCIJ_ITa6HOFO MArdiuTHOr0 IMoOJisI MOKET BbI3bIBATh TI'CHCPALHIO prHHOMaCH_ITa6HOFO MArHuTHOI'O IIOJIA.
WHxekuus CoupanbHOCTH MarHUTHOTO T10JI MOYKET BO3HUKATh U B KOCMUYECKUX YCIOBUSX, HAIPUMEp, MO/ BIUSHUEM
MOIIHOTO M3JIy4YeHHsl MmynbcapoB. CiielyeT OTMETHTH, YTO B PasHbIX (U3MUYECKHX CUTYalHUsX MOIYT CYIIECTBOBAaTh
pa3MYHBIC HEYHHBEPCATbHBIC MEXaHU3MBI, TIOAJCPKUBAIONINE HEKOTOPBIH YPOBEHb MEIKOMACIITAOHBIX CITUPAIBHBIX
OCHWJULALMNA. YHHBEPCAIbHYIO TEOPHIO MOXKHO ITOCTPOWTH, a0CTparupysicb OT MEXaHM3Ma WX BO3HHUKHOBEHUS H
MOCTYNUPYS HAIMYHE TAKOTO MEIKOMACIITa0HOTO CIHMPAIbHOTO MarHUTHOTO Mouisl. [l ero mojiep kaHus U BBOIUTCS

FB:fBFB

uctounnk F'p. Vpasuenus (1-4) comepxar B KaueCTBe MaloOro napamerpa uucio Peitnombaca R =vt, /A, <1

MEJIKOMACIITa0HBIX ocHmUIAIuid. OCTadbHBIE TapaMeTphl IMPEIONIararoTCs MPOU3BONBHBIMU, HE BIHSAIONINMH Ha
CXeMy aCHMIITOTHYECKOTO pa3iokeHus. MeikomaciitabHas Ccuia W BHEIIHAHA  WCTOYHHMK  BBI3BIBAIOT
MenKoMacITaOHbIe W BRICOKOYACTOTHBIE (PIyKTyamuu mojie Ha ()oHEe paBHOBECHOTO cocTosHusA. CpeaHne 3HaYCHUS
TaKUX d)HyKTyaHI/Iﬁ HYJICBBIC. OllHaKO HM3-3a HEJTMHEHHOT'O BBaHMOHeﬁCTBHH MECXKIY HUMHU, MOTYT BO3HUKATH YJICHBI,
KOTOpBIE NIPU YCPEIHEHUH He 00pallaroTcsi B HyJib. Takue 4ieHbl Ha3bIBAIOTCS CEKYJSIPHBIMH, U OHU OYJyT yCIOBHEM
Pa3peuIMMOCTH MHOTOMACIITAOHOTO ACUMIITOTUYCCKOTO Pa3JIoKeHHs. B MeTo/ie MHOrOMacTabHbIX Pa3IOKCHUN, STH
YCIIOBHS COBIAJNAIOT C YPAaBHCHUSMH DBOJIOIMU KPYIMHOMACIITAOHBIX BO3MYyIIeHHH. HaXokieHue W UCClieIOBaHHE
YpaBHCHHUI Pa3peIIMMOCTH, T.C. YPaBHCHHH JJIS KPYIMHOMACIITAOHBIX BO3MYIICHHM, W SBISCTCS OCHOBHOH 3amaveit
TypOyJICHTHOrO KOHBEKTUBHOTO JUHAMO. [IJIsl OMMCAHUsI MEIKOMACIITA0OHBIX U BBICOKOYACTOTHBIX (PIyKTyalui yao0Ho

BBCCTHU ((6LICTpI)I€>) MEPEMCHHBIC xo = (20’ tO) , a JJIsd prHHOMaCHITa6HBIX B03MyIII€HI/Iﬁ «MCIJICHHBIC)» TMCPEMCHHBIC

X =(X,T). Ucxonsa u3 3T0ro, NpoCTPaHCTBEHHBIE W BPEMEHHBIE MPOM3BOJHbIC B ypaBHeHusx (1-4) 3ameHuM
CIIEYIOIIUM 00pa3oM:

0 0
— >0.+R’V., ——0,+R"0,, (7)
a i i 8 t T
X; t
rac Q. u at — 0003Ha4aro0T MIPpOU3BOAHBIC 110 <<6BICTpLIM» NEpEMCHHBIM, a Vi u 8T — MPOU3BOAHBLIC IIO

«MEJIEHHBIM» TIepeMEHHBIM. [Ipu TOCTpoeHnH JuHelHoM Teopuu Benmunnbl V', B, T pasnaraorcs B psax no
Majiomy napamerpy R :

V(%,t)=="7,(x,)+ ROV (X )+ )+ R, + RV, + R%, + RV, +--+

—

B(%,t) ==B,(x,)+R(H(X)+B)+R’B, + R°B, + R*B, + R°B; +--+ (8)

T(%0=T,(x)+RO(X)+T)+R°T, + R°T,+ R'T, + R'T, +---.
3nech W(X ), ﬁ(X ), ®(X) — ckopocTb, BEKTOp MArHUTHOW MHIYKIMH M TEMIEPATYpa 3aBUCAT TOJLKO OT

KpYIHOMACINTaOHbIX MepeMeHHbIX. Jlanenne P(X,¢) npencraBuM B Bujie CIEAYIOMIEr0 Pa3IoKEHHUs
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P(X,1) :%P_I(X)+P0(x0)+RB +R*P,+ R(P, +1_93)-|rR“P4 +RP+---. )

Ioxcrapnss pasnoxenus (7-9) B cucremy ypaBHeHuit (1-4) u cobupasi BMECTe WICHBI ¢ OMHAKOBBIMHU MOPSAIKAMH 10

5
R 1o cremenn R’ BmOYMTENBHO, MOTYYMM ypaBHEHHS MHOTOMACIITAGHOrO ACHUMITOTHYECKOTO PasJIOKEHHS.
Aunrebpanueckas CTPYKTypa aCMMITOTHYECKOTO pasjiokeHus ypaBHeHud (1-4) B pasnuusbx mopsakax no R

5
noapo6HO u3okeHa B pabore [50]. TaM ke IOKa3aHO, YTO UMEHHO B Topsaake R’ MoNyyaloTcs OCHOBHbIE CEKYIISpHBIE
ypaBHEHHUS, T.€. ypaBHEHHUs JIJIs KPYITHOMACILITAOHBIX TOJISH:

oW +V (WW —OHH, \—AW, +V, (Vv +vv —O(BYB + BBl )| -viV v =-V.U, (10
T i k ik itk i k 0"2 270 02 270 0" k"2

1

OpH, = P AH, + W,V H,~H Y W, =V (VB! + v;'Bg) -V, (viBs+ v;Bg) , (11)

0,0-Pr' AO=-V, (W,0)-V, (ng2 +v§TO), (12)

. _ - H2 e f———
U=P +Q7"+Q(Bé‘B§).
D1 YpaBHCHUSA HYKXHO OOIIOJIHUTH CCKYJISAPHBIMU YPABHCHUSIMMU:

W.=0,VW,=0,VH =0.

JeymepHOCTH Tonist ckopoctd W nossonser paccmartpusath ypasHenus (10-12) B paMkax KBasuIBYyMEPHOM 3a1auM,

0 0 0
V,=—>»>—,—,
oZ o0X oY

Koraga prHHOMaCH.ITa6HLIC MIPOU3BOAHBIC 1o Z OpeANOYTUTEIIbHES, T.C.

kpynHomaciurabusie Bosmyuienns W,,W,,H,,H,, 3aBucsr To1bKk0 0T Z - KOOPIMHATHL:
Wy =Wy (Z)’Hx,y =H,, (Z) (13)

Ha navansHOM 3Tare 9BOJIFOIIUIO prHHOMaCHITa6HI)IX BO3MyIlI€HI/Iﬁ MOXHO HNPEACTaBUTH B BUJC IUIOCKOH BOJHEI C

BoaHoBbIM BekTopoM K ||OZ . Torma u3 ycioBus COJEHOMAANIBHOCTH KDPYIIHOMACIITAOHOTO MATHMTHOIO MOJIS:

V.H, =0 wim KH =0 scuo, uro none H wumeer xomnounentst H ,H . Jins uccienosanus ycroiunsoctu

MaJIbIX KpPYNHOMACIITAaOHBIX BO3MYyIIEHHH B ypaBHeHHAX (10-12) MokHO mpeHeOpedh HETWHEWHBIMU 4ieHamH. B
UTOTe YIPOIICHHAsh CHCTeMa ypaBHEHHH, ONMCHIBAIOINIAS DBOJIIOIHMIO KPYITHOMACIITAOHBIX BO3MYILEHHH, MPUHUMAET
BUII;

oW — VW 4V, (vgv; +vivy —O(BiB; + B;Bg)) -0, (14)
0, V2, +V, (vgv; i) - Q(B;B;’ + B;Bg)) -0, (1)
0,H —Pm'V:H =V, (vgB; + B ) -V, (vgB; +ViB] ) , (16)
o0,H,—Pm'ViH, =V, (vgB; + v;Bg) v, (vgB; + v;Bg) , (17)
0,0—Pr' AO=-V, (EH;TO). (18)

INockoneKy Hac MHTEpecyeT mpobiieMa reHepaluy KpylTHOMACIITAO0HBIX BUXPEBBIX IBWKEHHUII U MarHUTHBIX IOJEH B
KOHBEKTUBHOM DJICKTPOIPOBOJSILEH Cpelle ¢ MEIKOMAacIITaOHBIMA M BBICOKOYACTOTHBIMU (DIYKTyalMsMH, TO Ham
HEOOXOAMMO W JIOCTaTOYHO TONy4duTh ypaBHeHus (14—17) B 3amMkHyTOM Buze. [yt 5TOW €M HYXXHO BBIYUCIHTH
KOPPENATOPBI:

-V, (vjv; +VIVE) + Q(BgB; + BB} )) =V, T +0V,S*, (19)
-V, (vjvg Vi) + Q(B;B; + B;Bg')) =V, T?+0QV,8%, (20)
G" =v;B; +v;B;, G =v;B; +ViB;, @1)

23 z z 32 z z
G” =vyB, +v,B,, G~ =v;B) +v;B; , (22)
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ij . ij ij
Tensopst 77 naseisator nanpsokennavu Peitnonsaca, OS"” — manpsxenwsmu Makcsenta, GV — Temsop

TypOyseHTHOH 3.1.¢. [15]. Beruucnenue xoppensitopoB (19-22) jerko ocymiecTBUTh, UCIIONIB3Ys PCIICHHUS ypPaBHCHUI
U MEJIKOMACIITaOHBIX TIONEH B HYJIEBOM M BO BTOpoM mopsjkax o R . B wurore ypasnenus (14—17) npunumaror
3aMKHYTBIN BuA [50]:

oW, -V W +aV, W + BV, H =0, (23)
oW, -V W, -V W, - BV, H=0, (24)
o,H,—Pm”'V,H —a,V,H, —a,V,W, =0, (25)
orH,—Pm 'V H +a,V,H +a,V,W =0. (26)

Iosienenue kodhHUIMEHTOB O U ﬂq, ONPE/IENIOMNX TOJOKUTEIBHYI0 O0pPaTHYIO CBSI3b B CaMOCOIIACOBAHHOMN

nunamuke noneir W u H, o6ycnosneHo coBMecTHBIM AeHCTBHEM CIUpANbHOM CuMibl U McTouHMKa MIJI-
TypOyJICHTHOCTH COOTBETCTBEHHO C aMILIUTYIaMU: f0 54 f B - Koaddunuenter @ u O/;; YKa3bIBalOT Ha HAIUYKC

runpoauHamuueckoro u Ml & -3¢ (ekTOB B KOHBEKTUBHOW AJIEKTPOIIPOBOIAIICH YKUIKOCTH, BBI3BAHHBIX JICHCTBHEM
BHEIIIHEH criupaibHOil cuibl. B pabdore [50] monyueH sBHBIM BHA 3THX KOA(PQDHIIMEHTOB, MPEICTABIAIONIMNA T0BOILHO
CIIOKHYI0 KOMOMHauuio u3 Ge3pasmepubix napamerpos: Ra, Pr, Pm w Q. Eciu npeanoniokurth OTCyTCTBHE

HUCTOYHHKA MEJIKOMACIITAOHBIX MAarHUTHBIX MOJEH ( f B = 0), To cuctema ypasHenmii (23-26) pacuienisercs Ha ABe

Haphl He CBA3AHHBIX YPaBHEHMIt 11 KpylHOMaciuTabHol ckopoct W :

W, —Vo W, +aV, W, =0, 27)
oW, -V W, —aV W, =0, (28)
u prHHOMaCIHTaGHLIX MarHMTHBIX MOJIEH ﬁ :
0,H,—Pm'V,H —a,V,H =0, (29)
0,H,—Pm 'V,H +a,V,H =0. (30)

W3 cucremsl ypaBHeHmid (27,28) ciemyer, 4To KpymHOMacIiTaOHBIE BHXPEBBIE BO3MYIIEHHS MOTYT HapacTarh C

2 o
MaKCUMAJIBHBIM HWHKPEMEHTOM ylmax = /4 JJIs1 BOJTHOBBIX YHCCII K = K = 0{/2 . rPI,HpOIII/IHaMI/I‘ICCKI/II/I

I max
O —>dodexT (Kak ¥ B HE dIeKTponpoBozsmeii cpexe [47,48]) cymecTByeT TOMBKO IPH HATUYWU TEMIIEpPaTypHOU
CTpaTH(UKALNK, HE3aBHCHMO OT 3HadeHuii uucna [lpamarns Pr. B ommume ot pa6otwr [47], B pabore [50] ObL1O
YKa3aHO Ha BO3MOJKHOCTb Pa3BUTHs HEYCTOWYMBOCTH W TipH uncinax Pones Ra =2 ecnu Pr#1. Bropas cucrema
ypaBHeHni (29,30) ommchIBaeT pOCT KPYMHOMACIITAaOHBIX BO3MYIIEHHH MAarHMTHOTO IIONISI C MAaKCHMaJbHBIM
=a, Pm/2. Dddexr renepauun

KPYIHOMACIITaOHBIX MarHUTHBIX TOJICH MEJIKOMAacIITaOHOM CHUpabHOM TYpOYJIEHTHOCTHIO B 3JEKTPOIPOBOISAIINX

— 2 —
uHkpementoM ¥, =, Pm/4 jns sommoesix wmcen K=K,

cpeax xopowmo usBecteH [12] u HocHT HasBaHuMe (f,, — >(dekra. B omHoponHoii mo temmeparype (1, = const,
Ra = 0) snexrponpopoasieii cpeie reHepalys MATHUTHOTO IOJIS TPOMCXOAUT JIMILb 34 CYeT BHENIHEH CIUpaibHOl

cunsl Flo, B To Bpems Kak reHepainusi BHXPEBBIX BO3MYIIEHHH He BO3HMKAeT. Pa3BUTHE KpyIHOMAcIITaOHOM
KOHBEKTHUBHOW HeycTounBocTH B MI'Jl Ha NMHEMHOM CcTaguM MPUBOJUT KaK K YCHJIEHHWIO MarHUTHOrO MOJIS, Tak U
KPYITHOMACIITaOHBIX BUXPEBBIX IBIDKEHUH cpensl. IIpw 3TOM pocT KpymHOMAcIITaOHBIX BO3MYIIEHHH OKa3bIBACT
BIIMSIHAE HAa JUHAMHUKY MEJIKOMACIITaOHBIX IMOJIeH. YdeT 3TuX 3(PQEeKTOB MPOBOAMUTCS B paMKaxX HETWHEWHOW TEOpHH,
AQHAJIOTMYHO Pa3BUTOM JIJISl KpyITHOMACITaOHON KOHBEKTHMBHON HEYCTOWYMBOCTH B HEMPOBOASINX cpenax [47,48]. Ha

JIMHEWHOM CTajuy HEyCTOWYMBOCTh BO3HMKAET MPH HAIMYMH MEJKOMACIITAOHOTO MArHMTHOTO monst Bo wmm
HU3BECTHOTO B JuTeparype [13,61] kak «3aTpaBOYHOT0» MAarHUTHOTO MOJis. B cOBpeMeHHON TeOpHH JUHAMO BBISCHEHO
MHOKECTBO MEXaHM3MOB I'€HEpALUU «3aTPaBOYHBIX» MACHUTHBIX MOJIEH, HAlIpUMEp, IPHU Pa3sBUTHUU TEPMOMArHUTHOU
HeycToiunBocTH [62], miasMeHHBIX HeycroWumBocTed [61,63]. lns psima acTpou3Wdeckux W Teo(u3nYecKux
mpoOeM  TpencTaBiIsgeT HMHTEPEC  HCCIENOoBaTh JUHAMHUKY  KpPYIMHOMAcIITaOHBIX  ITOJIEH, OMHMCHIBAEMbIX
CaMOCOITIacOBaHHON cucTeMoil ypaBHeHHH (14—17), B KOTOpoil BHIHO B3aMMHOE BJIHMSHHE KPYITHOMACIITaOHOTO
MarHWTHOTO TIOJSI Ha BUXPEBBIE NBIKECHHSA CpeAbl W HaoOopoT. B pabote [50] mompoOHO wmcciemyercst cucrema
ypaBHeHu# (14—17), rae mokasaHo, 4TO HEYCTOHYHMBOCTH MMEET [[Ba PEXHMMa C HYJIEBBIMM YacTOTAMH M 4YacTOTAMHU
KoJieOaHUH OTJIIMYHBIX OT HyJsl. Takike yCTaHOBJIEHBI KPUTEPUHM BOZHUKHOBEHHUS! KPYITHOMACIITAOHOH HEYCTOHUYMBOCTH
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B TEPMUHAX MapameTpoB &, ,Q,, [3, , KoTopeie 3aBucaT oT Gespasmepubix uncen Ra,Pr,Pm,Q. C poctom

aAMIUTUTYABl BO3MYIIEHHH STH HEYCTOWYMBOCTH BBIXOAAT Ha HENWHEHHYIO CTaguio W (HOPMHUPYIOT CTallMOHAPHBIC
KpYIHOMAacCIITaOHbIE CTPYKTYPHI.

HEJMHEWHOE KOHBEKTUBHOE MATHUTO-BUXPEBOE JMHAMO
B pabote [64] uccrmemoBanack KpymHoMacmTaOHas KOHBEKTHBHAS HEYCTONYMBOCTE B AIIEKTPOIPOBOIAIICH cpenie

¢ MeJIKOMacIuTabHOll ciupaibHoil cuitoil ), Korga BeIM4iHbI KPYTHOMACIUTAOHBIX T0JICH (MATHUTHBIX U BUXPEBBIX)

He Manble. B kauecTBe MaremaTtnyeckoro (opmanau3Ma HCIOIb30BAJICS METOJ aCHMIITOTHYECKHX MHOTOMAacIITaOHBIX
Pa3’IOKEHUH Al HEMHEWHOW TEOpHH, XOpOHIO pa3paboTaHHBEIA B paboTtax [6,48,54]. B HemwHeiHOM ciydae

kpynHomacurrabusie monst W(X), H(X), O(X) wue mansie, u nosromy acumnroTHueckoe pasnoxkeHnue (8)

JOoIDKHO MouduipoBaThes. B aToM citydae pemenne ypaBHenuii (1-4) uiiercs B ciieyroneM Bue:

V(%) =%W1 (X)+7,(x,)+ RV, + RV, + RV, +---
B(%.1) :%E_l(x)wo (x,)+ R, + R*B, + R'B, +---

T(x, t)—— (X)+ T, (x))+ RT, + R*T, + R°T, + -+ 31)

P(%,t) = 1 ! — P, +1P + B+ R(B+Pi(X)+RP+RP+-
R R 2 3

Jlnst Ipou3BOAHBIX MBI HCHONb3yeM pasnoxeHus (7). [loacraBiss 3Tu BBIpaXXEHHS B UCXOJHYIO CHCTEMY ypaBHEHHH

3
(1-4), MBI IOJy4HM ypaBHEHHs MHOTOMACIITAGHOTO aCHMIITOTHYECKOTO PasloxkeHHs 10 nopsaka R~ BKIOYHTEBHO.
VIMeHHO B 3TOM mOpsiAKe OBLIM IIOJMYYSHBI OCHOBHBIC CEKYyJSIDHbIE YpPaBHEHHUS, OIMCHIBAIOIINE DBOJIOLHIO
KpYITHOMACIITaOHBIX BO3MYILIEHHH [64]:

O, AW, +V,(vivy) = -V, P+Q( (@)—%(B_g)zj, (32)
0,H,~ Pm”AH, =V ,(v,B]) -V, (vng), (33)
0,0—Pr'A®+V, (ngO) = 0. (34)

31ech BBEICHBI ClIeyIonre 0003HAYCHUS: W= Wil , H= Efl =T _y- YpaBuenus (32-34) 1ONONHAIOTCA APYTUMHU
CEKYJISIPHBIMU YPaBHEHUSIMH, KOTOPbIE UMEIOT BUJ;
Vi (WkVK) ==V, P +Q(kai _Vin)Hk’
Vk(VVk®):O’ WNV.H =HNVW, (35)
VW,=0, VH, =0, W.=0.

C yderom reomerpuu 3agaun (13), ypaBHEHHS A5l KDYITHOMACIITAOHBIX BOSMYIICHUI IPUMYT BH/:

oW —AW.+V, (vgvg) =0V, (B;Bg) , (36)
0, —AW, +V, (vgvg) ( B}’) 37)
0,H —Pm 'AH = Vz( ) ( ) (38)
OpH, — Pm™ A, =V, (v B; )=V, (v;B; ). (39)
0,0~ Pr'a®+V,(vT,) =0, (40)

Ra®e =V,P 7 (41)
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Jns monyudeHus: 3aMKHYTOW cUcTeMbl ypaBHeHHH (36—41) moTpeOoBajoCh JOWTH A0 TPEThEro IOpsAKa TEOPHU
BO3MYIIIeHUH. B okoHuUaTenpHOM BHE 3aMblkaHue ypaBHeHUH (36—39) nocturaercs mocie BBIUUCIEHHS HANpsKEHUN

Peitnonsaca V, (vg vé) , Makcsemna V, (BéBg ) , CMENIAHHBIX KOPPEIATOpoB V ; (VSB(‘)/ ) u Vv, (v(')’ Bé) . Ux

BBIYUCJIICHUC OCYHICCTBIIACTCA, UCIIOJIb3Ys PECHICHUA ypaBHeHI/Iﬁ JUIA MEJIKOMACIITA0HBIX IT0JIEH B HYJICBOM IOPAIKE 11O

R v siBHBIIH BUT BHEIIHEH CIIUPAJILHOM CHJIBI E) :
130 :jf()[fcosgz)2 + jsing, +l’€(cosgz)1 +cos¢2)}, (42)

e @, =K,X—0t, P, =K,X—@yt, kK, =K, (1,0,0), K, =K, (0, 1,0) . Tlocne BBIMONHEHUS IPOMO3IKHX, HO

HECJIOXKHBIX BBIYMCICHUH MBI NOJIYUMJIN YPABHCHUSA HEIMHEHHOTr0 KOHBEKTUBHOTO MarHuTo-BUXpCBOro AMHaMO [64]

H*P
0, W, — AW, +V,| & (1-W,)| 1- LmQ ~||=0, (43)
(1+ P (1-7,))
2
oW, =AW, +V | a™ (1-W,)| 1- H,PmQ —~||=0., (44)
(1+Pm (1-m,))
O;H,—Pm ' AH, =V, (e H ) =0, (45)
0,H,—Pm 'AH, -V, (0} H,)=0. (46)

Kospdpnumenr o™ = o™ (W

x7y,H X,y) HEJIMHEIHOTO THIPOJUHAMHYCCKOTO O - 3PQeKTa B IJIEKTPONPOBOISIICH

. . NL o
CpeJie C TeMIepaTypHOl cTpaTu(uKanuei, &, - kodpdunuentsl Hemurelinoro MI'Jl & -3¢ ¢ekTa, OTBETCTBEHHOTO
X,y

3a reHepaluro prl’[HOMaCH.ITa6HOFO MAarHuMTHOTIO I0JIsA, COCTOAIMNE U3 IBYX JacTen:

T )

Xy

(1)

NL . N N
IlepBast 4acThb, ), ', 00yCIOB/ICHA TOIBKO ACHCTBHEM BHEIUHEH CIIMPAIBHON Cuilbl f() , BTOpas 4acTb KodduumeHTa
Xy

T
00 NL  NL
# 0. Koapuuuentsr & u

z e
ObUTH BBIYUCIICHBI B pabote [64] mist criupanbHOM cribl Buaa (42). YpaHeHus (43—46) onmchBaOT HEIWHEHHYIO
JUHAMUKY KPYITHOMACIITAOHBIX IOJICH B 3JIEKTPOIIPOBOAAIICH Cpeie C HEOTHOPOIHOCTHIO 10 TeMIiepaTtype. B mpenemne
He >nexTponpoBoHoii cpensl 0 = 0, ypasuenus (43—46) NONTHOCTBIO COBNAAIOT C Pe3yIbTaTaMu paboTsl [47,48].
PaccmoTpum BHavase yCTOWYMBOCTh MaJIbIX BO3SMYIIEHHUH MOJel (TMHEHAs Teopus), a 3aTeM HCCIEIyeM BOIIPOC
0 BO3MOXXHOCTHU CYII[ECTBOBAHMS CTAI[IOHAPHBIX CTPYKTYp. PaccMOTpHMM HadabHYIO CTAIHIO Pa3BUTHS BO3MYIICHUI

NL .
@y CBA3aHA C HAIMTHEM TEMIIEPaTypHOH crpatudukarmn Ra # 0, ecm

W, W,) n (H,,H,). Torna npu mambix snauennsx semmunn W, w H_ ypabuenus (43-46) cpomires K

TUHEWHBIM ypaBHEHHSIM (27-30), T.e. (hakTHUECKH MOJydyaeTcsi pe3yibTaT JIMHEHHON TeopHH, MOIYUIeHHBIH B paboTe
[50]. [IpuBeaemM KOIMYECTBEHHBIE OLIEHKH XapaKTEPHBIX MAacIITabOB M BPEMEH KPYITHOMACIITAOHOW HEYCTOWYHBOCTH

IUTA CONMHEYHOH 1ia3Mbl. OUeBUAHO, YTO XapaKTEePHBIH MacuTad HEyCTOHYNBOW MOJBI Lmax =1/ a u xapaxrepusrii

BpeMeHHOH MacmTab Hapactamus 1 =1/ Vimax - AWM HX OLEHKH, NPEXIE BCETO, OLEHMM BEIMYHHY HCTOYHHKA,
TOJI/IEPKUBAIOIIET0 CTAI[MOHAPHBIA yPOBEHb MelKoMacuTabHol ckopoctu. [Ipenmnonaras 6anaHc MexIy HCTOYHUKOM

. 2
u auccunanvedi, n3 ypaBHeHHs (1) momydmm: Fo =Vvy, / /10. VuuTeiBasg, 4YTO HCTOYHMK JOJDKEH 001a7aTh

t = =
CIMPAIbHOCTBIO, OLECHMM €ro aMIUIUTYAy 4Yepe3 THIPOIMHAMUYECKYIO CIHPAIbHOCTh =2yorotve [13]:

2
Y
~_ 070 £2 v — .
a, = Yl fo . Orcrona ammuuTyxy cuibl  yA06HO OlLeHMTh depes unmcno Peitnombaca R =v A, /v:
0

f02 = 30{v / Rv,. Koapduupent ycunenns ¢ npu Manbix duciax Ilpasnris oneHnBaercs kak [50]: o = f02 /Ra®

2 o o o
wm: & = 3av / RRCI VO . Tor,na XapaKTCpHbIN MacIiTad prHHOMaCIHTaﬁHOI/I HCYCTOUYMBOCTHU OIIPEACIIACTCA KaK:
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v,RRa’ B v(RRa)?

L=2,
3a, 3a,

(47)

1( R*Ra’
AHaJIOTMYHO TOJIy4aeTcs OLIEHKA JUISl XapaKTepHbIX BpeMeH: [ = — 3— . U3 cootHomenus (47) MOXHO
|4 (24
v

. . 2
YBHJIET HACKOJILKO KPYITHBIH MaciITab MPEeBOCXOIMT MAcIITab MeJIKOMAaclITabHbIX JBMKeHuH, T.e. B RRa” pas, ecnn
OPHHATE OLEHKY &, =V, [65]. [l 49HCICHHBIX OLEHOK IMONYYEHHBIX (POPMYyJ PacCMOTPUM KOHBEKTHUBHYIO 30HY

Connna. Kak u3BECTHO, OHa COCTOMT W3 KOHBEKTHBHBIX SUEEK C BEPTHKAIbHBIM pa3MepoM mopsiaka 100 km u
TOPH3OHTANBHBIM pa3MepoMm mopsiaka 500 kM (cM. Hampumep [65]). Kpome Toro mmeercss cymeprpaHyismus c
TOPU3OHTANBHBIM MacmTaboM mopsinka 20 Teicsd KuioMeTpoB. Camu siUeKM SIBIISIOTCS KBAa3HUCTAIMOHAPHBIMH C
XapaKTepHBIM BpeMeHeM Jkn3HH mnopsiaka 10 munyT. Bynem paccmarpuBarh JBHM)KEHHE Ta3a BHYTPH KOHBEKTHBHOW
SMEWKN KakK MeJKoMaciiTabHoe, BIUIOTh JI0 1/3 BBICOTBHI sYEiiKHM, MHA4e TOBOPsS BILIOTH A0 MacIITa0OB IOps/Ka

/10 ~30xm. Macmrabbl, NpeBBILAONIME 3TH, OYJEM paccMaTpMBaTh Kak KpynHoMacumitabHble. TypOyneHTHas

1 12
BSI3KOCTH M TEIIONPOBOJHOCTD MPAKTHUECKH OAMHAKOBBI M paBHbl mpumepro 10 +10°° cm*/cex. [Tostomy umcio
[pauaTis mopsiaka equHuibl. CaMu KOHBEKTUBHBIE SYEHKH MOYKHO CUMTATh MPUMEPHO HAXOMASIIMMHUCS HA TPAHHUIE
YCTOMYMBOCTH, TMOTOMY HMX 4YHMCJIO Pojles MOXHO OLEHWTh M3 DEUIEHHs 3a71add O KOHBEKIMH CO CBOOOIHBIMH

rpanunamu, uyto naetr Ra ~ (27/ 4)7[4 . TlockonbKy rpaguieHT TeMIepaTypbl BHYTPH SYCHKH CUUTACTCS MPUMEPHO
IOCTOSHHBIM, TO HETPY/HO HaifT oueHKy 4ucaa Pones na macmrade A, = 30xkm: Ra, = 5,5. Cxopocts nsmkenns
rasa B sdeiike npumepHo V, = l km/cex (cm. [65]). OTcrona MOXKHO OLEHHTb TypOyineHTHoe uucio Peifnonbica ¢
y4eTOM 3HaueHus TypOynenTtHoi Baskoct: R = 0,3 +3 ~ 1. B pesysbrare Mbl MOXEM OLIEHUTh YUCIEHHOE 3HAYECHUE

L: L=614,=1830km. VunrbiBas XapakTepHbi pasmep sdeeK, BHAHO, YTO HEYCTOMYMBOCTb 3aKpy4MBACT

MPUMEPHO TPH, YETHIpE SUCHKU. XapaKTEepHOE BpeMs Pa3BUTHUS HEYCTOMYMBOCTH COCTaBIseT mopsjaka 37,2 daca. B
pe3yibTare pa3BUTHS HEYCTOWYMBOCTH B KOHBEKTHBHOW 30He CoOJHIIAa TE€HEpUPYETCs BUXpEBas CTPYKTypa THIIA
IUKIOHA, KOTOpas 3aXBaThIBaeT Heckonbko sueek. Ilpu R ~1 ero ropusoHTanbHble W BepTUKANbHBIE MACIITaOBI
MpUMEPHO paBHBL. KadecTBEHHbIE OLEHKU JIMHEHHOW CTaJuW AJSl COJHEUYHBIX YCJIOBHUU [65] MO3BOJISIOT yCTaHOBUTH
XOpoIllee COBIIAJICHUE XapaKTEPHBIX MACIITa0OB M BPEMCH, BOZHHKAIOIINX THIPOAMHAMIYECKUX CTPYKTYp, C paHee
00Hapy>KEHHBIMH SKCIIEPUMEHTAIBHO [66].

. . NL NL
C pocToM aMITIUTY bl BO3MYILEHUH Wx,y u H v,y HCTHHCHHBIC KOOQQUIMCHTEl & Qy  YMEHBIIAIOTCA 1

HEYCTOMYMBOCTH cTabmin3upyercs. B pesynbrarte 00pa3yroTcsi HeJIMHEHHbIE BUXPEBbIE CIUPAIBHBIE CTPYKTYpHI. Jlis
M3Yy4EHUs] TaKUX CTAIl[MOHAPHBIX CTPYKTYpP PAacCMOTPUM CTAl[IOHapHBbIE PELICHUS HETUHEHHOW CHUCTEMBbl ypaBHEHMI

(43-46). Tonaras O, W = 5TVVy =0,H =0,H . 0 u unTerpupys 51 ypaBHeHus 1o Z , TIOMy4IUM:

W, ~ H’Pm
AW iy |1 2LPM L o (48)
L2 1
dz 1+ Pm*W,
77 . 2
%zaNLWX I—QLP,’Z +C,, (49)
dZ 1+ sz Wx
1 dH
o CZ’ZX =—a, H,+C, (50)
1 dH
ﬁd—zyzagLHx'FC;. (51
3necy C,,C,,C; ,C, — mpoussonbHble MOCTOSHHbIE MHTerpupoBanus. Henumeiinbie ko3(dUIMEHTH reHepalyu

NL NL o W I3 o
a"u oy ssunores Qynkumsvu Bosmyenuii ckopoctn W (X)) unons H (X'), sBHbI Bug KOTOPBIX OmpesierncH
X,y

B pabore [64]. AHanu3 cuctembl ypaBHeHHH (48—51) mpencraBisier coOOi TOBOJNBHO CIIOXKHYIO 3axady. [lostomy
NpUMEM psl  YUPOWIEHWH, T.e. Oymem cuutath uwuciaa Ilpamamis Pr=Pm =1 pasebivu  emunune, a

KpynHoOMaciurabHoe mone ckopoctu W, , COBINANAeT C aub(BCHOBCKOH CKOPOCTBIO BO3MYLUCHHI OIS H, e

Wiy=x2H X’y«/Q. B »ToM ciydae TpoHMCXOOWT pacuieIUIeHHEe CHUCTeMBl ypaBHeHmH (48-51) Ha aBe mapsl
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HEeTMHEHHBIX ypaBHeHUil Ans BosMymenmit ckopoctn W, | maruutroro mons  H

o KOTOPBIC MOXXHO 3anucaTh B

raMHJIBTOHOBOM (hopme:
dX, dH, dB, dH,
dZ dp, = dz  dX,
dx, dM,  dP, dH,

R (53)
dz ~dp, " 4z  dx,

rae BBeleHb HOBble mepemennsie X, =1-W B, =1- WanH = Hy,PH =H_. B ypasuenmix (52-3)

) (52)

NnepeMCHHas Z HUrpacT poJib BpEMCHHU. 'aMuIbTOHUAH MOJIT CKOpPOCTU HW HUMCECT BU/:
H, =U,(B,)+U,(X,)+CPF, +CX, +C,,

/e, BXOMAIIAs B TAMIJIBTOHUAH, (DYHKITHS U W( y) HMeET BUJL:

1 1+4y
U, ()= I |
)= S Rar2) "5 4y + Ra(Ra12)

T"'aMuIbTOHMAH MAarHUTHOTO ITOJIS HH MNPUHUMACT BU!
! ! 1
H,=U,(P,)+U,(X,)+C'P,+C, X, +C;,

rae pyuxius U, (X) umeer Bux:
~ L),

Uh (x) = 2 n 2
80(Ra+2) x+(1+Ra)” 80
[IpoBenem aHanM3 raMHUIITOHOBBIX YpaBHEHHH /I BUXPEBOM MOACUCTEMBI, T.€. ypaBHeHuit (52). 13 ypaBuenuii (52), B
(ha30BOM ITPOCTPAHCTBE CIIETyET TOSBICHAE HETIOBIDKHBIX TOUYEK JBYX THIIOB: SJUTUIITHYECKOTO M THIIEPOOINIECKOTO.

(l—Ra) 1+x 1

Ipu Hynesbix 3HaueHusix nocrosHubix €, =C, =0 B (a3oBoM mPOCTPaHCTBE NPUCYTCTBYET TONBKO OJHA

OJUIMINTHYCCKAad TOYKAa M B 3TOM CJIydac€ HNPUCYTCTBYIOT TOJIBKO HEJIMHEHHBIE BOJIHBI. CTaHI/IOHapHOG peuicHue,
COOTBCTCTBYIOLICC HEJIMHEHHON BOJIHE MMOCTPOCHO YUCJICHHO U IPUBCACHO HA pHUC. 1.

WoT j
2 4

ﬁ

3 2 1 0 1 2w

Puc. 1. ®a3oBblii HOPTpET cHcTeMbl ypaBHeHui (52) u pelenne, cooTBeTcTBYyomee HenuHelinoi Boaxe npu C, =C, =0 .

B obnactu mapamerpoB C1 =0 Hynb npaBoii yacTu NepBOro ypasHeHus (52) JOCTUraeTcs TONLKO B OJHOM TOUKe

VAI} »y=0.B obnacru C;, #0 u —c < C| < ¢ cymecrByer aBa KOpHs. 31eCh BENUUMHA C 3aBUCUT OT 4mcia Panes
Ra w ananutuuecku onpenenena B paGote [64]. BHe mosnockl HyIM IIpaBoif YacTH IIepBOro ypapHeHus (52)
OTCYTCTBYIOT. AHATIOTMYHO A1 Broporo ypasHenus (52) B nonoce —C < C, < ¢ u C, # 0 1sa kopHs 1 BHE ee KOpHH
OTCYTCTBYIOT. B urTore mmeem: Ipu C2 #0 ( —c< C2 < C) — ueTslpe HeNOABIKHBIE Touku (puc.2). Kpome

HEJMHEWHBIX BOJIH BO3HUKACT U KHHK, COOTBCTCTByIOHII/Iﬁ Y4acCTKy cennapaTpuchl, COCZ[I/IHHIOHICIZ JABEC FI/IHCP6OJ'H/I"I€CKI/IC
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Toukd (pHcC. 3). AHAIOTUYHO yCTpOeH (Da3oBbIA MOPTPET IS MArHUTHBIX IIOJICH, OMUCHIBACMBIX HEIUHCHHBIMU
ypaBHeHussMU (53). CoXpaHSIOTCS YCIOBUS CYNICCTBOBAaHHS JBYX M YETBIPEX HEMOJBIIKHBIX TOUYCK. V3MeHsercs
TOJILKO 3HAYCHHE TIOCTOSHHON C .

Pa3zButas B pabote [64] HenmuHeltHAsS TEOpUS KOHBEKTHMBHOT'O MAarHUTO-BUXPEBOTO JTUHAMO MOXKET MPUMEHSATHCS
JUIA OIIUCaHuA T€HEpaluu prHHOMaCH_ITa6HI)IX MarHuTHBIX 1OJIEH B HEApax IUIAHET, COJ'II/ITOHOI'IO}IO6HBIX CTPYKTYp B
¢dorochepe Connia.

LN
Puc. 2. ®a3oBble nopTpeTHI
CneBa — (asoBblit moprper ¢ aByms HemonsikubiMu Toukamu npu C; =0, C, # 0u —c < C, < ¢ . Cenaparpuca, BbIXOLSIIAS 1

BXOJAMAst B TUIEPOOTHYECKYI0 TOYKY, COOTBETCTBYET CONMTOHY. CmpaBa ToKasaH (a3oBBIA TOPTPET B OOJACTH TapaMeTpoB
C #0 (—c<C <c)u C,#0(—c<C, <c)npyKOTOPHIX CYLIECTBYIOT YEThIPE HEMOABIIKHBIE TOUKH

0 =
W, -0.5 )

Puc. 3. CrauuonapHble pemeHus
Cnesa — kunk npu 3HaueHmwsix C, = 0,01 u C, = 0,01 B ciayyae yeTbpex HEMmoOABIKHBIX TOYeK B (hazoBoM mpoctpanctse. Crpasa

b

— COJNHUTOH B ciIydae AByX HeroaBmkHbx Touek pu C, =0u C, =0,01. Onu coorBercTByIOT (Hha30BBIM MIOPTPETAM, MOKA3AHHBIM

Ha puc. 2.

BUXPEBOE IUHAMO BO BPAIIAIOIIUXCSA TYPBYJEHTHBIX CPEJAX

OddekTr BpareHuss UrparT BaXKHYIO POJIb BO MHOTHX MPAKTUYECKUX M TCOPSTHICCKUX TIPUMCHEHUSIX MEXaHUKU
KHUIKOCTH [67], 1 0COOCHHO BaKHBI B Teodu3uke u actpodusuke [68-70], Te TPUXOAUTHCS UMETh AEI0 C TAKHMU
BpaIaromuMucs o0bekTaMu, kak 3emis, FOmurep, Conaie u T.1. Bo Bparmarommxcs KUIKOCTIX MOTYT BO30YKIaThCs
pa3zHooOpa3HbIe BOIHOBBIE U BUXPEBBIC MBIKEHUS. Hampumep, THpOCKOMYECKre BOJTHEI, BOIHBI PoccOu, BHYTpeHHHE
BOJIHBL, JIOKAJIM30BaHHBIC BUXPH M KOT€PEHTHBIC BUXpEBBIe CTPYKTYpHI [71]. Cpennt BUXPEBBIX CTPYKTYP HAUOOIBIIHN
WHTEpPEC BBI3BIBAIOT KPYIMHOMACIITA0HBIE, IMOCKOIBKY OHH OCYIIECTBILTIOT J(QQEKTHBHBIA IEPEHOC SHEPTHH U
nMmnyibca. [lox KpymHOMacmITaOHBIMH ITOHUMAIOTCS CTPYKTYPBI, XapaKTepPHBIM MacmTad KOTOPBIX MHOTO OoJbIie
Macitada TypOyJISHTHOCTH MM MacinTaba BHEIIHEH CHIIbI, KOTOpas 3Ty TypOyJIeHTHOCTh BO30yxaaer. B HacTosIiee
BpeMs N3BECTHO JOBOJIHLHO MHOTO HEYCTOHUMBOCTEH, KOTOPBIC TeHEPUPYIOT KPYITHOMACIITa0HbIE BUXPEBBIE CTPYKTYPHI
BO BpAIIAMOIICHCS JKUAKOCTH C HEOIHOPOIHON TypOyieHTHOCThIO [22-28]. B pabore [72] momydeHa HOBas
KpYMHOMACIITa0HAs HEYCTOWYHMBOCTH BO BPAIIAONICHCS JKHUIKOCTH, MOJBEPKEHHON NEHCTBHIO MEIKOMACIITaOHON

BHEWH el cuibl [, KoTopas noauepx usaeT TypOyIeHTHbIE (UIyKTyauuu. YpaBHEHUs JBMXKEHUS Ul HECKHMAEMOM

BpallaroIIencs KUAKOCTH C BHEIIHEH CHIION E] BO BPALLAIOLIEICS cUCTEME KOOPANHAT UMEIOT CIEIYIOIIMNA BU:
oV -
a—+R(V~V)V+D><V=—VP+AV+F, (54)
t

divlV =0. (55)
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3peck V' - ckOpOCTb ABMXEHHUS KUAKOCTU B 6€3pa3MepHbIX eIMHMIAX, BHEIIHSS CUlla E) SIBIISICTCS O€3MUBEPTEHTHON

u Haxogutes B miockoctu (X,Y), xoropas mepnenamkynspHa ocu BpamieHus, T.. Ochb Z HanpaBlieHa BJOIb

BEKTOpa yIJoBOii ckopocTu Bpamenus €2 :

F = 0,Fo. = Jo (?Cosq)2 Jr}'COS(pl);(p1 =kix— Wy, p, = l;z;c—a)ot,
- - (56)
ki =k, (1,0,1),k2 =k0(0,1,1).

_ AV
BespasmepHble napamerpbl R = L

40° 27
D| =~+Ta un Ta= —20 COOTBETCTBEHHO umcia PeliHonpaca u Teinopa

14

Ha macmrabe A . Kak u panee uucio Peiinonbzaca 6yaem cuntars mansiv R << 1, u mo stomy manomy napamerpy

Oy/leM CTPOUTh ACMMITOTHYECKOE pasoxkenue. OTHOCUTENIBHO napameTpa [) MOMKHO CKas3aTh, 4TO B JAAHHBIA MOMEHT
Mbl HE ()MKCHUPYEM €ro IOpsI0K, CUMTasi ero BHE CXEMHBIM napamerpoM. PaccMorpum ciienyoulyo (GopMyJIUpOBKY
npobiembl. ByneM cuMTaTh BHEIIHIOK CHJIY MEJIKOMAacIITaOHOW M BBICOKOYACTOTHOW. JTa CHja NPHBOIUT K
MEJIKOMAacIITa0HbIM (QIyKTyarusiM ckopocTH. [locne ycpeaHeHHs: ObICTPO OCHMIUTHpYIOMmKE (QIyKTyalldud HCYE3aroT.
Tem He MeHee H3-3a MalbIX HEIMHEMHBIX B3aUMOJCHUCTBUI B HEKOTOPBIX MOPSJIKAaX TEOPHHM BO3MYIIEHHH IOCiE
YCpPETHCHUS MOTYT BO3HHKATh HCHYJICBHIC WICHBI. DTO 03HAYACT, YTO ITH WICHBI HE SBJISIOTCSA KOJCOATCIHFHBIMHU, T.C.
SBIIAIOTCS KPYIHOMACINTaOHBIME. B TpeTheM mopske mo K MHOroMacmraGHOTO aCHMOTOTHYECKOTO Pa3lIOKEHHS MBI

HaxXoJuM YpaBHCHHS 3BOJIIOIIUHN MJIS1 «KKBA3UABYMEPHOI'0» IMOJIA CKOPOCTH W :

0. — AW+ =0,
oz
5 ) (57)
GTWy —AVVy —a—ZWOVO =0.

OTCIOH& BUJHO, YTO JJIA BBIYHCIICHUN HaHpH)KCHI/Iﬁ PCﬁHOHLHC& WOMO u WOVO H€06XO,HI/IMO 3HAaHUC 110JId CKOPOCTHU B

HyJ1eBoM nopsake 1o R . CornacHo pabote [72] 3aMkHyTas cucTeMa ypaBHeHuid (57) UMeeT BUL:

oW, . —AW_+
+if_20 D _fzo Dz :0
oz| 2 ) 1 T8 2 1 T

AW —1) +|4+-D*—(W, -1 AW -1) +|4+-D*—-(W. -1

(=) <o o=(m =) | a4 Loy |

(58)

aTVK,—AWv+

2 2 2
+i S b +f° D =0.

oZ| 8

y

uu _1)2+[4+;D2‘(W)/‘1)2T ’ 4(Wx—1)2+[4+202—(m_1)2}2

HpI/I MaJIbIX aMIUIUTYdax VVx 5 WV Halps>KCHUA Peitnonbaca MOXHO Pa3JIOXUTH B pAa 11O VI/x 5 VI/y , B pE3YJILTATC YCTO

cucreMa ypaBHeHuit (58) nmuHeapusyercs:
2 2 D 2 DZ
iWr_aZVVX_afO iW1’+af0 i x: ’
or © oz 2 oz - 8 07
2 2 2 2 ’
Oy O gy (A 0y @S WD Oy
or ' oz* 8 oz 7 /AR
rae ko3 duImenT ¢ paseH:

(59)

32(10—D2)

[(D2 +6) + 64}2 '

a =
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VpasHerus (59) IpHHAIEKAT K THIY THAPOAMHAMHYECKOTO 0-3(ibekta, B KoTOpoM KommonenTsi ckopoctu W, W,
CBA3aHBI TIOJIOKHUTENBHON OOpaTHOH CBA3BI0. BCiENCTBHE 4ero BO3MOKHO BO3HHMKHOBEHHE KPYITHOMACIITAaGHOI
BUXpEBO¥ HeycToiumBocTH. JlelicTBuTenbHO, mpenctaBnss Maneie ammmtymst W, W B Bume miockux
MOHOXPOMATHYECKHX BOJIH HETPY/IHO HAHTH TUCTIEPCHOHHOE ypaBHEHHE:
2 2 2
L af D af D ,
y =—ik 80 +k 20 —k-.

HucniepcnonHoe ypaBHeHHe (60) TOKa3pIBaeT CYIIECTBOBAHWE Yy CHUCTEMBI ypaBHeHHH (59) HEyCTOHYHMBBIX

af’,D’

KoneOaTenbHEIX pelleHHii ¢ 4YacToToil KomeGammit @M =Kk——"—— § WHKPEMEHTOM HEyCTONYHBOCTH

(60)

af’,D
_ 2P
4 2

2 o o o o
- k . HGYCTOI/I‘II/IBOCTI) SABIIACTCA prHHOMaCIHTa6HOI/I, MOCKOJIbKY HCYCTOMYMUBBIN YJICH JOMHUHHUPYCT

af’,D

> k. MakcuManbHEIH HMHKPEMEHT HEYCTOHUMBOCTH paBeH

af?,D
4

HaJ 3aTyXaHMCM Ha OONIBIIMX MacIuTadax:

2 r4 2
a D
= , U JOCTHUTacTCsI Ha BOJIHOBOM BCKTOPC kma =

7 max 16 X
(GopMHUpOBaHKE BO BPAILAIOMIENCS XKHUAKOCTH ¢ MEJIKOMACIITaOHOM BHEIIHEN CHIION KPyNMHOMACIITAOHBIX BHXpEH
BeﬂpraMI/IeBCKOrO THUIIA.

C POCTOM aAMILIWTYAbI HEJIMHEHHBbIE YICHBI YMCHBIIAKOTCA H HCyCTOﬁqHBOCTL HacChI[acTCs. B pe3yabTaTe
00pasyroTcsl CTallMOHAPHBIE HEIWHEHHBIE BUXPEBBIE CTPYKTYpHI. JUIs WX HaxXOKIECHHS IOJOKHMM B ypaBHEHHUSX (58)

0

—— =0 u npounTerpupyem ypaBHeHns oauH pa3 no Z. [TomyuaeM cucTeMy ypaBHEHHIA:

. DTa HEyCTOMYMBOCTh OTBETCTBEHHA 3a

oT
d
a7 =wouy +C, ,
(61)
d
— W, =wy, +C,.
dz
W3 ypaBHenwii (61) cnenyer:
dw,  wyu, +C
dw,  wy, +C, '
WnTerpupys cucremMy ypaBHeHui (61) momyuaem:
jwovodwx +Cw, = I Wottgdw, + Cw, . (62)

Wnterpans! B BeIpakeHHH (62) BBIYMCISAIOTCA B 3JIEMEHTApHBIX (YHKIMAX [73], 9To maér BBIpa)KEHHE VIS IIEPBOTO
uHTErpaia npmwkenns J ypasHenuii (61):

: W D (W, ~1) +(W, ~1)DV2 +4+ 1 D?
= In % +

2 + 5 2 N
|:4+1D2_(Wy—1)2:| +l6(VV}—1)2 24(84—[) ) (m_l) _(WV_I)D\/E+4+5D2
2

(Wx_l)z_‘l_lDz D? /4
" e 4Wl2 8 — +
8(8+07) 7.-1) [4+;D2—(Wx—1)2} +16(, -1’
b (Wy—1)2+(Wy—1)Dx/§+4+lD2 b (Wy—1)2—4—lD2
+ 5 n % + yarclg 2 +CW, +CW,.
2> (8+D?) (VK,_I)Z_(%_I)D\/EMTDQ 8(8+ D7) 4(w, 1)

VYpaBuenus (61) jgerko pemaroTcsi YUCIEHHO C MMOMOIIBI0 CTaHNAPTHHIX MPOTpaMM. B HacTHOCTH, 3TO MO3BOJISET
MOCTPOUTH (ha30BBII MOPTPET AMHAMHUYECKOH cucTeMsl (61) (puc. 4), ¥ MOCTPOUTH Hanboyiee MHTEPECHBIE PEILICHHS,
CBsI3bIBAIOIME Ha (ha30BOH IUIOCKOCTH o0coOble Toukd. K Hambosiee HMHTEPECHBIM CTPYKTypaM TPHHAUIEKAT
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pa3HooOpa3Hble BUXPEBbIE KMHKU. JTH KUHKH CBS3BIBAIOT CTAllMOHAPHBIE TOYKH JAWHaMuueckoil cucremsl (61). KuHk,
CBSI3BIBAIOIIMI THIEPOOIMUECKYIO TOUKY C YCTOMYHMBBIM Y3JIOM, COJCPXKUT BpAIlIEHHsS BOKPYT YCTOWYHMBOTO y37a, Kak
MIOKa3aHo Ha pUC. 5. B KMHKe, KOTOPBIH CBSA3BIBAET HEYCTOWYHBBINA M yCTOWYMBBINA (JOKYCHI, BEKTOPHOE ITOJIE BPAIIAETCs
BOKpYT' 00eMX 0COOBIX TOYEK, KaK BUJHO U3 puUC.6.

5 (@
Py

Puc. 4. ®asoBelii moprper auHamuyeckoil cucrtemsl (61), mpu D=1, C; = -0,03, C, =0,03. BugHo mnpucyrcTBue ABYX
TUNEPOOTNIECKHX 0COOBIX TOYEK M YCTOHYMBOTO U HEYCTOHIHNBOTO y3JIOB.

Puc. 5. Kunk, cBs3bIBaronuii runepOoiIndecKyio Touky ¢ ycroduusbiM y3ioM. Ilpu D = 1, C; = 0,04, C, = 0,04. IIpu noxxoxe
YCTOWYHMBOMY Y31y BUIHBI BPAILCHUS HOJISI CKOPOCTH.

0
2
Wy 4

Puc. 6. Kunk, cBsa3pIBaromuil HeycToitumBeIH M ycroiumBbli ¢okyc. [Ipu D = 1, C; = 0,04, C, = 0,04. Bunna BHyTpeHHsSA
cIupabpHas CTPYKTypa KHHKA.

B pabore [58] ommcana HoOBas MoOAENb BUXPEBOrO IMHAMO, B pE3yJIbTaTe pa3BUTUS KpPyINHOMacIITaOHOU
HEyCTOWYMBOCTH B HAKJIOHHO BPANIAIOMIENCS KUIKOCTH, OCh BPAIIEHUs KOTOPOH HE COBMANAET ¢ OCBK0 Z M KOTOpas

OJIBEpIKEHA JeHCTBHIO MEIKOMACINTAOHOM BHEIHEH CHIBl C HyJIeBOH crnupanbHocThio ForotF =0 :

Fy =0,Fo = f, (iCosgo2 + jCoso, );gz)1 =kix—aypt,p, =kx—ay, )
ki =k, (1,0,0),k2 =k, (0,1,0).
OTta cuna NMOAACPIKUBACT Typ6y.]'[eHTHI)I€ MeEJIKOMACIITaOHbIE q)HyKTyaHI/II/I B ) KHAKOCTH C MaJIbIM 4YHUCJIOM PeﬁHOJ’ILﬂC&.

Moxno CUNTaTh, YTO BHCIIHAA MeJIKOMACIITaOHas CHiia MOACINPYET ﬂeﬁCTBHC MeJIKOMAacIITaOHOH Typ6yJ'I€HTHOCTI/I.
B pe3ysibTaTe pPa3BUTHUA JTOH HCYCTOP'I‘IPIBOCTI/I BO BpamalOH.[eﬁCH JKHUJIKOCTH  BO3HHMKAIOT HEJIMHCHHEBIC
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KpYIHOMACIITaOHbIC CITMPAbHBIC BUXPEBBIC CTPYKTYPBI TUIIA JOPOKEK BelbTpaMu HiTH JTIOKaTM30BaHHBIX KHHKOB [58].
IIpeanomnaraeTcsi, 4TO BHEUIHsS CHJIAa HAXOIUTCS B HHOCKOCTI/I(X ,Y ) . B ommmumne ot pabGoter [72], 3mech

HeyCTOﬁ‘IHBOCTL BO3HUKACT TOJIBKO B TOM CJiy4dac, KOraa BEKTOP yFJ'IOBOﬁ CKOpPOCTH BpalliCHUA QHaKHOHéH o

otHoutenuto k wiockoctu (X,Y) , kak nokasano na puc. 7.
A
z

y
Puc. 7. B o6mem citydae yriioBasi CKOPOCTh {2 HAKIIOHEHA IO OTHOIICHHIO K TTocKkocTH (X,Y),

B KOTOPOH pacronokeHa BHEIIHsIs cuiia Foy .
Eciv 5KMIKOCTh BPAIAETCs CTPOTO BOKPYT OcH Z , TO HEYCTOWYMBOCTH OTCYTCTBYeT. CIMpPAIbHOE IBYMEPHOE
none ckopoctu W, W = Bpamaercs Bokpyr ocu Z, 1o Mepe H3MeHeHWs Z B TepHOMMYECKOH BomHe (puc. 8) u

P

COBEpILAET OAWH 000POT B KMHKE (puC. 9).

w
i

S
h

Puc. 8. dazoBas miockocTs st ramuisronuana (63) (C, =0,1, C,=0,1).

Bugno nammune 3aMKHYTBIX TpaeKTOpI/Iﬁ BOKPYT 3JUIMITUYECKUX TOYCK U C€apaTpucC, KOTOPbIE COCANHAIOT FI/IHep6OHI/I‘{ECKI/Ie
TouKU. Da30BkII TMOPTPET ABJIACTCSA TUIIMYHLIM JJI TaMUJIbTOHOBBIX CUCTEM.

Puc.9. Henunelinas ciimpanbHas BojHa bexbrpamu, KOTopast COOTBETCTBYET 3aMKHYTOH TpaeKTOpUH Ha ()a30BOH INIOCKOCTH
(C,=0,1, C,=0,1).
Criupanb OpHEHTHPOBaHA BAOJIb OCH Z U HAKIIOHEHA 10 OTHOILICHHIO K OCH BpAICHUSI.
Haiinennass B paboTe HEYCTOMYMBOCTh TPHHAICKHUT K KIACCy HEYCTOWYMBOCTEH, KOTOpBIE HA3BIBAIOT
THIPOAMHAMHUYECKUM 0 - 3pexkrom. [y TakuX HEyCTOWYMBOCTEH XapaKTEpHOW SBISETCS IMOJIOKUTENbHAs oOpaTHas

cBA3b MexTy Kommonentamu ckopoctn W, W, xotopas u npusoaut k meycroiiumsocTn. Hemmmelinbie ypaBHeHus
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1A BUXPEBOro JUHAMO BO Bpamalomeﬁca KUIAKOCTHU MOJIYYCHbI B TPECTHEM MOPSAAKE TCOPUU MHOI'OMAacIITabHOIO
ACUMIITOTHYCCKOT'O PA3JIOKCHUA:

10 D,
oW —AW +5— 3 7 =0,
4(1-w,) +|D* +Ww, (2-W,
EEERXTER "
1 D,
0, — AW, - == —— —=0.
20Z4(1-w,) +[ D 4w, (2-W,) ]
Tpu maneix W, W, ypauenns (64) MOXHO MHEapU30BaTh, 4TO J1AET:
0
oW, —AW, —aya—Wy =0,
g (63)

oW, ~ AW, +a, 2, =0,
’ 0Oz

D,(D*,-2) .2 (D7, -2)

(a0 ) " (aspt)

Cuctema (65) onuchIBaeT HEYCTONYUBOCTD THIIA THIPOAUNHAMHYCCKOrO 0-3PPEKTa ¢ HHKPEMEHTOM CIICAYIOIICTO BHIA

2 .
V4 =t | N4 yk —k°. IIpn axay >0 KpymHOMacImTabHasi HEYCTOWYMBOCTh CYIIECTBYET C MaKCHMAaJIbHBIM

a.a,

UHKPEMEHTOM }/, - = , IJI BOJIHOBOT'O BEKTOpA kmax = 5 . Q. BpesynbTaTe pa3sBUTHs HEYCTOHYHBOCTH B

CHCTEME TEHEPUPYIOTC KPYIIHOMACIITAOHbIE CIUpalbHble BUXpH benbrpamuesckoro tuna. Ilpn o . ) <0 B BMecTO
HEYCTOWYMBOCTH BO3HUKAIOT 3aTYXAOIIHe KOJIEOaHHUS C YaCTOTOU w, = axayk . B nelicTBUTENLHOCTH NOBEJIEHHUE

X o
7/ 3aBUCUT OT TOI'0, KaK pPacCroOJIOKCHbI BHCHIHUC CHUJIbI FZ) ,E)y MO0 OTHOHICHUIO K MEPIICHAUKYJISIPHOU HNPOCKIHNU

YTJIOBOW CKOPOCTH BpamleHHWs W OT 3HAYCHHU Dx,Dy. Ecmm omHa W3 KOMITOHEHT Dx,Dy oOparmraercss B HOJb U
paBHa \/5 , TO HEyCTOWIMBOCTH OTCYTCTBYET. HeyCTOIUMBOCTE CYIIECTBYET B CIEIYIOIIUX CIIydasx:

D, >2,D, >/2;

2)D,,D, >0,D, <+[2,D, <+2;

3)D,<0,D,<0,D* >2,D* >2;

4)D, <0,D,<0,D* <2,D* <2

5D, <0,D,>0,D* >2,D* <2;D° <2,D° >2

6)D,>0,D,<0,D° >2,D* <2;D* <2,D* >2;

Bo Bcex ocTanbHBIX CJIydasxX BO3HUKAIOT 3aTyXarouiue KoJieOaHus. CTaHI/IOHapHLIe HEJIMHEHHbBIE BUXPEBLIC CTPYKTYPbI
OITMCBIBAIOTCS CHCTEMOM ypaBHeHHﬁ, 3aIMCaHHEBIX TaMUJIBTOHOBOM qupMe:

du oH du, oOH

e 2y (6)
dz ou, dZ Ou,
1€ BBCICHbBI HOBBIC HepeMeHHLIe: 1 - VVx = ux ,1 - va = Lly . FaMI/IHBTOHI/IaH H HUMECT BU.
H=h(D,u)+h(D,.u,), (67)
a pynkuus /1 (D, u) B CBOIO OYepelb paBHa:
D
h(D,u)= —J' . du +Cu. (68)
27(D*+1) +2(1-D)u’ +u*

WuTerpan B popmyie (68) BerAucIseTCs B dneMeHTapHbIX QyHKIuAX [73] . Tlomoxum 1t TpOCTOTHI
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D = Dy = D =1. Toraa dpynxius (68) papHa:
1 w +2u+2 2u
h(u)=—In——+arctg——  + Cu. 69
T L e R v ©)
Cymmy h (ux) +h (u y) MOXXHO 00BETUHAUTE B OJHY (Gopmyiry. Torma raMIIIbTOHHAH PABEH:
ol (%2+m@+2)@62+25+2)
=—In
16 (u, —2u, +2) (u,> —2u, +2)
2u (v —2)+2u (u® -2
+iarctg y( = )2 x( 4 )
16 2(ux+uy) —uzxuzy—4

Hns ramuiberonuana (70) HeTpyAHO mnocTpouTh (azoBblii moprper (puc.8), rae aasi KOHKPETHOCTH IOJIOXKEHO

(70)

+Cu, +Cu,.

C, =0,1, C, =0,1. Ha dasoom noprpere BUAHO HalM4YMe 3aMKHYTBIX TPAeKTOPHIA Ha (a3OBOM IIOCKOCTH BOKPYT

AJUTUNTAYCCKAX TOYCK M CEMapaTpuc, KOTOPBIC COCHUHSIOT TrHrepOoinueckue TOYKU. OYEBHIHO, YTO 3aMKHYTBHIM
TPACKTOPUSAM COOTBETCTBYIOT HEIHHEWHBIC IEpPUONUYECKUe pemeHus (puc.9), a cemaparpucaM COOTBETCTBYIOT
JIOKAJTM30BaHHBIC PEIICHUS, TUTIAa KHHKOB (puc.10).

2 1
4 3 W, (2)
Puc.10. JIokanusoBaHHOe perieHne (KUHK), KOTOPOE COOTBETCTBYET cenaparpuce Ha daszosoit miockoctu (C, =0,1, C, =0,1).

OTMeTHM, 4YTO, B OTIMYME OT MpeApltymux pabdor [22-28] mo ruxpoIdHaMHYEcKOMYy o - 3(GEKTy BO
BpAIIAIOMIEHCS JKUIKOCTH, METOJ[ aCHMITOTHYECKOTO PAa3JIOKEHUS ITIO3BOJSIET IOCTPOMTH E€CTECTBEHHBIM 00pa3zoM
HENMHEHHYIO TEOPHIO M U3YUHUTh CTAlMOHAPHBIC HETMHEHHbBIC BUXPEBbIC KMHKU.

3AKJIFOYEHUE

B o0030pe mpezncTaBieHb OCHOBHBIE pe3ynbTaThl aBTOpoB [50,58,64,72] mo Teopun TypOyJIEHTHOTO IHHAMO,
MOJYYCHHBIC B TMOCJEAHEe BpeMs. B dYacTHOCTH, 00CY)XOaeTcs MOJydeHHas 3aMKHYTas CHCTEMa HEIHHEHHBIX
YpaBHEHUM, OMUCHIBAIOIIAs KakK JIMHEHHYIO, TaK M HEJIMHEHHYI0 CTaJMM pOCTa TUAPOJMHAMHUYECKUX TEUEHUW U
MArHUTHBIX TOJICH B KOHBEKTHUBHBIX 3JCKTPOIPOBOIAIIMX Cpelax. DTO MO3BOJISCT MPUMEHUTH €€ Ui OOBSICHEHUS
BO3HUKHOBEHUS M CTAOMIIM3AI[UH KPYITHOMACIITAOHOTO MArHUTHOTO IOJIA Psfla KOCMHYCCKUX OOBEKTOB, HAIPUMED,
3BE31. Takke MpeICTaBIIsIeT HHTEPEC MPUMEHEHIE €€ K ONMMCAHHIO TeHEepaIliy KPYITHOMACIITAOHBIX MATHUTHBIX TIOJIEH
KOHBEKITUCH B JIIEKTPONPOBOAIICH Cpefe B HeApax IUTAHET, 3TO MO3BOJHT PEIINTh HEKOTOPHIE MPOOIEMBI 3eMHOTO
marHeTu3Mma. CneayeT OTMETUTh YTO, HECMOTpPS Ha MCHOJIb30BAaHUE ACUMITOTHYECKOW TEXHUKH, OCHOBAHHOH Ha
HAJIMIUX MEITKOMACIITa0HBIX (DIyKTyalnii, MOTy4YeHHbIC Pe3yIbTaThl MOYKHO IPUMEHSTE U K TYpOYJICHTHBIM cpeaaM. B
TypOYJICHTHOM CITydae MPUCYTCTBYET LEJIBIH CIEKTP TAaKUX MeIKOMacITaOHBIX QurykTyarwid. [lodydeHHsIe Hamu
Ka4yeCTBEHHBIC OLECHKM JIMHEHHON cTaauy KPYMHOMAcCIITaOHOW KOHBEKTHBHON HEYCTONYMBOCTH JJISI COJHEYHBIX
YCIIOBHH, MO3BOJISIOT OXHIATh JKCIEPHMEHTAIBLHOIO OOHAPY)KEHHS BHUXPEBBIX COJMTOHOIOIOOHBIX CTPYKTYpP B
¢dorochepe Connna. IlepcrieKTUBHBIM HANPaBICHHEM B Pa3BUTHUH HEIMHEHHON TCOPHH AWHAMO SIBJISICTCS 0000IICHHE,
MOJIYYCHHBIX B pabotax [58,72], pe3yabTaTOB MAJisl BPAIIAIOMIUXCS JJIEKTPONPOBOIAMIMX cpel (KHUIKHE MeTasulbl,
mwia3ma). s 3TUX cpeln TakkKe MOXKHO PAa3BUTh TEOPHUI0 KPYMHOMACIITAOHOW HEYCTOHYHMBOCTH C IMOMOIIBIO
ACHMIITOTUYECKOTO  METOJa MHOroMacimTaOHBIX  pa3nokeHui. Crenyer oXumgath OOHAPYKCHHUS  HOBBIX
KpPYIMHOMACIITA0HBIX CTAllMOHAPHBIX MArHUTHBIX CTPYKTYP B TaKHX cpeaax. MccieoBaHHE 3THX CTPYKTYp HMECT He
TONBKO acTpou3WyecKoe TMPHIOKCHUE, HO ¥ TNPEACTaBIsIET HMHTEPEC U1 3a1adv, CBS3aHHBIX C MPoOIieMoin
YIPABIIIEMOT0 TEPMOSIIEPHOTO CUHTE3A.
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It is shown that the currents for the interactions of the higher spin fermions must obey the theorem on currents and fields as well as
the theorem on continuity of current derivatives. In consequence of the theorem on continuity of current derivatives the current

components must decrease at | p, |— 00, where p is the momentum of the higher spin fermion. The decrease of the currents is

ensured by the form factors. The form factor in the vertex function of the interaction of the higher spin fermion with the 0 - and 1/2 -
spin particles is derived in agreement with the theorem on continuity of current derivatives. The proposed model of the currents is

used for the calculations of the contributions of the higher spin nucleon resonances N : (J ) (J 1is the spin of higher spin fermion) to
the s - channel amplitudes of the elastic 7 N -scattering. It is shown that these contributions to the amplitudes decrease at least as

s~% atthe square of the energy s — 00 .
KEY WORDS: Higher-spin fermions, differential equations, convergence of integrals, form factors, nucleon resonances, 7N -
scattering

HECYNIEPEUJIMBA MOJIEJIb B3AEMO/IIi BACOKOCIITHOBAX ®EPMIOHIB 3 YACTUHKAMUA
I3 CHIIHOM 01 1/2 TA 7 N -PO3CIIOBAHHSA
O.B. Pu6auyk
Vxpaincoruii deporcagnuii ynisepcumem 3ani3HUMHO20 MPAHCNOpmy
VYxpaina, Xapxis, m. @ecpbaxa, 7
IMokazaHo, 11O CTPyMM B3a€MOJIii BHCOKOCIIHOBHMX ()EpPMiOHIB NOBHHHI 3a[0BOJBHATH TEOPEMI IPO CTPYMH Ta IOJISA a TaKOXK
TeopeMi PO HENEepPEepBHICTb MOXIAHUX CTPYyMiB. BHaciminok TepeMu Hpo HENepepBHICTh MOXIJHUX CTPYMiB KOMIIOHEHTH CTPYMiB
IOBHMHHI CIajaTd OpH | p, [ = 00, ne p - iMmyisc BrcokocminoBoro ¢epmiona. CramaHms cTpyMiB 3afesrmedyerbes Gopm-
¢daxropamu. Onepkano GpopM-hakTop y BepIMHHIN (HyHKIIT B3aeMozii BUCOKOCIIHOBOTO (epMioHa 3 YacTHHKaMu 3i cmiHoM 0 Ta
1/2, siKi y3roIDKYIOTBCS 3 TEOPEMOIO PO HENEPEPBHICTH MOXIIHUX CTPYMiB. 3alIPONOHOBAHA MOJEIIb JUIS CTPYMiB BUKOPHCTaHa JUIs

. . . * . . . .
O0YHUCIICHHST BHECKIB BHCOKOCIIIHOBUX HYKJIOHHUX PE30OHAHCIB N (J ) (J - cniH BHCOKOCIIHOBOrO (hepMmioHa) B S - KaHaJIbHI

ammitym npyxkuoro 77N -poscitosanms. TTokasaHo, 110 1i BHECKH B aMILTITY/IU CIIAJAI0Th TI0 MEHIIiH Mipi 1K st IIpH KBaJIpari
€HEeprii B C.ILM. § — 00 .

KJIFOYOBI CJIOBA: BucokocniHoBi (epmioHH, qudepeHuianbHi piBHAHHS, 301KHICTB iHTErpais, GopM (aKTopH, HYKJIOHI
pe3oHaHcu, 77N - po3citoBaHHS.

HENPOTHUBOPEYHBAS MOJEJIb B3AUMOIEACTBUS BICOKOCIIMHOBBIX ®EPMHOHOB C YACTHIIAMMA
CO ClTIMHOM 01 2" 7 N -PACCESAHUE
E.B. Pui6auyk
Yxpaunckuii 2ocyoapcmeennuiil ynugepcumem jHcenesnHo00poNCHO20 MpaHchopma
Yxpauna, Xapvros, nn. @eiiepbaxa, 7
IMoxa3zaHo, YTO TOKM B3aMMOJCHCTBHI BBICOKOCIIMHOBBIX ()EPMHOHOB JIOJDKHBI YHOBJIETBOPSTH TEOPEME O MOJNAX M TOKAX a TaKKe
TEopeMe O HEeNpPEPHIBHOCTH IPOM3BOHBIX TOKOB. BeileicTBe TeopeMbl 0 HENPEPbIBHOCTH POM3BOAHBIX TOKOB KOMIIOHEHTHI TOKOB
JOJDKHBI YOBIBATh TIPU | p,, |— 0O, Ile p - HMIYIbC BBICOKOCIIHHOBOrO (pepMHOHA. YObIBaHHE TOKOB ObecriednBacTcst (popm-
¢daxropamu. Ilomyden ¢opm-pakrop B BEpIIMHHOW (DYHKIMHM B3aHMMOJCHCTBUS BBICOKOCIIMHOBOIO (DepMHOHA C 4YacTHLAMHU
obnanarommmu crimHoM 0 u 1/2, B coriacuu ¢ T€OpeMOi O HENPepbIBHOCTH HPOM3BOAHBIX TOKOB. IIpessioxkeHHast MOJeb TOKOB

*
HCIIOJIb30BaHa [UISI BBIYMCIICHUS BKIIAJO0B BBICOKOCIIMHOBBIX HYKJIOHHBIX PE30HAHCOB N (J) (.]-CHI/IH BBICOKOCITMHOBOI'O

(depMuoHa) B S -KaHaJbHBIE aMIUIUTYbl ynpyroro 7N -paccesHus. IToka3aHo, 4TO 3TH BKJIaJbl B aMIUIMTYIbl YOBIBAIOT, IO

o -8
MEHbIIEH MepE KaK § ~ IPH KBaJpaTe SHEPIUH B C.ILM. § — OO .
KJIIOYEBBIE CJIOBA: BbICOKOCIMHOBBIE (EepMHOHBI, MU PepeHIalbHble YPABHEHHS, CXOIMMOCTb WHTErpasioB, (opm-
(bakTOpBI, HyKJIOHHbIE PE30HAHCHI, 77 N - paccesHue.

Higher — spin hadrons are investigated theoretically and experimentally more than fifty years. It is known they
consist of the quarks and the antiquarks similarly to the nucleons and the pions. Unfortunately the soft reactions
involving hadrons cannot be described fairly well in QCD. Therefore, models for amplitudes of hadron reactions are of
©Rybachuk E.V.,2016
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importance. As it is known reactions with the 77 - mesons and (or) the nucleons at low and intermediate energies can be
described with reasonable accuracy in frameworks of such approaches as isobar models and dispersion relations. These
approaches are based on the quantum field theory. The 77 - mesons and the nucleons are considered in these
approaches as elementary particles. Therefore, the consideration of higher spin hadrons (J > 1) similarly to elementary
particles can be assumed also. Investigations of the higher spin particles show their qualitative distinctions from low-
spin particles (i.e., the 0 — spin and the 1/2 — spin particles). For example, it can be seen from the papers [1-7] and the
reviews [8, 9]. Calculations of cross-section for the production of higher spin hadrons (instead of low-spin particles)
give a theoretical power energy growth of the cross-sections for higher spin particles production in comparison with a
non-increase of the cross-sections for the low-spin particles only. In particular, if the vertexes of the higher spin hadrons
include constants (without form factors) then HSF — resonance contributions to the § - channel amplitudes of elastic
reactions give power energy growth of corresponding cross sections (which are parts of total cross sections for the same
initial states). But it is known [10] that according to experimental data the total cross-sections at high energies approach
to some constants or increase as Ins , where § is a square of a total energy in CMS. It is a contradiction, as the part
cannot be greater than the whole one. As a rule, a power of § in amplitudes for the HSF contributions increases with

J . To eliminate the energy growth of the amplitudes the interactions in initial and final states are considered [11] or the
form factors in interaction vertexes are introduced (as a generalization of coupling constants). The form factors of
monopole and dipole types are often used. But these form factors give diverging integrals for the contributions of HSF
to the amplitudes corresponding to the loop diagrams. Thus, the form factors with other analytical dependences are
needed. Besides, a strong distinction between theoretical predictions and experimental data on the cross-sections for a
production of the higher spin fermions (HSF) exists. For example, the rule has been formulated on the basis of these
data: the higher spin nucleon resonances are formed but not produced. It means that the higher-spin nucleon resonances

N (J) are well observed at their excitation in 7N -and yN - interactions. But the cross-sections of the N (J) (with

an exception for A(1232)) production together with another particle are fairly small. These characteristic distinctions

between the theoretical results for the low-spin particle interactions indicate on the necessity of a modification of the
existing approaches to description of the higher-spin particle interactions. It may be expected that the general properties
for the interactions of higher-spin particles of any mass must exist in the addition to the properties of the low-spin
particle interactions.

The contributions of the higher spin hadrons are considered at relatively high energies in the Regge pole model
[12, 13]. Tt is known that particles of different spin with the same values of the electric charge, the isospin, the
strangeness, and parities are on the trajectories, which are approximately straight on the plot of a square of a mass and
an angular momentum. It allows predict the masses of the higher spin hadrons. The Regge pole model describes well
the differential cross-sections of binary reactions at relatively high energies and small modules of momentum transfer.

In consequence of the relativistic invariance the vertex functions (related to the interaction lagrangian) for higher-
spin particle interactions are the scalar product of the field tensor for the higher-spin boson (or spin-tensor for HSF) and
corresponding current tensor (on spin-tensor).

We use the Rarita-Schwinger formalism (e.g. see Ref. [12]). For HSF such vertex functions give the non-
homogeneous Dirac equation

ot st

where U (x) = U(x)il is the field spin-tensor of HSF, M is the HSF mass, y(x) = ;((x)il is the current

oyl oyl

spin-tensor, J =1 +5 . As it is known the Klein-Gordon equation and the Dirac equation are not used immediately in

the calculations of the amplitudes for the particles of the 0-spin and the Y%-spin, respectively. In such calculations vertex
functions and propagators are used. The propagators are the causal Green functions of these equations. Similarly to this,
the HSF propagators in the calculations of the amplitudes correspond to the causal Green functions of the Eq. (1).

A

Besides, an action of the [i8+ M ] -operator on the homogeneous Dirac equation in (1) leads to the homogeneous

Klein-Gordon equation, which corresponds the relativistic relation between the energy, 3-momentum, and the M mass
of the free HSF.

It is known that the field spin-tensor must obey next auxiliary conditions: (i) the four-dimension divergences and
traces vanish; (ii) their convolution with y - matrices vanishes too. Usually for the current spin-tensors it is assumed

that they obey the symmetry condition only. We name the approaches with such current as usual ones. In Refs.[14, 15]
it is shown that the usual approaches have some shortcomings: (i) the algebraic inconsistencies of the equation systems;
(i1) the power divergences of the loop amplitudes; (iii) the ambiguities of the vertex functions for virtual HSF; (iv) the
contradictions to the experimental data in wide energy regions. As these shortcomings are in usual approaches to the
interactions of any spin and mass HSF, we assume that the interaction currents must have got some general properties in
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addition to the symmetry condition. In Refs.[16, 17] for the higher — spin bosons and in Ref. [18] for HSF have been
shown that the interaction currents must obey two theorem: (i) theorem on currents and fields: (ii) theorem on
continuity of current derivatives. We denote the current spin — tensors, which obey these theorems, as

j (x)ﬂ y = j (x)fu and name them as physical currents. Accordingly to the theorem on currents and fields the physical
bty

current spin-tensors must obey the same conditions as the field spin-tensors:

. _ ; — 2
a”k](x)m---m 0, P, ](119)/4 M 0, @
gﬂi#k j(x)yl...m =0, g;:,-;:k ](119)/4, el =0, (3)
yﬂkj(x)yl...yl =0, y;,kj(lp),q ol =0, (4)
coordinate representation momentum representation

where i,k =1,2,...,] . Note that, as the consequence of Esq. (2) (the current conservation), the contributions of the HSF
propagator terms including the HSF momentum Py, Or p, to the products of the HSF propagator and the physical
currents vanish. Thus, the current conservation (2) allows to avoid (Refs. [14-20]) one source of the power divergences
which exists in usual approach. In Refs [21, 22] the model for the interaction of the higher — spin boson with two
spinless particles, which obeys the theorem on currents and fields as well as the theorem on continuity of current

derivatives has been proposed. Using this model in Ref. [15] it is shown that the contribution of the virtual higher — spin
boson and spinless particle to self — energy operator for spinless particle gives finite result in one — loop approximation,

whereas usual approaches give for this operator the power divergences. Note that, as it is known, the 1 ¢°> - theory
gives the logarithmic divergence for the self — energy operator in one-loop approximation.

In paper [14] the model for HSF interaction with the 0 — and % - spin particles is proposed. This model obeys the

theorem on currents and fields. The consequences of this theorem can be tested in 7N - scattering. The model [14] and
usual approaches give different sets of the partial amplitudes corresponding to the off — mass- shell A(1232). In the
model [14] the off — mass- shell A(1232) contributes to the A; - and D;; amplitudes only, whereas in usual
approaches A(1232) contributes to S;;,— B;,— B3, and Dj; - amplitudes. In the usual approach the off — mass-shell
A(1232) gives the most contribution to the S5, - amplitude.

According to the partial wave analyses the energy dependence of the S5, - amplitude agrees better with the zero
contribution of A(1232). Thus, we may conclude that theorem on currents and fields is valid.

The present paper is devoted to modification of existing approaches (usual approaches) to eliminate their
shortcomings. We try to achieve a mathematical correctness and do not use any experimental data. In Refs [14, 15, 21]
it is shown that the divergences in usual approaches related to the higher spin particle propagators can be avoided by
means of the theorem on currents and fields. The divergences in usual approaches related to the vertex functions
possibly can be avoided by means of the theorem on continuity of current derivatives. In present paper the model for
simplest interactions of HSF is proposed. We study the validity of the theorem on continuity of current derivatives [18]

and apply the derived currents to investigate the contributions of the HSF resonances N (J ) to the s -channel

amplitudes of 7z N -scattering at high energies. This paper is the continuation of [ 14].

THEOREM ON CONTINUITY OF CURRENT DERIVATIVES

The physical current in the momentum representation j(x) = (x)fu has been derived in Ref. [18] by means

Hy--Hy

of the projection operator 1 ( p) =TI ( p)fu , - We use the modification of the projection operator from Refs.

Myl ViV

[23, 24] proposed in Refs. [18, 19]

i(p), =(p*) 11(p),, n(p).. (s)

7 v
The currents j (x)fu are the Fourier transformations of j( p)i‘ . We consider the HSF moving along the z - axis,

P =(p,.0,0, p3) . Then the current is given by

sty [ f ),
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The integrals (6) are the improper integrals depending on parameters x,, x;. These integrals must converge at

arbitrary x,, x;. However, the current spin-tensors j (xo,x3 )L have the partial derivatives of some degree (e. g. in the
differential equations for the HSF interactions). In this case the integrals with the integrands including the products of
j ( p)il and some number of the p- components have to converge in addition also. If we shall demand that ; (x)fu and
their partial derivatives are continuous functions in the space-time then the convergence of these integrals must be

uniform. Thus, the existence of the (x)fu and their partial derivatives leads to the asymptotic decreasing of

J( p)il Py, Py, With py, ps. Using the Weierstrass test for uniform convergence of integrals for ./ (x)fu and their

partial derivatives we conclude that the next integrals have to converge:
o0 o0
. 1
fdpofdps ‘] (Po’Ps),,"|Po|m° |P3|m3 ) (7N
—00 —00

where my and m; are non-negative integer numbers, m, + my =m(j). The integer number m () is determined by the
maximal degree of the partial derivatives.
In Ref. [18] m( j) has been derived from the differential equations for the HSF interactions. Indeed to derive the

consistent equations system including the physical currents j (x)fu we act on the equation in system (1) by the operator

(—D)l I (x)iw . Then using (5) and the properties of the projection operator we derive

(—o) [ié_ MJu(x); (), ®)

From the theory for the system of the linear differential equations it is known that we can derive the set of the non-
homogeneous linear differential equations with the same left sides for each unknown function. But the maximal degree
of the derivatives in each such equation is more than the degree in the system. In particular for the system of the
ordinary differential equations the degree of each equation in the set for each unknown function equals to the sum of the
degrees of all the differential equations in the system. But for the system of partial differential equations such results is
not valid [25]. It can be seen on the example for the system of the Dirac equations, where the equations in the system
have first degree, but the equations in the set (the non-homogeneous Klein-Gordon equations) have second degree. As

second example we consider the telegraph equations, (equations for the current strength / (x,t) and the voltage U (x,t) ).
These differential equations can be writed as the system

U ri4 12—,

Ox ot )
ol oU

—+GU+C—=0,

Ox + + ot

where R,L,G,C are constants. This is the system of homogeneous partial differential linear equations of the first
degree. But from (9) the set of two differential equations can be derived:

2 2

OU [R,GOU R G, _1 0U (10)
9> \L Cc)Joatr L C LC 9x°

2 2

o1 (R GlOL RG, 1 01 (11)
9rr \L Clot L C LC 9x*

We see that the Esq. (10), (11) have the same form. But these equations have got the second degree, i.e. the degree
of the equation for each unknown functions increases in comparison with the degree of equations in the system (9). To
derive the set of equations for each 2J +1 unknown functions (the analog of the set (10), (11)) the action of the -

[i o+M ] operator on the system (8) has been considered in Ref. [18]:

(—0) (o2 )U (x)), = —[i8+M]j(x)L. (12)
It is the set of the differential equations for the HSF interactions and it is similar to the non-homogeneous Klein-

Gordon equation for the %-spin particles. The set (12) includes the first derivatives of j (x)fu . The set of the differential
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equations for 2J +1 independent components of U (x)fu (the analog of set (10), (11)) cannot be derived as components

of Jj( p)i‘ obey the conditions (2)-(4). In consequence of these conditions (and the similar conditions for U (x)fu ) the

physical independent functions are implicit functions for J > 1. For the components corresponding to |/l| =J we have
more than one equation. (e. g. at J =1, A =0 we have different equations for U, (x), U;(x)). These differential
equations for the state with J =1, A =0 can be reduced to one equation if we shall differentiate these equations with
respect to different variables (for J =1, A =0 the equation for U, (x) we must differentiate with respect to x; and

equation for U, (x) with respect to x,). Thus, we must differentiate to derive the 2J 41 independent functions (the

states with definite J, A ). In consequence of this differentiation, the largest degree of the continuous derivatives for
J (x)fu has to equal two [18]. Therefore, in Ref.[5] it is derived m(j)=2.

Now we take into account the difference between the requirements for the functions of one and two variables
which can be expanded in the Fourier series or the Fourier transformation. It is known that the functions of one variable
with the finite number of the ordinary discontinuities on any finite interval (e.g. if the function obey the Dirichlet
conditions) can be expanded in the Fourier series. Note that the function for the Fourier integral must be absolutely
integrated in addition. For such function the Fourier series and integral converges to the magnitudes of this function in
the points of its continuity. But the double Fourier series converges to the magnitude of the function of two variables in
the point if this function is continuous and have continuous derivatives of the first degree and the mixed derivative of
the second degree [26]. We assume that such absolutely integrable functions can be expanded in the Fourier integral.

The magnitude of m(j) must be increased to 4.

The currents (5) include bispinors with the \/ Do +my -or \/ Do +my - factor. These factors behave as /p, /2

at p, — oo . Therefore, to take into account these factors we put m ( j ) =5.

For the common currents 7 ( p)i‘ we can write the Fourier integral similarly to Eq.(6). In the same way we can

write the condition for the common spin-tensor 7, ( p)i‘ (similar to Eq. (7)). The integrals

f dp, f dp, ‘n(p)i,‘lpolm" |ps|™ (13)

where m(n)=m(j)+ 2l = my + my, must converge.
Thus, we conclude that the numbers m( j) and m(n) depend on the degree of the continuous partial derivatives

for the HSF currents and fields.
As result we formulate the theorem on continuity of current derivatives (which can be named as theorem on
current asymptotics):

If the j (x)fu physical current has the continuous partial derivatives of the m(;) degree then their Fourier —

components j( p)fu must decrease at | pv| — 0o to provide the convergence of the integrals (7) in all the kinematic
regions.
In consequence of the theorem on continuity of current derivatives the Fourier— components of the j( p)i‘

physical currents and the 7, ( p)i‘ usual currents which are the rational fractions must decrease as ‘ j( p)il ‘ < | pv|—w(j)—3

|—w(j)—21—3

and ‘TI (P)il‘ S|pv at |pv — 00, respectively.

Note that the theorem on continuity of current derivatives is the consequence of the relation between the
convergence of the integrals depending on the parameters (x, and x;) and the continuity of this integrals as well as

their derivatives with respect to these parameters. In Ref. [21] the example of such relation is considered for the
[o.¢]

o(x)= f cos pxdp / (p4 + a4) function.
—00
The important sense of the theorem on continuity of current derivatives is related to the convergence of the
integrals (7), (13) at infinite p,, p;.(improper integrals of the first kind) as well as at finite p,, p; (improper integrals
of the second kind).



28
EEJP Vol.3 No.12016 E.V. Rybachuk

FORM FACTORS FOR INTERACTION OF HSF WITH 0-AND 1/2-SPIN PARTICLES
Let us consider the physical current of J(p) — %( P>)+0(q,) - transition of Ref. [14]

i(p.a), , =&k (p,q)(pz)l- (14)

- 1
o @lale), [10), s

where ¢ = g, — p, . The usual current corresponding to Eq. (14) may be written as

_ N
n(p.q), . =&ki(p.ae (qz)u(pz){l.y }qvl---qvl : (15)
5

In Refs [21, 22] the form factor for the interaction of the higher — spin boson with two spinless particles has been
derived

2n, -

N2
f(p,q)z[(pq)zn‘+a4”'}_] 2(121612) -p*| +b*| (16)

where a and b are some positive constants, 7, and n, are some natural numbers (integer positive).

The function (16) permits one to satisfy the theorem on continuity of current derivatives for the interaction of the
higher spin boson with two spinless particles. However, the application of this function to the N (J )<—> Nr -
transitions leads to the contradiction with the results of the partial wave analyses. This contradiction is due to vanishing
of f(p.q) (16) at ¢*> =0, which corresponds to W, =1341MeV . Wy :2(m,2v+m§), where m, and m, is the
nucleon and the pion mass, respectively. Therefore, the real and the imaginary parts of the partial amplitudes
corresponding to the N” (/) contributions with the vertex functions including f(p.q) (16) must vanish. But it is well
known that the partial resonance amplitudes, in particular for A(1232) - excitation, in 7N - scattering, do not equal

zero at W =W, . It is possible that this contradiction can be eliminated by means of some modification of the function
. . 2\ 212 4ny 4ny
(16). We can consider for F(p,q) in Egs. (14), (15) the product f(p,q) (16) and the (q ) -[cq +c }

factor, where c is the positive constant, #; is the natural number. But this f ( p,q) form factor gives fairly complicated
s - dependence of the resonance excitation amplitudes in the 7N - scattering. Therefore, it is of interest to derive
another form factor with more simple p” - dependence.

Let us consider the non-negative continuous function f; ( D, q) for which the integrals

o0 o0
m m
Jm0m3:fdp0fdp3f,(p,q)|po ' P3 ' (17)
—00 -0
converge (my +my =0,1,2,...,2/ +5) . Then the physical currents (14) with any form factor F; (p,q) for which
Fi(p,
MSC, 0<C<oo, (18)

im

plipi—oo f1(Pq)
obey the theorem on currents and fields as well as the theorem on continuity of current derivatives. Therefore, in further
we shall consider the f (p,q) function.

To study the convergence of the integrals (17) we use the method of Refs. [21, 22]. The scalar function f; ( p,q)
depends on the invariant variables p°,(p,q),q>. We put the ¢=gq, — p, fixed. Then f,(p,q) depends on two
invariant variables: p* and ( p,q) . We shall use next statements.

Statement 1. If for the non-negative continuous function g(p,q) and the f;(p,¢) function

g(p.q)

I >, (19)
ptpi— f1(p.q)

and the integrals
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oo o0

Inm = [ v [ dpsg (gl (20)
—00 —00

converge, then the integrals V- (17) converge too.

or Jmo,m3+

Statement 2. If the integral J,

g +1,my | converges then the integral J,

my m, CONVETgeEs too.

As the integrand in (17) includes the modulus of p, and p;, J is not relativistic covariant at arbitrary

mo sy
numbers m, and m; [21]. However, these integrals can be expressed in terms of relativistic covariants at even m,, m;
and they depend on ¢”>. We denote the minimal even number, which equal or is bigger than 5, as m; (i.e.,
m =214+6).

Let us consider the function

fi(p.a)=(pa)™ [(pz) : [( pa)™ +b*" r : 1)

where a and b are positive constants, n;,n,, and n; the natural numbers.

2n,

+ a4n2

-2
At g% <0 we can choose the system with go =0 and q2 =—q, — q32 . Then we have for even m, and m;
) 2ny+my
2n |P3| dp,

T (a0 =0)= 5" [ o (). 22)

(psgs) "+

where
o0 My
_ Po " dpy

m (pS) _f 2\2m . (23)

0 (Pg —Ps) +a'™

Similarly to the Statement 2 we conclude that integral 7, (p;) converges if the integral 7, ,;(p;) converges. We

have
Mo my
p&@o 1] (rrpd)z e g (vred)? de
mo'H p3 f 2n :_f 2n 4n <_f 2n 4n, ’ (24)
2 AL 2J x™ 4a™ 2 X7t +a?
—D3 —o0
where x = Po — p3 = p*. For last 1ntegra1 we derive
Mo
(x+p3)2 2 Mo Mok
2f o=+ 2 () [ e
+a* o k 0 ¥ +a
0 , (25)
7 mo ( my—2k
- k 3)
=1 2 [H‘(_l) } 2my—k—1
any | (az) e sin;z(k+1)
2ny
T "d 1
as f =L N i : , (26)
2n+a2n 2na2n2—ml—] ] ﬂ(m—l—l)
0 sin——~+

2n
where m and n  are natural numbers (m§2n—2). The integrals (25) converge for

max

k :%,2;12 > kppar + 2, 115 2%4—1 . Thus, we have

ny ZH_TS for odd |

; 27
7, 25—|—3 for even 1

After substitution of the integral (25) in double integral (22) we derive
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" —2ny+k+1 m
2 | Mo a’ ? 0 2y +my - —k d
v —_— p 2 p
I (0 =0) <301 2 |1+ (- | ),z g [l (%)
2 k=0| k sinz—(k—l—l) T (Ps%) +b7
ny

In last integral with respect to p; the most increasing integrand at p; — oo corresponds to £ =0 and the maximal
value of the natural number m; 4 m, =2/ + 6 . Therefore, if the integrals (28) converge for k=0 and my; = m; then

all the integrals J,, (g0 =0) (22) converge at g5 =0 and at 0 <m,, my <m,. To consider the case of g, = g5 =0

(i.e., for g = (0, q,,qz,O), g* <0) we introduce new variable of integration in (28) y = p-q = D345 - Then the integrals

in (28) for k=0 and my; = m; may be written as

5 R |p3|2"1 +my ] R y2nl +m

m — —l=m

q f dpy =243 - (29)
3 J (p3q3)2n3 +b4n3 ) y2n3 +b4n3

This integrals do not exist for g; = 0. But for natural », the function f ( p,q) (22) equals to zero. Thus, we can put
- (¢9=¢3=0)=0 at n, >1. In the case m =1 we have the restriction for ny from the convergence of the

integrals in (28)
ny>1+5 (30)

Using the statement 2 we conclude that the integrals J,, ,, -~ converge for any allowed m, and m; (0<my, my <my) at
q2 <0.

Now we consider the integrals J at ¢° = qg — q]2 — q32 > 0. We can choice the frame with ¢; =0 at even

L]

numbers m, and m;. Then the integrals (17) are given by

o0

o0 s
d,
J —0.4%>0)= 2n1f |Po f |P3| D3 ‘ 31
o 120472 0) =5 (pogo)™ +6% 2 (p}— i)™ o

|2n1 +my

—00

If we change p, 22 p;,m, 22 m; then the integrals (31) become equal to the integrals (22), (23). For g> =0 we can
consider the limit of (31) at g; — ¢ +¢; . Thus, the (14) with F (p,q)=f;(p.q) (21) obey the theorem on

continuity of current derivatives at n; =1 and the requirements (27), (30) for natural numbers 7,,n, .

CONSEQUENCES OF THEOREM ON CONTINUITY OF CURRENT DERIVANIVES FOR N' (/)
CONTRIBUTION TO 7N - SCATTERING AT HIGH ENERGY
Let us at first study the energy dependence of f(p,q) for N* (J) &2 Nz - transitions when the nucleon and the
pion are on its mass shells. This form factor can be used in the s — and u — channel amplitudes of the 7N - scattering.
For the s—channel p=p +q =p,+q, p°=s=W*, q=q,—p,, p-q=m> —my, where p, (p,) and
41 (g, ) are the 4- momentum of the initial (final) nucleon and the pion, respectively. For the form factor f (p.q) (21)

we can write in this case
filpg)<as(s™ +a'). (32)

The A constant is equal to (n, =1)

2
2 2
(my —m2)

A= (33)

2n :
2 2\ 4ny
(mN —m,,) +b

For u — channel we have p:p]—qzzpz—q],pzzu, q=p,+4q, q.p:m,zv—m,zz and
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£ (pg)<as(u +a*), (34)

where 4 is given by Eq. (33).
In particular for the A(1232)« Nx — transition we have from (32)

f(pa)<a/(p?+d"). (35)

In the cms. for 7N - scattering is s— channel the HSF momentum p=(#,0,0,0) and

p-q= m,Z, — m,z\,,q2 = 2(m,2, + m,zv) —s . Then the integral (17) is proportional to

Sy ™ f dp f dps f; (p.4)|po|™ |ps™ 6 (p3)- (36)

The integral (36) vanishes at mjy =0 . Therefore, we put m; =0, m, =0,1,...,2/ +m(j). As consequence of the
Statement 2 the integrals (36) converge at m, <m, if the integrals (36) converge at my =m; <2/+5. Thus, the

convergence J, o in (36) is related to the convergence of the integrals:

31+6
o~ 4 f T f;an (37)

as ‘Z]‘ — W /2 at W — oo . This integral converges at 4n, >3/ 48, ie.:

n, 2%1+2. (38)

Let compare the restrictions (27) and (38) for some /. From (27) next minimal magnitudes of n, can be derived
ny, =3,4,55"5 for 1=12,3,4,5, respectively. Similar magnitudes derived from (38) are; n, =3,4,556 for
1=1,2,3,4,5, respectively. We see that the restrictions (27) and (38) give the same minimal magnitudes for

1=1,2,3,4, i, for the J —% %% 2 , respectively. For / =35 the restriction (38) gives bigger magnitude. Thus, the

restriction (38) can provide the convergence of the integrals (17) in the kinematics with fixed ¢ as well as the
kinematics of HSF-resonance at the rest. Therefore, the restriction (38) ought to be used in the form factor (21).
Now we consider the contributions of the HSF —resonances N (J ) to the s — channel amplitudes of the 7N -

scattering in our approach. According to Egs. (23), (24), (31) of Ref. [14] the product of the N : (J ) propagator and two

physical currents may be written as
* 21
T(zN—N"(J)=aN)=gi [/ (p.a)] (r*) -
pEM
p>—M? +iMT

(39)

0" (a2)0(q)u(p:) M(p.q.q)u(p).

where g; is the ZNN" (J ) coupling constant, H( p,q,,q) is the contracted projection operator. The product

;(Pz)

Ref. [14] the contracted projection operator in the rest frame of N : (J ) is given by

P M

————5———u(p1)9" (42)¢(q1) approaches to some constant at s —oco. Accordingly to Eq. (15) of
P2 —M? +iMT

114

. 6q,-0q
WM B (2)-—25"F (2)| (40)

H(p,q',q)
o

where z=cos6, and @ is the scattering angle, |§|:|§| = 2|c_]]|= 2|§2|; B (z) is the Legendre polynomial. The
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. — 2
contracted projection operator behaves as H( p.q ,q) ~ |q]| =s'/4" at s—oo. Therefore, we obtain
T(er — N (J)— nN) ~ [f, (p,qﬂ2 s*' . Using the energy dependences (32) of the function f;(p,q) we derive

s31

T(xN— N (J)—7zN)~

, (41)

s4n2

where integer number 7, obey the restriction (38). Then the energy dependence of the N : (J ) - contributions to the

N - scattering amplitudes is given by

Q

] (42)

T@NHNWﬂHﬂMSEn

where C, is constant. Thus, in consequence of the theorem on continuity of current derivatives the contributions of

N’ (J ) tothe 7N - scattering amplitudes in s - channel for arbitrary J >% decrease at leastas 1/ 5% at s — co.

Compare the restrictions (42) with the result of the quark counting rule [29, 30]. According to this rule the amplitude of

the elastic pion-nucleon scattering has to behave as1/s®. Two distinctions are between the restrictions (42) and the
result of the quark counting rule. The quark counting rules correspond to a lot of different contributions and are valid

Jt=(p, - p2)2 ). The restrictions (42) correspond to the contribution of one

for hard processes (i.e., for great s and |t

N’ (J ) -resonance and valid for arbitrary scattering angle. Thus the restrictions (42) do not contradict to the results of
quark counting rules.

CONCLUSION

From Ref.[14] we see that the HSF interaction models which contradict to the theorem on currents and fields are
not consistent. It is due to the inconsistency of the linear algebraic equation system for the Fourier components of the
field spin-tensors. Note that the theorem on currents and fields allows simultaneously to derive the scale dimension of
the HSF propagator equal to -1 for any half-integer spin value HJF and to eliminate the ambiguities in the vertex
functions of HSF interactions. In addition to this condition of the consistency the continuity of the current components
and their partial derivatives in the space-time up to some degree may be considered as the condition of the consistency.
Indeed if the current components or their partial derivatives have discontinuities (points or lines) we must indicate a
fashion or a direction of an approaching to this discontinuity in the space-time. The model with discontinuities of the
current components is inconsistent without such information on the fashion of approaching to these discontinuities.

It is known that amplitudes and cross-sections of reactions are expressed in terms of the interaction current
components. As the current components in the space-time are the Fourier-transformations (i.e., the integrals depending
on parameters) their discontinuities are related to weak decrease of the current components in the momentum

— 00 (i.e., Fourier-components of currents can be diverging intergrals). But from the

representation at | D,

experimental data we can see that the cross-sections of the reactions involving the higher spin particles are
approximately equal to (or less than) the cross-sections of the reactions involving the particles of the lower spin (0 and
1/2) only at high energies. Thus, we may conclude that the current components and their partial derivatives must be
continuous in the space-time, i.e., the theorem on continuity of current derivatives is valid.

The calculations of the contributions of the higher spin nucleon resonances N : (J ) to the amplitudes of the elastic

7N -scattering in the framework of the model for the 7NN (J ) vertex (which obeys the theorem on currents and
fields as well as the theorem on continuity of current derivatives) show that these contributions must decrease at least as

s % at s — oo. We see that the theorems on continuity of current derivatives guarantee the small contributions of

N' (J ) to the amplitudes of the elastic 7N -scattering at high energy, but formally these contributions are non-zero.
Such behavior of the N (J ) -contributions to amplitudes agrees with the experimental data.
There are two different predictions for the contributions of N : (J ) -resonances to the partial amplitudes of the

7T N -scattering at high energies: 1) usual isobar models give the power energy growth; 2) The approach of present
paper gives the energy decrease. According to the partial wave analyses of the 7N -scattering [27, 28] the partial
amplitudes behave approximately as some constants at /W = 2 GeV. These amplitudes correspond to sums of different

contributions, in particular to some N (J ) -resonances. Therefore it can be concluded that the contributions of the
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resonances P;(1232) (A(1232)), the D,;(1520), the F;(1680), and the D,,(1700) to the corresponding partial
amplitudes decrease at high energies in reality. It can be considered as confirmation of the predictions of present model.

The interactions like to N (J ) — Nz [J — 5 + 0] are simplest, as they are determined by one partial amplitude.

But the transitions with several partial amplitudes exist also (such as

N*(J)— Np,N*(J)—>Nw[J—>%+l],N*(J)—>Nf°[J—>%+2], N*(J)—>A7Z[J—>%—|—0] with two higher-

spin particles and N (J) — Ap, N (J)— Aw[J — %4— 1] with three higher-spin particles). In these transitions the

theorem on currents and fields as well as the theorem on continuity of current derivatives must be valid for each partial
amplitude and for each higher spin particle. The validity of the theorem on continuity of current derivatives can be
provided by the products of the form factors for each higher spin particles. As example, we can consider the form
factors like to (16) for the higher spin bosons and the form factors like to (21) for HSF with own parameters (such as

a,b,n,,n, ,1; ). We can expect that the high-energy decrease of the amplitudes for the higher spin particle interactions

enlarges with the number of the higher spin particles involved in the transition and the reaction. Possibly this rule
explains the experimental fact formulated as: the higher spin resonances are formed but are not produced in the 7N -
interaction.

In relations with this rule and the restrictions (42) it is of interest to compare them with the dual models [12]. In
dual models it is stated that the reaction amplitude at arbitrary energy can be presented as the sums of infinity quantity
of resonances or Regge poles. In dual models the presentation of the amplitude by the sum of resonances in
intermediate energies and Regge poles at higher energies is considered as wrong. The restrictions similar to (42) show
that contributions of the HSF-resonances at higher energies are small but they do not equal zero. From quark models
with constituent quarks and Regge pole model the increase of a resonance quantity with energy can be expected.
Therefore it can be assumed that in reality the total contribution of all the resonances to amplitude has got non-zero
value at higher energies.

Acknowledgments. I thank the Y.V. Kulish and I.A. Anders, O.A. Osmaev, V.I. Khrabustovskij for interesting
discussions.
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A combined technique using both Monte-Carlo and quasi-analytic method has been developed for calculation of irradiation from
complex objects containing radioactive waste. Monte Carlo method is used to calculate spectral, angular and spatial distributions of
y-quanta close to one of the surfaces of the concrete cask loaded with containers filled with radioactive waste (RW). Radiation
characteristics at the prescribed distance are determined by integrating the point sources with calculated distributions over this
surface. Summation of photons of external radiation from individual RW isotopes allows finding the photon flux for any storage
time. Application of the technique allows to calculate asymmetric loading of casks with containers filled with RW of different
activity and to optimize the arrangement of the casks in the RW storage area. This allows reducing the effect of radiation-absorbed
dose on the service personnel and on the areas surrounding RW storage.

KEY WODS: radiation shielding; radioactive waste; radionuclide; dose rate; Monte Carlo method

ONPEJEJEHUE BHEIIHEI'O U3JYYEHUA OT HCTOYHUKOB CO CJOKHOMW TEOMETPHUEI
COJEPKAIIUNX PAIMOAKTUBHBIE OTXO/bI
E.B. Py)n,mel;]’2

! Hayuonansnwii Hayunwiti Lenmp «Xapbkosckuti Quauko-mexnuyeckuii uHemumym»
ya. Axademuueckas 1, 61108, Xapvkos, Yxpauna.
2 Xaporosckuil nayuonansuulii yuusepcumem umenu B.H. Kapasuna

nirowads Ceo600vt 4, 61022, Xapvros, Ykpauna
Pazpaborana kOMOMHHpOBaHHAs METOAMKA, HCIONB3yIomiass Meron Monre-Kapino W KBasMaHaIMTHUECKHHA METON JJIs pacyera
H3ITy4eHUsI OT CIIOKHBIX OOBEKTOB ConepKalux panuoaktuBHele oTxombl (PAO). Meromom Monte-Kapio, paccuuTeiBaroTcst
CIIEKTpalbHBIe, YIJIOBBIE W IPOCTPAHCTBEHHBIC DPACHpEAEICHHs Y — KBAaHTOB BONM3M OJHOM M3 MOBEPXHOCTEH OETOHHOTO
KOHTelHepa, KOTOpoM pasMmemieHsl Ooukn ¢ PAO. MarerpupoBaHnmeM IO 3TOH IOBEPXHOCTH TOYEYHBIX HCTOYHUKOB C
PacCYNTaHHBIMA PACTIPEAEICHHUSIMU OIIPEISIIIETCS XapaKTePHUCTHKU M3IIy4eHH s Ha 3a1aHHOM paccTosiHn. CyMMHpoBaHue (OTOHOB
BHEIIHETO H3JTy4eHUs OT OTHENbHBIX HM30TONOB PAQ mMo3BONSET ONMpefesuTh MOTOK ()OTOHOB Ha 00O MOMEHT BpEMEHH.
IIpuMeHeHHe METOAMKH JaeT BO3MOMKHOCTh PACCUMTAaTh HECHUMMETPUYHYIO 3arpy3Ky KoHTeWHepoB Oouxkamu ¢ PAO pasnoii
AKTHBHOCTH U ONTHMH3HPOBATh pa3MelleHHe KOHTeHHEpoB B 30HE XpaHeHUs! PAO. DTo mo3BOIAET yMEHBIIUTH H030BbIe HATPY3KH
Ha 00CITy’>KUBAIOIIUI IEPCOHA M OKPYIKAIOIIEH XPaHWIINIIIE TEPPUTOPHH.
KJIFOYEBBIE CJIOBA: paananuoHHas 3aliTa; paIioaKTHBHBIE OTXO/bI; PAIHOHYKIHIBI; MOITHOCTD 103b1; MeTo MonTe-Kapio

BU3HAYEHHSI 30BHIINHBOI'O BUTTPOMIHIOBAHHSA BIJ JA’KEPEJI I3 CKJIAJHOK I'EOMETPI€IO, SIKI
MICTSATH PAAIOAKTHUBHI BIIXOJAU
€.B. Py)lnlleBl’2
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Po3pobiena komOiHOBaHa MeETOAMKA, LIO BHUKOPHCTOBYe Meroj MoHTte-Kapino 1 KBasiaHaNiTHYHUI METOJ Ul PO3PaxyHKY
BUIPOMIHIOBAHHS BiJl CKJIAJHUX 00'€KTiB, siki MicTiaTh panmioakTuBHi Binxomu (PAB). Merogom Monrte-Kapio po3paxoByroThcs
CIIEKTPalIbHi, KyTOBI 1 MPOCTOPOBI PO3MOIIIN Y-KBAHTIB MOOIHM3Y OJHI€l 3 TOBEPXOHh OCTOHHOTO KOHTEHHEPa B SKOMY PO3MIIICHI
6ouku 3 PAB. XapakTepucTuKy BUIIPOMIHIOBAHHS Ha 3aJaHill BiICTaHI BU3HAYAIOTHCS IHTEIPYBAHHSIM IO L(iii HOBEPXHI TOYKOBHX
JDKepesl 3 po3paxoBaHUMHU po3mofiaamu. IlincymMoByBaHHsI (OTOHIB 30BHILIHBOIO BHUIIPOMIHIOBAaHHS Bif okpemux izoromie PAB
JO3BOJISIE BH3HAYUTH TOTIK (OTOHIB Ha OyAb-SKMI MOMEHT dYacy. 3acTOCYyBaHHS METOIAMKH Ja€ MOXIIHMBICTH PO3paxyBaTu
HECHMETpPUYHE 3aBaHTAKCHHS KOHTEiHepiB Ooukamu 3 PAB pi3HOi akTHBHOCTI i ONTHMI3yBaTu PO3MIILICHHS KOHTEHHEPIB B 30HI
36epiranns PAB. Ile 103BOIsi€ 3MEHIIMTH J030Bi HABAHTA)XCHHS Ha OOCITYrOBYIOYHMi MEPCOHAN, a TAKOXK TEPUTOPIIO, L0 OTOUYyE
CXOBHIIIE.

KJIFOYOBI CJIOBA: panianiiiHuii 3aXucT; palioakTUBHI BIZIXOJIH; PaJiOHYKIIIIN; MTOTYKHICTh 1031, MeToa MonTte-Kapio

In the process of the reactor units operation at all nuclear power plants (NPP) in Ukraine there exists a problem
with storage of radioactive waste (RW). While operating normally the nuclear power plants produce significant amount
of radioactive waste (gaseous, liquid and solid). The gaseous waste is filtered by various filters, including liquid ones.
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As a result both liquid and solid RW is produced. To reduce the amount of this RW at NPPs it is preliminarily
processed. The liquid radioactive waste (LRW) as “distillation residue” is evaporated resulting in a variety of solid
waste — «salt melt». The solid radioactive waste (SRW) is burned and pressed. Despite the RW compaction the storage
facilities for all types of RW are almost full up. At Zaporozhye, Rovno and Khmelnitsky NPP melt salt storages are
filled to 85-95%, SRW storages are filled to about the same value.

To solve this problem in the world practice there is a safe and cost-effective method of conditioned RW temporary
storage (up to 50 years) at the areas of nuclear power plants. Cylindrical containers up to 200 litres filled with
radioactive waste are placed in reinforced concrete rectangular casks, which are arranged in the open air or in the light-
duty hangars. Outside the safeguard zone of the storage the dose rate (DR) should not exceed the permissible limits of
radiation safety standards for the NPP personnel working at the premises adjacent to the storage area. In a number of
papers some methods to reduce the dose rate from radiation sources located on the perimeter of the storage areas have
been proposed [1,2,3].

The aim of the present work is developing an effective calculation technique for external radiation from reinforced
concrete rectangular casks loaded with containers filled with RW of different activity and isotope composition. Due to
arrangement of the sources with different dose rate along on the storage area perimeter such techniques would allow
reducing the effect of radiation-absorbed dose on the NPP personnel.

INITIAL DATA AND METHODS OF DOSE RATE CALCULATIONS
From the data given in [1,3,4] and from the analysis of the isotope composition of RW produced by Ukrainian
NPPs it follows that the main contribution to the y- quanta radiation is made by 3 isotopes whose half-life is over 2
years: ®°Co, "**Cs and *'Cs, and with shorter half-life (T, <1 year): **Mn and ''""Ag. The averaged content of these
isotopes for different types of RW is presented in Table. From these data it follows that at increase of the storage

time the RW isotope composition changes considerably due to decrease of the content of isotopes with short half-
life.

Table.
Nuclide content in the salt melt, pressed SRW, and ash produced after burning of SRW and radioactive oil
Content of isot Iz
Average energy of Tip Ontent oF 1507opes X,
# Isotope A v
¥~ quanta, €ar 1 Ash | SRW | Saltmelt
MeV
1 *Mn 0.83 0.858 24 4.0
2 “Co 1.25 5.27 59 21.1 20
3 Homp o 0.86 0.685 252
4 B4Cs 0.70 2.06 12 13.1 15
5 1Cs 0.66 30 5 36.6 65

Pressed SRW are produced from waste with density of ~1 g/cm’ in the form of construction debris (~ 70% of
concrete and ~ 30% of iron). After pressing SRW its density reaches 4 g/cm3, the density of compressed ash is
2.2 g/em®, and the density of the salt melt is in the range of 1.7 — 2.1 g/cm’. The elemental composition of the salt melt
and ash is similar to that of the concrete.

At the site of Zaporozhye NPP it is planned to construct light-duty hangar storage (without biological shielding)
where reinforced concrete rectangular casks will be arranged in four tiers. The air-conditioned RW in containers of 200
litres are placed in rectangular casks (4 containers in each) with overall dimensions of 1.65 m x 1.65 m x 1.375 m and
wall thickness of 0.15 m [1,8]. The greatest contribution to the dose rate on the storage perimeter is evidently made by
the radiation sources arranged along the borders of storage facilities or storage areas. Hence, loading the cask with
containers filled with RW of different activity and spectral composition of radiation, as well as the casks arrangement in
the RW storage facility determine the DR along the perimeter of the safeguard zone.

External radiation of the cask is determined by change in the spectral composition of isotopes y-quanta contained
in RW when it is absorbed and attenuated both in the containers with RW and in the casks walls. Passage, absorption
and scattering of photons depend on the geometry of the entire object as well as on the elemental composition both of
RW and the shielding walls of the cask. Only Monte Carlo simulation of geometric characteristics and elemental
composition of such objects allows determining correctly the external radiation characteristics. When calculating
shields in nuclear engineering the method of volume integration of radiation sources, implemented in MicroShield [5]
and VOLUME [6] packages is often applied. However, applying these packages in calculation of sufficiently thick
biological shields (in our case the casks walls) results in a fairly large error.

For calculation of the external radiation characteristics the widely applied in nuclear engineering MCNP package
based on Monte-Carlo method [7] is used. In this package a geometrical model of the protective reinforced-concrete
cask with four cylindrical sources, was developed (Fig.1).
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Fig.1. Model of the cask with RW

MCNP package allows calculating radiation characteristics (spectral composition, angular distributions, dose rate,
etc.) at any distance and with any elemental and isotope composition of radioactive waste in the containers loaded into
casks. A disadvantage of such method (as well as of the Monte-Carlo-based packages as a whole) is a long computation
time, especially for the objects with rather complex geometry. As a rule, this fact does not allow optimizing considered
processes. In our case possible loading of containers with RW of different isotope composition is an additional problem.

In the paper a combined technique using both Monte-Carlo and quasi-analytic methods in Serf MC package is
applied:

1. Monte-Carlo method was used to calculate spectral and angular distributions, as well as gamma flux density
close to one surface of the cask loaded with containers filled with radioactive waste.

2. Further these distributions are used for calculation of y—quanta transport at any distance by integrating the point
sources over the cask surface.

It is assumed that each element of the source surface dS = dxdy emits y—quanta with spectral — Iz(E) and angular —
Lin(¢) distribution, and density n,(x,y) depending on (x,y) co-ordinates of dS element, where E is energy, ¢ is the angle
of gamma quanta emission relative to the normal to the surface. Gamma flux with energy E; in point P with co-ordinates
X, Y, (Fig.2) is determined by the following equation:

HyHx

_ﬂ(El')'R
Ni(Z’X7Y5Ei):IE(Ei)' J.J.
00

ny, (%, ) - Ly (9)B(u(E;) - R)e
R2

dxdy , ; (M

where Hx and Hy are width and height of a lateral surface of the cask, ¢ = parcos (z/R) is the angle of gamma quantum

emission to point P relative to the normal to the plane, R = \/ (x—X)*+(y=Y)*+z*, B, u are the build-up factor and

the linear coefficient of y—quanta absorption in the air, correspondingly.

Fig.2. Calculation pattern of radiation from a lateral surface of the cask



38
EEJP Vol.3 No.12016 Y.V. Rudychev

It is known that at passage of y-quanta with energy E; through objects they are absorbed and re-scattered into
photons with lower energy. These processes cause decrease of the amount of y—quanta with energy E; (at large
thickness of the objects y-quanta with the initial_energy may not leave the object) and generation of a large number of
low-energy photons (£ < E);). It is obvious, that change in the RW isotope composition causes change in the radiation
characteristics. The following isotopes: 0Co, 134Cs, ¥'Cs, **Mn and llomAg make the main contribution to the radiation
from RW. For the main types of concentrated RW (salt melt, pressed ash and SRW) the characteristics of radiation
generated by these isotopes outside the cask are calculated.

In that case spectral composition of the external radiation /z(E) is determined by combined distribution of photons
by energy produced by all the isotopes in the radioactive waste. For the salt melt (see Table 1) the spectral composition

is determined by the following equation:
I(E) = Icoso(E) + Icsiza(E) + Iesiz(E). 2)

RESULTS OF CALCULATION
Fig.3 represents y-quanta yields on the surface of the cask filled with salt melt calculated in package MCNP, a
number of photons per 1 Bk activity of “Co, '**Cs and '*'Cs isotopes.

3 — 0.16
25 ¢
- e 0121 Initial
E =}
x 2 r _e /
= ©
% 2 008
S15 ¢ 2
== 9]
= 5 years storage
0.5 oL HHHHHHHHHH——H
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0 Energy, MeV
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MeV
Fig.3. y-quanta yields on the cask surface per 1 Bk Fig.4. y-quanta spectra produced by salt melt on the cask
activity of ®Co, '**Cs and '*'Cs isotopes surface

The proposed method of summation by individual isotopes allows obtaining radiation spectral distribution by
energy for any isotope composition for any storage time. Fig.4 shows spectral distributions caused by salt melt with
initial isotopic composition of 9Co — 15%, **Cs — 20%, *"Cs — 65%, and after 5 year of their storage.

The data represented in Fig.3 show that y-quanta spectral composition on the container surface differs considerably
for each isotope. The calculations showed that as opposite to the energy spectra the external radiation angular
distributions for different isotopes differ slightly. For example, when the cask is filled with salt melt y-quanta angular
distribution for all given isotopes is described with high accuracy by the model function:

Ly (9) = cos™ (), 3)
where Pa = 4.75. The uncertainty of the calculated data description by the model function is of a few percent within the
angle range of 0 — 60°, with more than 99% of photons emitted by RW.

The dose rate values depending on the distance from the cask surface for different isotopes were obtained by
equation (2) applying the Monte Carlo-calculated characteristics of radiation on the cask surface. To compare the results
obtained when applying the combined method, the dose rate variations from the distance were calculated by Monte
Carlo method (Fig.5).

In the calculations of photons flux in the air at distances of tens of meters from the source, direct registration of
particles in the point is ineffective, and it is difficult to obtain statistically reliable results in a reasonable time.
Therefore, special detection methods are applied. The "point detector" method is one of them [7]. When using the
MCNP package the "point detector" method lies in the following: detection of particles is determined by the sphere,

which leans on a cone with solid angle dQ p , and whose radius is shrinking to zero. In this case the particles flux will

be registered, if a particle scatters inside d€2p corner. A particle is not scattering when it is moving inside d€2p angle

to the direction of sphere. This resulted in statistical uncertainty of the calculations in the range of 0.5 + 2%.
Comparison of the obtained results shows that when using Serf MC method the dose rate is overestimated as
compared to the results obtained with Monte Carlo method. This is due to the fact that Serf MC method is based on the
"ray approximation" method where the scattering photons are not included. It is advisable to use Serf MC method,
since the calculations made for given task by this method are conservative, i.e. the dose rate overestimation is relatively
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small (from 20 to 70%). For comparison, calculation of similar dependences by the method of "volumetric integration
of point sources" gives an overestimation of 150 - 600%. Fig.6 represents spatial distribution of dose rate produced by a
lateral surface of the cask filled with salt melt.
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Fig.5. Dose rates produced by %°Co and '*’Cs at different Fig.6. Isolines of dose rates produced by the surface of the cask
distances from the surface of the cask filled with salt melt filled with salt melt, (in arbitrary units)

The developed technique allows effective calculation of the dose rate distribution from the container filled with
RW of different isotope composition and storage time, at any spatial point on the lateral side of the cask.

ASYMMETRIC CASKS LOADING
To minimize radiation from one of the cask sides in [8] the containers with radioactive waste were shifted to the
cask walls and the space between the containers was filled, for example, with sand, Fig7. But such an arrangement for
many reasons would complicate the technological process of radioactive waste handling.

/ \ Concrete wall of

the cask

L~

Filler (additional
shielding)

d

detectors

concrete

/

second row first row

Fig.7. Cask loaded with shifted containers and filled by sand Fig.8. Cask loaded with containers filled with RW of
as additional biological shielding different activity (low-active RW serving as biological
shield)

Radioactive wastes stored at the Ukrainian NPPs are of rather different activity. Salt melt and pressed ash from the
burned SRW and oil at the newly build radioactive waste reprocessing complex (RWRC) at Zaporozhye NPP are most
active. As long as some RW are stored for 3,5 or more years, it is possible to load the casks with containers filled with
RW of different activity so, that the containers with low-active RW from the 1st row serve as a shield for more active
RW from the 2nd row, Fig.8 [3]

We have studied shielding properties of containers from the 1st row for different types of RW. When loading RW
in the form of salt melt and pressed ash (RW density ~ 2 g/cm’), the contribution of the 2nd row to the external
radiation for ®’Co is about 10%, and for "*’Cs is about 6%. When the 1st row is loaded with pressed RW whose density
runs up to ~ 4 g/em’, the contribution of the 2nd row is smaller. Fig.9 shows the dose rate distribution inside and around
the cask for the containers with melt salt of different activity (the calculations performed with MCNP package).
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Fig.9. Dose rate distribution inside and around the cask for containers with melt salt of different activity

CONCLUSION
To calculate characteristics of radiation from complex objects containing radioactive waste a combined method

using both Monte Carlo and quasi-analytic methods is proposed.

It is shown that summation of external radiation photons from all the isotopes in considered RW allows obtaining

radiation characteristics (spectra, dose rate, etc.) for any isotope composition at any storage time.

It is shown that asymmetrical loading of casks with containers filled with RW of different activity allows reducing

considerably the dose rate at one of the container sides.

The proposed techniques would allow reducing the effect of radiation-absorbed dose on the service personnel

handling with radioactive waste as well as on the environment in the process of RW storage.
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Based on the method of phase diagrams martensitic transformations, the analysis of conditions of occurrence of martensitic
transformations (MP) at different temperatures with the participation of vacancies in pure iron. Built versus temperature MT values
of the normal stress of the MP and the concentration of vacancies in a wide range of temperatures (up to 900°C). Sharp the fracture
shows the change of mechanisms of accumulation of vacancies in iron, required for MP: how do point defects at temperatures below
547°C, and as the strains of the lattice in the form of free volume at higher temperatures (dualism). At the atomic level the
mechanism of occurrence of vacancies during reverse martensitic transformation. The quantum-mechanical interpretation of the non-
equilibrium martensitic transformations associated with localization (vacancy-point defect) — delocalization (as the longitudinal
waves of elastic deformation).

KEY WORDS: non-equilibrium systems, martensitic transformation, stress state, vacancies, iron, quantum-mechanical interpretation

JYAJIM3M IIPUPO/Ibl BAKAHCHUI B HEPABHOBECHBIX CUCTEMAX
n.H. .JIanTeB', A.A. l'IapXOMel-uco"Z, B.W. Tkauenko'?
' Hayuonansruii HayyHblll yeHmp «XapoKoCKUll PU3UKO-MeXHUYeCKUL UHCIUIMYM»
yn. Akademuueckas 1, . Xapvros 61108, YVkpauna
2Xaporosckuii nayuonanshii yuusepcumem umenu B.H. Kapasuna
nn. Ceo600wi 4, 2. Xapvros, 61022, Vkpauna

Ha ocnoBe merona (a3oBBIX IuarpamMM MapTEHCHTHBIX IPEBPAIICHHI, NMPOBEACH aHAN3 YCJIOBUI NMPOTEKAHUS] MapTEHCHTHBIX
npeBpauienuii (MII) mpu pasnuuHBIX TeMmmepaTrypax C ydYacTHEM BaKaHCHMH B 4HCTOM keie3e. CTpOWINCH 3aBUCUMOCTHU
temnepatypsl MII oT BenuuuHbl HOpManbHBIX HanpspkeHud MII M KOHLIEHTpaluu BakaHCUM, B IIMPOKOM HMHTEpBaJe TEMIEpaTyp
(Bmote 10 900°C). Pe3kuii M37I0M 3aBHCHMOCTH  CBHETEIHCTBYET O CMCHE MEXAaHM3MOB HAKOIUICHHsS BaKaHCHH B jKeilese,
HeoOxomuMbIX Jutsd MIT: kak TodeyHsIx fAedekToB mpu Temmeparype Himke 547°C, 1 Kak pacTsHKEHHH PEIIeTKH B BHJIE CBOOOIHOTO
obbema 1pu Ooiee BBICOKHX TeMmeparypax (myanusM). Ha aToMHOM ypoBHE IOKa3aH MEXaHH3M BO3HHKHOBEHUS BaKaHCHI HpHU
0o0paTHOM MapTEHCHTHOM IpeBpalieHnu. IIpeioxkeHa KBaHTOBO-MEXaHWYECKash MHTEPIPETAINs HepaBHOBECHBIX MAapTEHCHTHBIX
NIPEBpALCHNH, CBSI3aHHAs C MHPOLECCAMH JIOKAIM3AUWH (BaKaHCHS-TOYCYHBIH NedeKT) — aesokanu3anuu (IpoJoJibHAs BOJHA
ynpyrux nedopmaruii).
KJ/IFOYEBBIE CJIOBA: HepaBHOBECHBIE CHCTEMbI, MAPTEHCUTHBIC MIPEBPALICHUS, HANPSDKCHHOE COCTOSHME, BaKaHCHUHU, YHCTOE
&KeJe30, KBAHTOBO-MEXaHUUECKash HHTEPIpPETaIus

JYAJII3M IPUPOIU BAKAHCII Y HEPIBHOBAYKHHAX CICTEMAX
I.M. JIantes' ,0.0. Hapxomemcol’2 , B.L. Tkauenko’
" Hayionansnuii naykosuti yenmp «Xapriecokuti (isuko-mexuiunuii incmunymy
eyn. Akademuuna 1, m. Xaprie 61108, Yrpaina
?Xapriscokuii nayionanenuii ynisepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, m. Xapkis, 61022, Vkpaina

Ha ocHOBi po3BHHYTOro pailie Merony (a3oBuX diarpaM MapTEeHCHTHHX IEPETBOPEHb, MPOBEACHO aHali3 YMOB IPOTIKaHHS
MapTeHCUTHUX mepeTBopeHs (MII) mpu pi3HEX Temmeparypax 3a ydacTIO BaKaHCIH y YMCTOMY 3aiisi. bymyBammce 3amexHOCTI
temneparypu MII Bin 3HaueHb HOPMAIBHUX HANpPy)KEHb MAapPTEHCUTHHX MEPETBOPEHb Ta KOHLEHTpALi BakaHCIii, y MIMPOKOMY
inTepBani temmneparyp (mo 900°C). Pizkuif meperuH Iiei 3ajeXHOCTI CBITYUTH NPO 3MiHYy MeXaHi3MiB HAaKOIMYEHHS BaKaHCIH y
3ai3i, ki HeoOximHi st MII: sk ToukoBHX JedeKTiB mpH TemrepaTtypax Hipkde 547°C, Ta sK PO3TATHEHb KPHCTANIYHOI TPATKH Y
BUIJIAZI BUIBHOTO 00’€My 3a O1JIbII BUCOKMX TeMIepaTyp (xyanizm). Ha atToMHOMy piBHI IMOKa3aHO MeXaHi3M BUHMKHEHHs BaKaHCIi
IpU  3BOPOTHOMY MAapTEHCHTHOMY IIEPETBOpPEHHI. 3ampolOHOBAHO KBAaHTOBO-MEXaHIYHY IHTEpIpeTalil0 HepiBHOBaXHHX
MapTEHCUTHHX MEPETBOPEHb, sika 0a3yeThCsl Ha Mpoliecax JioKamizalii (BakaHCis-TOUKOBUH JedekT) — aenokaiizamiil (mo3goBxHa
XBHJIS TIPY)KHHUX Aedopmartiif).
KJIFOUYEBI CJIOBA: HepiBHOBaXHI CHCTEMH, MApTEeHCUTHI TIEPETBOPECHHS, HANPY)KEHUH CTaH, BaKaHCIi, YHCTE 3a1i30, KBAHTOBO-
MeXaHIuHa IHTepIpeTaris

B 1955 romy A.B.CremaHOB BBICKa3al HJACKO O TOM, YTO JIFO0OE, JaXKe XPYIKOE pa3pylICHHE CBS3aHO C
JUCTIOKAIIMOHHBIMA MEXaHH3MaMd. B CBOIO odepenp, XOPOIIO M3BECTHH U Au(Py3HOHHBIE MEXaHU3MBI Pa3pyIICHHUS,
HaIpuUMep, 3a CUET 3€PHOTPAHUYIHON MOPUCTOCTH. [109TOMY, MPHHIINNIATIHHO BAKHBIM SBISIETCS BOIPOC — MOTYT JIA
peaTn30BBIBATHCS Oe3ANCIOKAIIOHHBIE U 0311 (Hy3nOHHBIE MEXaHU3MEI 3apOKACHUS TPEIIUH U Pa3pyLICHNUS?

© Laptev LN., Parkhomenko O.0., Tkachenko V.I., 2016




42
EEJP Vol.3 No.12016 LN. Laptev, O.0. Parkhomenko, V1. Tkachenko

HenaBHo ObLT Npe/IIoKeH TaKOW MEXaHU3M, CBSI3aHHBIH ¢ peali3alueil YucTo ynpyrux aehopmaiiii 1 OCHOBHbIM
BuIoM (ha30BBIX NPEBPALICHUH B CIIaBaxX jKejle3a — MapTeHCUTHBIMU TpeBpamieHusiMu [1]. B aTtom ciydae aTtomsl
YIPYro CMEIIAIOTCS B OINpEIETCHHBIX KpHCTALIOrpadMYecKuX HaAINpaBICHUAX JIMIIb Ha HEOOJIBUIYIO JOIIO0
MEXaTOMHBIX DPAacCTOSHUM, W HU O Kakoi mactuke wiu aAuddy3ud pedb HATH He MOXeT. B aroil pabore ObuIo
BBICKA3aHO NPEANONIOKEHHE, YTO peslaKkcalusl YNPYTHX HampspDKeHHH B OOJydaeMBIX CIUIaBax Ha OCHOBE JKese3a
BO3MOXKHa B Pe3yJbTaTe MapTeHCUTHBIX IpeBpamennii (MII), B KOTOpbIX 0OBEeMHBIE HECOOTBETCTBHS 00pa3yIOMuXcs
(a3 KOMIICHCHUPYIOTCS BBIICICHHEM FIUTH TIOTJIONICHNEM BakaHcuid. BriepBeie poip Bakancuii B MII Opiia moka3aHa B
paborte [2].

Crenyer OTMETHTh, YTO, HECMOTPS Ha [UINTEIbHYIO HCTOPHUIO M3YUEHHS CBOIMCTB BAKAHCHI B TBEPAOM TEJE, OHA
COZIEP’KUT MHOKECTBO INPOTHBOPEUUBBIX (DAKTOB, YTO CBA3aHO C TPYJHOCTBIO UX HEMOCPEACTBEHHOI'O HAOIIOJICHHUS.
TaK, €CJIM paBHOBECHAs KOHIICHTpAIusA BaKaHCHUU JaXKe MpH MpEAIUIaBUIBHBIX TEMIICpAaTypax AO0CTUTACT BEJINYUH BCETO
mume  mopsaka 0,1 %, To HepaBHOBeCHas KOHIIGHTpAIMsl BakaHCHMH B pealbHBIX CHCTEMax, YYHUThIBas
9KCIIOHEHIMAIBHYIO 3aBHCUMOCTH KOHIICHTPAIIMU BAKaHCHH OT HAINPsDKEHUH, MOXKET OBbITh HAMHOTO BbIIIe [3].

METO/I ®A30BBIX JIJUATPAMM MAPTEHCUTHBIX IPEBPAIIIEHUI

B pabore [1] mpeanokeH HOBBHIM MOIXOJ K ONMCAHUIO M WCCIEJOBAHMIO YCIOBHH 00pa3oBaHUs MapTEHCHTa B
JKeJle3e W CIIaBaX Ha €ro OCHOBE ITOJ] BIMSHUEM TeMIICpaTyp, AABICHUH M JISTUPOBAHUS, B TOM YHCIIC U BaKAaHCHUSIMH,
KOTOpBIE MOTYT OBITH BHECEHHBI 3aKalKoH, aedopMmamueil Win oOIydeHHeM. JTOT MOIXOA OBLUI Ha3BaH METOIOM
(ha30BBIX qHarpaMM MapTeHCUTHBIX npeBpamiennii (OAMIT).

B ocHOBy kpucramiorpadun MapTeHCUTHBIX IpeBpalleHnii Obuta monoxkeHa cxema beitna (puc.la). Mcxons u3
NPUHIMIIA HauMEHbIIEro o0beMa (Pa30BOrO HECOOTBETCTBHS, MBI OCTAaHOBWIMCh Ha CIEAYIOIIMX CIIOc00ax
nedopmaruu: B chepe (puc.10, nHBapranTa — paccrosHne D Mexay atoMamMd B HampamieHud <112>), U Mexmy
napajuieNbHBIMU TUIOCKOCTSIMH (pHc.1c, naBapuanta — h mexxay rnockoctsmu (110)). Jlns xaxnoit u3 koHpUrypami
HW3MEHEHHE OTHOCHTENBHOTO oObema mpu mpeBpauieHun (AV/V) MoxeT ObITh BBIYHMCIEHO Kak (yHKOUS yria o,
KOTOPBIH cocTaisieT HanparieHue <001> snemMeHTapHON 00BEMHO IICHTPUPOBAHHOW SYCHKU (B PeppuUTe, U ayCTCHUTE)
C TIperoaraeMoi KpucTauiorpaduueckoi mIOCKOCThIO CABUIa. DTOT Yrodl B JI000H U3 KOH(UTypauii H3MeHsIeTcs B

npenenax ot 35°15" no 45°.
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Puc. 1. Cxemsl gehopMHUPOBaHHS KPUCTAIUTMUECKUX pemeToK B nporeccax ¢a3oBeix ['IK-OLK mpeBpamienuii:

a) ooveMm beiina; 6) medopmanus B cepe npu casure BAOIb IIOCKOCTH oOpasosanuu Maprencuta (101),/(112),; c) mpu cisure
MesKTy mapaenbHbIMu I1ockocTamu (111),/(101),

HccnenoBanns reomerpun nosmmophHbX ['IHKSOLIK  (a3oBeIX NpeBpamieHui MO3BOJIWIM  HOCTPOUTH
TEeMITepaTypHO-CHIIOBOE TIoJIe ¥ B HeM auarpammy MIT mepexomoB B MOHOKpHCTAIIIAX MPOCTEHINIEH CHCTEMBI «KEe30-
BaKaHCHUI» (pHcC.2).

JumarpaMma mMeeT BHJ METJIM TUCTEpE3UCa, pa3MemaeTcs B moje Mexmay mzorepmamu 50 m 912°C B obmactu
maienuit or 0 mo 12,5 I'Tla u sBastercst muamedn TIIKSOIK (a3oBeix mpeBpaineHuii B MOHOKPHUCTAIAX YHCTOrO
xKernesa, mpoxoaanmx depe3 HempepbiBHBIN criekTp OLT cocrostHuit mox neficTBHEM yHPyTHUX HANpsDKEHWHA U (WMITH)
TemrepaTyp. Ecii BeKTop AEHCTBYIOUIMX YNPYTUX HANPSHKEHUH (Gy,;y) WM JIF00ask U3 €ro COCTaBIAIONINX (O, WU Gy)
[0 BEJINYMHE OKA3bIBAIOTCSA PAaBHBIMU PACCTOSIHHUIO MEXIY BETBSIMU IETIH, IPEBPAIICHNE OCYIIECTBISAETCS CKAYKOM C
OJTHOI BETBHM TI€TJIM Ha JIPYryl0. DTO U €CTh Mpolecc 00pa3oBaHusl MapTeHcuTa. HanpaBiieHne U BeIHMYMHA CHUIIOBOTO
BEKTOpa OJHO3HAYHO CBSA3aHBI C OCHOBHBIMHU mapaMeTpamu P, T u V, ompenensronyiMu TepMOJUHAMUKY IIpoliecca
MapTEHCUTHOTO MPEBPaICHUS.
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[Metns rucrepesuca dazoBeix OLIKSTIK npeBpatieHuii 1 NPUHIMIBL €€ TOCTPOSHUS TO3BOJISIIOT OJHO3HAYHO
KiaccuuImpoBars 1000 BUa MapTeHCHTa, Kak ()a30BOe MPEBPaIeHIEe MO/ HAIPSHKEHUEM.
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Puc.2. luarpamma MapTeHCHTHBIX ()a30BBIX Y50 MPEBpAICHAI B MOHOKPHUCTAIITAX JKelle3a B IMOJISIX YIIPYTHX HAMPSKEHHI.
IlosicHeHus B TEKCTE.

OTH HanpspKeHUs JOJDKHBI OBITh YNPYTHMMH, IIOCKOJIBKY IIpoIiecC 0Opa3oBaHHMs MAapTEHCHTa HE TOJBKO
6e3muddy3ronHsii, HO U Oe3auciIoKannoHHbIH. ClleoBaTeNbHO, TEH30P JACHCTBYIOIUX HANPSDKEHUH JTOJDKEH OBITh
BCECTOPOHHHMM CXKHUMAIOIIUM WM PacTSATUBAIONIMM, JIMOO HAaNpsHKEHHOE COCTOSHHE JOJDKHO COOTBETCTBOBAThH
«IUIOCKO-NIeOPMUPOBAaHHOMY». B HEpaBHOBECHBIX CHCTEMax pOCT O3THUX HAlpHKCHUH JODKEH MOPOXKIATh
TeTparoHajbHbIE HCKaKCHUS KPHUCTAUIMUecKoil pemeTkn. CTelneHb WCKaKEHWH, NPH KOTOPHIX CHCTEMa TepsieT
YCTOWYMBOCT W B HEH OCYIIECTBIAETCS MAapTEHCUTHBIH MNEPEXO, OIpPEAEIIeTCS MONOKECHHEM SHEPreTHYEeCKUX
SKCTPEMYMOB Ha IIE€TJIe THCTepe3nca, Kak Todka, B kotoporr dE/dx=0 [4]. Taxum oOpa3om, npu nro00ii Temreparype
HE3aBHCHMO OT CII0c00a CO3/IaHus HANPSHKSHUN M HCKKeHNH (3aKalika, nedopmanus, o0rydeHre, JISTHPOBaHUe U Ap.),
€CIIM B HEPAaBHOBECHOW CHCTEME BBINOJIHAIOTCSA yKa3aHHBIC YCIOBHS, TO B Hel peaqu3yercs MapTeHCHTHBIH ySa
(a3oBHIi epexo.

Lenbto maHHO# paboTHl OBUIO — JanbHEHIIEE BBIICHEHHE POJM BAaKAHCHOHHOM IOJCHUCTEMBI B MapTEHCHUTHBIX
NpEeBpAILEHHIX B YUCTOM JKelle3e, C MOMOIbI0 MeToa (pa3oBbIX AuarpaMm MapTeHCHTHbIX npespaiienunii (GIMIT).

KOHIEHTPAIITMOHHBIE BOJTHbI BAKAHCHI

M5! IpesIcTaBIsIeM YUCTOE XKEIEe30 B HEPABHOBECHOM COCTOSIHMM KaK OMHApPHBII ITePECHIIEHHBIN CIUIaB «KEIe30-
BakaHcum». Takol CIIaB HE MOXKET OBITh OZHOPOIHBIM. | 'pafnMeHTHI TeMIlepaTyp M HANpPSIKEHHH B €CTECTBEHHBIX
YCIOBUSIX MOPOXKIAIOT AHU3O0TPOIHIO PACIPEAETICHUs] BAKAHCHH IO KPUCTAIIOTPa(QUUECKHM IUIOCKOCTAM W X
KOHIIEHTpAI[MOHHBIE BOJHBI. OOpa3oBaHWE TAaKWX BOJH MOJYMHSACTCS TEOPHHM CHHHOAAIBHOTO pachaja TBEpIbIX
pactBopoB [4].

KoHIleHTpallMOHHbIE BOJIHBI BakaHCHH (OPMHPYIOT B KpUCTaulax oOOJaCTH CKaTMd M pacTshkeHuid. B
BBICOKOCKOPOCTHBIX Tpoleccax (HarpeB, OXJaXICHUE, T'MIPOCTATUUECKOE C)KATHE WM PACTSDKEHUE) W3MEHEHHEM
KOHILIEHTPALMI BaKaHCHH 3a CUET KIIACCHMYECKMX IPOIECCOB MX oOpa3oBaHus (MexaHn3Mbl Dpenkens wimm LLorTkm)
MOXHO IpeHeOpeub. DTo, 0JJHAKO, HE O3HAYACT, YTO BaKaHCHOHHAS IOJICHCTEMa ocTaeTcsi Hem3MeHHoH. [Ipocreiinias
cXeMa, NPeICTaBICHHAs Ha PHC. 3, MO3BOJSAET MOHATH, KAK BIMSAET BHELIHEE BO3JACHCTBUE HA KOHLEHTPALUIO BAKAHCUI
U HaNpsDKEHUS B BOJIHE.
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Kak crenyer u3 cxembl (puc.3), MPHIOKCHHBIC K CHUCTEME H3BHE, HANPUMEP, HANPSKCHUS CKATHS (aHAIor
OXJIQKACHUS) CHI)KAIOT YPOBEHb TEPMUYECKH PABHOBECHOW KOHIEHTpAIMK BakaHCHU. [Ipu 9TOM, KOHIIEHTpAIllMOHHAS
BOJIHA (CHHSSI CHHYCOMJIa) U3MEHSIET CBOE IOJIOXKEHHUE, TIOAHUMAsCh Ha/l YPOBHEM paBHOBeCHs (KpacHasi CHHYCOHJIA).
OO01m1ast KOHIEHTPAIKs BAKAHCHH B BOJIHE HE MEHSETCS, HO B TPeOHE BOJIHBI M30BITOYHAS! KOHIIEHTPALHUS BO3PACTALT.

IIpu pacTsikeHHWM (aHAJIOT HAarpeBaHWS) CHUCTEMBI MPOIECC pPa3BHBACTCS B OOpPaTHOM HAIpaBICHUH: BOJHA
CMeIaeTcss BHU3 110 OTHOIICHHIO K TEPMUYECKHA PABHOBECHOMY YPOBHIO KOHIICHTPAIINH BaKaHCHH (YepHast CHHYCOHA),
YTO CIOCOOCTBYET pPOCTYy BaKaHCHOHHOTO HEIOCHIMICHUS B OOpaTHOM TpeOHE BONHBI. TakuM 00pa3oM, BHEITHHE
HaIpsDKEHUS ISHCTBYIOT KaK HAcocC, Mpeodpasysl BAKAHCHH U3 OJHOTO MPHUPOTHOTO COCTOSHUS B APYToe: IPU CXKATHU
BaKaHCHH B BHJIE TOYCYHBIX Ne(EKTOB 00pa3yroTcs 3a cHeT Koyrarca Ae(opMaruii pacTsKeHHS, a IPU PaCTHKEHUN
TOYCUHBIE JAe(PEeKThI PACTBOPSIOTCS B KPUCTAJLIC, MPEBPAIAsich B AehopManuu pacTsokeHus [3].

Balance
Compression
Tension

C bal

Puc.3. Cxema npocTpaHCTBEHHOI'O pacipe/iesieHus] BAKaHCUN B BUIE KOHIIEHTPALIMOHHON BOJIHBI.
IlosicHeHHsI B TEKCTE.

Ha camom zene, BOIHBI KOHIIEHTPAILIMOHHOW HEOJHOPOJAHOCTH BaKaHCHM HE CUHYCOMJAIbHbBIE, KaK 3TO MOKa3aHO
Ha puUC. 3, a MPEJCTABISAIOT COOOH IUIOCKHE CTOSYHE BOJHBL J[BIDKCHHE B HUX OTPAHUYCHO M3MCHCHHEM aMILTUATYIIBI
(hOHOHOB.

ITockonpKy BHEIIHEE BO3ICHCTBHE — TOXKE TUIOCKAs BOJTHA Ae(opMaIiii, TOIBKO JBIKYIIASCS Yepe3 KPUCTAIIIL, TO
cXeMa, 10 CYTH, IEMOHCTPHPYET HHTEP(EpPEeHIHIO IUIOCKHX BOIH C YBEIWYCHHEM WM YMCHBIICHHEM aMIUTHTY
Koe0aHWH aTOMOB B CTOSYMX BOJHAX KOHIICHTPAIMOHHBIX HeogHopomHocTedl. [Ipm 3TOM, (DOHOHBI OKa3BIBAIOTCS
MOJIyTUPOBAaHHBIMH JUTMHOW 3THX BOJH W TOJSIPHU30BAHHBIMU B HAIIPABICHWH, NEHCTBYIOIIUX B BOJHE, CKMMAIOIIIX
WM PaACTATMBAIOIIMX HANpPSOKEHUH. BONHBI HEOOHOPOAHOCTEH MOTYT Pa3nMyaTbCsl M KOHLEHTpaLMEd BaKaHCUH M
I[J'IPIHOFI, IMO3TOMY HE€ YAUBHUTEIIBHO, YTO IMTPOLECC 06pa3OBaHI/IH MapTC€HCUTa 0OBIYHO IMPOTCKACT B KAKOM-TO MHTEPBAJIC
TEeMIIEpaTyp WU HATIPSKESHHM.

ATOMHAS IEPECTPOMKA PEHIETKHA MO/ JEMCTBUEM HAIPSI)KEHUM B KEJIE3E

ITo ompeneneHuio, B yCIOBUSX BCECTOPOHHETO C)KaTUSl WM DPACTSHKEHHs (YTO PAaBHOCHIBHO HAINpSHKECHHOMY
COCTOSIHMIO MaTepHaa B INIOCKOW BOJIHE) MPH ONpPEICICHHOW BEJIMYMHE TeTparoHadbHBIX UckaxeHuit I'LIK nmm OLIK
KPUCTAJUIMYECKOH pPELIeTKH, peJlakcalusi HalpspKeHHH B HEH BO3MOXKHA TOJNBKO MAapTEHCHTHBIM  (ha30BBIM
npeBpameHneM. Ha mpumepe oOpaTHOro MapTEHCHTHOTO HPEBPAICHMS PAacCMOTPUM IOIpoOHEE MHpolecc aTOMHON
MIEPECTPONKH KPUCTATUTMUECKOM PEIIETKH XKeJie3a, KOTopas IToKa3aHa Ha puc. 4.

Ha pucynke, B BuAe peryaspHOW KBaIpaTHON CTPYKTYpBI, IpenacTtaBieHa IiockocTs (100) mcxomHoit (mo
nedopmaium) pemeTkn o-)kesie3a ¢ aToMaMM B KaXIOW TOuke nepecedeHus: MuHUM. K cucreme M3BHE NPHIOKEHBI
BO3PACTAIOIIE HOPMAJIBHBIC HANPSDKECHUS PACTSHKEHUS. OTH  HAMPSDKEHWS MOPOXAAIOT TPOJOIBHYIO BOJHY
nedopmariuii.

Kak ckazaHo Bblme, HHTEp(GEPEHIUS POAOJIBHBIX BOJH NPUBOAMUT K POCTY aMIUIMTYZAbI PacTSHKEHHH B CTOSYEH
BOJIHE B HAIPaBICHUU G, lIpojonbHas BOJHA, B CBOIO O4YEpe]b, CO3JAeT IONEPEYHYI0 BOJHY M CJBUTOBBIC
nedopmanuu B HanpaBiieHHH G;. CIBHUT MPUBOIUT K 00pa30BaHUIO NCKAKEHWH KyOWYECKOW pelIeTKu U 00pa3oBaHMIO
HOBOM TeTparoHaibHON (a3bl. [lockonbky OLIT-daza oOpasyercs B JIOKaIM30BaHHOM 00beMe KyOHMUECKO MaTpHIIbI,
penakcaiysi HanpspKeHHH, HaKalUIMBAaeMBIX KPHCTAJUIOM 32 CYET CIABHra B OJHOM HAalpaBiCHUH, 00ecrednBacTcs
0o0pa3zoBaHUEM JBOWHUKA U CIBUIOM B IIPOTHUBOIIOI0)KHOM HAIPaBIICHHH.

VIMeHHO 3Ty TeTparoHaJIbHO-WCKaKCHHYIO IBOHHHMKOBYIO CTPYKTYpPY IOEMOHCTpHpYeT puc.4. Obpasyromascs
OL[T-¢daza obmamaer mMeHbIIMM OO0BeMOM B cpaBHeHmu ¢ ucxomHor OIIK-¢dasoii, mosToMy cABHT TPHBOAUT K
YMEHBIICHUIO PAcCTOSHHUA MEXKAY MIIOCKOCTAMH 00pas3oBaHust mapreHcuTa. C pocTOM uHCIa IUIOCKOCTEH CABHTa B
nakere OLIT-¢a3pl ymeHbIIeHHS 00beMa CyMMHPYIOTCS, TaK 4YTO, B KOHIIE KOHIIOB, PACCTOSHHE MEXKAY MaTpHIed H
MapTEHCUTHOW TPOCIONKOM CTAaHOBHUTCSA PaBHBIM 2a. Pa3pbIB MeXIyaTOMHBIX CBSI3€H OCYIIECTBISETCS CKauykoM C
00pa3oBaHHEM ILIOCKOCTH (MTOPBI WJIM TPEIIMHBI), COCTOAIICH M3 OJHMX BaKaHCHH M C pelakcanueil HampspKeHUi
JIOKAJTM30BAHHBIX B MECTE paspylleHHs. B upeansHoOM ciydyae MHHMMaJIBHOE YHUCIIO IIOCKOCTEH CABHUIa JOCTaTOYHOE
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JUIsl 00pa3oBaHMs, HAIPUMep, BAKAHCHOHHOTO AxcKa nopsiaka 11-12 mr. PeajgbHO ToIMHa MapTEHCUTHOM TPOCIOWKN
BCEr/la COAEPKHUT OOIIbIIIee YUCIIO INIOCKOCTEH CIIBUrA.
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Puc. 4. Cxema nedopmaru kpucramutinyeckoit peurerku npu OLIK-T'TIK MapTeHCHTHOM NpeBpalieHuu.
TeMHBIMH M CephIMH KpPYXKKaMu O0O3HAa4YeHbl IOJOXKEHHS aTOMOB B HMCXOAHOH CTPYKType Kpucraimia. TeMHble KpykKH,
O0OBEJMHEHHBIE CETKOH — KOHEYHbIE IIOJIOKEHHS aTOMOB B CTPYKType MapTeHCHTa. HeokpalleHHble KpPYXXKH — BaKaHCHH,
00pa3oBaHHbIC 38 CYET CMEILCHHS AaTOMOB B HOBBIC [OJIOYKCHUS

Ha puc. 4 crpenkamu ykazanel cMemieHnst atoMoB u3 y3imoB OLIK pemerkn B OLT cocrosiHme, a oObeMHBIC
HM3MEHCHHS JEMOHCTPHUPYET POCT BETUIUHBI O OT 8 J0 Oj.

ITpouecc 0b6pa3oBaHMs BaKaHCHI NMPH OOPATHBIX MAPTEHCUTHBIX MPEBPAIIECHHUSIX MOXET OBITh OTBETCTBEHHBIM 32
3apOoXKICHUE AMCIOKAI[OHHBIX IETENb WIN MOp, B CBOIO OYEpPE/b OKA3bIBAIOLINX OTPOMHOE BIMSHHE HAa N3MCHEHHE
(HM3UKO-MEXaHWYECKUX CBOWCTB 3aKaJICHHBIX, OOJNYYEHHBIX M [Ip. MaTepHAJIOB, HAXOMAIIMXCS B HEPABHOBECHOM
COCTOSIHUU.

Takum 00pa3oM, Mbl MIMeeM JIEJI0 ¢ MPOLIECCOM NPEBpPAILCHUs YIPYyroi eonnst aedopmanuii (B pe3ynsrare ySao
¢azoBoro nepexoaa), o CyTH, BAKAHCUI «pa3Ma3aHHBIX» [0 KPUCTAJUIMYECKON pelIeTKe B BUAE CBOOOAHOI0 00beMa, B
BaKaHCHH, JIOKAJIM30BaHHbIE KaK TOYCYHbIE Ae(EKThI, UMEIOIINE CBOWCTBA YacTul (3Heprus, o0beM, KOHIEHTpaLus 1
T.I.). B akcuoMmaTHke KBaHTOBOM MEXaHMKH 3TO COOTBETCTBYET TaK HAa3bIBAEMOMY IIpoIlecCy ‘‘TIOKamu3alus -
JIeTIOKaIN3aIus”’, KOTOPBIM COCTaBiIsgeT HanOosiee OOIUI NPU3HAK ITOBECHUS] BCEX KBAHTOBBIX CHCTEM, T.€. IEPEXOIY
BOJIHA-YaCTULA.

Ha T0, 4TO BakaHCHs KaK KBaHTOBBIH OOBEKT «pa3MazaHHbIN» 110 00bEeMy MOXKET CyIIECTBOBATh B KPUCTAIIE MPH
m000# TeMnepaType MBI yKa3bIBaH eme B [1].

3ABUCUMOCTD BEJIMUMH HATIPSI)KEHUI OT TEMITEPATYPBI MAPTEHCUTHBIX
IPEBPALIIEHUI

Jebopmanuu merens THCTepe3nca MapTEeHCHTHBIX (a30BBIX IIPEBPAILECHUH HEMOCPEICTBEHHO CBS3aHBI C
W3MEHEHUSIMH TeMIIepaTyphsl U (MIIK) IeHCTBYIOINX HOPMAJIbHBIX HANPSKEHUH (G,) B CHCTEME <OKENe30 - BAKAHCHIY.
B pabote npu pasnuyHEIX Temreparypax (OmpeaeisieMbIX Kak TeMIlepaTypa Hauala MapTEHCHTHOTO MPEBPAIICHUs -
M) cTpounuch NeTIM THUcTepe3uca. B kaxkaoill merie Ha ee BepxXHEM BETBU oOIpejessiack TOYKAa MHHHMYyMa
MOTCHIIMAIbHOW DJHEPIuu CHCTeMBI («cemioBas» Touka). Hampsbkenus (o6,) HEOOXOIUMBIE JUIi MapTEHCHUTHOT'O
($a30BOro MpEBpAIICHHS M3MEPSUIM KaK PAacCTOSHUE MEXIy BETBSIMH BIOJIb OCH Y B «CEIJIOBOM» TOUke (Ha IeTiie
rucrepesuca puc.2 — Touka G).

HccnenoBanus MoKa3aid, YTO HOPMAJIbHBIE HAIIPSHKCHUS] MAPTCHCUTHBIX ITPEBPAIICHIH UMEIOT MAaKCUMYyM IpH
temnepatype Mg = 547°C (puc. 5). C u3MeHEHHEM TeMIepaTypsl OT YKa3aHHOTO 3HAYCHUs, KaK B CTOPOHY BBICOKHX,
TaK U B CTOPOHY HU3KMX M, HampspDKeHHA JMHEMHO yMeHbIAOTCsA. IlOCKOJIBKY KOHLIEHTpalMs BaKaHCHil
MIPOTIOPIIMOHANbHA HOPMAJIbHBIM HAMPSDKEHHUSM, JICHCTBYIOIIMM B KpHCTa/UIaX, TO M 3aBHCUMOCTb KOHICHTpAIUN
BaKaHCHH (B JaHHOM CITydae — BAKAHCHH MEPEChIICHNUs) OT M Oy/IeT IMETh TOT e BHJ.
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[MonyuyeHHas 3aBUCUMOCTh CBHJIETEIBCTBYET O TOM, uTO BONMM3HM 547°C CTpyKTypa KPUCTAJUIOB YHUCTOTO XKejie3a
UMEET caMble Majble HCKaXEHHs M, KaK CIIEJCTBHE, MHHHUMallbHbIe BHYTPEHHHE HanpspkeHus. [loatomy uis
MapTeHCUTHBIX NpEBPAIlCHUH INpPH 3TOM TeMIlepaType HE0O0XOJrMMa MaKCHMajbHas KOHIIEHTpauus BaKaHCHH
nepechbimieHnsi. CTPYKTypHbIE HW3MEHEHHMS B KpPUCTAUIaX IIPOBOLMPYIOT POCT KOHIEHTpPAalUMM BaKaHCHH U
TETparoHaJIbHBIX NCKaKEHHUH, YTO CIIOCOOCTBYET CHIDKEHHUIO HAITPSHKCHUH 00pa3oBaHMs MapTEHCHTAa M CMEILCHUAM My
B CTOPOHY BBICOKHX HJIM HU3KUX TEMIIEPATYD.

Pe3kuii H3710M 3aBHCUMOCTH TIPEJICTABICHHON HA AMarpaMMe CBHJICTENbCTBYET O CMCHE MEXaHN3MOB HaKOIUICHHS
BakaHCHH B jxeneze. Ecmu mpu temmepatypax M <547°C mpeBaiupyroT MpoIecchl HAKOIUICHUS BaKaHCHI B BHUJE
TOYEUHBIX JIe(eKTOB, TO pH M >547°C BakaHCUH CTPEMSATCS PACTBOPUTHCS B PEUIETKE U MPEBPATHTCA B AehopMaun

B Tabmune mnpeicraBieHbl pe3yibTaThl O0OpPaOOTKH M3BECTHBIX 3KCIEPHMEHTAIBHBIX JAHHBIX 00 W3MEHEHHH
HapaMeTpoB KPUCTAUIMYECKUX PEIIETOK ayCTEHHTa W MapTEHCHUTA B 3aKaJICHHBIX CTAIAX C Pa3IMYHBIM COJEepKaHHEM
yriaepona [5]. Kak ciemyeT u3 Tabmuipl, mapaMeTphl peieTok odeux $as, ux 00beMbl U TETPAaroHaJIbHOCTh MAPTEHCHUTA
3aBUCST OT COJIEPXKAaHUsI yIJieposa B CTallk, HO OTHOCHTEJIbHOE W3MEHEHHE 00bema (ha30BOro HecooTBeTCTBUS (AV =
Vu-0,5V,) ocTaeTcs MpakTHUECKH MOCTOSHHBIM U MPHOIM3UTENBHO paBHBIM 4,2%. M3 3TOro cnemyer, 4rto o0beM
(ha30BOro HECOOTBETCTBUS ITOJTHOCTHIO OIPEJIEIISETCS TOJIBKO BaKaHCHSIMU.
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Puc.5. 3aBCHMOCT KOHIICHTPAIIMH BAaKaHCHH OT TeMIIepaTyphl Havyaia MapTeHCUTHBIX IpeBpamieHnit (M) B 4HCTOM XKemne3e
Cyo — XapaKTepHBIX JUIA 3aJJaHHOTO CTPYKTypHOTO cocTosiHus; AC, - BakaHCHH IepechIIIeH s, HEOOXOIUMBIX JUII MapTeHCHTHOTO
npeBpamenus (I- HU3KoO TemmeparypHas obnacts, 11 - BeICOKO TemmepaTypHas 001acTs). BepxHeli mrpuxoBoii imuHeil o003HaueHa
npenenbHas KOHIGHTpaIWs BakaHcUil paBHas 4,2% (cM. TabmuiLy)

Tabnuma
V3MeHeHus mapaMeTpoB KPUCTALUTHUECKUX PEHICTOK (hpepprTa M ayCTCHUTA B 3aBUCUMOCTH OT COJCPIKAHUsI yriiepo/a B
Kenese
C., a,, 0,5V,, Ay, Cuis Vi, c/a AV=V,-0,5V,, AV/V,,
Bec.% A A’ A A A’ A’ %

0,0 3,546 22,31 2,86 2,86 23,40 1 1,09 4,65
0,2 3,555 22,483 2,857 2.882 23,55 1,009 1,07 4,54
0,4 3,564 22,656 2,853 2,909 23,68 1,018 1,024 4,32
0,6 3,573 22,829 2,851 2,931 23,83 1,027 1,01 4,24
0,8 3,582 23,002 2,849 2,957 24,01 1,036 1,008 4,20
1,0 3,591 23,175 2,847 2,982 24,19 1,045 1,015 4,20
1,2 3,600 23,348 2,845 3,002 24,32 1,054 0,98 4,03
1,4 3,609 23,521 2,844 3,03 24,52 1,063 0,999 4,07
1,6 3,618 23,694 2,843 3,053 24,70 1,072 1,006 4,07
1,8 3,627 23,867 2,843 3,075 24,88 1,081 1,013 4,07
Cpeanee 3HaueHue 24,11 1,02 424

Omnpenenenre oObeMa (a3oBOro HECOOTBETCTBHSI IO3BOJSET HA JUarpaMMe OO0O3HA4YUTh MpEACIbHYIO
KOHIEHTPAIMIO BAKAaHCUH y4acTBYIOIIYIO B MAPTEHCUTHBIX MpeBpanieHusx uudpoi pasHoit 4,2 06.%.

CrnenoBarenbHO, MpECTAaBIECHHAs 3aBHCUMOCTh (PHC.5) B MHTEpBaJe TEMIIEPAaTyp OT aOCONIOTHOrO HYJS 1O
900°C, meMOHCTpUpYET OalaHC MEXIy JBYMs COCTABJISIONIMMH 00beMa (ha30BOr0 HECOOTBETCTBHS WIJIM BAKAHCHSIMH,
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HaKOIUICHHBIMH KpPHUCTAJUIOM B mpouecce (OPMUPOBAHUSI CTPYKTyp M BakaHCUSIMM HeoOXxoaumbimMu st MIT
NpEeBpaIICHNs] B KAXIOM CTPYKTYPHO-HANpPSDKEHHOM cocTosiHMK. OHa TpeJicTaBieHa B KOOPJIUHATAX, CBSI3BIBAIOLIMX
HOpPMaJIbHBIC HANpsDKEHHS W KOHIGHTPAIMIO BakKaHCHH (MM OTHOCHTENbHOE H3MeHeHue obwvema AV/ V), dro
I03BOJISET BBIYUCIATH YAENbHYI (BHYTpeHHo0) suepruio (E = 6,(AV/ V)% rae 6,AV/V = P — rugpocraruueckoe
naBieHue, ciuenosatenbHo E = PAV/V), 3amaceHHyI0 KpHCTaJUIOM M SHEPTHIO, KOTOPYIO HEOOXOAMMO BBECTH M3BHE B
KPHCTaUT IS TOTO, YTO OBl B HEM PEATN30BaJIOCh MAPTEHCUTHOE MPEBpalieHue. J{pyrumMu clioBaMu, AnarpaMmma MoxXeT
OBITH TIpEeNCTaBIICHA KaK OalaHC YHEPTHil: yKe HMEIOMIeHCs B KpHCTalIe (3allaCeHHON B pe3yIbTaTe IMpeaBapUTeIbHOM
TEpMOOOPabOTKH, OOTYHIEeHHUS U T.II). U JONOTHUTEIEHON, TpeOyeMoil i1 mpeBpaeHus.

Jannbie, momydeHHble B pabore [6] mo pacmyxanmio umcThix OIK-MeTamuioB B pesynpTate peakTOPHOTO
00yueHusT OMPEENAIOT 00acTh TeMIIEpaTyp B KOTOPOH 3apoKAeHHWE MOop TojaBieHo (puc.6). 3aMeTHuM, 4TO OHA
JIOBOJIBHO OJIM3Ka K 00JIaCTH TeMIIEpaTyp, I/ie 3apOKIeHHE 3aTPYAHEHO, T0OKa3aHHOH Ha pUc.S. DTH pe3ysbTaThl MOTYT
CIIy)KHUTh MOJTBEPKACHUEM IPaBWILHOCTH HAIET0 MOAX0Aa, U oObsicHsieTcs: ¢ mo3unuii Mmeroga ®JIMII BeicokuMu
HaIpPsDKEHUSIMA HEOOXOIMMBIMH JIJIsI MApTEHCUTHBIX TIPEBpAICHUI.
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Puc.6. O6peMHbBIe M3MEHEHHS MOJINO/IeHa B 3aBUCUMOCTH OT TEMIIepaTyphbl peakTopHOro obmydenus. Jlo3a — 1 cHa.

W3 sT0i1 mpocTeiimeil cxeMbl IPOCTPAaHCTBEHHOTO PAaCIpeesieHNs] BAaKaHCHH CIieyeT OYeHb BaKHBII BBIBOJ: B
obmactn Temmneparyp Hike 912°C BHemIHHE HamnpsDKeHHS IMPOBOLMPYIOT 00pa30oBaHHE JOKAJIM30BAHHBIX O0JacTew,
JaBJICHUS] B KOTOPBIX MMEIOT 3HAK NPOTHBOIIOJIOXKHBINA MPHIIOKEHHBIM U3BHE. IIpy 3TOM OKasbIBaeTcs, 4To (ha3oBbIC
MIPEBpPAIICHNs B JKEle3e IMPOTEKAIOT B IMOJHOM COIVIACHH C TEPMOAMHAMHKOH. [IpsiMoe mpeBpaineHue B mporecce
3aKalKM, BONPEKH JEHCTBYIOIIEMY NaBICHUIO CKaTHA (OXJIQXKICHHE), OCYIIECTBISIETCS B OONAacTH KpHCTaJIa, B
KOTOPOH JAEHCTBYIOT BaKaHCHOHHOE IIEPECHIIICHUE M pacTspkeHust. Pa30BBIA Mepexo]] OCYIIeCTBISIETCS Kak crnocod
peraKcalii HAaKONMUBIIMXCS HCKKEHUH YaCTUYHBIM YIOPANOYCHHEM C oOpa3oBaHueM (a3bl MEHee IUIOTHOH, 4eM
WCXO/HBIN ayCTEHUT.

OOpaTHBIN Tepexoa MpHU HarpeBe (pacTsHKeHUE) JOKAIM3yeTCsl B OOJIACTH KpHCTala, B KOTOPOW JCUCTBYET
BAaKaHCUOHHOE HEJIOCHIICHUE, W KOHIEHTPUPYIOTCS CXKaTHs. YIPYrue HCKaKEHMs, BBI3BAHHBIC HAIPSHKEHUSIMHU,
MIPOBOIMPYIOT (ha3oBbI mepexo] ¢ oOpa3zoBaHMeM Ooiee TUIOTHOM (aspl, yeM ucxonxHblil (eppur. OOpasoBaHue
BaKaHCUH M WX KOMIUIEKCOB B DPE3YJIbTaTe IIPEBpALICHUS — OTBETHAs PEaKLUs KPUCTAUIMYECKOW CTPYKTYpbl Ha
HEJIOCTAaTOK B HEW BakaHCH.

B ob6mactu temmepatyp Bhime 912°C B KpHcTaiax OTCYTCTBYIOT BOJHBI BaKaHCHOHHON HEOJHOPOJHOCTH, a
JEUCTBYIOT TOJBKO Ae(opMannyl pacTsHKEHUH W CXKAaTHH, TOATOMY (ha30BbIe IPEBPAILCHUS IPOTEKAIOT B COTIACHH C
TEPMOIUHAMUKOM.

BbIBO/bI

1. B pamxax mozenu ®JMII npoeaen ananu3 ycioBuid mporekanuss MII mpu pasmuvHBIX TemrepaTypax ¢
ydacTHeM BaKaHCHUH B 4HMCTOM jkene3e. Ha aroMHOM ypoBHE Ipe/io’kKeHa CXeMa BO3HHMKHOBEHHUS BaKaHCUH mpu
00paTHOM MapTEHCUTHOM IPEBPAIECHHH.

2. Hecmorps Ha TO, YTO TapaMeTpbl PEMIETOK ayCTEHWTa W MapTeHCUTa, MX OOBEMBI M TETParoHaJILHOCTH
MapTEeHCHUTA 3aBUCST OT COJEPIKAHU yIIIepoJia B CTall, OTHOCUTEIBHOE H3MEHEeHHne 00beMa (pazoBOro HECOOTBETCTBHS
(AV =V, - 0,5V,) ocTaercs NIPaKTUYECKH MOCTOSHHBIM M MPUOIM3UTENBHO paBHBIM 4,2% . 13 3TOro cieyer, 4ro ero
BEIMUYUHA MOJHOCTBIO ONPEAEAETCS TONBKO BAKAHCHAMU.

3.  Pes3kuif W3m0M 3aBHCHMOCTH TPEACTaBICHHOW Ha aumarpamme «G,- C,-My» CBHAETENBCTBYET O CMEHE
MEXaHM3MOB HAKOIUICHHS BaKaHCHH B jkene3e, HeoOxommumbix uid MII: kak TodedHBIX AE(EKTOB IpU TEMIEpaType
HIke 547°C, 1 Kak pacTsDKEHUH pemeTKH B Bue cBOOOIHOTO 00beMa IpH 0oJiee BRICOKHAX TEMIIepaTypax.

4.  Pe3ynbTarsl paboTHI MO3BOJSMIOT YCTAHOBUTH B3aUMOCBS3b MEXAY Mg 1 dHepreTudeckuMu 3atpatamu Ha MII
B YHCTOM eJIe3€ B 3aBHCHUMOCTH OT €TI0 CTPYKTYpPHO-HAMPSHKEHHOTO COCTOSHUSI.
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5. Hcronb3oBaHHME CXEMbl NMPOCTPAHCTBEHHOT'O pAaCHpelelieHHs] BaKaHCHH M OINpPEJEJICHuEe POJIM HalpsHKEHHH
CBSI3aHHBIX C HMMH, MTO3BOJIMIIO MIOKa3aTh, 4TO (ha30BbIE IIPEBPAILCHHUS B JKelle3¢ BO BCEX CIIydasx MPOTEKAIOT B MOJTHOM
COTJIaCHU C TEPMOIUHAMHKOH.

6. Baxancum, mo KpaiiHell Mepe, B jkeyie3e CIIOCOOHBI CO3/1aBaTh KaK PacTBOPHI 3aMEIICHHUS, TaK U PacTBOPHI
BHenpeHus. Eciin BakaHCHY B BHAE TOYCUHBIX Je(EKTOB 00pa3yrOT pacTBOPHI 3aMELICHHS, TO PACTBOPSICH B PEILETKE,
OHH 00pasyloT pacTBOpPbl BHeIpeHWs. BakaHcuu BHexpeHHs JMOO NPOCTO YBENIMYUBAIOT CBOOOIHBIA 00BEM
KPUCTAJUTMIECKON pemIeTKu (KaK dTO TPOUCXOAWUT TpH (Ha30BOM Yy—0 IPEBpAIEHUH), OO MCKAXKAIOT ee
TeTParoHaJbHO (KaK 3TO MPOHCXOINT IPU 00pa30BaHUN MApTEHCUTA).
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The results of experimental research for obtaining of phosphate matrix materials: fluorapatite Ca;o(POg4)sF,, sodium zirconium
phosphate NaZr,(PO,); and potassium magnesium phosphate KMgPO,-6H,0 were presented. The evolution of phase composition in
their synthesis was investigated. The optimal parameters for obtaining monophasic phosphate matrix materials were found.
Possibility of obtaining powders of calcium Ca,;o(POg4)sF, and strontium-containing CaySr(PO,)sF, fluorapatites by both solid phase
reaction method with subsequent heat treatment and chemical co-precipitation method from solutions of the initial components was
investigated. Nanosized zirconium orthophosphate powders NaZr,(PO,); were synthesized by the sol-gel method. Hydrated
phosphatic matrices KMgPO,-6H,O by a chemical reaction between MgO and KH,PO, in water at a room temperature were
obtained. The requirements for high-level waste matrix were presented. The suitability of the use of synthetic phosphate materials as
a matrix for the immobilization of high level nuclear wastes was determined.

KEY WORDS: phosphate ceramic, high level wastes, immobilization, synthesis, matrix, phase composition

IMMOBLJIIBALISA BUCOKOAKTUBHUX BIIXOJAIB Y KEPAMIYHI TA I'IIPATOBAHI ®OCPATHI MATPHUIII
B.A. llIkyponaTeHko
Hayionanenuii naykosuii yenmp «Xapxiecokutl (izuxo-mexHiunuil iHcmumym»
8yn. Akademiuna 1, m. Xapxie 61108, Ykpaina

[MpuBeneni pe3ynpTaTH EKCIIEPHMEHTATbHUX JMOCTIIKEHb IO OTPUMAHHIO (OoC(GaTHMX MATPHIHMX MaTepiamiB: (TopamaTuty
Ca;o(PO4)sF,, HaTpiii mupronieBoro dochary NaZr,(PO,); Ta kamiit MmaraieBoro dochary KMgPO, 6H,0. [locmipkeHO eBOIIOLio
(da3oBoro ckmamy mpu X CHHTE31 Ta BHU3HAUCHI ONTHMAIIBHI IapaMeTpy OTPUMAHHS MOHO(pa3HHX (OCPaTHUX MATPHIYHHX
MarepiaiiB. JlocipkeHa MOXKIJIMBICTH OTPHMaHHsS MOpoIKiB kaibuieBoro Cajo(PO4)sF, Ta crpoHmiii-BMimyrodoro ¢ropamaruty
CaoSr(POy4)sF, mBoma cmocobamu: MmetomoM TBepAoGhasHUX pEakiliii 3 TOAATBIIO TEPMOOOPOOKOK 1 METOIOM XiMiYHOTO
OCa/DKCHHSI PO3YMHIB BUXIJHUX KOMIOHEHTIB. 30Jb-Te/lb METOJOM CHHTE30BaHi HaHOPO3MIpHI Mopomku oprodocdaTa IHUPKOHII0
NaZry(PO4);. TinparoBani ¢ocdarui matpuui KMgPO4-6H,O orpumani ximiynoro peaxuiero Mk MgO i KH,PO4 y Boai mpu
KiMHaTHIH Temmeparypi. HaBeneHo BUMOrH, 110 mpea’ IBISIOTHCS A0 MaTPHUIb BUCOKOAKTUBHHX BigXoJiB. Bu3HaueHa mpuaaTHICTH
BUKOPUCTAHHS CHHTE30BaHHX (ochaTHUX MaTepialliB y SKOCTI MaTpUIb JUIS iMMOOLTI3alii BHCOKOAKTHBHUX BiIXOIIB SACpHOI
CHEPTeTHKH.

KJIFOYOBI CJIOBA: docdarHa kepamika, BHCOKOAKTHBHI BIIX0/I1, IMMOO1TI3allisl, CHHTE3, MAaTPHIIi, Pa30BHIA CKIIaL

UMMOBWIN3ALUSA BBICOKOAKTHBHBIX OTXOA0B B KEPAMUYECKHUE U TUJIPATUPOBAHHBIE
DOOCDOATHBIE MATPHUIIBI
B.A. llIkyponatenko
Hayuonanvuviii nayunviil yenmp «XapbKoeckuil (pusuKo-mexHuiecKutl UHCmumymy»
ya. Axademuueckas 1, 2. Xapvros 61108, Yxpauna

[TpuBeneHs! pe3yabTaThl SKCIICPHMEHTAIBHBIX HCCIECIOBAHUN 10 MONYyYeHUIO (ocaTHBIX MaTPUYHBIX MaTepHANOB: (TopamaTHTa
Ca;o(PO4)sF,, HaTpuit nupkonueBoro doctara NaZr,(PO,); u xannit maranesoro ¢pocdara KMgPO, 6H,0. UccnenoBana sBoIIONHS
(ha3oBOro cocraBa IpH MX CHUHTE3€ M OINpPEACNICHBI ONTHMAJbHBIE HapaMeTphl MOJydeHuss MOHO(A3HBIX (ochaTHBIX MATPHIHBIX
MaTepuaioB. MccieaoBana BO3MOKHOCTh TOJTyUCHHs OPOIIKOB KaubiireBoro Ca;o(PO,4)¢F, n cTpoHmmiicoaepkaiiero ¢propamnarira
CaySr(POy4)sF, aByms ciocobaMu: MeTOAOM TBepAO(a3HBIX peakiuii ¢ MOCIeayoIed TepMOOOPabOTKOM U METOIOM XUMHUYECKOTO
OCaXKIICHUSl PACTBOPOB HCXOJHBIX KOMIIOHEHTOB. 30b-Iejlb METOJOM CHHTE3MPOBAHBI HaHOpAa3MepHbIe MOpPOLIKK opTodocdara
uupkoHust NaZr,(PO,);. Tuaparuposanusie pocdarabie marpuisl KMgPO,-6H,0 nomy4eHs! xuMuueckoil peakuueir Mmexay MgO u
KH,PO,4 B Bome mpu koMHaTHOI Temnepatype. IIpuBeneHsl TpeOOBaHUS, IPEABSIBIsEMbIE K MAaTPHIIAM BBICOKOAKTUBHBIX OTXOJOB.
Ompenenena MpUrogHOCTh MCIONB30BAHMS CHHTE3UPOBAHHBIX (poc(haTHBIX MaTepHalIoOB B KAaueCTBE MATPHIl JJISI MMMOOMIN3ALUH
BBICOKOAKTHBHBIX OTXOMOB SIA€PHOI SHEPTeTHKY.

KJIFOUEBBIE CJIOBA: docdarnas kepamuka, BHICOKOAKTHBHBIC OTXOJIbI, UMMOOMIN3AINs, CHHTE3, MAaTPHIBI, (ha30BBIi COCTaB

OmHO# M3 TNIaBHBIX MPOOJIEM JIOKATH3AIMKA BRICOKOAKTUBHBIX 0TX0/10B (BAO) sBisieTcst BBIOOP KOPPO3HOHHO- U
pa}lHaHHOHHO-CTOﬁKHX MaTpul, KOTOPbLIC MPU JJIUTCIBHOM XPaHCHHUU WU 3aXOPOHCHHUU HE 6yI[yT HU3MECHSATH CBOU
M30JSIIMOHHBIE CBOiicTBa. B HacTosiiee Bpemss B KkadecTBe MaTpuil Juisi u3oimsiumd BAO ot nepepaboTku
orpaboranHoro sjepHoro torumBa (OST) wucmonms3yroT amomodocdarHbie WM OOPOCHIMKATHBIC CTEKJIA. BbIOOp
CTEKOJI B KAYECTBE MaTeprasga MaTPHUIl 00YCIOBIEH HX BO3MOXKHOCTBHIO BKJIIOYATH 3HAUUTEIBHBIE KOJUUECTBA OKCUIOB
— xoMnoHeHTOB BAO 1 yiep)KuBaTh B CBOEM COCTaBe MOYTH BCE JIEMEHTHI Tabuibl MeneneeBa. Takke OYEBUIHBIM
MPEUMYIIECTBOM CTEKSIHHBIX (DOPM SBJISIETCS JOCTATOYHAS JIETKOCTh WX W3TOTOBJICHHS, TEXHOJOTHs Mpolecca
CTEKJIOBaHUS XOPOIIO M3BECTHA U O0TpaboTaHa. OJHAKO CYIIECTBEHHBIM HEIOCTATKOM OCTEKJIOBaHHBIX BAO siBisieTcs

© Shkuropatenko V.A., 2016
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UX TepMOJAMHAMHUUEeCKas HeyCTOHYMBOCTh. C TEYEeHHEM BPEMEHH NPOUCXOJUT KPHUCTAJUIM3ALMUSI CTEKOJ BCIEJCTBUE
TEPMHYECKUX BO3AEHCTBUI, 00YCIOBICHHBIX PaJIMOAKTUBHBIM pacia oM paanonykiannoB BAO. Oto, B cBorO ouepensp,
MIPUBOJUT K OOpa30BaHWIO TPEUIMH, YTO CYIIECTBEHHO CHIXXAET KOPPO3MOHHYIO CTOMKOCTH MaTrepualioB, U MOXKET
TIPUBECTH K Pa3pyIIEHHIO (JOPMBI OTXOJIOB U BBIXOAY PaJMOHYKIHMIOB B JOJITOCpo4yHOM mepcnekruse [1]. Ilpu stom
HEOOXOAMMO YYHTHIBaTh, YTO AKTUBHOCTh PAJHOHYKIHIOB SJICPHBIX OTXOJOB COXPAHSETCS B TEYCHHE OYCHb
JUINTETBHBIX MPOMEXKYTKOB BPEMEHH, HANpHMEp NEpHOi Toypacmaga - Pu cocraBmser ~ 24200 ner. ITostomy
BEAETCS MOUCK MAaTpHIl ¢ 0oJjiee MPHUEMIEMBIMH SKCIUIYaTallHOHHBIMH XapaKTePUCTHKaMH. BBIIO yCTaHOBIEHO, YTO
KPHCTAJUINIECKHE KEPAMUUECKHE MATPHUIBI OAXOAAT 3HAYMTENBHO JIydIle AJsI OAroBpeMeHHOH m3omsiunua BAO mo
CPaBHEHUIO CO CTEKISTHHBIMHU (opmamu. [Ipu mpaBHIbHOM MoA0Ope MaTPUYHOH KOMIIO3UINH KePaMHIECKHE MATPHIII
00J1a7Ja10T MOBBIIEHHON MPOYHOCTHIO YACP)KaH!US PaIHOHYKINUIIOB [0 CPAaBHEHHIO C METACTAOMIBHBIM CTEKIIOM.

K marepnanam matpun anst uzonsiiun BAO mpeabsBIsIOTCS JOCTATOYHO jkecTkue TpeGoBaHHs. OCHOBHBIC
TpeOOBaHUs, KOTOPHIM JIOJDKHBI Y/IOBJETBOPSTH MaTpUUHbIE Marepualibl Uil H30JSIIMU PAJHUOHYKINIOB, MOXXHO
c(OpMyYIIMPOBATh CIIETYIOIINM 00pa3oM:

- BBICOKasl H30MOP(QHast EMKOCTh K PaJMOHYKITHJIaM;

- oTcyTCTBHUE (DAa30BBIX NMPEBPALICHUIA;

- paJMaIioHHAs! CTOWKOCTH;

- XUMHYecKasi CTOMKOCTD;

- CTaOMIIbHBIE MEXAHUYECKHE CBOICTBA;

- TEPMOCTOMKOCTb;

- BBICOKHE TeIUI0(pU3NIecKe CBOICTBA;

- HaJu4Me MPUPOJIHBIX aHAJIOTOB, COAEPXKALIMX B CBOEM COCTaBE PAIAMOAKTUBHBIC JIEMECHTHI U COXPAHSAIOUIUX CBOIO
KPHUCTAJUTHYECKYIO CTPYKTYPY Ha HPOTSHKEHHH TEOJIOTHUECKHX AII0X;

- BO3MOXKHOCTH 3()()EKTUBHOTO MOITYUEHHSI MATEPHAJIOB MAaTPHIL B IPOMBIIIJICHHBIX YCIOBHSIX;
- IPOMU3BOINTHCS M3 UCXOHOTO CHIPhS, CPABHUTEILHO HU3KOM CTOMMOCTH [2].

B Hactosiee BpeMsl M3BECTHO HECKOJBKO JIECATKOB MATPUYHBIX MarepuaiioB. Ocoboe BHUMaHME YAENsSeTCs
pa3paboTke MUHEPAJIONOAOOHBIX KEPaMUYECKHMX MAaTpHIl, TaKMX KaK LUPKOH, MEPOBCKUT, MUPOXJIOP, LUPKOHOIHUT,
MOHAIUT W Jp. MuHepanbl, B KPUCTAUIMYECKUX pEIIeTKaX KOTOPHIX HAXOIATCS PaJHOHYKIWABI, B IPUPOJHBIX
YCIIOBUSIX HaxOZATCSl B PaBHOBECHH C OKpYyXaromied cpenoid. Mcronp3oBaHne MHHEPAIBHBIX MAaTpPHIl TAKOTO THIIA
ABJsIETCS HanboJee HaJeKHBIM MeToJ0oM MMMoOmnm3auu BAO npu ux anurensHOM XxpaHeHuH. OAHAKO, MPU BCEM
MHOT000pa3ny U3BECTHBIX MAaTPHII, OKOHIATEIBHBIA BBIOOD B MOJIB3y KAKOTO-JTHO0 MX TUIIA €IIIE HE CACTaH.

WnTepec k QocdaTtHIM MaTpHIlaM BBI3BaH, NMPEKIE BCETO, TEM, UTO obOpasyrommuecs npu nepepadorke OAT
BBICOKOAKTHBHBIE OTXOJbl MOTYT COJEpXKaTh JOCTaTO4HO Oosblioe kosnndecTBO QocdatoB - mo 15 Bec.% P,0s.
Bricokas koHueHTpauust ¢GocdaToB SBISETCS CIEACTBHEM HCIOIb30BAaHUS «MOKDPOW» TEXHOJOTHH IepepaboTKu
0TpabOTaHHOTO SJEPHOTO TOILUIMBA, OCHOBAHHOTO Ha AKCTPAKLMUHM ypaHa M IUIyTOHUS TpHOyTHiIdocdarom (mypekc-
nporiecc) [3]. [Tostomy npu popmupoBannu GocdaTHBIX MATPHUIL C 33JaHHBIM COCTABOM MOTYT UCIIOJIB30BaThCSI ATOMBI
¢docdopa, npucyrcrByromye B BAO (mpuHIXN «OTXOBI B OTXOIBD»).

Huskast Temmneparypa peKpHCTaUTM3alMHM, YCTOMYMBOCTH K pPaJMallMOHHOMY BO3JCHCTBHIO M  HH3Kas
pacTBOPHMOCTh B BOJIE Ja)Ke IPU BBICOKOM COAEPYKAHWUHM PaJHOHYKINAOB BBITOJHO OTIMYaeT (ocdaTsl OT Bcex
W3BECTHBIX [0 CHX IOp KpUCTAUIMYecKuX Marpul [4]. OZHMM M3 H3BECTHBIX IPUMEPOB, JIEMOHCTPUPYIOUIHM
panuanuoHHYI0 CTOMKOCTH (hoc(haTHOTO MHHEpaja amaTuTa B IPHPOAE, SABISETCS MECTOpoXxIeHne ypaHa B OKio,
I'abon, Adpuxka. llennas peaknusi pacuieluleHHs ypaHa B 3TOM MECTE MPOIUIA TPHONN3UTEIBHO JBa MIJUIHAPAA JET
Hasan. KpuCTamisl amaTuTa C JTOTO MECTOPOXIEHHS XapaKTepU3yloTCs aHOMAlIbHBIM oforamenueM U u
MIPOLYKTaMH AEIEHHS U IIPU 3TOM COXPAHSIOT CBOIO CTPYKTYpY [5].

Llenplo HacTosmed pabOTHI SIBISETCA HCCIIEAOBAHHME 3BOJIONUH (Pa30BOTO COCTaBa IPH cuUHTE3e (GochaTHBIX
MaTpuyHbIx MatepuanoB: ¢ropanaruta Cao(PO4)sF,, Hatpuit nupkonueBoro ¢ocdara NaZr,(POy4); (NZP) n kanuii
maraueBoro ¢ocdara KMgPO,6H,0 (KM®). Ocoboe BHIUMaHKE YJIETICHO ONpPEIEICHUIO ONTUMAJIbHBIX MapaMeTpoB
MOJTy4eHHss MOHO(A3HBIX MaTepualioB MaTpHll, YTO CYIIECTBEHHBIM 00pa3oM BIHMSET Ha MX (HU3MKO-XHMMHUYECKHE
XapaKTEePUCTHKH.

MHNOJYYEHHUE KAJIBIHIUEBOI'O ®TOPATIATUTA 1 ®TOPAITATUTA CO CTPOHIHUEM

@ropamatut  Ca;o(POs)¢F, sBmseTcs camMbIM  pacnpoCTpaHEHHBIM MHHEpajoM TIpynmbsl amatuta. OH
XapaKTepU3yeTcsl BBICOKOW paJuallMOHHOW CTOWKOCThIO. [loBpekaeHMs, BBI3BaHHBIC M3ITydeHHEM BO (ropamarute,
ABIISTIOTCSI TEPMUYECKH HE CTAOWJIBHBIMH M TIpu TeMmmepaTtype Beimie 60 °C ero CTpyKTypa BOCCTaHABIHMBAETCS IO
ncxomHoro coctosiHUA [6]. Kpome Toro, ornmuurensHON depToil ¢ropamaTuTa SBISETCA TO, YTO B €r0 CTPYKType
BO3MOJKHBI 3aMELICHUSI Pa3JINYHBIMU IEMEHTaMU. B 4acTHOCTH, aTOMBI KallbIMs MOTYT OBITh 3aMEIIEHBl HEKOTOPBIMHU
MeTaJUIaMi, B TOM 4YHCJE LIE3UEM U CTPOHIIMEM, KOTOpPbIC MPEACTABISIOT COOOH OCHOBHYIO ONAcCHOCTh B TEUCHUE
MIEPBBIX NECATUICTUN XpaHEHUS WM 3aXOPOHEHUs OTPA0OTaHHOTO SJIEPHOTO TOIIMBA U MPOJAYKTOB €T0 MepepadOTKH.

Cunres kanbiueBoro ¢ropamnatura Ca;o(PO4)sF, u dropanaruta co crponmmem CagSr (POy4)sF, mpoBoaumu ayms
criocobamu: TBepA0(ha3HbIM CHHTE30M U OcaxJieHUeM U3 pacTBopoB [7, 8]. s momyuenus Ca;o(PO,4)sF, ¢ momonipio
TBEpAO(A3HBIX peakluii Opaiy B HEOOXOIUMOM CTEXMOMETPHUYECKOM OTHOUIEHHMH XWMHYECKH UYUCTBIE PEaKTHBBI:
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nupodocdar kanprusa Ca,P,0; ¢ropun xamsuus CaF,, kapoonat xansuust CaCO; u oprodocdophyto kucnory HiPO,.
B cnyuyae cuntesa CagSr(PO,)¢F, B mmxTy ¢rTopamatura Ui BBEICHUS CTPOHIUS HUCIOJB30BAIUA a30THOKHUCIBIN
crpoHninii  Sr(NO;), B BuAe BOXHOrO pactBopa. lcxomHble KOMIOHEHTHl CMEIIMBAIM B MEJNBHHUIE B cCpele
M30IPONUIOBOro CupTa U cymunu npu remneparype ~ 100° C no ocrarounoi Bnaxkzoct 3 — 5 %. Jlanee mpoBoauin
HE00XOAUMYIO TEPMOOOPaOOTKY.

C menpio OIpeneNeHusl ONTHMaIbHON TemrepaTypsl TBepaodasnoro cuaTe3da Cajo(PO4)F, m CagSr(POy4)6F,
MIPOBOJIMIIA HcclieoBaHne MeToqoM PDA ¢a3oBoro cocraBa HCXOIHOM MIUXTH U IMOCIE TEPMOOOPaOOTOK B WHTEpBAIIE
temnepatyp 500-1200°C ¢ marom 100°C m Beigepkkoit 1 wac. Kak BuaHO, W3 mpuBeneHHOW Ha pwuc. la
IU(GPaKTOTPaMMBI, IIUXTa [IOCIE CMEIIMBAHHUA MCXOTHBIX KOMIIOHEHTOB MpPEICTaBIsIeT co00i mupodochaT KaabIus
Ca,P,0,. TepmoobpadoTka 10 500°C HUKaKMX H3MCHEHHUI B (ha30BOM COCTaBE LIMXTHI HE BhI3bIBAET (puc. 10). Ileproie
muaun  Cajo(POy)F, mosBistoress mocie tepmooOpadotku mpu 600°C (puc. 1B). IMonueii cuntes Cajo(POg)cF,
npotekaer npu temmeparype 900°C (puc. 1x). Kpome munuit cuntesupoannoro Cajo(PO4)sF, Ha mudpakrorpamme
MOSBJISIIOTCSL JTMHUM  TpuKaibuuiipocdara Caz(PO4),. Ycunenue xpucrammmzanun Cajo(POs)sF, n ymenbienue
WHTCHCUBHOCTH 1 KonmuecTBa iuauid Ca;z(PO,), npoucxonut ¢ ypenuueHueM temreparypst 10 1100°C (puc. 1x).

Kaxk u B ciydae cunresa Ca;o(PO,)sF,, cunTe3 CagSr(POy4)¢F, Haunnaercs npu remnepatype 600°C (puc. 2B). [Ipn
sToM KkonmdecTBO JHHUN CagSr(PO,)¢F, mpepbrmaer xommdectBo nmuHmid Ca,o(POy4)sF, mpu 370l XKe Temmepatype.
omusrit cunaTe3 CagSr(PO,)F, mporekaer npu Temmepatype 900°C (puc. 2x). Takxke Ha qudpakTorpaMme MOpPOIIKa
CaySr(PO,)eF, noseusrorcs muanm Casz(PO,),. IpucyrcTBre Oonpmioro kommdecTBa Tpukambsimiipocdara Caz(POy),
HE)XEJaTelIbHO, T.K. HM3BECTHO, YTO XHUMHYECKass CTOWKOCTh TpHKaimbmiipocdara HIKE 1O CpPaBHEHHIO C
¢ropamatutom [9]. ITlostomy TpukanpuuiidpochaT IOMKEH OTCYTCTBOBATH MM €ro KOJWYECTBO JOJDKHO OBITh
MUHUMAaJIBHBIM B MaTeprajie MaTpHIlbl Ha OcHOBe (propamatuta A umMmoommm3anuu BAO.
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Puc. 1. ludpakrorpammer 06pasioB Ca;o(PO4)sF, Puc. 2. ludpakrorpammer 06pasinoB CaygSr(PO4)sF,

a) WcXomHas INUXTa; O) mocie TepMooOpabOTKM IpH a) MCXOAHAs INMXTa; O) TMOocie TepMooOpaboTKH TpH
temmeparype 500°C; B) 600°C; r) 700°C; 1) 900°C; ) 1100°C  temmepatype 500°C; B) 600°C; r) 700°C; x) 900°C; x) 1100°C

I nonydenuss MoHodasHbix Cajo(PO4)sF, u CagSr(PO,)sF, ncmonb3oBamm «MOKpPBIH» METOA XHMHYECKOT'O
ocaxeHus. VCXOAHBIMM BEIIECTBAMHU CIY)KWIM XHMHUYECKH YHCTBIE peareHThl: HuTpaT Kaimbpuus Ca(NOs), - 4H,0,
nByx3ameneHHbid pochar ammonust (NH,),HPO,4, dropun ammonns NH4F 1 asotHokuchbiit crponnmit St(NO;), (s
CaySr(PO,)eF»). IIporece moaydyeHus: BKIFOYAT CIIEIYIONINE CTaIUH:

— TIPUTOTOBJIEHHE BOJHBIX pAacTBOPOB HCXoAHBIX KomioHeHTOB Ca(NOs), - 4H,O, Sr(NO;), (mns
CaySr(PO,)eF»), (NH4),HPO, u NH4F HeoOX0oauMo# KOHIICHTpaIuH;

— CMelMBaHHe HCXOIHBIX pacTBOpoB. pH=9-9,5 perynupoBanm noOaBieHHEM HEOOXOAMMOTO KOJIHMYECTBA
ruapookcua ammonns NH,OH;
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— nosnyuenue mopomkoB Ca;o(POy)sF, u CagSr(PO,4)sF,: mpoMbiBKa ocajika, Cylka Ha BO3yXe, H3MEIbUYCHHUE.

Ha puc. 3 npencrasnens! nanabie POA mnopomikoB Cajo(PO4)sF, u CagSr(PO,4)sF,, moiaydeHHBIX COBMECTHBIM
ocaxxaeHueM. BuiHo, uTo Ha qudpakrorpaMMax MpUCYTCTBYIOT JIMHUK TOJNBKO oxHOU (a3sl — Cao(PO,)eF, (puc. 3a) n
CaySr(PO,)eF, (puc. 36), coorBerctBenno. B ommmane ot Cao(POy4)sF, 1 CagSr(PO4)sF,, monydeHHBIX TBEpIOda3HEIM
cuHTEe30M (puc. 1, 2), IpH XMMHYECKOM OCaXXIE€HHH 00pa3oBaHHME (TOPANATHUTOB MPOMCXOANUT HEMOCPEICTBEHHO B
pe3yibTaTe peaknny MeXIy UCXOIHBIMA KOMIIOHEHTaMH.

Tepmoobpabotka kambiieBoro ¢ropamatuta Cajo(PO4)F, u ¢ropanmatura co crpormuem CagSr (PO,)eF»,
MOTYYEHHBIX XUMHYECKUM OCAaXICHHEM pAaCTBOPOB HCXOJHBIX KOMIIOHEHTOB, NPHBOAWT K OOpa3oBaHMIO
HE3HAYMTENFHOTO KonndecTBa Tpukanbnuiipochara. [locne tepmoodpadotku npu 900°C mopomkoB ¢(TopamaTUTOB
Ca;o(PO4)¢F, 1 CaoSr (PO,)¢F, HabmogaeTcst MosiBIICHHE OTHON JHHHU TPHKaIbIi(ocdara Maaoi HHTCHCHBHOCTH

(puc. 4).
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Puc. 3. ludpaktorpaMMbl OPOIIKOB MOJYYCHHBIX XHMHUYECKHUM OCaXKICHUEM
a) Ca o(POy)sF;, 6) CagSr(PO,)sF,
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Puc. 4. lucdpakrorpamMmmel mociic TepMOOOPabOTKH Puc. 5. ludpakrorpammel ociie Tepmoodpadotku mpu 1150°C
npu 900°C, B Teuenue 1 yaca B TeueHue | yaca
a) Cayo(POy)sF2, 6) CaygSr(POy4)sF, a) Cajo(POy)sF2, 6) CagSr(PO4)sF,

@Da30BBIl COCTaB KalbIIMEBOTO (TOpamaTHTa HE H3MEHSCTCS IPH TOBBINICHUH TEMIEPaTypbl 0OpabOTKH 10
1150°C, B TO Bpemsi Kak Ha JudpakTorpaMMme CTPOHIHUHCOAEp)KAIIero (GTopamnaThuTa HaOII0JACTCS YBEIHYCHUE
konmuectBa auHui Caz(PO,4), mo cpaBHenuto ¢ CagSr(POy4)sF,, TepMooOpaboranubm mpu 900°C (puc. 5). YBenuueHnue
temneparypbl 10 1250°C mpUBOAUT K HMCUYE3HOBCHHIO JHHHMU AaHHOrO (hocdara Ha TUPpaKTOrpaMMe KaJIbIUEBOTO
¢ropanarura (puc. 6a) M YMEHBIIEHHIO HWHTEHCUBHOCTM M KOJHMYECTBA JIMHUA Ha audpakTorpamMme
CTpOHIHMIcoAepxkamiero gropamnarura (puc. 60).

Jlist mosrydeHust BEICOKOIUTOTHBIX 00pa3noB gropanatutoB Ca;o(PO,)eF, m CagSr(PO,)sF, mpoBoaum ciekanus Ha
Bo3ayxe B uHTepBasne Temneparyp 1000-1250°C B Teuenme 6 wacoB. Ha puc.7 mpencraBieHa 3aBHCHMOCTb
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oTHocuTeNbHOHM TuIoTHOCTH (ropanatutoB Cajo(PO4)sF, (a) u CagSr(PO4)sF, or Temmeparypsl cnekanus. bwuio
YCTaHOBJICHO, UTO Ipu Temreparype 1250°C HabmogaeTcss MaKCHMAaIbHOE 3HAYCHUE OTHOCUTEILHOU TUIOTHOCTHU ISt
KaJbIIMEBOTO (pTOpamaTuta U (TOpanaTHTa, CoAcpiKamero crpoHmuid: mis o0pasuoB Ca;o(PO4)eF, - 89,91% u s
o6paszoB CaygSr(POy)sF, - 92,78%. Muxkpoctpykrypa o6pasnoB CaoSr(PO4)sF, mpencrasnena nByMsi TUIIaMH 3€peH:
OOJIBIINX CO CPEeTHNM pazMepoM 1,7 — 3 MKM M 3HAYUTEIBHBIM KOJIMYECTBOM 3€peH MEHbIINX pa3mepoB 0,6 — 0,7 MKkM
(puc. 8).

. »-Cayy (PO4)F2
*- CagSr (PO4)F2
+-Cazx(POy)p
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Puc. 6. Qudpaxrorpammer Ca;o(PO,)sF, (a)ir CagSt(POy)sF, (6) mocie TepmoobpaboTky pu
1250°C, B Teuenue 1 yaca
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Ca;o(POy4)sF, 1 CagSr(POy4)F, oT TeMnepartypsl criekanus CKOJI, criekaHue Ha Bo3ayxe, T = 1200°C, BpeMst BEIIEPKKH — 6 4ac.)

BKJIIOYEHME 30.1bI 3ATPS3HEHHOM JPEBECHHBI YEPHOBBLIbCKOM 30HBI
OTUYXJAEHNUSA B COCTAB CUHTE3UPOBAHHOI'O ®TOPAIIATUTA

DTOpanmaTUT MOKET paccMaTpUBAThCA KaK MaTpHUIA T IMMOOMIIM3AIINH PAIHOAKTHBHON 301161 YepHOOBITHCKON
30HBI. 3arpsiI3HEHHYIO JIPEBECHHY C TeppUTOpHH YUepHOOBIIBCKOW 30HBI OTUYKACHHS, COACPXKALIYI0 HaHOOIBIIYIO
KOHLIEHTPALUIO PaJMOAKTHBHBIX H30TOIOB, IOABEPralOT CKUTAHHWIO B €YU C IIETBI0 3HAYUTEIBHOTO YMCEHBIICHHMS
KOJIMYECTBA PaMOAKTUBHOTO MaTepHaia. Y CTaHOBIEHO, YTO OCHOBHOM KpUCTauIM4YecKod (ha3oll MONydeHHOW mocie
CKUTaHUs JPEBECHHBI 307161 sABJsIeTCs okcudocdar kambims CaysO(POy),. 301a SBISETCS HU3KOAKTUBHBIM MaTEPHAIOM,
koTopsiit comepxar °'Cs m *°Sr Texmoremnoro mpomcxoxaenns [10]. ITostomy, 307ma, 06pa3soBaBIasCs MpH
TEepMOOOpabOTKe 3arps3HEHHOW JpeBecHHbl YUepHOOBUIBCKOM 30HBI OTYYXKAEHHS, JOIDKHA OBITh BKIIOYEHA B
KOPPO3UOHHO-CTOMKYIO MaTpHIly JUIs JAJIbHEHIIEro XpaHeHusl B CleNUaIbHO 000pyA0oBaHHbIX xpaHwinmax. C sTol
LIeNBI0 OBUIO MPOBE/IEHO uccienoBanne cunresa ¢propanarura Ca;o(PO4)sF, ¢ ncnone3oBanueM B kauecTBe OCHOBHOTO
COCTaBHOTO KOMITOHEHTA 3016l OT HIMUTATOPa PaJHOAKTHBHON MpeBeCHHB UepHOOBUTECKOI 30HBI oTayxaeHust [ 11].

JIist oy4eHusl CHHTE3UPOBaHHOTO (propamnaTuTa MCXOAHAS HIMXTA FOTOBHJIACH M3 CIEAYIONIMX KOMITOHEHTOB:
3oma — okcudocdar xampmms (CasO(POg),) ¢Topua xamemus (CaF,), a Ttawke kapbonat kampuus (CaCOs) n
optodochopnas kucnora (H;PO,) amsa obecneueHns cteXxuoMeTprdeckoro cocraBa propanaruta. [lomydeHHyo cMech
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nocjie TMpeABapUTENBHOTO CMEIIMBAHUA KOMIOHEHTOB cymmiau mnpu Ttemieparype 30-40°C. OkoHyarenbHOE
CMEIIMBAaHUE M M3MEJIbYEHHE BBICYIICHHON IIMXTHI MPOBOAMWIN B mapoBoil menbHuile. Ilo manueiM PDA mocne
CMCIIUBAHUS U CYIIKH B COCTAaB IIUXTHI BXOJUT OKcHpocdaT kambius u GTopux Kanbius (puc. 9a).

= ‘ . [ ]
}:—/ \[\ﬁ\--'\w.ﬁ/\\/k JQJJQW

20 30 40 50 60 s

%
® - Cao(POs)sF2

5 - CasO(POu)2
e O - CaFa

[ - CaF2

a) 0)
Puc. 9. lndppakrorpaMMsl IOPOILKa: a) HCXOAHAs MINXTa, 0) mociie omkura npu temmeparype 600°C, 1 gac

TepmoobpaboTka muxThl B nHTEpBaie Temueparyp 100 - 400°C He BeI3bIBaeT H3MEHEHHH (a3zoBoro coctasa. [Ipn
temneparype TepMoobpaborku 500°C TOSBISIOTCS TepBBIE PEHTICHOBCKHE JuHHHM (ropamaruta. Kpome
CHHTE3MPOBAaHHOIO (TOpamaruTra HAOMIONAIOTCA pPEHTITCHOBCKUE JIMHUM BBIXOIHBIX COCOMHEHHH. YBEIHUCHHE
Temneparypsl 00pabotkn mo 600°C mpuBOIUT K Ooiee YHMOpsSAOUeHHOMY COCTOSHHUIO KPHUCTAJUIMYECKOH CTPYKTYPHI
¢ropanarura (puc. 90). IIpu 3ToM Ha audpakTorpamMMe MPUCYTCTBYIOT JIMHUK OCTATKOB (hTOPU/A KaJbILUs, KOTOPBIH
mpopearupoBan He TONHOCThIO. JlanbHelillee yBeIMUYEHHE BPEMEHH BBIICPKKH CIIOCOOCTBYET OOJBIIEMY
YIIOPSIOUSHUIO CTPYKTYphI (propanatuta. OKOHYATENHHOE YIIOPSAA0USHNE CTPYKTYpPhI (hTOpanaTuTa MpoOUCXOIUT MpU
TepMo0oOpadboTKe 00pa3ioB npu Temiepatype 600°C B Teuenue 1 yaca 45 MUHYT.

OCHOBHBIMHU ITPEUMYILECTBAMH CHHTE3WPOBAHHOTO (hTOpamaTtuTa SIBISIETCS OTHOCHUTENBHO HM3Kas TEMIIepaTypa
€ro CHHTE3a M HCIOJIb30BaHUs B KauecTBE OCHOBHOro kommoHeHTa 70 30 - 35 Bec.% oxcudocdara Kambpuus, TO €cTh
30J1BI, TTOJIy4EHHOH OT CKUTAHMS IPEBECHHBI, 3arps3HCHHON paJinOHYKIHIaMH.

C menpio TOMyYEeHHUs] BBICOKOIIOTHBIX OOpa3lOB CHHTE3MPOBAHHOTO HAa OCHOBE 30JbI (propamaruTa HpoOBENH
HCCIIEOBAaHNE BO3MOXKHOCTH CIICKaHHUS (pToparnaThTa Ha BO3AyXE€ B 3aBUCHMOCTH OT Temmeparypsl. [Ipn yBenndeHnn
Temmepatypsl cnekaHuss o 1150°C oTHocuTenbHas IUIOTHOCTH oOpasma (ropamaruta coctaBmia ~ 60%. 3Oto
CBHJICTENBCTBYET O TOM, 4YTO ()TOpamaTuT Hpu 3TOH TeMIeparype MHpakTHYecKH He crekaercs. CHekaHus npu
TeMIlepaTypax mpu Oosiee BEICOKHX TeMIiepaTypax CrocoOCTByeT moTepe ¢hropa u TpeOyeT JOMONHUTEIBHBIX Mep IS
npeJoTBpalieHus ero yneryduBanus [12]. Taxke npumeHeHue (ropamaTurta sl UMMOOMIH3AIHH JIETKOJCTYIHX
1e3us M CTPOHLUS HE IPEIIoJIaraeT HCIOJIB30BaHUE BBICOKMX TEMIIEPATyp B CBS3M C BO3MOXKHBIMU PHCKaMH HX
ucnapenus [13]. B cBs3u ¢ 3TUM HesecooOpa3HO MPHUMEHUTH XKUAKO(pAa3HOE CIIEKaHWe, HAlpuMep C ajJbOHTOM, JUIs
aKTHMBaIMH TIpoliecca YIUIOTHeHus. V3BecTHO, YTO TeMIieparypa IuiaBieHus ropamnatura paBHa ~ 1620°C, a anpbura
~1120°C. B psgy MuHepasoB ainbOUT - aHOPTHUT M3BECTHO O NPUMEHEHHMM ISl 3THUX Lened anopruta [l14].
Hcnonp3oBanue anbOUTa MO3BOJSET CHU3MTH TEMIIEPATypy CIIEKaHHWS M CIIOCOOCTBYET MOBBIIMICHHWIO IUIOTHOCTH U
IIPOYHOCTH CIIEYEHHOTO MaTepHaia.

JInst akTHBAILMK CTIEKaHMsI OBUIN MPUTOTOBIICHBI KOMITO3HIMH (PTOpANATHT - aNbOUT ¢ colepkaHueM anpbuta 10,
20 u 30 Bec.%. AnNBOUT HOMYYMIN IPH TEPMOOOPaOOTKE CMECH HaHOPa3MEPHBIX MTOPOIIKOB CHIIMKaTa HaTpust Na,Si0Os,
runpokcuaa amomuaus Al(OH); u metakpemumneBoit kucinoTsl H3Si0;. Criekanne mpoBOIMIN Ha BO3IyXe B HHTEpBAIS
temneparyp 800-1000°C, Bpems Beiep K | gac. 3aBUCHIMOCT OTHOCHTEIBHOM TNIOTHOCTH KOMITO3UITNH (hTOPATIaTHT

- apOUT OT TEeMIIepaTyphl ClieKaHus puBeaeHa Ha puc. 10.
e
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Puc. 10. 3aBHCUMOCTH OTHOCHTENIFHOH IIIOTHOCTH Komnozuiuu  Puc. 11. Audpakrorpammbl 06pa3oB KOMIIO3UIMN (TOpAIaTUT
(¢propanarur - anEOHT) OT TEMIEepaTyphl CIIEKaHUS - 20 Bec.% anpbuta nocne criekanus mpu 800, 900 u 1000°C
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C yBelIMYEHHEM TEeMIIepaTyphl CIEKaHUS IPOUCXOAUT POCT OTHOCHUTENBHBIX IUIOTHOCTEH KOMITO3UIUH.
MakcumanbHasi IIJIOTHOCTh HabJroaeTcsi Ha oopasuax kommnosunuu ¢ 20 Bec.% anpbuTa Npu TeMIepaType CleKaHHs
1000°C. Ha nudpakrorpammax oopasnoB komnosuimu (dpropanarut - 20 Bec.% anp0MTa) 4ETKO BUAHBI PEHTTCHOBCKUE
muHuK QropanaTtuTa u anpoura. C yBennueHreM TeMieparypsl 00padotku 1o 900°C Hapsay ¢ TMHUAMH QTOparaTura
1 anbOnTa MOSBISETCS «TAJ0», YTO CBHIETENBCTBYET O HAIMYUM CTEKJI0(a3pl B COCTaBE CIEUYEHHBIX NpPU 3TOH
TemnepaType oopasmos. [Ipu Temmeparype 1000°C HabmromaeTcst yMEHbBIIICHHE OCHOBHBIX JTHHAHN (Topamatuta. Takmm
00pa3oM, TaHHBIE PEHTTEHOBCKOTO (pa30BOT0 aHaIM3a CBHACTENBCTBYIOT O TOM, YTO C TOBBIIICHHEM TEMIIEPATyphl OT
900 mo 1000°C momsa kpucTaTHUecKuX (a3 yMEHBIIAeTCs ¢ OJHOBPEMEHHBIM POCTOM COJEpKaHHA aMOpPQHOH (a3sl.
MOXXHO NpEeNNONOXKUTh, YTO IPHU 3TUX TEMIIEPaTypax B paciulaBe Oojee JIETKOIUIABKOTO ambOUTa IPOUCXOAMT
YacTUYHOE pacTBopeHue (ropamaruta (puc. 11).

Crienyer OTMETUTh, YTO HAJIMYME albOWTa B KOMIO3UIMK (TOpANaTHT - ajbOUT MO3BOJISIET IPH CIEKaHHH Ha
BO3/yX€ YBCIMYUTh OTHOCHTEJIBHYIO TUNIOTHOCTH 00pa3iioB 110 71 - 82%. CrekaHus KOMIO3HUIUU (TOPAMATHUT - aabOUT
npoxoauT B nHTepBase Temneparyp 800 - 1000°C 6naroaapst HaTMUUIO cTekJIo(asbl ATOUTOBOTO COCTaBa C MPUMECHIO
KOMITOHEHTOB (Topanaruta. Hanbonpime 3Ha4eHNs] OTHOCUTENILHOM IIOTHOCTH HaOII0qaroTCes Au1sl KoMmosuiuu ¢ 10
u 20 Bec.% ampbuta B mHTepBane Temieparyp oT 800 mo 1000°C. D10 gaeT OCHOBAHUS JJIS MIPOBEACHUS JATbHEHIITIX
9KCIIEPUMEHTOB C LENBI0 OMPEACICHUS ONTUMAJIBHOIO COJCPIKAHMS AJIBOWTA JUIS JOCTHIKEHUS ITOBBIIICHHON
TUTOTHOCTH 00Pa30B KOMIO3UIMN (PTOpANaTHT-aIbOHT.

CHUHTE3 BBICOKOANCIHEPCHbBIX IOPOIIKOB NZP ®OCPATOB

[Ipu BBIOOpE MaTepHanoB MaTPUIl UL MPOYHOTO yIEpXKAHWS IITUPOKOro Habopa snemeHToB BAO omauM u3
OCHOBOIIOJIAralOIUX (AKTOPOB SABJIAETCS N30MOP(HU3M aTOMOB B KPUCTAJUIMYECKUX COCIMHEHUIX. B kauecTBe Takon
MaTpHIIBI ISl BKIFOUYEHHS HE TOJBKO TPEXBAICHTHBIX, HO M Pa3IMYHBIX TeTEPOBAICHTHBIX HOHOB, MPUCYTCTBYIOLIUX B
BAO, paccmatpuBaercs Hatpuii nupkonueBbiii pochar NaZr,(POy4); (NZP) [15].

Panee, ¢ menblo BKIFOUCHHS HE(PPAKIMOHHBIX BHICOKOAKTHBHBIX OTXOIOB CIIOKHOTO XMMHUYECKOTO COCTaBa,
COJepKAIMX AaKTUHOMJBI, HPONYKTHI JIENEHHsS M aKTHBUPOBAaHHBIE NPOIYKTHl KOPpPO3WH, OblIa pazpaboTaHa
BBICOKOCTOMKass MynbTH(]azHas kepamuka «Cunpok». Henmocrarkamm kepamuku tuna «CHHPOK» —SIBIISieTCS
i depeHINpOBaHHbBIN XapaKTep pacIIMpEeHHs M BBINIETAYMBAHUS, BCICACTBHE TOTO, YTO PAa3IMYHbIE COCTABIISIONINE
¢a3pl Takoro marepuaiga MMEIOT OTIHYAromIrecss Ko3((HIMEHTH TEPMHUYECKOTO paclMpeHus. B cBs3u ¢ 3THM,
MOSIBIJIaCh HEOOXOIMMOCTh B pa3paboTke ONHO(pA3HOW KPHUCTAJUIMIECKOH MAaTpHIbI, KOTOpas MOrjia Obl BKIIOYATh
OoJIbIIOE KOJMYECTBO MOHOB PA3IMYHOTO pasMepa M 3apsia, npucyrcTByromux B BAO. BapsupoBanme cocraa
tocharo NZP 6e3 CymecTBEeHHOTO M3MEHEHHS KPUCTAJUIOTPa(QUIECKUX XapaKTEPHCTHUK BO3MOXKHO H3-32 HAJIHYHUS
JKECTKOTO AHMOHHOTO KapKaca M CKBO3HBIX OOBEMHBIX IIyCTOT, MIOIYCKAIOUIMX MHOTOYHCIICHHbIE KaTHOHHBIE
3aMeInieHus. biarogapsi TakuM OCOOCHHOCTSAM KpHCTaLIHUECKoro crpoeHus NZP ¢ocdaTsl 001agar0T yHHUKAILHON
CIIOCOOHOCTBIO BKIIIOUATh B CBOIO PEIIETKY A0 45 3JIEeMEHTOB MEpPUOJUYECKOi TaOnuipl 0e3 W3MEHEHHsT OCHOBHOM
CTPYKTYpHI [16].

C 1nenpio MOJMy4YeHUs TOPOILIKOB coeAuHeHui Tuma NZP ucrnonb3oBanu 307b-ellb METOJ, OCHOBaHHBIM Ha
peaknusax B BOAHBIX pacTBopax. Heooxonumoe xommyectBo ZrO(NO3),2H,0 pacTBOpHIM B MUHUMAJIEHOM KOJIMYECTBE
KUISIed Boxbl. Jlasee K TOJMydYEeHHOMY pacTBOpy O00aBWiM pacTBOpeHHBIH B Boje Na,CO; M 1O KamisMm Ipu
HenpepbIBHOM rniepemennBanny pactsop NH4H,PO,4. OOpa3zoBaBmmiicst ress nepememnBain eme 30 MHHYT ¥ ITOTOM
cymy pu 90°C B TedeHune 24 vacoB. BeicymieHHbII mopomok HarpeBanu A0 600°C ans yaaneHus BOObI 1 aMMHAKa,
BBICPKUBAIN 15 4acoB, TIIATENFHBIM 00pa3oM IepeTHpaIn B KOPYHIOBOH cTymke u oTxuraimu npu 800°C B Teuenne
14 gacos.

W3 nanHbix POA ananusa BUAHO, YTO IOJYYEHHBIM 30Jb-T€b METOIOM IIOpPOLIOK, B OCHOBHOM, SIBJISIETCS
docharom mupkonus Zry(PO,), (puc. 12a). danpHeiinas tepmoodbpadoTka mopomka mpu 600°C B Teuenue 15 gacor
MPUBOJUT K IMosBIeHUIO mupodocdara uupkonus ZrP,O;, KOTOpbId ocTaeTcsi €IMHCTBEHHON (a3oii u mpu
temmeparype oopadotku 800°C (puc. 126).
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Puc. 12. ludpaxrorpamma dhochaTHOT0 MOPOIIKA, IIOTYYEHHOTO a) 307b-T€JIb METOIOM,
0) nociie TepmoodpadoTku mpu 800°C B TeueHue 14 yacos
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VYcraHOBNIEHO, YTO NpU COONIOJNCHUHM CTEXMOMETPHH HMCXOAHBIX MOPOIIKOB MONYYSHHBIH 30JIb-T€llb METOJ0M
HOPOJYKT IOCIe TepMOOOpaboTOK He oTBeuaeT (azoBoMy cocTaBy NZP docdaros. D10, MO-BUAUMOMY, CBS3aHO C
BBEICOKOH JeTydecThio Na,O. [Toaromy mposenu cunTe3 NZP docdaros 30mb-rens MetogoM npu n3dositke Na,COs ot
25 no 200 Bec.%. Penrrenosckue nmuanu NZP docaros Habmonatores yxe npu 25 Bec.% u3odbitka Na,CO; BMecTe ¢
3HAYUTETHHBIM KOJIMYIECTBOM JIMHHUH nupodocaTa THPKOHHUS OOIBIION HHTCHCHBHOCTH.
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Puc. 13. ludpakrorpaMmpl HOTYUSHHBIX 30Jb-Tellb METOAOM (ochaTHbIX MopoikoB ¢ u3osiTkoM Na,CO; ot 25 1o 200 Bec.%
nocie Tepmoobpadotku mpu 600°C (15 gacor) u 800°C (14 gacoB)

C ysenndenueM u30biTka Na,CO; ot 25 no 100 Bec.% mpoOHCXOIUT yBEIHYEHHE KOJIMYECTBA PEHTI€HOBCKUX
muanid NaZr,(PO,);, a xommuectBo ymHUN ZrP,O; ymensmaercsa. Ilpm 3TOM WHTEHCHBHOCTH OCHOBHBIX JIMHHM
NaZr,(PO,); yBenuuuBaetcs, a ZrP,O; — ymenbiaercs. J{is mopouika, mojay4eHHOro 30J1b-Tellb METO/IOM C H30BITKOM
200 Bec.% Na,CO; mocne tepmoobpaborkn mpu 600°C (15 uacoB) m 800°C (14 uacoB), XapakTepHO HalIM4Ue
enuHCTBeHHOM (ha3bl NaZry(POy); (puc. 13).

[TpoBeneHHbIE HA MPOCBEYMBAIOIIEM 3J1eKTpoHHOM MuKpockore ([IOM) JEM-2100 uccnenoBaHusi OTIENIBHBIX
yacThll (ochaTHBIX MOPOIIKOB, TOJYYEHHBIX 30JIb-T€Jb METOJOM, IIOKa3ald, YTO AaHHBIC MOPOIIKH SBISIOTCS
HaHopa3MepHbIMU. CpenHuit pasmep dacTul roixydeHHoro NZP nopomrka nocie cymku cocrasisier 30 HM (puc. 14a).
[ocne TepmooOpadotku mpu temmneparype 600°C B tedenue 15 wacoB pasmep uyactuii NZP mopormika B cpeaHeM
coctaBmi 120 HM (puc. 146). TepmoobpadboTka npu Temmnepatype 800°C B TeueHne 14 yacoB MPUBOIUT K YBEIHUCHHIO
pasmepa gactun nopoika 10 ~230 am (puc. 148). TepmoobdpaboTka NZP nopomika npu temneparypax 600 u 800°C B
TEYEeHHE TOCTATOYHO JIUTEIHHOTO MHTEpBaja BpeMeHH (00Imee BpeMs TepMooOpaboTKH — 29 4acoB) HE MPHUBOAUT K
3HAQUUTETBHOMY  yBEJIMYCHHIO pa3Mepa dacTHIl MONYyYeHHOro Topomka. Takum  00pa3oM, IOIydeHBI
BBICOKOJIMCIIEPCHBIE TIOPOIIKH /ISl H3roToBNIeHUS NZP KepaMuKH, peyiaraeMoi B kauecTBe MaTpuiisl BAO.

a) 6)
Puc. 14. [I9M mukpodororpadus Hanogactur; NZP moporka
a) nocine cymky npu 90°C B Teyenue 24 gacos, 0) mocie Tepmoodpadorku mpu 600°C B Teuenue 15 gacos, B) mocie
TepMoobpaboTku npu 800°C B TeueHne 14 gacos

KAJIMA-MATHUMA-®OCPATHBIE MATPUIIBI 1JISI AMMOBUJIA3AILIANA BAO
Kamnii-maranii = pocparer  KMgPO,6H,0 (KM®) B KauectBe Marpul JIsi OTBEPXKACHHS O KHIKHX
BBICOKOAKTHBHBIX OTXOJIOB OBIIM MpeIUIOKeHbI paHee B padoTax [17-19]. OCHOBHOM OTIMYMTEIHHONW YEPTOH TaKHX
COEIMHEHUH SIBIAETCS TO, YTO OHM OOpa3yloTCs NMPH KOMHATHOW TEMIIEpaType B pe3yibTaTe XUMHUYECKOW peakmnu
MEXIy OKCHIOM MarHums W Juruapodocdarom Kamus B BOAHOW cpene. [lostomy mporecc OTBEpKICHUS KHUIKHX
BBICOKOAKTHBHBIX OTXOIOB TIpH J00ABICHWH CBS3YIOMHX KOMIOHeHTOB KM® xapakTepu3yercss IMPOCTOTON
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peaiM3aniy U HU3KHUMHU dHeprosarparamu. Kpome Toro, BO3MOXXHOCTh CHHTE3a rHiapaTHpoBaHHOW marpuisl KM® B
OOBIYHBIX YCIOBUSX (TIPH KOMHATHOM TemrepaType U aTMoc(epHOM JIaBIEHHH) OCOOEHHO BakKHA JUIsi MMMOOMIIU3AIINU
JIETKOJIETYYHX MPOIYKTOB JeJeHus, TakuX Kak Srt, Cs, Tc.

B HHII X®TU coBmecTHO ¢ AProHHCKOH HallMOHaJIbHOW Jlaboparopueil n kommnanueid Boron Products, LLC.,
Ceradyne Corporation (3M Company), B pamMKax BBIIOJTHEHHS pabOT MO MapTHEPCKOMY IMpoekTy P-547, Obutn
MIPOBEJCHBI MCCIEJOBAHMS 0 MMMOOMIM3alMH HMHUTATOPOB NOHHBIX oTiioxkeHnit BAO u3 pesepByapoB B XeHndopae
(CIIA) B Mmarpumsl KM®. B JOHHBIX OTIOKEHHSX COmepX)HTCA 95% Bcero 'Sr m Gomee 90% TpaHCYpaHOBBIX
3JIEMEHTOB, XPAHAIINXCS B pe3epByape. B HUX B 10CTATOYHO BBICOKMX KOHLCHTPALMAX COAEPKATCS TAaKHE 3JIEMEHTHI,
kak Fe, Al, Ca, Na, U, Cr, Pb u npyrue, a uX akTHBHOCTb OIPEIEIAeTCS HATUINEM CICAYIONINX PaIHOHYKIHIOB: 239Pu,
200py 24py 137Cg %5y 27Np, 241 Am [20].

Jlnst oTBepKACHUS MMUTATOPOB JOHHBIX oTioxeHuii BAO wu3 pesepyapoB KE m KW Basin (Floor sludge)
UCIIOJIB30BAIM HU3KOTEMIICPATYPHYIO MarHui-QpochaTHyI0 KOMITIO3HIIMIO, OCHOBHOW CTPYKTypooOpasyromeii (a3oit
KOTOPOH SIBJIICTCSI Tekcaruapat marauii-kanuii-gpocdara MgKPO,4-6H,0. TIporiecc 0CHOBaH Ha peaKIUu:

MgO + KH,PO, +5H,0— KMgPO,-6H,0

OTBeprKAeHHE NMHUTATOPOB JIOHHBIX OTJIOKEHHMH NpoBoawiv npHu nobaske cHavana KH,PO4 npu HenpepsiBHOM
nepemeninBanny, a notom MgO B coornomennn: MgO: KW/KE Basin sludge: KH,PO4 = 1 : 2 : 3. B pe3synprare
TIOTY4€HBI OTBEP)KIACHHBIE 00pa3nbl Ha ocHOBe MaTpuibl KM® obnaxatomue ogHOPOAHON CTPYKTYPOIl M TUIOTHOCTHIO,
pasHoii 1,7 — 1,9 r/em’.

Bbu poBeIeHBI MCCIIEAOBAHNS BIMSHUS CTETICHH HAMTOIHEHHS THApaTupoBaHHbIX MaTpul] KM® koMmoHeHTaMu
nmutatopos otxoqoB KW/KE Basin sludge Ha mpo4HOCTHBIE XapaKTEPUCTHKH OTBEPKIEHHOTO MpoaykTta. [lokazaHo,
YTO C BO3pacTaHHEM KoJM4ecTBa OT 2 10 2,6 yacTeil BBeACHHBIX MMUTaTopoB B Marpuily KM® nHaGmomaercs
TEHJCHIUsI YBEJIMYECHUS Tpeeia MPOYHOCTH TPH CXKATHH 00pasloB OTBEPXKICHHBIX MMHTaTopoB oTxomoB KW/KE
Basin sludge (tabmuima). [Ipeaen mpovHOCTH MpPU CXKATUU MOJYYCHHBIX 00pasmoB >9 MIla, 4To COOTBETCTBYET
tpeboBanusiM ['OCTa P 5092696 x orBepkaeHHbiM BAO [21]. C 1enpio yBeIHYEHUs] TPOYHOCTHBIX XapaKTEPUCTUK
MOJTy4EHHBIX 00pa3LoB B Iporecce oTBepxaeHnss MuTatopoB otxon0oB KW/KE Basin sludge 1o6aBisiii BOJUTaCTOHUT
CaSiO;, beio mokasaio, 4To ¢ yBeJIMUEeHHEM KOJIMYecTBa BOJUIACTOHUTA JI0 15 Bec.% mpeen MpOvYHOCTH TPH CKaTHU
00pa3oB yBennuuBaeTcs Ooee 4eM B JBa pasza (>20 MIla).

Tab6muma.
Pe3ynbraThl HCIIBITAaHUHA Ha c)KaTHE 00pasloB oTBepkIeHHBIX nMuTaTopoB oTx0n0B KW/KE Basin sludge
O6pasier Coneprxanue umuratopos otxonoB KW/KE Basin [Ipenen mpounocTH mpu
P sludge, yactu cxatuu, MIla
2 9.4
OTBep>KICHHBIC IMUTATOPBI 0TX010B KW
Basin sludge 2,3 9,7
2,6 13,5
2 9,2
OTBepKJIeHHbIE UMUTATOPHI 0TX0/10B KE
Basin sludge 2,3 9,5
2,6 9,7
120 - +KMgPOL6H.0 *-KMgPO,6H,0 210
. . OH, 200 % * -KMgPQ,* 6H,0
»  100f @ =
Z £ =
E sl = sof =
£ £ Lo
] s =
) & ol . s
5 40} 3 . z .
- = * % 7} *
= = st * 2.t
20 F = ¥
N
L ! L L L L L 1 1 L 1 L L ) 0 L L L L . J
0 14 16 18 20 22 24 26 28 30 32 34 36 38 40 15 20 25 30 35 40
20, deg. 20, deg. 13
a) 0) B)

Puc. 15. Iudpakrorpamma obpasiia a) OTBEpKACHHBIX UMUTATOpOB 0TX010B KW Basin sludge, 6) oTBep»kIeHHBIX HMUTATOPOB
orxonoB KE Basin sludge, B) KM®




58
EEJP Vol.3 No.12016 V.A. Shkuropatenko

[MpoBenenuslit PMDA aHanu3 mojaydyeHHbIX MaTpUl] NOKa3aJl, 4YTO KpHCTaulMdeckas ¢aza B oOpasnax
oTBepkJcHHBIX UMuUTaTopoB oTxomnoB KW/KE Basin sludge (puc. 15a,0), B OCHOBHOM, COOTBETCTBYeT (ocdary
KMgPO4-6H,O (puc. 158). Ilpu stom HaGmomaeTcs mosiBieHHE HEOOJBIIOr0 KOJIWYECTBA JHMHUHM Ipyrux ¢asz u
HE3HAYUTENIPHOE CMEIEHNe OCHOBHBIX JMHHMH Qocdara KMD Ha nmudpaxrorpammax o0pa3LoB OTBEPKAESHHBIX
nmuratopoB orxonoB KW/KE Basin sludge nmo cpaBrennio ¢ audpakrorpammoit oopasna KM®. Dto moxer ObITh
cBsi3aHO ¢ oOpazoBanueM ¢azpl KMgPO, 6H,0 nepemeHHOTro cocTaBa 3a CUET YaCTHYHOTO 3aMEIICHHUS KaJlisl HAaTPHEM,
a MarfMsl JXeJIe30M, COJEpKAIMXCsS B OONBIIMX KOIWYECTBAX B JOHHBIX OTIOXKEHHMIX BAO mu3 pesepByapos B
Xengopzae. Hanmune OoJyee OIMPOKOTO CIIEKTPa Pa3IMYHBIX KOMIIOHEHTOB U MX KoHIEeHTparmu B pactBope KE Basin
sludge no cpaBuenutro ¢ KW Basin sludge npuBoaut k Gosee CylIeCTBEHHOMY H3MEHEHHIO BHa PEHTTCHOBCKHX
qudpakTorpaMM. OT0 MOXKHO OOBSCHUTH TEM, YTO YacTh MCXOJHBIX COJIeH He MpopearupoBaja U OCTanach B pacTBOpE
UMHTATOpa B BUJIE OCAIKOB.

HccnenoBanuss MUKPOCTPYKTYpPBI CKOJa 00pa3loB oTBepikAeHHbIX nmuraTopoB orxonoB KW/KE Basin sludge
MPOBOJIMIIA HA CKaHHPYIOIIEM 3JIeKTpoHHOM Mmukpockorne JEM-7001 F (COM), ochameHHOM peHTreHoBckuM EPC
mukpoananuzaropom Oxford INCA PentaFET-x3.

Kak BugHo n3 nmanaeix COM uccnenoBaHnii MUKPOCTPYKTYpa OTBEP)KJICHHBIX MMUTATOpPOB 0TX010B KE-Basin
sludge sBiseTcs 1MOCTATOYHO IUIOTHOH W OJHOPOMHOH. PEHTreHo-CeKTpOMEeTpHYecKHe H3MEpEHHUs COCTaBa
MOTYYEHHBIX 00pasloB TOATBEPKIAIOT HAIMYME B TONyYEHHBIX oOpasmax snemeHtoB K, Mg, P, dopmupyrommx
Matpuiy KM®. Kpome TOro, Ha HccieqyeMBIX ydacTKax OOHAapy»KeHa 4acTb OCHOBHBIX KOMITOHEHTOB HMMHTATOpa
KUIKUX paanoakTuBHBEIX 0TX0n0B KE Basin sludge: Na, Pb, CI (puc. 16).

T T T T
s 1 15 2 25 3 35 4 45
onHEA weana 13608 umn. Kypoop: 3.5845 (239 vmn.) (1=

—— 10pm NSC_KIPT
20.0kV SEI SEM 10.. Omm

Element Wt. % At.%
O 35,29 52,82
Na 12,95 13,48
Mg 1,57 1,55

P 2,92 2,26
Cl 29,37 19,84

K 16,07 9,84

Pb 1,83 0,21

100MKkm OnekTpoHHoe usobpaxkeHue 1

Puc. 16. MukpoctpykTypa ckona o0pa3sia oTBepKIeHHbIX HMUTAaTOpoB 0TX010B KE-Basin sludge

HccnenoBanus (a3oBOro cocraBa IOJMyYEHHBIX MaTpHIl TIOKa3alid, YTO B 00paslax OTBEP)KICHHBIX UMHTATOpPOB
nmouHbIx otioxenuid BAO u3 pesepyapoB KE u KW Basin, B 0CHOBHOM, COXpaHseTCS CTPYKTYpHBIH THI (ocdaTa
KMgPO4-6H,0. Dro yka3plBaeT Ha BO3MOXKHOCTH BBICOKOTO HarojHeHus Marpuiy KM® kommonentamu BAO 0e3
U3MEHEHHUS €€ KPUCTAJUINIECKOH CTPYKTYPBHI.

BbIBO/bI
[TpencTaBneHbl OCHOBHBIE PE3YNIbTaThl HCcIeq0BaHUN cuHTe3a (ropanaruta Ca,o(PO,)sF,, HaTpuii mupkoHHEBOTO
¢docdara NaZr,(POs); m xammit maraueBoro ¢ocdara KMgPO,6H,0, paccMaTpuBaeMbIX B KauecTBE MAaTpHIl IS
UMMOOWIN3alUH PAaIMOAKTHBHBIX OTXOHOB. Kak M3BECTHO, MATpHIBI JUII MMMOOWIM3ALUHM OTXOIOB SIBJISIOTCS
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TJIaBHBIM 3JIEMEHTOM MHOFOGapbepHOﬁ CHUCTEMbI HM30JIALMU BBICOKOAKTHBHBIX OTXO/0B, BKJ'IIO'-IaIOHJ,efI, KpOME MaTpuli,
KOHTEIHEPHI ISl 3aXOPOHEHHsI OTXO/I0B, TJIMHSHBIE Oapbephl U MCIOJIb30BaHUE €CTECTBEHHBIX NPUPOIHBIX O0apbepoB,
TaKMX Kak CKaJbHbIE TOPOJbl. B paboTe mokasaHa BO3MOKHOCTB ITOJy4YeHHs MOHO(A3HBIX (OC(aTHBIX MaTpHIl MpU
komHaTHOM Temmeparype (KM® docdarsr) u remneparype 10 1000°C (propamnatursr, NZP docdarsr), uro ocodeHHO
BaYXKHO TPH UMMOOMITH3AINH JETKOJIETYIHX MPOAYKTOB JCIICHHS.

Ha ocHOBe mpOBEeNeHHBIX WCCICAOBAaHUKA TIOKA3aHO, YTO WCKYCCTBCHHO CHHTE3MPOBAHHBIH (HTOpAMATHT,
OCHOBHBIM KOMITOHEHTOM JIISI CHHTE3a KOTOPOTO SIBIISICTCS 30714 OT CKATAHUS JPEBECHHBI, MOXKET OBITH MCIIONF30BaH B
Ka4ecTBE MATPHIIBI JJISI HMMOOIIN3AINH PAIHOHYKINIOB, HAXOIAMINUXCS B 30J€¢ APEBECHHBl UepHOOBIIHCKON 30HBL.
CnexanueM Ha Bo3ayxe npu Temmneparype 1000°C monydeHsr o0pa3ipl kommno3uiuu gropanatut — 20 Bec.% anbouTa ¢
OTHOCUTENIbHON TIOTHOCTBIO 82%. IloBbIllIeHHEe aKTHBHOCTH CIieKaHuWs B wuHTepBaie Ttemmeparyp 800-1000°C
00yCJIOBJICHO HAJTMYHEM CTEKIIO(a3bl aTbOUTOBOIO COCTABA.

Jns GonpuivHCTBa ocdaToB XapakTepHbl H30MOP(HBIE 3aMELICHUs Psilia 3JEMEHTOB, KaK B KATHOHHOM, Tak U B
aHroHHOM rpymme. Criocoonocth NZP (ocdaTa BKIIOYATh B CBOIO PEIIETKY OONBIIOE KOJIMYSCTBO UOHOB PA3IMIHOTO
pasmepa | 3apsijia JefaeT ero BecbMa MepCcreKTHBHEIM MaTPUYHBIM MaTepuaioM it nmMmoowmm3annu BAO. Oxnako,
IIPY 3TOM HEOOXOMMO yUHUTHIBATh, YTO METOJIBI CHHTE3a TAKUX MATPHI JOCTATOYHO CIIOMKHBL.

[TpoBeneHHBIE SKCIIEPUMEHTHI TI0 OTBEPIKICHUIO0 MMHTATOPOB XKHUJIKUX pagroakTuBHBIX 0TX010B KW n KE Basin
sludge mokazanm, 9TO ¢ BO3pacTaHWEM WX KOIHYECTBa OT 2 10 2,6 dactel B Marpuiy MK® Habmomaercs: yBeInIeHe
TpefieNia IPOYHOCTH TPH CKATHH TMOJMYYCHHBIX O0pasloB. 3HAYCHHS IIpelesia MPOYHOCTH TPH CKAaTHH 00pas3IoB
OTBEP)KICHHBIX WMHUTAaTOPOB 0TX0A0B > 9 MIla, gto ymoBnerBopsier TpeboBanmsam ['OCTa P 50926-96 «Otxonst
BBICOKOAKTHBHEIC OTBEP)KICHHEICY.

HecmoTps Ha 3HAYUTENBHBIN MPOTrpecc, JOCTUTHYTHINA IpH M3yYSHWH MOBEICHUS KEPAaMUYECKHUX, B TOM YHCIE U
docharupix, (opM IS HUMMOOMIHM3ALUU SACPHBIX OTXOJ0B, MHOIHME HPOIECChl TPEOYIOT MOIMOJHUTEIBHBIX
WCCIIEIOBAaHUH, BKJIIOYAIONIMX H3y4yeHHue (a30BOi CTAOMIBHOCTH, paJdallMOHHOM M KOPPO3HMOHHOW CTOWKOCTH B
3aBUCHMOCTH OT Temmeparypsl U pH cpeabl m T.4. YcioBue coOimtofeHus MOHO(A3HOCTH Marepuaja MaTpHIl
00YCJIOBJICHO HEOOXOAMMOCTBIO M30€XaTh MHUKPOPACTPECKMBAHUE MATPHUI] MPH HMX OXJIAXKICHUS II0CIEe CHHTE3a U
XpaHeHUs, OJarojaps aHM30TPOIMU TEPMHUYECKHX CBOWCTB OTHENBbHBIX (a3 wim ux TpaHcdopmanmu. Ha npaxTtrke
nMMoOmm3anus  KuAkuXx BAO B KepaMHUYecKHe MAaTpHIBI XapaKTEPHU3yeTCsl IIOBBIICHHOW CIIOKHOCTBIO U
OmacHOCTHIO. NI TaKWX MPOIIECCOB XapaKTEPHO OTCYTCTBHE OCTATOYHOM CTETIEHH CMEIIUBAHHS MCXOTHON IIHXTHI
MaTpHUI] ¥ OTXOMOB, a TaKKe HE COOJIOICHHE PABHOBECHBIX TEMIIEPATypHO-BPEMEHHBIX YCIIOBHH, YTO MPUBOIUT K
MIPUCYTCTBUIO KOMITOHEHTOB UCXOTHON MIMXTHI M 00pa30BaHHUIO COMYTCTBYIOMHUX (a3 B KOHEUHOM IMpoaykTe. [loraTomy
BO3HUKACT HEOOXOAUMOCTh B MCCIIEOBAaHUH (PU3UKO-XUMHUECKUX CBOWCTB TaKMX COIMYTCTBYIOMHKX (pa3, B TOM Umucie
UX KOPPO3MOHHOW M pagualiOHHOM CTOMKOCTH, IHEpEepaclpencicHus] PaguOHYKIMIOB MEXIy OCHOBHOM U
comyTcTByOMIIeH (a3oit u ap. B KoHEYHOM cyere, pe3yabTaThl dTHX HCCICAOBAHHI MOTYT CYIIECTBCHHO MOBIHATH Ha
MEPCHECKTUBHOCTD UCIIOJIb30BaAHNA MOJIYYEHHBIX MaTEPUATIOB B KAUYC€CTBE MATPUI] BAO.
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This paper discusses the spectra of photo - and ion-luminescence (PL and IL) of ultrafine crystals (UDC) ZnO deposited on the
substrate in an magnetic field. UDC ZnO was obtained by separation in a water emulsion industrial phosphor (K-56). The
fluorescence spectra for initial sample have a relatively intense broad band in the visible region, which during the deposition of the
initial sample in magnetic field becomes less intense. PL spectra for ZnO UDC have weak intensity bands in the visible region. And
UDC PL spectra for ZnO deposited in an magnetic field, and do not have this band. While this exciton band with A,,,,=401nm for all
the samples remains almost unchanged. When exposed to samples of oxygen ions spectra were obtained ionoluminescence, which
differ from the fluorescence spectra. The analysis of the spectral characteristics obtained under the influence of ions sour-kind of the
ZnO crystals shows that the intensity of the broad band in the visible region responsible for the defects formed by oxygen ions.
KEYWORDS: spectrum, photoluminescence, ionoluminescence, magnetic field, ZnO, ultrafine crystals

CIIEKTPBI YJIBTPAJUCIIEPCHBIX YACTHI] ZnO, IOJAPU30BAHHBIX B MATHUTHOM IOJIE
B.U. ToTIOHHUKOB
Tpuazosckuil 20cy0apcmeeHHbLIl MeXHUYECKUIl YHUSepcument
2. Mapuynony, yn. Yuusepcumemckas, 7, 87500, Yxpauna

B manHo#1 paboTe paccMaTpuBarOTCs CeKTphl GoTo- U noHo-momuHecteHuun (PJI u UJI) ynsrpanucnepcHsix kpuctamios (Y AK)
ZnO, ocaxxAEHHBIX HA MOIIOKKY B MarHUTHOM mosie. Y/IK ZnO monyyanu myTéM pasznesneHus Ha (Gpakuuy B BOJHOH 3MyJIbCHU
npombIuieHHOTo itomuHO(opa (K-56). Criextper GJI ams mcxognoro odpasna UMEIOT JOBOJIBHO HHTCHCHBHYIO ITHPOKYIO MOJIOCY B
BUAUMON 00JIaCTH, KOTOpPasi IPHU OCAXKICHUH HCXOAHOTO 00paslia B MarHUTHOM IIOJIe, CTAHOBHUTCS MEHEe MHTCHCHUBHOH. CIIEKTPHI
OJI ms YK ZnO umeroT cnabyro MHTEHCUBHOCTH MOJOCH B BHIUMOIl obnacti. A crektpsl @JI mis YK ZnO, ocaxnéHHBIX B
MarHUTHOM IIOJIe, IPAKTUYECKH HE UMEIOT 9TOH MOJIOCHL. [IpH 3TOM 3KCUTOHHAS MOJIOCA C Ay =402HM 171 BceX 00pa3IoB OCTaéTcst
MIPAaKTUYECKH Heu3MeHHOHW. [Ipu Bo3nmeicTBHM Ha 00pa3sibl HOHAMH KHCIIOpOJa OBLIM IOJYYEHBI CHEKTPHI MOHOIIOMHHECLCHIHY,
KOTOpBbI€ OTIINYAOTCs OT crieKTpoB PJI. AHanu3 cneKTpaabHbIX XapaKTEPUCTHK, NOTYUYEHHbBIX IPU BO3ACHCTBUM HOHAMH KHCIOpOJa
Ha KpucTauibl ZnO TOKa3bIBAeT, YTO 33 MHTCHCHBHOCTb WIMPOKOW IIOJIOCHI B BUAMMOII 00JacTH OTBETCTBEHHBI HE(EKTHI,
00pa30BaHHBIE HOHAMH KUCIIOPOJA.

KJIFOYEBBIE CJIOBA: criekTp, HOTOTOMHHECIECHINS, HOHOTIOMHHECIIEHIINS, MarHUTHOE 110Jie, ZnO, yIbTpaaAnuCIIepCHBIC KPHC-
TaJUTBI

CIIEKTPHU YJbTPAJUCHHEPCHUX YACTHHOK ZnO, NIOJIAPU3OBAHUX B MATHITHOMY I10OJII
B.I. TroTIoOHHHKOB
Tpuazoscokuil deporcasHuil mexHiunull yHisepcument
M. Mapiynons, yn. Yuisepcumemcoka, 7, 87500, Yrpaina

B nmamiii po6oTi posrimspatotecs crektpu (orto - ta ionHomominecueniii (OJI ta IJI) ynerpagucnepcuux kpucranis (YIK) ZnO,
0Ca/UKEHUX Ha OCHOBY B MarHiTHeMy noii. YK ZnO otpuMyBaiy LUISXOM NOALUTY Ha Gpakiii B BOAHIN eMyJIbCii IPOMUCIOBOTrO
mominogopa (K-56). Cnexrpu ®JI 11 BUXiZHOTO 3pa3ka MalOTh JOCHTh TaKW IHTEHCUBHY LIMPOKY CMYTY y BUAUMIHM o0nacTi, ska
OpU OCaPKeHHI BUXIAHOro 3paska B MAarHITHEMY moui, crae meHin inTencusHow. Crexrpu ®JI mis YK ZnO mawth cnabky
IHTEHCHBHICTh cMYTH y BHAUMIiN obnacTi. A criektpu @JI s VK ZnO, ocamkeHnX B MarHiTHOMY MOJi, MPAaKTHYHO HE MAIOTh L€l
cmyrd. [Ipy IbOMY €KCHTOHA CMYTA 3 Ay, =402HM 17151 BCIX 3pa3KiB 3aJIMINAETHCS MPAKTUYHO HE3MiHHOO. [Ipu 1ii Ha 3pa3ku ioHaMu
KHCHIO OYyJIM OTpUMaHi CIIEKTPH 10HOJIOMIHECIICHIIHII, SIKi BIAPI3HAIOTHCS Bif crekTpiB @JI. AHami3 cCHeKTpalbHUX XapaKTEPUCTHUK,
OTpPUMAaHHX IIPH BIUIMBI iOHAMH KHCHIO Ha KpucTatu ZnO mokasye, IO 3a IHTCHCHBHICTH INMMPOKOI CMYTH y BHAMMIH oOiacTi
BiZINOBifaNEHI Ie()eKTH, yTBOPEH] i0HAMH KHCHIO.

KJIFOYOBI CJIOBA: criektp, GOTONFOMIHECIICHITiS, I0HOTIOMIHECTICHITis, MarHiTHe moJie, ZnO, yabTpaauciepCHi KPHUCTATH

B mnocnemHee Bpemst 0coObIi HMHTEpEC MPEICTABISIOT HAHOpa3MEpHbIE Marepualbl, B KOTOPBIX MOTYT
HaOmonaTecst pasMepHble d(QGEKTbl M3MEHEHUS CBOMCTB MaTepualloB H3-32 OOJIBIIOrO BKJaJa IOBEPXHOCTH.
[Tonydenue n mcciaenoBaHME MaTepUalioB ¢ HOBBIMU CBOWCTBAaMH, IIPU HCIIOJIL30BAaHUH HAHOTEXHOJIOTHH, ITO3BOJISET
COBEPIINTH NTPOPBIB B 3TOM HalpaBiIeHUH. B 3Toii CBsI3u Oiarogapsi CBOMM YHHUKaJIBHBIM CBOHCTBAM MEJKOANCIIEPCHBIC
CTPYKTYpbl Ha OCHOBe Zn(O NpPUBIEKAIOT BHUMAaHHE DPA3JIMYHBIX HCCIemoBaTenbckux rpymm [1-4]. Oxcun nuHka
SIBIIICTCS ITUPOKO30HHBIM TIOYIPOBOIHUKOM C IIMPUHOHN 3amperieHHon 30HBI 3,37 3B. U3 [5] cnemyer, dro mmpuHa
3anpenéHHoN 3006l HaHOYacTHUI] ZnO 3aBUCHT U OT WX BEJIMYMUHBI. DHEPTHs CBsA3M dKcHTOoHA B ZnO paBHa 63 M»aB, aTo
3HAYMTENBHO BBIIIE, YeM Y IMIHMPOKO U3BECTHOTO MonynpoBoaurka GaN (26M»aB). PexomOnHaIus SKCUTOHOB B OKCHIC
[MHKA TPH KOMHATHOHW TeMmIeparype OOYCIIOBIMBACT YIbTPa(UOIECTOBOE M3Iy4YeHHEe ¢ ATUHON BOJHBI 380-390 HM
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[6,7]. Takum 00pa30oM, MOBBIIIEHHBIN UHTEPEC K OKCUJLY LIMHKA CBS3aH C BO3MOYKHOCTBIO CO3JJaHUSI CBETOU3ITYYAIOIINX
YCTPOHCTB, paboTaromux B OnvkHEM yinbTpaduoneroBoM auanasone [7-9].

B Hacrosimee BpeMsi pa3pa00TaHO MHOXKECTBO METOZOB MOJIYYEHHs HAHOYACTHUIl, KaK B paMKaX TPaJAUIMOHHOU
JUIS. MUKPOBJIEKTPOHUKH TEXHOJIOTHH (AJIEKTPOXMMHUYECKOE TPABJICHUE, METOJ TOHKO PETYJINPYEeMOl KOHIEHCALUH U3
ra3oBoi (asbl), TaK M CO3JaHUE HOBBIX TEXHOJIOTHYECKHX MPUEMOB (AE€TOHALMOHHBIA CHHTE3, 30JIb-T€Ib TEXHOJIOTHS,
MexaHocuHTe3 u apyrue) [10,11]. B atux paborax mogdépkuBaeTcs, 9TO METO/ MOMYIECHUS yIbTPAIUCIICPCHBIX CHCTEM
(YAC) mMeeT 3HaYUTENBHO OOJNbBIICE BIMSHHE HAa WX CBOWCTBA, YeM B CIy4ae MaKpPOCKONMYECKHX MaTepHaioB. B
JOTIOTHEHNE K (PU3MYECKHM XapaKTEepHUCTHKaM Makpockommieckoro oowvekra Y/IC xapakTepusyroTcsi AUCTIEpCHEH
YaCTHIl MO pa3MepaM M KadeCTBOM IOBEPXHOCTH, a 3TH MapaMeTpPbl, B 3HAUUTEIBHOW Mepe Ompenessiomue Gpu3nko-
XMMHYECKHE CBONCTBA TAKOM CUCTEMBI, 3aBUCST B CHIIBHOH CTETNIEHH OT METOAA MOMyYeHUsI. DTO MPUBOAUT K OOIBIINM
BapuvanusaM ODKCHCPUMCHTAJIBHBIX JaHHBIX, IMOJYYaCMbIX pPas3sIMdYHbIMU HCCICIA0OBATCIAMU. HOBTOMy MMpEACTaBJIACT
MHTEpEeC HCCIeNoBaTh 00pasibl, MMOJY4YECHHbIE ONpPECICHHBIM METOoIOM. lcciienoBanue CBOWCTB MEIKOJMCIEPCHBIX
kpuctayuioB ZnO, NOIyYEHHBIX C TOMOIIBIO PA3JIMUHBIX METO/I0B, OTKPHIBAECT HOBBIE MEPCIIEKTHBBI IPUMEHEHHS 3TOTO
BEIIECTBA.

[TomMuMo BbIIIE YMOMSHYTBIX CBOMCTB y ZnO ecThb TakWe MPEUMYIIECTBa Iepe] MPOYMMH IIMPOKO 30HHBIMU
MaTepruallaMH, KakK paJlalliOHHas CTOHKOCTh. Takke, TexHosorus noiydeHus ZnO ropasjgo Ipomie, YTo SIBISETCS
3aJJOTOM HHU3KOW CTOMMOCTH YCTPOMCTB Ha €ro OCHOBE. AKTyaJbHOM Ha CETOAHSIIHUNA JEHb SIBIAETCS OJHA W3
Ba)XHEHIINX NPOOJIEeM KPUCTAIM3ALNH - MOJIy4YeHHE OPHEHTHPOBAHHBIX MEIKOAMCIEPCHBIX CHCTEM Ha HE OPHUEHTH-
PYIOIINX MOTOKKaX [12-14].

enr maHHOW pabOTHI 3aKITIOYAETCS B HCCICIOBAHWHM ONTHYECKUX CBOWCTB MEJKOMUCIIEPCHBIX cucTeM ZnO,
OCaXIEHHBIX HA HEOPUEHTHPOBAHHYIO MOJIOKKY B MATHUTHOM IIOJIE.

SKCIHEPUMEHT
CrnexTpanbHbIEe XapaKTEPUCTUKU HCCIENOBAIUCh HA BBICOKOBAKyYMHOH YCTaHOBKE, TEXHHYECKHE IapaMeTphl

KOTOpOH TIpefcTaBieHsl B paboTe [15]. DkcrnepuMeHTanbHAs YCTaHOBKA IO3BOJISIET N3ydYaTh CIIEKTPHI HOHOJIIOMHHEC-
uenimu (UJ1) u poromomunecuenimu (DJI). Mukpodotorpaduu 006pa3IoB morydand Ha 3IEKTPOHHOM MHUKPOCKOIIE -
JSM-6390LV. Koaddunuent npomyckanus uMmepsuin Ha crekrpodoromerpe CD-46, 3areM MONyYCHHBIC JTaHHBIC
WCIIOJIB30BAJIN [UISl OTIPEJICIICHUS IINPUHBI 3aNpeEHHON 30HbI. MeToiKa onpe/ieieHus UPHHBI 3aIpeIIEHHON 30HBI
TIOJTYIIPOBOTHUKOB TIpe/icTaBieHa B paborax [16,17].

MenkoaucnepcHsle Kpuctamisl ZnO momydand mMyTéM paszesieHus Ha (pakuuu B KOJUIOMIHOM pPacTBOpE
npoMeInuieHHOro MroMuHopopa K-56. KommonnHslit pacTBop BeIIEp)KUBAJICS B MPOOMPKE HE MEHEE OJHOTO MECSIA.
[Mocme »oTOorO 1MIA WCCIEAOBAaHW WCHOJB30Bajack 1/3 pactBopa M3 BepxHEW dYacTH TpPOOHpPKH. AHamU3
MUKpodoTorpadur IMPOMBIIIICHHOTO JTIOMHHO(Opa (puc.10) mokaspBaeT, 4TO pa3Mephl KPHUCTAJUIOB HAXOIATCA B
mpenenax 500-10am. OOGpasmbl A7 HCCIEAOBAaHUS HAHOCHINCH Ha IOUIOKKY M3 HEpXKaBEIOIeH CcTamu B BHUIE
sMmynbcun ZnO BOJHOTO pPacTBOpa, 3aTeM BOJa yJajsiach MyTEM BbIapHBaHHs. TemrepaTypa MOIUIOKKH —MOJ-
nepxkuBanach B mpeaenax 65°C. Takoll pexkuM BbIapUBaHUS JaéT BO3MOKHOCTH d(P(EKTHBHEE YAAIMTh BOIY M3
oOpasila ¥ B TO K€ BpEeMsl HE CIOCOOCTBYeT 0Opa30BaHUIO KOHBEKTHBHBIX ITOTOKOB, KOTOPBIC HE IMO3BOJSIOT
3a(h)MKCHPOBaTh YaCTHLBI B ONpPEeIEHHOM NonokeHnH. [Ipoliec HaHeceHHs 3MyNbCUM Ipou3Boawics 3-4 pasza 1o
o0Opa3zoBaHusi MaTroBoro Hainéra Ha momiIoxke. VccnenoBamuch oOpasusl ZnO, HaHECEHHBIE Ha TIOJUIOKKY, Kak
OOBIYHBIM CITIOCOOOM, TaK M B MArHUTHOM Tose. OcaXk/ieHHe YIbTPaANCIIEPCHBIX YaCTHI] IPOBOMIM B MArHUTHOM TOJIE
¢ uaaykuueid marautHoro nosst: 0,14 Tu, 0,20 Ta u 0,30Tu. ITocie yero obpaszen momemancst B pabodyro Kamepy.
MHaykuuss MarHuTHOTO TOJISI U3MEpAIach “‘U3MepureraeM MarHuTHoW mHaykuuu 111-8”. ITapaMmeTpbl HOHHOHN MyHIKU:
yckopsiromiee Hanpspkerne ot 50 o 3000 B, nonssnii Tok ot 0,004 mo 3,5 HA. 3anmck CrIeKTPOB MPOU3BOAMIACH TIPU
KOMHATHOH Temneparype. s cpaBHEHUS 3aITUChIBATHCH CIIeKTPBl DJI 1 CIIEKTPhI HOHOIIOMUHECIIEHINH, TTOJTyYeHHBIC
MIPH BO3/ICHCTBUY MOHAMHU KHcopoa Ha oopazer (MJ1,).

PE3YJIBTATBI U UX OBCY/KIEHUE

B nanHoit pabote npumeHsuuch potomomunectenims-OJI u Hu3KkosIHepreTrdeckas noHomomuHecuenuus W,
KOTOpBIE SIBJISIFOTCSl BECbMa WH(QOPMATUBHBIMH M IIUPOKO HCIIOIB3YIOTCS ISl U3YUYEHHs YIbTPaAUCIIEPCHBIX CHCTEM
(YAC). Ha (puc.la) mpencraBiensl crnektpsl @DJI obOpasmoB wucxomnoro momuHOpopa K-56 u  crekTpsl
MEJIKOAUCIIEPCHBIX YacTHL] ZnO, 0CaXAEHHBIX B MArHUTHOM TOJIE.

[Monydennsie B nannoi pabdore cnexrpsl PJI npomeinuiennoro momuaodopa ZnO (K-56) npencrasieHs! psioM
TUHANR C JUIMHAMH BOIMH B MakcUMyMe: Ei(Aux=379 HM), Er(Mx=388 HM), E3(Mx=395,5 am), E4(Ax=401 HM), 1
IIMPOKOH Tonocoit B BHAMMOHN ob6mactu E;(A,.=510-540 aM) m oxBateBaromieit aumamazoH or 401 mo 650 HM.
Habmomaercs pazmmumne mexny crektpamu @JI mrs o0pa3noB HaHECEHHBIX Ha IMOUIOKKY OOBIYHBIM CIIOCOOOM U
HAaHECEHHBIX B MarHUTHOM monie (puc. la). V3 aHanmm3a CHEKTPOB BHAHO, YTO C YBEIMYCHHEM HHTCHCHBHOCTH
MarHUTHOTO TIOJSI, B KOTOPOM MPOMCXOOUT ocaxaeHune YJIK, ymydmaercs cTpyKTypHPOBAaHHOCTH CHEKTPAIBHBIX
nuanid. Tak mis muann E; HaOmromaercst He3HaYMTENbHOEC M3MeHeHHe nHTeHCcHBHOCTH OT 0,40 10 0,27(abCoMFOTHBIX
CIMHUI) U YMCHBIICHHE MOJYIIMPHHBI MONOCHI OT AA=7,0 uM 1m0 AA=6,0 um. CrekTpanbHas JuHUS E, Takke
UCIIBITBIBAET W3MEHWHHE WHTEHCHBHOCTH W YyMEHBIICHHE MOJYNIMPUHBI NOJOChl OoT AA=4,0 HM 1m0 AA=3,5 HM.
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Haubonee uHTeHcuBHas JimHMsl E4 Takke craHoBUTCS Oosiee y3koi (M3MeHEHHE ModywupuHbl oT AA=4,0 HM 10
AX=3,6 HM).
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Puc.1. Cnextpst ®JI menkonucnepcHsix gacTill ZnO, ocakAEHHBIX B MATHUTHOM I10J1€
U MuKpogoTorpadus ucxonHoro obpasua ZnO
a) l-HaHeceHHe Ha MOJUIOKKY OOBIYHBIM CIIOCOOOM MPOMBIIIIEHHOTO JoMHHO(opa K-56; 2 - MarHuTHOE mojie ¢ MHIyKIuei
0,14Tn; 3- marautHOe moie ¢ uaAyKiuen 0,20 Tn; 4- marauTHOe moine ¢ uaayknuei 0,30 Tia; 6) MukpodoTorpadust HCXOIHOTO
obpasna ZnO.

WutencnBHOCTD Tosiockl E; yMeHbIIaeTcst Mo Mepe YBENMYCHHS MHTEHCHBHOCTH MAarHWTHOTO IOJS B KOTOPOM
MIPOUCXOAUT ocaxaeHne yacTul ZnO. Hu3kast HHTEHCHBHOCTH CIIEKTPAILHOM MOJIOCH B BUANMOI 00J1acTH TOBOPUT 00
yIy4IIEHNN KPUCTAUIMIECKOW CTPYKTYpbI JaHHOTO obpasma ZnO. B nmreparype oTMedaeTcs, 4TO TAaKHWE CIIEKTPHI
COOTBETCTBYIOT BEICOKOMY CTPYKTYPHOMY M ONITHYECKOMY Ka4eCTBY KpPUCTAILUIOB [6-8]. DTOMY, BUANMO, CITIOCOOCTBYET
HanpasJCHHAs OIpPEAEIEHHBIM O00pa30oM OpPUEHTAlMs KPUCTAIIOB B MAarHUTHOM II0J€. YPOBEHb MNOJSIPU3ALNU
YIBTPAIUCIIEPCHBIX KPHUCTAJUIOB B JAaHHOM CIIydae BBIIIE, YeM KPHCTAIJIOB HMCXOAHOTO obOpasiia Tak, KaKk COIJIACHO
mukpodororpapun pasmepsl YK Haxomsatcs B mpenenax 10-40 am (puc.4). Ha mnonsipuzanuio HaHOYACTHI[ B
JJIEKTPUUYECKOM T0JIC yKa3biBaeTcs U B pabotax [13-15], 06 opuenraimu YK B MarHuTHOM mosie uHGOpMAIMK HE
HaliieHo.

ITpn BozneiictBun Ha momuHOopop K-56 m YK ZnO monamm kuciopona (3Heprusi -3x3B) Obuti mosydeHs!
CIIEKTPbI HOHOIIOMUHECIICHIINH (pHC. 2), oTinuyaronirecs ot ciiekrpos OJI (puc. 1a).

400 500 600 A (ma)

Puc. 2. Cnexrpsr NJl 06pa3noB, NOTyYEHHBIX MyTEM OCAKACHUS MEIKOAUCTIEPCHBIX YacTHIl ZnO B MATHUTHOM T10JI€ (IJ1S1 TAaHHBIX
CIIEKTPOB SHEPIHsi HOHOB KHCIOPo/a 3k3B)

1 - mpomsinieHHOTO MToMuHO(Opa K-56, 2 - HaHeceHNe Ha MOI0KKY B MATHUTHOM MoJie ¢ nHAykiuen 0,14 T, 3- HaHeceHue Ha
MO/IJIOKKY B MarHUTHOM T1oJie ¢ unaykuueit 0,207, 4 - HaHeceHue Ha MOJUI0KKY B MarHuTHOM noJjie ¢ uaaykuueit 0,30Tn

Crextpsl UJI, npombinutensoro momuHopopa (K-56) ZnO mpencraBieHbl psjioM JHHUM C JUIMHAMH BOJH B
MakcumyMe: B, (Mx=382,5 aM), Es (Aax=426,8 HM), E7 (AMyux=512 EM), Eg (A4;ax=654 HM). Croextper UJI, YK ZnO
MIPECTABIICHBI JTMHUAMHU C JJIUHAMA BOJMH B MakcuMyMe: E; (A =390 HM), Es (Ay0x=427 aM), E¢ (Myax=486 HM), Eg
(Max=550 HM), Eg (Ayax=652,5 uM). U3 (puc.2) BumgHO, uTo cuektpsl YK ZnO cHiIbHO OTIHYAIOTCS KaK OT CHEKTpa
ucxomHoro obpasma, Tak u oT crekrpoB ®JI ZnO (pmc.la). Cmekxrper WJI, uMeroT Oojee IMHUpOKWE JHHHUHU, C
nomymupuHOi muHIH 0T AA=17,0 mo AA=10,0aM mns muaun E, n ot AA=16,5 am mo AA=15,5 am g muaun Es. OT0
TaKXKe MOXXHO OOBSICHUTH TEM, YTO C YBEIWYCHHEM HAmNpsHKEHHOCTH MAarHUTHOTO NOJs, mpHu ocaxnaeHnu YK ZnO,
gucio yactuil ZnO ¢ omnpenenéHHol opueHTanuel yBenuuuBaercs. ClielyeT OTMETHTb, uTo JuHus E, u nuaus Es B



64

EEJP Vol.3 No.12016 V1. Tyutyunnikov

criekTpe ucxogHoro oopasua u crnektpax YK ZnO wucneiteiBator nuBepcuto. M3 crnektpoB YK ZnO BuaHo, uTO
WHTEHCHBHOCTb TI0JIOC CIIEKTpa B BHIMMOW 00JIaCTH YMEHBILIAETCS IIPH OCAKACHUH MEJKOAUCIIEpCHBIX dacTull ZnO B
MarHUTHOM Tmojie ¢ Ooipmiel HanpspkéHHocThio. Ha puc. 4 mnpencraBiena mukpodortorpadus YK ZnO anamms
KOTOPOM IOKa3bIBAET, YTO pa3Mephl 4acTUll HaxoAsTcs B mpexaenax 10-40mm. YacTunsl HaHOpa3sMEpPHBIX BEIHYHH B
OoutbIneil cTeneHn MpeoOpeTaroT ONpPeAEIEHHYI0 OPHEHTANI0 B MAarHUTHOM II0JIE, YTO IPOSIBISETCS B CHEKTPaJIbHBIX
XapakTepucTukax. M3 3Toro MoXxHO cienats BbIBOA, 4To ocaxzaeHue YK ZnO Ha moioxKKy B MarHUTHOM MO
yIIydIaeT omnTH4eckrne xapakrepuctuku obpasma. Crektpsl YK ZnO, momydeHHBIE TpH BO3IEHCTBHHM HOHAMHU
KHcaopona ¢ 3Heprueil 1k3B u 2k3B MMeIoT Takoi ke BHI, HO XyX€ CTPYKTYpHPOBAaHHOCTh M MHTEHCHBHOCTH. Ha
puc. 3 TOKa3aHa 3aBHCHMOCTb WHTEHCHBHOCTH CIIEKTPAIbHBIX JHMHUM WOHOJIIOMUHECIECHIMH OT YCKOPSIOIIETO
HaNpsDKEHUST Ha HOHHOM MyIIKe (3KCIIepUMEHTAIbHbIE JaHHbIE OTMEUEHbI TOUKAMH).

1.04 [ (oTH.€x.)
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1,0 2,0 3,0 U(LB)

0008.. N11

Puc. 3. 3aBucumocts nHTeHCHBHOCTH Ul 0T 3Heprum nonoB  Puc. 4. Mukpodororpadust MenkoaucnepcHsIx KpuctamioB ZnO.

Ommnune criektpoB PJI u NI, MoxkHO 00BsiICHUTH TeM, uTo DJI 310 00BEMHAS JTFOMHUHECIICHIUS KPUCTALIa, a
JIIOMHHECLICHIIUS BBI3BaHHAs MOHAMM HU3KHX dHepruil (no 3x3B) — moBepxHOCTHas MoMuHecLeHIMA. VIOHbI HU3KUX
sHepruifi ~1 k3B paccenBaroTCs MOUYTH NOJTHOCTBIO HAa TOBEPXHOCTHOM CJIO€ M IIMPOKO HCIONB3YIOTCS IS
uccienoBaHus "mepBoro MoHocsos" aroMoB Kpucrayuia [18]. I'myOuna BO3neicTBHS yabTpadroIeToBOro N3IydeHHs
Ha KPHUCTAJUIMYECKHE MaTepHalbl JO0 HECKOJIBKMX MHKpOH. Takke HEOOXOJMMO YYHWTHIBAaTh, YTO MEXaHHU3M
B3aMMOJEHCTBHSA MOHOB C KPHCTAJLIMYECKONW PEHmETKON TBEPAOro Tesla OTIMYAETCS OT MEXaHM3Ma B3aUMOJEHCTBUS
9JIEKTPOMArHUTHOTO NoJist Y ® U3IydeHus ¢ BEIMIECTBOM.

B Tabnuiie npencTaBieHs Bce OCHOBHBIE CIIEKTPAIbHBIE TAPAMETPBI, TIOyUSHHBIE VIS HCCIIEAyEMBIX 00pa3IoB.

Tabnuna
ITapaMeTpsl CIIEKTPOB, MOJIYUCHHbBIC PH UCCIICAOBAHNMH JTFOMHHOPOpa ZnO
E,(am) | B, (am) E; (am) E,4 (am) Es (am) E¢(um) | E;(um) | Eg(am) | Eo (M)

DJLiex 3790,13) | 388,0(0,41) | 395,0(0,12) | 401,0(1,00) | ......... | e 51000,14) | .o | o

AX=4.8 AN=4,0
Ol | 379(037) [ 388.70.35) [ 395.000.12) [ 4023(100) [ ... | .. 5250006) | oo | s
B=0,14Tn | A=7.0 A)=4,0 AA=4,0
DLy 379(0.40) | 388.6(043) | 3955(0,12) | 402.0(1.00) | ... | ... 525003) | o |
B=0,20Tn | AA=6,5 AX=4,0 AN=4,0
DLy 379(0.27) | 389,0043) | 395,5(0,12) | 402,0(1,00) | ... | ... 525002 | s |
B=0,30Tx | AX=6,0 | AA=35 M=3,6
I/U-[ncx .......... 382>5(1,00) .................. 426,8(0,32) ......... 512(0}36) ......... 654,0(0,10)

A=17,0 =150
H‘HYJK --------- 390,000,10) | ... | el 427,0(1,00) 486(0,27) | ......... 550(0,23) 652,5(0,24)
B=0,14Txn AX=12,0 M=16,5
Wy | oo 390,000,12) | oooooe |, 427,0(1,00) | 486(0,16) | ......... 550(0,15) | 652,5(0,16)
B=0,20Tx A=10,7 AX=16,0
Wiy | oo 389.7(0.14) | ... | ... 427,0(1,00) | 486(0,14) | ........ 550(0,11)  652,5(0,10)
B=0,30Tn AX=10,0 AA=155

B ckoOkax ykazaHa OTHOCHTEIbHAS WHTEHCHUBHOCTH MOJOC, DJI, . — (OTOTOMUHECHECHIUS MTPOMBIIUICHHOTO
obpasua K-56, WU, — HOHOMOMMHECLEHIHUS NpoMblueHHoro obpasua K-56, @Jlygx — ¢oromaroMuHecueHIys
YIBTPaIUCIIEPCHBIX KPUCTAIDIOB, OCAXKIEHHBIX Ha MOJUIOKKY B MarHUTHOM molnie ¢ uHaykimen B=0,14Tx, B=0,20Tmx,
B=0,30Txn, Wly;x — MOHOJIOMUHECLEHIUSA YIbTPAJUCIEPCHBIX KPHCTAIOB, OCAKAEHHBIX HAa HOAT0KKY B MATHUTHOM
monie ¢ uaAyknuer B=0,14Tn, B=0,20Tmx, B=0,30Tx.

[To nanHBIM Y D-CIEKTPOCKONNU YIBTPAAUCIIEPCHBIE KpUcTaibl ZnO Mpo3payHbl B BUAUMOM JIHAINa30HE JJIUH
BosiH. {1t Toro 4toObl ompenenauts HmmMpHHY 3anpenénHoi 3006 YJIK ZnO na crektpodoromerpe CD-46 Obuin
ompeneNieHbl KO3 (UIMEHTH MPOMYyCKaHUs B HEOOXOMUMON OOJIACTH JUIMH BOJH JUIS KBapICBOH IOIJIOKKHA U
YIBTPaIUCIICPCHBIX KPHUCTAJIIOB, HAHECEHHBIX Ha KBapIEBYIO MOIOKKY. KoadduumeHTsl nmpomyckanusi onpenessm
JUT QUKCHPOBAaHHBIX 3HAYCHUI JIUTMH BOJH. 3aTE€M IO U3BECTHOW METOIUKE ONPEeACTHIN KO3(D(OUIMCHTHI TOTIIONICHUS
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1 mocTpornu rpaduku B koopauHatax (ahv)’ —hv [16,17]. 3HaueHHe IIMPUHBI 3aNPEIIEHHON 30HbBI (Ey) momyuunnu
Iy TEM JIMHEHHON MHTEPIIOJISIIIMY MPSIMOJIMHEIHOT0 yyacTKa rpaduka Ha och abcIucc.
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Puc. 5. Cnextpsl nornomenus o6pasios ZnO U 3JeKTPOHHBIE IepeXoas! TP (HOTO-  HOHO-TIOMUHECIICHITUH.
a) ONpeIelIeH e IMPHHBI 3aTPEIIEHHOI 30HBI 06Pa3IoB B KOOpAHHATAX (ahv)’ —hv; 1 - mexomusIit o6paser (K-56), 2 - YK ZnO,
0) cxema PIIeKTPOHHBIX Iepexo0B B ZnO npu Bo3AeHCTBIN Ha 00pazel yIbTpaduoiIeToM U ITydKOM HOHOB KHUCIIOPOa.

Ha puc. 5a nmokazans! rpadukn ucxoxnoro u YK ZnO. 3HaueHne mmpuHBI 3anpeméHHoil 30061 oopasna K-56
paBHo 3,495B, a ms YAK ZnO cocranser 3,52 3B nmpu xomHaTHOH Temmeparype. HaOmiomaercs 3aBHCHMOCTH
3HAYECHUs NIMPUHBI 3alPEIEHHON 30HBI B, OT pasmMepoB KpucTamios, ¢ ymenbmienueM pasmepos Y JIK Bemuunna E,
pactér. [nsa Oosiee TOJHOTO MOHMMAHWA TPOIECCOB, IPOUCXOMIIIMX MpH BO30yXAeHWH yiabTpaduomerom
(Mx=365HM) u woHamu kucimopoma (MJI,) o0pa3moB ymbTpagWCIEpCHBIX KpucTauioB ZnO, mpemiokeHa
SHEpreTUveckas auarpaMMma JJIEKTPOHHBIX MepexonoB (puc. 56). Kak Buano, mpu @JI mpeobinagaroT ‘“‘mpsmbie’
Tepexo/Ibl 30Ha-30Ha ¢ U3MyueHHueM KBaHTa cBeTa 310 siuHuu E |, E,, E;, E4. V3nydenne B BuauMoii o6mactu nuaus E; ¢
Miax=525HM 00ycnoBieHO nedeKkTaMy KHUCIOPOAHBIX BakaHcHi. IIITpUXOBBIE JNMHHM TOKa3bIBAIOT 3JIEKTPOHHBIC
0e3n3iydaTenbHbIe IEPeXobl CONMPOBOXKIAIOUIMECS pacTpaTodl JHEpruu B Temsio. [Ipy BO3JAEHCTBUM HOHAMHU
KHCJIOpOZia Ha oOpasel] 3JeKTPHOHHBIM IepexoJ] 30Ha-30Ha MMEET MAallyl0 BEPOSITHOCTb, O 4EM CBHICTEIBCTBYET
HWHTEHCUBHOCTH JIMHUU E; (A, =390HM). MoHHas GomOapaupoBKa cocoOCTBYeT 00pa30BaHHIO MHOXKECTBA Je(EKTOB,
CO3JIaHHBIX BaKaHCHSIMH KHCIOPOa, 9To moATBepkaaetcs ciekrpamu NI, (muamm Es, Eg, Eg, Eo).

B nanHo# paboTe OBIJIO yCTaHOBIICHO, YTO OCAXKAEHHBIC B MAaTHUTHOM I0J1€ KpUCTAILIBI ZnO yIbTpaanuCIIepCHBIX
pa3MepoB 3HAYUTENBHO YIYYINAIOT CBOM CHEKTPAJIbHBIE CBOWCTBA. DTH CHEKTPHI aHAIOTHYHBI CIIEKTPaM, KOTOpBIE
MTOTyYaroT MPH UCIOIB30BAHNU CBEPXUICTHIX KPUCTAIUIOB C HICabHON KpHcTawmdeckon pemérkoit [1,8,10,17,19]. B
pabore [17] ormeuaercs, uro ymbsTpaduoneroBoe (UV) mu3mydeHHe MPOSBISIETCS B TOCTATOYHO COBEPIICHHBIX
CTPYKTYpax C MHHUMAaIbHBIM KOJIHYECTBOM JE€(EKTOB, KOTOpBIE MOTYT CO3aBaTh KOHKYPHPYIOIIHNE KaHAaJbI
W3ITydYaTeIbHON WK Oe3n3nydaTenbHON pekoMOuHaruu. [loaToMy cooTHomenne uHTeHcuBHOCTeW UV M BUAUMOTO
m3nydenus PL Moxer cimykxuTh Mepoil kadecTBa kpuctauioB ZnO. Ilpuuém B Hactosmiedt paboTe IUis 3TOTO
UCIIONIb30BAIaCh HE CIELMAIbHO TIOJIrOTOBJCHHAS NOAJOXKKA. Pe3ynbraTel pabOThl NOKa3bIBAalOT, YTO Ha
HEOPHEHTUPOBAHHOM MOAJIOKKE, IIpU ocaxaeHnH Y IK B MarHUTHOM, Kak U B 3JEKTpUUecKoM [15], mone Toxke MOXKHO
MOJTy4aTh 00pasIbl CO CHEKTPAIBHBIMY MapamMeTpamMH OJIM3KMMH K MapaMmeTpam il KPHCTAJUIOB BBICOKOM YMCTOTHI U
HJeaTbHON KPUCTATUINYECKOM PeETKOM.

3AK/IIOYEHHE

Honyuensr cnextpsr ®JI u W, mist yaprpamucnepcHbix cucteM Zn(O, KOTOpBIE YKa3bIBalOT HA TO, YTO IpHU
YMEHBIICHUN Pa3MEPHOCTH KPUCTAUIOB A0 HAHO-PAa3MEPHBIX BEJINYMH HMX CTPYKTYPHBIE M OINTHYECKHE CBOMCTBA
yrny4marorcsi. OcakaeHHe YJIbTPaAUCIEPCHBIX KPHUCTAJUIOB Ha MOUIOKKY B MAarHHTHOM IIOJIE Takke BENET K
3HAYNUTEIBHOMY YIYYIICHHIO ONTHYECKHX I1apaMeTpoB. OJTO, BUAWUMO, CBSI3aHO C OINpPEICIEHHON OpHEHTaIuen
ONTHYECKON OCH MENKOAMUCHEPCHBIX KpUCTALIOB ZnO mpu OCakIeHUM UX B MarHUTHOM roje. ITokasaHo, yTo mms
NOJIyYeHHs] MarepualioB C BBICOKUMH OINTHYECKHMH CBOWCTBAMH HE TpeOyeTcs CHEelHalbHO IOArOTOBIICHHAS
nomnoxka, ecnmu YK ZnO ocaxnare B MarHUTHOM mosie. [lomyueHHbIE pe3ynbTaThl TakKe IOKAa3bIBAIOT, YTO
YMEHBIICHNE Pa3MEPHOCTH KPUCTAIIOB BEAET K YBEJIUUEHHIO IINPUHBI 3aNpeléHHol 30861 MaTepuana. [Tokasano, uto
MPYU OCAXIEHUH YIbTPAAUCIEPCHBIX KPHUCTAIJIOB B MATHUTHOM IOJE€ MOXHO MOJyYUTh MaTepUalbl C ONTUYECKHMU
napaMeTpaMH He XyKe, UeM JJISl CBEPXUHUCTBIX KPUCTAJUIOB C UACANBHON KPUCTAITNUECKON PEIETKOM.
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THE FEATURES OF THE PHASE TRANSFORMATIONS IN INTERMETALLIC
PHASES IN ZIRCONIUM ALLOYS
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On the basis of experimental data the analysis of phase changes in intermetallic phases in alloys on the basis of zirconium (Zr —
1,03 ar.% Fe; Zr — 0,51 ar.% Fe; Zr — 0,51 ar.% Fe — M (M = Nb, Sn,Ta) is carried out. We used experimental techniques:
Mossbauer spectroscopy on >'Fe nuclei in backscattering geometry with the registration of the internal conversion electrons, X-ray
analysis, X-ray diffraction and electron microscopy. As a result is found the interrelation between process of growth of inclusions of
intermetallic phases and segregation of these phases. The growth of particles derived by phase transformation, recrystallization and
interrelated. In our case the detected phase separation of two types, so iron is transferred from one phase to another at short diffusion
paths. The kinetics growth of inclusions is not controlled by bulk diffusion, and a lower value of the activation energy of migration of
iron atoms can be bound with existence of enhanced diffusion paths and interphase borders.

KEY WORDS: zirconium, alloys, phases, growth, segregation

OCOBJIUBOCTI ®A30BUX NIEPETBOPEHDb B IHTEPMETAJIYHUX
®DA3AX B IUPKOHIEBUX CIIJIABAX
B.I'. Kipiuenko, P.C. Hecrapenko, T.O. KoBajienko
Xapriscokutl nayionanohuil ynieepcumem imeni B.H. Kapa3zina
61022, Xapxie, m. Ceoboou, 4

Ha 0oCHOBI eKCIepUMEHTAIbHUX JaHUX MPOBEICHO aHaji3 (a30BHX MEPETBOPEHb B IHTEPMETANIYHUX (ha3ax y CIUIaBax Ha OCHOBI
nupkoHio. Zr — 1,03 ar.% Fe; Zr — 0,51 a1.% Fe; Zr — 0,51 a1.% Fe — M (M = Nb, Sn,Ta). BukopuctoByBanu excrepiMeHTaNbHi
MeToH: MecchayepiBchKa CIIEKTPOCKOIIS Ha spax > Fe B reoMeTpii 3BOPOTHOTO PO3CIIOBAHHS 3 PEECTPALI€0 CIEKTPOHIB BHYTPI-
IIHBOI KOHBEPCii, PEHTTeHOCTIEKTPAIbHUN aHalli3, PEHTTeHOCTPYKTYPHHH aHaJi3 1 eNeKTPOHHY MiKpocKoriio. B pesynbrari BusiBie-
HO B33a€MO3B 530K MiX IIPOIIECAMH POCTY BKJIIOYEHb IHTEPMETaNIYHUX (a3 Ta cerperamiero X ¢as. 3pocTaHHS YaCTHHOK, IO Bij-
OyBaeThCsl yepe3 (pa30BUiIl MEPETBOPEHHS, 1 PEKPUCTATI3allis B3a€MOIOB'A3aHi. Y HAIIOMY BHIQJKY BHSBICHI BUAUICHHS (a3 IBOX
THIIIB, TOMY 3J1i30 HEPEXOIUTh 3 OaHiel (ha3u B iHIIY 1O KOPOTKMM LuIsixax Andy3ii. KiHeTHka pocTy BKIIOYEHb HE KOHTPOJIIOETHCS
00’emMHOI0 Andy3i€ro, Ta MEHIII 3HAUSHHs eHepril akTHBALil Mirparii aToMiB 3aJ1iza Moxxe OyTH MMOB’sI3aHe 3 HASIBHICTIO UIAXIB MPH-
ckopeHoi audysii Ta Mix hasHEMH KOPJOHAMH.

KJIFOYOBI CJIOBA: uupkoHiii, criasu, ¢asu, 3picT, cerperaris

OCOBEHHOCTH ®A30BbIX IPEBPAIIEHU B UHTEPMETAJIJIMYECKUX
DA3AX B IUPKOHHUEBBIX CIIJIABAX
B.I'. Kupuuenko, P.C. Hecrapenko, T.A. KoBanenko
Xapvroeckuii Hayuonanonuil ynusepcumem umenu B.H. Kapasuna
61022, Xapvros, ni. Ceo600vl, 4

Ha ocHOBe 3KCIeprMeHTaIbHBIX JaHHBIX MPOBeICH aHanu3 (a3oBbIX MPEBpAlICHHH B MHTEPMETAUIMYECKHX (a3ax B CIUIaBax Ha
ocHoBe mupkonus: Zr — 1,03 a1.% Fe; Zr — 0,51 at1.% Fe; Zr— 0,51 ar.% Fe — M (M = Nb, Sn,Ta). Vcnone30Banu sKCiepuMEHTab-
HBIE METOZbI: MecchaysPOBCKYIO CIIEKTPOCKONHIO Ha AApax °'Fe B FeOMETpHH OBPaTHOTO PACCESHHMS C PErHCTPALMeH SIEKTPOHOB
BHYTPEHHEH KOHBEPCHUH, PEHTT€HOCTICKTPAJIbHBIA aHAJN3, PEHTITCHOCTPYKTYPHBII aHAIIN3 U 3JIEKTPOHHYIO MUKPOCKOITHIO. B pe3yib-
TaTe OOHApy)KeHa B3aWMOCBS3b MEXIY HPOIECCaMH pOCTa BKIIOYCHUH MHTEpMETAUTHYeCKuX (a3 U cerperanueit atux ¢as. Pocr
YaCTHII, POUCXOAANINN Yepe3 (pa30Boe MPEBpaIICHUE, H PEKPUCTAILTM3AIUS B3aUMOCBSI3aHbl. B HarleMm ciiydae 0OHapy>KEHBI BbIZIC-
neHus (a3 IAByX THUIIOB, TIO3TOMY JKEJe30 MEPEXOJUT U3 OJHOM (hasbl B APYIYIO MO KOPOTKMM myTsaMm auddysuun. Kunernka pocrta
BKJIIOYCHHH HE KOHTpOJHpyeTcs o0beMHON nuddy3ueii, 1 MeHblIee 3HaYeHUEe YHEPIHU aKTHBAl[MM MUTPAllMU aTOMOB JKeje3a Ha-
CTOSIIIIEM MOXKET OBITh CBSI3aHO C HAMYMEM MyTel ycKopeHHOH quddy3un U Mexxpa3HbIMU TPaHULIAMH.
KJIFOYEBBIE CJIOBA: mupkonuii, cruiassl, Gasbl, pocT, cerperamnus

ITpu pemernu npobIeM UCTIONB30BAHMS SAESPHBIX MATEPHUANIOB, SIACPHBIX U PAIUAIIMOHHBIX TEXHOIOTHH B SHEpTe-
THUKE Ba)KHOE 3HAYCHHE MMEET HCCIEeIOBAHHE U pa3padoTKa KOHCTPYKIIMOHHBIX MaTepHaJIOB Ui aKTHBHOW 30HBI U
KOPITYCOB SIZICPHBIX PeakTopoB. K HUM OTHOCSTCS CIUIaBbl IUPKOHUS, ayCTEHUTHBIE XPOMOHHKENEBbIE CTalH, (heppur-
HBbI€ CTaJIH, CIUIABbI APYTUX METAJUIOB.

3HaYUTeNbHOE BIMAHUE HAa HKCIUTyaTal[MOHHBIE CBOMCTBA U XapaKTEPUCTUKH CIIJIABOB HA OCHOBE LIUPKOHUS U U3-
JIeTIMHA U3 HUX OKa3bIBAIOT (ha30BbIC NMPEBPALICHUS U CErperalioHHbIe Ipolecchl (yBeIMYeHUEe KOHIEHTPAIMH OJHOTO
13 KOMIIOHEHT CIUIaBa MO CPAaBHEHUIO C PABHOBECHOI) Ha MOBEPXHOCTH, B OOJACTSIX KOHIEHTPAUMU HANpPsHKEHHM.
BaxHpIMH 3a7ja4aMu SIBIISIIOTCSl M3YYEHHE MEXaHM3MOB SBOJIONNN MHUKPOCTPYKTYPHI M CTPYKTYPHO-()a30BOTO COCTOSI-
HUS CIJIABOB, MICCIIEOBAHNE TEPMUIECKH aKTHBHPOBAHHBIX M PaJMalliOHHO-CTUMYJIHNPOBAHHBIX CTPYKTYPHO-(ha30BBIX
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MIpEeBpalleHni B CIUIaBax, M3y4YE€HHE CTPYKTYphI (a3 U nepepacipeneeH s JIErupyoux IeMeHToB. VHTepMeTanim-
JIbl ¥ TPAHUIIBI 3€PEH SABISIOTCS MECTaMH JIOKAJM30BaHHONW Koppo3uu. [1o3ToMy KOppO3UMOHHAs CTOMKOCTH CIIIABOB B
LIEJIOM OIIpEeJeNAeTcss He TONbKO (Pa30BBIM COCTABOM, AUCIIEPCHOCTHIO U PABHOMEPHOCTBIO pacIpeereHus 0 HOBepX-
HOCTH YacTHUI] MHTEPMETAJUINAOB, HO U MHKPOCTPYKTYpOH MeTaiundeckoid maTpuubl. [Ipoueccsl Bo3Bpara U peKkpH-
CTATH3ALMH CIIOKHOJICTUPOBAHHBIX CIUTABOB Ha OCHOBE LUPKOHUS W3y4YEHBI HEJOCTATOYHO. [103TOMY BasKHBIM SIBIISI-
eTcsl OIpeieNICHHEe TEMIIEPaTYPHBIX HHTEPBAIOB KaK OTHOCHTEIIBHOM CTaOMIBHOCTH CTPYKTYPHO-()a30BOTO COCTOSIHUS
Je(opMHPOBaHHBIX KETE30COACPKAIINX CINIABOB HA OCHOBE 0- ZI, TaK M TEMIEPATyp HadaJla PeKPUCTAITH3AIHH.
Ilenbro paboOTHI SIBISETCS UCCIENOBAHNE U aHAIN3 BIMSHUS MOCIEACTBHIN (ha30BBIX NPEBPAICHUN B HHTEPMETAN-

n4ecKux (azax, oOpa3ylomuxcs B CIIaBax Ha OCHOBE LIMPKOHMUS, Ha CO3JaHUE ONTHMAaJIbHONH MUKPOCTPYKTYPHI CILIa-
BOB.

METOIUKA SKCIHEPUMEHTAJIbHBIX UCCJEJTOBAHUMI
JIs mpoBeieHus MCCe0BaHus ObLTH M3roTOBNICHBI cruiaBel: Zr — 1,03 at.% Fe; Zr — 0,51 at1.% Fe ; Zr — 0,51
at.% Fe — M (M = Nb, Sn,Ta). Meronuka ux npurorosieHus: onucana B [8-9]. HMcrnonb3oBanace MeccOayspoBcKast
CIIEKTPOCKOIHS Ha sapax ' Fe B TeOMETPUH OOPATHOIO PACCESHUS C PErHCTpALUEil HIEKTPOHOB BHYTPEHHEH KOHBEp-
cun (MCKD). PeHTrenocneKTpanbHbIA aHAIN3 TOBEPXHOCTH OTOXOKEHHBIX 00pa3IOB CIIABOB IIMPKOHMS IPOU3BOIMIIN
Ha cnekrpomerpe «Camebax MBX 268». Pentrenorpadudueckoe nccieqoBaHHE CIUIABOB MPOBOAWIN Ha YCTaHOBKE
JPOH-3,0 B Cu-k, - n3ny4yeHnHu. PeHTreHOCTPYKTYpHBIM aHaIM3 MOKa3aj, YTO Ha BCEX ATAIaX TEPMOMEXaHHYECKON
o6pabotku (TMO) crutaBoB Ha OCHOBE IIUPKOHUS (Da30BBIA COCTAB MPEICTABIEH TONBKO anbda — pazoit Zr. Mcnons3o-
BAJIM TIPOCBEYMBAIONINIL HIEKTPOHHBINH MuKpockon DM - 200 ¢ paspemaromeii cioco6HocTh0 15 A mpu ycxopsomem

HanpspkeHnH 125 kB. AHanmn3 moBepxHOCTH 00pa3oB MPOU3BOIMIN C TIOMOIIBIO CKaHUPYIOMIETO MEKTPOHHOTO MHUK-
pockona JEOL JSM-840 u «Quanta 3D».

PE3YJIBTATHI U OBCYXXJIEHUE

PaCCMOTpI/IM MOCJICA0BATCIIbHO PE3YJIbTAThl UCCICAOBAHUA ITPOLUECCOB (ba30131)1x HpeBpaHIeHI/Iﬁ, cerperanu
BKJTIOUCHUH HUHTCPMETAJUIMYCCKUX (ba3 " pocCTa BKJTFOUCHUH.
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O0paboTKa CIEKTPOB 3aKIT0YANIACh B pa3lIOXKECHAN WX Ha 1Ba qyonera (puc. 1). Ilo peHTreHOCTIeKTpaabHBIM JaH-
HBIM HaOJIroaeTcs BO3pacTaHUE KOJIMIECTBA JKelle3a B MPUIIOBEPXHOCTHOM cJioe (pHc. 2).
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BrusiHre TpeThero siieMeHTa Ha JIOKaJbHOE OKPY)KEHHE aTOMOB JKeJie3a B LIMPKOHHMHU 110 MecCOaydpPOBCKHM JIaH-
HBIM CBSI3BIBAETCSI C OCOOCHHOCTSIMH IIpOliecca KPUCTAIUIM3AIMK JABOMHBIX U TPOWHBIX CIJIABOB Ha OCHOBE LIUPKOHMS
(tabnuua). [IpuBeneHHbIE pe3yIbTATHI TO3BOJIMIM IPEIUIOKUTE cXeMy (Da30BBIX NPEBpalIeHUi B criiaBax (puc. 3).

B tpoiinbix crutaBax ¢ M=Nb, Ta, Mo, Cu u yerBepHOM cIniaBe ¢ fo6aBkamu Nb, Sn, Fe my0nersr ¢ 6oxbpieit Be-
JTUYUHON KBaIPYIOIBHOTO pacIIeIUICHUs OBUTH OTHEeCeHHI K (a3am (Zr;.xMx),Fe (dpaza 1), myOneTsl ¢ MCHbIINMHA 3HA-
YeHWsIMU pacliervieHus — K gazam tumna (Zrx My x)Fe, (haza 2). [Ipu omxure (M30XpOHHOM H H30TEPMHUYECKOM B JHa-
mazone temmnepatyp T = 573-1073 K u nmuamazone Bpemen 0,4-30 1), mpoTtekaet ¢a3oBoe npeBpamienne daza |- da-
3a 2, 0 4YeM CBHJCTEIBCTBYET MaJCHUEC HHTCHCUBHOCTH JIMHUM IyOiera Gasbl 1¢c pocToM TemmepaTypbl B pOCT HHTCH-

CHUBHOCTH JIMHHUH APYTroro ay0iera ¢ MEHBIINM 3HAUYCHHEM KBaAPYIIOJIFHOTO pacieruieHus (puc. 1).
®azoBele MpeBpamieHus 1—2 B KeNe30COAEPKAIINX HHTEPMETANIMYECKUX BKJIIOUCHUSX B HCCIIECIOBAHHBIX
crtaBax (¢ nob6askamu Nb, Ta, Mo, Cu, Cr) HauHHaIOT HHTEHCHBHO pa3BUBaThCS Mpu Temreparypax T >670 K.

Tabmuma
MeccbayIpoBCcKHe mapaMeTphl OCHOBHBIX (ha3 B cucremax Zr-Fey
I'pynma criaBoB PacumppoBannbie hasb M3omepnsiit cnsur, | KBaapynonbsHoe paciieruieHue,
Cras daza MM/C MM/C
I'pynma 1
bunapueiii  cmmaB | Zr-0,51 at.% Fe
HUpKOHMIA - skenme- | Zr-1,03at.% Fe ZrsFe -0,33(1) 0,97(1)
30 Zr,Fe(tuna CuAly) -0,31(1) 0,56(1)
TpoliHoit crta Zr-Fe-Sn Zr;Fe -0,35 0,85
Zr,Fe(tuna CuAl, -0,15 0,56
I'pynma 2
Zr-0,51at.%Fe 0,5a1.%V | Zr(V,x Fex)s, -0,18 0,24
Tpoitnoit CIUIaB
Zr-Fe-3d M Zr-0,51at.%Fe Z1(Cr 1« Fey)o; -0,19 0,30(1)
0,5at.%Cr
Zr-0,51at.%Fe (Zr, 4 Cuy), Fe -0,26 0,7
0,5at1.%Cu (Zr« Cuy)Fe, -0,11 0,25
Zr(Vix Feys -0,17 0,2
YeTBepHOH cIIaB Zr-Fe-V-Cu
I'pynmna 3
Tpoiinoit ciaB | Zr-Fe-Mo (Zr1xMoy), Fe -0,28 0,68
Zr-Fe-4d M (Zr)x Moy)Fe, -0,19 0,24
YeTBepHOH cIIaB Zr-0,51ar.%Fe- (ZrNby),Fe -0,30 0,61
Nb(0,5;1,0;2,5%) (Zr,x Nby)Fey; -0,19 0,27
Zr-Fe-Sn-Nb (Zr,<Nby),Fe -0,27 0,55
(Zr,4x NbyFe,; -0,16 0,28
I'pynmna 4
Tpoiinoit cruiaB | Zr-0,51ar.%Fe- (Zr,«Tay)Fe -0,32 0,75(1)
Zr-Fe-5d M 0,8a1.%Ta (Zr,<Tay)Fe, -0,15 0,30

[To manueM [9] B crutaBax Zr-Fe-Mo B uaTepBane Temneparyp 973-1273 K uHTepMeTAIITIAB TpeACTaBICHBI (a-

3amu ZrMo, u ZrFe,. B mamem cimydae 310 dassl (Zr1,Moy), Fe u (Zr,x Moy)Fe,. B Gorateix nupkoHueM ciiaBax Zr-
Fe-Nb, conepxxamux 1o 15 Bec.%(Nb+Fe), B untepsane 873—1373 K obpasyercst dasza Zr,Fe [10]. B namem ciydae B
0-00JIaCTH CIUIAaBOB NPUCYTCTBYIOT ¢a3bl (ZrNby).Fe (dpaza 1) u (Zr, Nby)Fe, (dpaza 2). Ha puc. 4 npusenena
3aBUCHMOCTh ¢/a OT TemIieparypsl oTxura cruaBa Zr-Fe-Nb. PocT ¢/a ¢ yBennueHnem temnepaTypbl OTXKUATa U OHO-
BPEMEHHBIM MEPEX0JI0M aTOMOB Jkene3a u3 ¢assl (Zr.xNbx),Fe B pacryuryto ¢asy (Zr;.xNbx)Fe, Bo3M0OXHO cBs3aH ¢
NpEerMYLIECTBEHHON OpUEeHTalMeH pacTyiei (a3bl 1o ocH c.

B nByx¢azubix uHTepMeTaMaax (tabnuia, rpynnsl 4-6) npu nporekaHuy (a3oBbIX MpeBparieHuid 1 — 2 u mpo-
LIECCOB CErperanuu 1o cxeme (puc. 3) BeIJEICHUS HE UIMEIOT MOTPaHUYHOTO CJIOSI HA TPaHHIIE BBIAEIEHHE - MaTpula. B
cilyyae CIUIaBOB 0e3 MpOoTeKaHus (a30BBIX NMPEBPAIICHUH 1 B YCIOBHUIX OIPAaHUYEHHS POCTa YACTHI] HHTEPMETAIIHIOB
(Tabnuua, rpynmsl 2, 3) MOKHO, BUANMO, HCIOJIB30BaTh MoJielib Aybayapa [cebiiku 37, 39 B 12], B paMkax KOTOpOH
BBOJIUTCS TIOTPAaHWYHBIN cioi TomumHoN D (puc. 5a). CreneHp ynopsaodeHus OT LEHTpA BBIICICHUS K Nepudepun
CHIDKAETCsI MEIJICHHO, a B CJI0€ TIPUTPAHUIHOM chepbl — ObICTpo B cioe TonmuHo# T, (puc. 50).

B COOTBETCTBHH C 3THM O Mepe YBEIHUEHHs PAa3MEPOB YACTHIIBI yIPyTas JHeprus pacteT kak (AV)”. OmHako B
MIPOIIECCE POCTa BBIACICHUM IUIOMIA[bh MX MOBEPXHOCTU M, CIEIOBATENbHO, MOBEPXHOCTHAS HEPIHS YMEHBIIAIOTCS.
ITosTomy, crnemyeT yduThIBAaTh CIEAYIOIINE (GAKTOPBI: yISNbHBIM 00bEM UIPacT aKTUBHYIO poib; Tu(dysus sBisercs
KOHTPOJIUPYIOIIUM IIPOLIECCOM; OOJBIIMHCTBO MeK(a3HBIX IPAaHMI] NOABIKHEL. Kpome Toro, ciemyeT y4uThIBaTh Ha-
JUgne CyOCTPYKTYpPHI , YCKOPSIOIIEH MPOIece POCTa; YCIOBHUS CTaOMIBHOCTH AUCIIEPCHON CHCTEMBI - HU3KHE 3HAYCHHUS
SHEPriuH Mex(a3oBbIX TPaHUL, PACTBOPUMOCTH U Kodddunuenta nudpdysun. B cruiaBax ¢ 3aMeTHBIM yIIPyruM Heco-
OTBETCTBHEM PELIETOK MOXKET MMETh MECTO CTa0MJIBHOE paclpe/ieieHHe BBIIEIICHUH, YCTONUMBBIX K POCTY, XOTS IpH-
YHMHBI 3TOTO TI0Ka HE BBISICHEHBI.
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Puc. 4. 3aBucuMocCTh ¢/a OT TEeMIepaTypsl Puc. 5. Mogens Ay6ayspa A 00bsICHEHHSI COMPOTHBIICHUS POCTY KOT€PEHTHBIX
omxwura ciasa Zr-Fe-Nb YIOPSANOYEHHBIX [-BbIACICHUH B O-MaTpuie (a) (BOKPYr Ka)JOTO BBIICICHHS

€CTh cJI0M TonuuHoN D B KOTOPOM MOPSZOK M COCTaB MU3MEHSIIOTCS 10 MAaTpHy-

HBIX 3HaueHuit); (0) M3MEHeHNEe KOHIIEHTPAIIMK BOKPYT B-BbIJCICHHS B CIIOE TOJ-

muHo# T, [12]

Poct wacTui, npoucxosmmii gepe3 (a3oBoe IpeBpanieHue, U peKpUCTAIUIN3AIMS B3aNMOCBs3aHbl. JKene3o He
YXOIHT B MATPHILy IUPKOHUS, TaK Kak pactBopumMocth ero npu 600 °C ue Boime 0,02%. [ToaToMy TpakTOBKa Iepepac-
TIpeeNIeHIs Kele3a, MpeuIoskeHHas B [11], BEI3BIBaeT BOIPOCHI, CBSA3aHHBIE C MPEATIONIOKEHHEM 00 yXO0e Kenesa u3
BbIJIENICHNH BTOPBIX (Da3. B Hamem ciryuae oOHapy KeHbI BbIAENEHHUS (a3 ABYX THUIIOB, IIO3TOMY KEJIE30 MEPEXOAUT U3
OJTHOH (ba3bl B IPYTyIO O KOPOTKHUM IYTSIM TUPPY3UH.

OT0 NOATBEpXkKIaeTCs OLeHKOW AP PEeKTHBHOM SHEPTIH aKTHBAI[MH MUTPAIIMU aTOMOB >Kelne3a u3 (asel 1 B hazy 2.
OKcrepUMeHTaIbHbBIE JIaHHBIE 00pabaThIBaIKCh c MIOMOLIBIO YPaBHEHHUS OctuHa-Puxkera

& / A-¢)= (4t )" , Tae & — nois 00IIEro KOJMYECTBA aTOMOB JKeJle3a, CBA3aHHbIX B (hase 1; A — mocTosHHas,

3aBUCSIIAs OT TeMIeparypsl 1; ¢ — Bpemst omkura. Benuumna n okaszanack paBaoi 0,3 mpu 770 K u 0,44 nipu 970 K,
YTO OJIM3KO K TEOPETUUECKO# BenuuuHe 1/3, mpenckaspiBaeMoit it Auddy3noHHOTO POCTa YaCTHII.
U3 teopun JIugmmna-Crnezosa-Baruepa [12] ciaenyer, uto

A=R?/9y* V,, D(T/C)*(Co-Co)’ . (1)

OpHaKo eciy yJeNnbHbIH 00beM YacTHILl fv He SIBJIAETCS NPEHEOPEKUMO MaJIbIM, PaJiyC BBIJIEJICHUS HENb3s pac-
CMaTpuBaTh KaK MPEHEOPEKNMO MaJyl0 4acTh PACCTOSIHUS MEXy YacTHLIamMu. Apaesut [12] BBesl HEKOTOpBIE YITpolie-
HUSI M TIOJIY4WJT ypaBHEHHE, OTJIMYAIOIIEecs: OT YPaBHEHHMS POCTa BBIACIEHHS CPEAHEro paguyca R Tonpko mapameTpom
ki, KOTOpBIIA siBIsIETCS] PYHKIHEH TOJIBKO yAETBHOTO 00beMa BhIJCTICHHUMH:

r—3_r—3_k 8_D0-Vmca(oo)t

2
’ ’ "9 RT @

Takass Mmoau¢ukanus BechMa CylIecTBeHHA: eciii k, paBHO 1 B cooTHomennu Jludmna-Cnesoa-Barnepa mpu
HYJIEBOM yJIETbHOM 00beMe BBIACICHHMH, TO TIPH yelbHOM o0beme B 1% k,, yBennuuBaercs 1o 2, npu 7% — 110 5 u co-
ctaBut 10 npu 25%. [Ipu yBeIM4eHUH yACIbHBIX 00BEMOB CKOPOCTh POCTA BhIJICJICHHI Bo3pacTaet [12].

[To peHTreHOCHEKTPAIbHBIM JJAHHBIM B TOM JK€ TEMIIEpaTypHOM WHTEpBaie, B KOTOPOM MPOHUCXOIUT PEKPUCTAI-
JM3anus TUPKOHUEBOI MaTpHIbl M (a3oBoe npeBpaiienie 1| — 2, uaeT U Bo3pacTaHhe KOJIMYECTBa JKele3a B IPHIIo-
BEpXHOCTHOM citoe (puc. 2). Kunernka pocra koHTposnupyercs oobemHol nuddysuei, a Xxon mporecca He TUMUTHPO-
BaH IO/IBM)KHOCTHIO MeX(a30BbIX TpaHul. Ecian 3To BepHO, TO HAYaIBHBIN POCT BBIACIEHUH N3 MEPECHIIEHHOTO TBEP-
JIOTO PacTBOPA JOJDKEH TaKKe MPOXOIUTH 10 1] Py3HOHHOMY MEXaHH3MY U HE 3aBHCETh OT ITOBIKHOCTH TPAHMII.

B namem cayyae 310 He BbINONHAETCS. IIpyM MpennoysoKeHUH MNPOCTON HKCHOHEHLUUATbHONW 3aBUCHUMOCTH
A~exp(-E/xT) n3 HakiIoHa Tpaduka AppeHryca s BCeX CIDIABOB TOIYYaeTCs CpeaHee 3HAUCHUE SHEPTHH aKTHBAIINN
E=(1,5+0,2) 3B. OHo meHbIe 3Heprun aktuBarmu quddys3nn npumecu Fe B a-Zr (2,06 3B), oTHECeHHON K MeXI0-
Y3€JIbHOMY MEXAaHU3MY. MeHb111€€ 3HAUCHUE OHEPIruu aKTUBAIUN EsB HaCTOAIIEM CITyd4a€ MOXKET OBITH CBSI3aHO C HaJIU-
4yueM MyTeil ycKopeHHOW An(dy3nu, 00yCIOBICHHBIX MEX3EPEHHBIMU U MEX(a3HbIMHU IPaHUIIAMH.

BbIBO/bI
B pesynbrare ananusa (azoBbIX IpeBpalleHni B HHTEPMETALTHaX, 00pPa3yIOIUXCsl B CIUIaBax Ha OCHOBE LIUPKO-
HUsI, OOHapy>XKEeHA CBS3b MEXXAY MPOLECCaMH POCTa BKIIOYEHUI MHTEpPMETAUINYECKUX (a3 M IOBEpXHOCTHOW cerpera-
ouel ATux gas.
Poct wactun, npoucxonsmmii yepes (GpazoBoe MmpeBpamieHHe, 1 PEKPUCTALIM3AINS B3aUMOCBs3aHbl. JXKeneso He
YXOIHT B MaTPHUILy UUPKOHHUS, TaK Kak pactBopumocTs ero mpu 600 °C ue Boie 0,02%. B Hamem ciydae 0OHapyKeHbI
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BbIJICJICHUS (Da3 BYX THUIIOB, MIO3TOMY JKEJIE30 MEPEXOIUT U3 OJAHOM (Da3bl B APYryr0 MO KOPOTKHM IyTsAM TU(DY3HU.
KuneTrka pocta BKIIOYCHHH HE KOHTPOJIUPYETCs 00beMHOW auddy3ucii, U MEHbIIEEe 3HAYCHUE SHEPTHU aKTHBAIIUU
MUTpAIMA aTOMOB JKEJIe3a HACTOSANIEM MOXET OBITh CBS3aHO C HAJHYUEM IyTeH YCKOPCHHOW TU(PQY3HUU, MEK3CPCH-
HBIMU ¥ MEX(a3HBIMH TPaHHUIIAMU.
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SINGLE AND DUAL-POINTING DEVICE FOR MOVING THE SAMPLE LU-40 KIPT
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Developed two electro-mechanical device with remote control, designed to move the samples one and two dimensions in a high
background radiation. Samples movement carried in mechanical block by stepper motor with holding torque 5.6 kgf'‘cm and angle
precision 1.8°/step. Motor control and control of samples coordinates implements by dint on electronic block, based on PIC16f76
microcontroller and Usart-RS485 interface converter based on Max 485 microchip. Devices can move objects weighing up to 100 g
with an accuracy of 0.5 mm. The testing of the two-coordinate device in experiments on electron beam accelerator LU-40 KIPT have
been held. The two-dimensional distribution of relative density of the flow distribution of brake y-rays have been measured by
ionization detector.

KEY WORDS: electron accelerator, brake y-rays, control system, stepper motors

OJTHO- M IBYX-KOOPJMHATHBIE YCTPOMCTBA JIJIA HIEPEMEIIEHUS OBPA3IOB HA JIV-40 HHI] X®TH
A.H. Boaun', B.T. Beikos', B.A. Kymuup', M.C. ManoBuua’,
C.H. Oueiinnxk', I'.9. Tyaaep', A.B. Teprorunprii’
! Hayuonansnwiii nayumwiii yeump “Xapokosckutl (pusuko-mexuuueckuti uncmumym”
61108, Xapvkos, yn. Akademuyeckas, 1
2 Xapvrosckuii nayuonanvhwlil yHueepcumem um B.H. Kapasuna,
61022, Xapwvkos, ni. Ce0600vl, 4

Pa3paboraHbl 1Ba 3JIEKTPOHHO-MEXaHUUECKUX YCTPOUCTBA C JUCTAHIIMOHHBIM YIIPaBICHHEM, NPEIHA3HAYCHHBIX JUIS ITePEeMEIICHUS
00pasIoB 10 OJJHOW ¥ ABYM KOOPAHHATAM B YCIOBHSX BBICOKOTO paHannoHHOro (oHa. [lepememenne o6pasoB ocyniecTBiIseTcs B
MEXaHUYECKOM OJIOKe, C MOMOILIBIO IIATOBBIX JBHraTeleldl ¢ MOMEHTOM YJAepKaHHs 5,0 KIC'CM W C YIJIOBBIM HepeMelieHHeM
1,8°/mar. YnpapieHHe ABUTAaTeNAMH W KOHTPOJb KOOPAMHAT OOPA3IOB OCYHICCTBIIACTCS C IOMOIIBIO 3JCKTPOHHOIO OJI0Ka,
BBIIOJIHEHHOTO0 Ha 6a3e Mukpokontpoiwiepa PIC16f76 u mpeobpaszosarerns unrepdeiicoB Usart-RS485 na 6asze MUKpOCXEMBI
Max 485. YerpoiictBa MoryT mepemeniate 00sekThl Maccoit 10 100 r ¢ TounocThio He Xyxe 0,5 MMm. Jlnana3oH mepemMenieHus s
OJIHO-KOOpAMHATHOTO ycTpoiictBa cocTtaBisier 400 MM, a mus aByx-koopaumHatHoro 300 MM mo ropusonHTanu u 200 MM 1O
BepTuKanu. IIpoBeNeHBI TECTOBBIE MCHBITAHUS [BYX-KOOPAMHATHOTO YCTPOICTBA B OKCIIEPHMEHTaX Ha IydKe 3JIEKTPOHOB
yckoputens JIV-40 HHI] X®TU. C noMonpio MOHU3aLUOHHOIO JAaTYMKa U3MEPEHO JBYMEPHOE PACHpPEAEICHUE OTHOCUTENBbHOU
IUTOTHOCTH PacIpeeIeH s IIOTOKOB TOPMO3HBIX Y-KBAaHTOB.

KJ/IFOYEBBIE CJIOBA: yckopuTeib 31€KTPOHOB, TOPMO3HBIE Y-KBaHThI, CUCTEMA YIIPaBJICHUs, IIarOBbIE JBUTaTEIN

OJHE- I ABOX-KOOPAUHATHI OBJAJHAHHSA U1 IEPEMIIIEHHS 3PA3KIB HA ITE-40 HHI{ X®TI
O.M. Boxun!, B.T. Bukis', B.A. Kymﬂipl, M.C. Manosuna?, C.H. Ouiiinnk!, I'.€. Tmeepl, A.B. Teananf/ll
! Hayionanenuii naykosuii yenmp “Xapxiecexuii (izuxo-mexuiynuil incmumym”
61108, Xapxis, éyn. Akademiuna, 1
2 Xapxiecvruil Hayionanvrutl ywieepcumem im. B.H. Kapasina
61022, Xapxis, ni. Ceoboou, 4

Po3pobieHo 1Ba eleKTPOHHO-MEXaHIYHUX MPUCTPOIO 3 JUCTAHIIMHUM YIPaBIIHHAM, IPU3HAYEHUX JUI MEepEeMIIeHHs 3pa3KiB 110
OJIIHIH 1 IBOX KOOpAMHATAaX B yMOBaX BHCOKOTO pajiariiHoro ¢oHy. [lepemimenns 3pa3kiB BinOyBaeTbcsl y MexaHIYHOMY OJIOI 32
JIOTIOMOTOI0 IIarOBUX JBUTYHIB 3 MOMEHTOM YTPHMaHHS 5,6 Krc'cM 1 KyTOBHM HepeMilieHHsM 1,8°/Kpok. YnpaBiiHHS ABUTYHAMH i
KOHTPOJIb KOOPJIWHAT BiAOYBAa€ThCS 3a [OMOMOTOIO €JIEKTPOHHOro OJioKka, BUKOHAaHOro Ha 06a3i Mikpocxemu PIC16f76 i
nepeTBoproBaya inTepdeiiciB Usart-RS485 Ha 6a3i mikpocxemu Max 485. Ipuctpoi MoKy Th HepeminryBatu 06'ektu Macoro g0 100 r
3 touHicTio He ripure 0,5 mm. [IpoBeneHO TecTOBI BUIPOOYBAaHHA JBOX-KOOPAMHATHOTO MPHCTPOIO B €KCHEPHUMEHTAX Ha MYyUKY
enekTpoHiB npuckoprosada JIY-40 HHL X®TI. 3 momomororo ioHizamiifHOro matduka Oyjo BHMipsiHE PO3IOALIEHHS BiTHOCHOT
[IITBHOCTI PO3MOLTY OTOKIB TaJbMiBHUX Y-KBaHTIB.

KJIIOYOBI CJIOBA: npuckopioBad eJlIeKTPOHIB, FaJIbMiBHI Y-KBaHTH, CHCTEMa YIPaBIIiHHS, KPOKOBI JBUTYHH

Bo Bpems npoBeneHust snepHO-PU3MIECKNX SKCHEPHMEHTOB, OCOOEHHO B YCIIOBUSIX BBICOKOTO PaIMAI[HOHHOTO
(oHa, BOHHKACT HEOOXOIUMOCTD JUCTAHIMOHHO MepeMeIlaTh HeOOIbIIe OOBEKTHI (ICTEKTOPbI, MUIICHU-00pa3Ibl 1
T.II.) HEMOCPEACTBEHHO B 30HE 00aydYeHUs. OUPMBI, IPOU3BOIALINE COOTBETCTBYIOLIEE 000OPYIOBAaHHE JUIS PEILCHUS
moto0HOTO pona 3a1ad, MpeayaraloT pa3IndHble TOTOBBIE akTyaTopsl [1-3]. OmHako Takoe obopymoBaHHe TpeOyer,
TIOMHMO BBICOKOI CTOMMOCTH, CO3IaHMs CIEIU(PHIECKOI CHCTEMBI YIPABICHHS M MOXKET IUIOXO BITCATHCS B TEKYLIYIO
TeOMETPHUIO IKCIIEPUMEHTAIbHON YCTaHOBKH.
© Vodin A.N., Bykov V.T., Kushnir V.A., Malovitza M.S., Olejnik S.N., Tuller G.E., Tertichniy A.V., 2016
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B cBs3u ¢ 3TMM, HaMH pa3pabOTaHBl ONHO- U JIBYX-KOOPJHHATHBIE YCTPOHCTBA C CHCTEMaMH JUCTAaHIIMOHHOTO
yIIpaBJI€HKs, KOTOPBIE MOTYT SKCIUTyaTHpPOBAaThCS B YCJOBHSIX BBICOKOTO PaJMalMOHHOrO (oHa Ui NepeMeIleHHs
HeOONbIMX 00BeKTOB ¢ Maccod g0 100 r. IIpoBemeHo (u3MUeckoe UCIBITAHHE 3THX YCTPOWCTB HA IMYyYKE 3JICKTPOHOB
yekopurenst JIY-40 HHI[ X®DTU, mokazaBmiee ux HagexkHYI0 padory. OJHO-KOOPIAUHATHOE YCTPOMCTBO HCIIOIH30BAJIOCH
JUISL YCTAHOBKM CTEKJITHHOM IUTACTHHBI, HEOOXOIMMOH [UIsl ONpENENeHUs] Pa3MepoB ITydKa SJIEKTPOHOB Ha BBIXOIE
yckoputens. s onpeneneHys mIOTHOCTU paclpeeNieHUs] TOPMO3HUX TaMMa-KBAaHTOB MPUMEHSIIOCH ABYX-KOOPAWHATHOE
YCTPONCTBO, C TIOMOIIBIO KOTOPOTO TIEPeNBHUTaiCsS IETEKTOpP TaMMa-M3Iy4eHHS B IUIOCKOCTH MEPICHIUKYIISIPHOM
HAITPaBIICHUIO OCH ITy4Ka [4]. B manpHelrrem npeamonaraercst 3a1eicTBOBaTh pa3padOTaHHbIe YCTPOHCTBA ISl IPOBEACHHS
SKCIIEpUMEHTOB Ha KaHaJlaX HEHTPOHOB siiepHOH ycraHoBkH «McTounnk HeritpoHoB» HHIL XDTU [5].

Henpro paboThI SBIAETCS CO3MAHME YCTPOWCTB, MpeNHA3HAUCHHBIX U MEpeMeIleHHs] 00pas3loB MO OXHOM M IBYX
KOOpPAMHATAX C TOYHOCTHIO He Xyske 0,5 MM B YCIIOBHSIX BBICOKOTO PaHAIlMOHHOTO (OHA.

OINMCAHME KOOPJIUHATHBIX YCTPOICTB

O0a ycTpoHCTBa HMEIOT CXOXKHE CXEMbl OJIOYHBIX KOHCTPYKLHMH, COCTOSIIIMX M3 MEXaHHMYECKOH 4YacTH u
JJIEKTPOHHOTO OJIoKa yHpaBlieHHs. OJIEKTPOHHBIN OJIOK COAEPKUT HWCTOYHHMK IUTAHUS JUIs JBHUIaTeliei, IuiaTy
yIpaBieHus U ApaiBepsl maroseix asurateneit (II1J[). Otu apaiiBepsl BRINOIHEHBI HAa cBA3Kke MUKpocxeM L297 u 1298
0 CTaHIApTHOH cxeme [6,7] co crabmim3amuell cpeJHero Toka B 0OMOTKax IBHUIATellsl, YTO TO3BOJISIET PETYINPOBATh
TOK M M30eXaTh IeperpeBa jaBurareneil. B pexxume moxost npaiiBepbl 00ecTOYMBAIOT ABHIATENH, YTO yMEHbIIAET
HarpeB ABWTaTeNe M npaiiBepoB. [IpuMenHsemble apaliBephl MO3BOJISIOT IOAKIIOYATh JBUTAaTEIM C TOKOM 10 2 A Ha
O0OMOTKY. DJIEKTPOHHbIE OJIOKH BBIBEICHBI M3 30HBI OOIYUYEHHS C 1IeIbI0 YMEHBIICHUS palialliOHHON HAarpy3Kn Ha HUX
1 COETMHEHBI JUIMHHBIM KabeJeM ¢ COOTBETCTBYIOIIEH MEXaHNIECKON YacThI0 KOOPANHATHOTO YCTPOICTRA.

[Tmara ympaBieHnss mpeoOpaszyeT MOCTyMAalomde KOMAaHABI B CHUTHANBI i napaiiBepoB IIJI, oOpabaTeiBaeT
COCTOSIHHSI KOHIIEBBIX BBIKITIOUaTenedl “home” m “limit” w ormpaBisier pe3yiabTaThl BBHIIOTHEHHS KOMAaH[ WA
COCTOSIHUSI YCTPOMCTBA, HapUMeEp, TEKyIled KOOpAMHATHL. B cxeMe peanu3oBaH IUIABHBIA pa3rOH U TOPMOXKECHHE
LIarOBBIX JIBUTaTEJIeH, Y4TO MO3BOJIAET JOCTHYb OONBIIMX CKOPOCTEH BpAIEHHs IBUraTels, YeM IpPU BPAIICHHH C
MOCTOSIHHOM CKOPOCTBIO M PE3KUM CTapToM. Kpome Toro, 3To MO3BOJISIET M30€XaTh MPOKPYYUBAHUS JBUTATEN U
XOJ/IOBOTO BHHTA 110 MHEPIMH, YTO YBEIMYMBACT TOYHOCTh NepeMelieHus. CpeaHssi CKOpOCTh epeMellieH s mopsiaka 1
cm/c.

OCHOBHBIM 3JIEMEHTOM IUIaThl YIpaBiIeHUs sBisieTcss MUKpokoHTpoiuiep PIC16f76, paboraronuii Ha TaKTOBOW
yactote 8 MI'11 [8]. KpoMe MUKpOKOHTpoOJLIepa, MaTa COAEPIKUT:

—  cra0wIM3aTop NUTaHus;

—  CBETOAMOJBI JUIsl HHAWKAIMH COCTOSIHUS;

—  CXEMBI 3alUTHl BXOIOB U BBIXOJOB OT KOPOTKOTO 3aMBIKAHHMS;

—  CXEMBI 3alHUTHI OT MOBBIIICHHOTO HAIPSKEHUSI, KOTOPOE MOKET BOSHUKHYTH BCIICACTBHE HABOJIOK;

— mnpeobOpasoBartens uHTEpdeiicoB Usart-RS485 na 0Oaze mukpocxemsl Max 485, HEOOXOAWMBIA IS
MOKJTIOYEHHUSI MUKPOKOHTPOJIIEPA K JINHAN CBS3H.

CBs13p HcnonHseTcs o craHaapty RS485 mo nuHum trma «BUTas mapa» MO0 1Mo IByM KOAKCHAJIBHBIM KaOelsM
BHE 3aBUCHMOCTH OT OOIIEro KOJIM4ecTBa yCTpoicTB. JlaHHBIM CTaHAAPT HIMPOKO HCIOIB3YETCs B IPOMBIIIICHHOCTH,
oOyamaeT XOpoImield MOMEeXO3aIIUIICHHOCTHIO U TO3BOJISIET YNPABIATH OJHOBPEMEHHO HECKOJIBKUMH YCTPOWCTBAMH.
[Ipu corymacoBaHUM JMHUHU CBS3M JjMHa Kabens MoxkeT mocturath 1200 M. BeneacrBue manoro MH(GOPMAIHOHHOTO
oOMeHa Mex 1y 0JIoKaMHu BeIOpaHa JOBOJBHO HU3Kasi CKOPOCTh MNepenadn AaHHbX 9600 60/, 4TO MO3BOJSET YIyUIIHTh
MOMEXO03aIIUIIEHHOCTb.

Jlunms cesa3u noaxmovaercs Kk [IK uepe3 mpeoOpazoBarens RS485-USB, xoropblil oToOpaskaeTcsi B CIIUCKE
ycrpoiict IIK kax Buptyansaeiii COM-nopt. Takoe perieHue MO3BONSET UCIONB30BaTh AJIS YNPABIECHUS CHCTEMON
pa3ynuHbIe TEPMUHAIBHBIE IPOTPaMMBI, IToiepxkuBatomue padboty ¢ COM-noproM, mubo crienuaibHo paspaboTaHHOE
MIPOTrpaMMHOE 0OeCIIeUCHHE.

AJNTOpPHUTM CHCTEMBI KOMaH U OTBETOB pa3pabOTaH ¢ yI€TOM BO3MOXKHOTO ITOIKIIOUCHHNSI HECKOJIBKHUX YCTPOMCTB.
Komanpa cocrout u3 nsitu Oaift:

—  TIEPBBIA — UM YCTPOHCTBA, KOTOPOMY aApECOBAaHA JJaHHAS! HHCTPYKIIHS,
—  BTOpPOH — HENOCPEACTBEHHO EUCTBHUE,
—  OCTaJIbHBIE — APaMETPBHI.

Jlist mepeaun mapamMeTpoB HNPUMEHSIETCsl JeCATHYHAs WIM CTPOKOBas 3amuch. [lutaHue 1uist ruiaT yrpaBieHHs
000MX YCTPOWCTB MOJAETCS Pa3[esbHO, YTO MO3BOJISIET OPraHU30BaTh IOJHYIO IHepe3arpy3Ky YCTPOWCTB B ciiydae MX
HEKOPPEKTHOH paboThI.

B MexaHMYecKknX 4acTsiX KOOPJUHATHBIX YCTPOMCTB HCIIOJI3YIOTCS IIAroBbIe JBUraTeNsi C MOMEHTOM YyJepiKaHHs
5,6 krc:cM ¢ yrioBbiM TiepemenicHueM 1,8°/mmar (200 maros/o6oport). [patieper IIJ] pabGortator B pexume
MTOJIOBMHHOTO IlIara, TakuM 00pa3oM, JJisi COBEPIICHHS OJHOr0 000pOTa XOIOBOIrO Baja Ha JpailiBep HEOOXOIUMO
nojats 400 UMITYJILCOB, YTO MTO3BOJISIET, IPH HEOOXOAMMOCTH, TIEPEMEIATECSI 0OBEKTY ¢ 00JIee METIKHM IIaroM.
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MEXAHMKA OTHO-KOOPJJUHATHOI'O YCTPOMCTBA

Ha puc. 1 cxemarnuecku m3o0pakeHa KOHCTPYKIHS OJHO-KOOpAWHATHOTO ycTpoiicTBa. CTaHWHOH (2) ITaHHOTO
YCTPOMCTBA CIYXKHT JUIMHHBIA MeTalIMYecKuil yroiok. Ha olHOM KOHIIe, KOTOPOTO PacrioyIOKeH IIaroBblid JBUraTelb
(1), mocepennHe U B KOHIIE CTOWKH C MIAPUKOMOJIIUITHUKAMH (4,7) MeXTy KOTOPBIMU PAaCHOIOXKEH X0J0BOH BUHT (5).
Jns mepemeniennst BBIOpaHa BUHTOBAs Iiepeada, CoCTosImas U3 kapeTku (6) n xonosoro BuHTa. Hebonpimme Harpysku
MO3BOJIMIIM  OOOHTHCH ©€3 TPUMEHEHMs CHEUUaJbHOW pe3bObl W HCIIOIBh30BaTh METPHUYECKYI0 pe3rdy M8 ¢
TPEyTONBHBIM TpoduieM u marom 1,25 mM. KapeTka omHOBpEMEHHO SIBIISICTCS W XOIOBOW raikoil (pe3pba Hapes3aHa
HENOCPEICTBEHHO B ee Tene). CTeKsaHHas 1acTuHa (9) KpermuTes K KapeTke.

11

O R

Puc. 1. Cxema 01HO-KOOPAMHATHOTO YCTPOMCTBA
1 — maroBeIif IBUTATENh; 2 — CTaHWHA; 3 — ynpyras MydTa; 4,7 — CTOHKH ¢ TOAIIMITHIKAMU; 5 — XOIOBOH BUHT;
6 — kapeTka; 8,11— KOHIEBbIC BBIKIIFOYATENHN; 9 — CTEKIIsIHHAA IU1acTHHA; 10 — peryupyeMsie ynopsl.

[Ipu BpameHN# X0JOBOTO BHHTA C Pe3b00 KapeTka efeT Tu00 B OJHY, TH00 B APYTYIO CTOPOHY, COOTBETCTBEHHO
OHa TIepeMeIaeTcs BIOIb OTHON KoOopAuHATHL. {1 mpemoTBpalieHus BpalleHus: o0pasia KapeTka caenana B opme
mapajuieNielTumea ¥ CBOeH MOBEPXHOCTHIO CKOJIB3UT TI0 BHYTPEHHEH MOBEPXHOCTH CTAaHWHBL Takke MpeayCMOTpPEHBI
JOTIONTHUTEIBHBIE MEphl IpefoTBpamieHus e€ moBopora. muHa nepemenienns kapetku 400 mm. XomoBOW BHHT
COCIMHEH C BaJOM ABHTaTels ymnpyroi mydroii (3), 9To mo3BOILeT M30ekaTh Pa3pyLICHHs YCTPOHCTBA B CiTydae
HeCpa6aTBIBaHI/I${ KOHIIEBBIX ancmoaneneﬁ, U CHUXACT Tpe6OBaHI/Iﬂ, HaKJIaabIBAEMBbIC HAa COOCHOCTH BaJjia ABUIaTCIA U
XO0O0BOI'O BUHTA.

PsnoM ¢ moAmIMIMHUKAaMHU PACIONOXKEHBI KOHIIEBBIC BbIKIoUaTend “home” m “limit” (8 u 11), Ha KoTOpBIC
HOXUMAIOT CHeNUalibHble perynupyemble ynopbl (10), pacrmosokeHHble Ha Kaperke. [Ipy HakaTMM Ha HHX
peryaupyeMbIMU YIIOPaMH, PaclioJIOKEHHBIMH Ha KapeTKe, IBUraTellb OCTaHaBIMBaeTcs. Tak xe BbIkiIroyarens “home”
CIy)XHT JUIsi OIpEAE]CHUs] HavyaJlbHOW KOOpAMHATHL. B 3TOM ciyyae KapeTka MEIUIEHHO JBHXKETCS JIO €ro
cpabatbIBaHus. B MOMEHT cpabaThIBaHHs ABUrATENh OTKIIIOYACTCS, TEKYIIas KOOPANHATA CYUTAETCS HYJIEBOM.

MEXAHHMKA JIBYX-KOOPJIUHATHOI'O YCTPOMCTBA

ITpn pa3paboTke MeXaHWYECKOW YacTH JBYX-KOOPAMHATHOTO YCTPOMCTBA HCIIONIB30BANach HH(OpMALus MO
KOMIIOHOBKE M CO3JJaHMIO CTAaHKOB C YHCJIOBBIM TPOTPAMMHBIM YIpaBICHHWEM, Kak Hambomee OIM3KHX K
pa3paboTaHHOMY yCTpOHCTBY 1o KoHCTpyKIwu [9,10]. B manHOM cirydae, BEIOpaHa THITOBasi CXeMa IOPTaia, a TakxkKe
HCIIOJIb30BAINCH TUIIOBBIC PELICHHs Ul JPYTHX Y3JIOB, HallpUMep: MCIOJIB30BaHUE YHPYIHX My()T U KOHCTPYKLIUH
TOJIIMITHUKOBBIX Y3JI0B C PEryJIUPYEMBIM MPEIABAPUTEIBHBIM HAT)KEHUEM.

Ha puc. 2 cxemarnuecky n3o0paxeHa KOHCTPYKIIUS IBYX-KOOPIHHATHOTO YCTPOUCTBA.

B mexanuuyeckoi yacTtu JABYX-KOOpAWHATHOI'O yCTpOﬁCTBa HCIIOJIB30BaHbI JIBa IAaroBbIX ABUTATCIIA C MOMCHTOM
ynepxanust 5,6 krcllem ¢ yrnoBeiM nepemenienneM 1,8°/mar (200 nraros/o6opor). Illarossrit aBurarens no ocu X (8)
yepe3 ynpyryto mydry (7) mepepaer BpaiieHHe Ha XomoBoH BHHT (2) muamerpom 10 mMm u marom 1,5 mm. Bust
3aKperuieH B IBYX ONOpax C MapUKOIOJIIUITHUKAMH, TPUYEM KOHCTPYKIMS OIHOW M3 HUX IO3BOJISIET BHIOPATH JIIOQT B
noqmunHuKax. [afika, cundmas Ha BHHTE, 3akpemyieHa Ha kaperke (3), CBOOOAHO-KaTsMIeWCcs Ha
LIAPUKOIIOAIINIHNKAX(4) BIOJIb TOPHU3OHTANBHBIX Hampamssommx (1). Ha kaperke pacronokeH BTOpoi Habop
Hanpasistromux (13), miaroserit npurarens (6), ynpyras mydTa (5) u BuHT (9), KOTOpBIi Yepes raiiky (10) mepememniaer
BepTHKANBHBIN mMTOK (11) ¢ 3aKperieHHBIM Ha HEM AETEeKTOpOM ramMma-m3nyderus (12). BeiHOC meTexTopa Ha MITOKE
MIO3BOJISIET CHU3HTH J03y OONydeHMH ycTpoicTBa. Mcnonb3oBaHue ynpyrux My(T MO3BOJISET M30€XKaTh pa3pylIeHHS
YCTpOHWCTBa B ciydac HecpadaThIBaHHMsS KOHIIEBBIX BBIKJIIOYATENCH M CHIKAeT TpeOOBaHUsS, HAKJIAJbIBACMBIC HA
COOCHOCTb BaJla JIBUTATENsI U XOJ0BOTO BUHTA.

Ha xaxmol mape HampaBISONIMX PACIOJOKCHBI CBOM KOHIIEBbIC BbIKIOUaTend ‘“home” wu  “limit”,
Cpa6aTBIBaIOH_[I/Ie IIpu JOCTUKECHUN KapeTKOﬁ MHHUMAJIBHOTO 1 MAKCHUMAJIBHOI'O ITOJIOXKCHUSA COOTBCTCTBCHHO.

YcrpoiicTBo mo3BojseT nepeMemiars aerekTop Ha 300 MM mo ropusonTanu U 200 MM mo BepTukanu. B xone
HUCIBITAaHUM Ha CTCHAC TOYHOCTH U NOBTOPAECMOCTD MOJIOKCHHUA ACTCKTOPA, UBMEPCHHBIC MHAMKATOPOM YaCOBOT'O THIIA
NY-5, obutn He Xyxe 0,5 MM,
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Puc. 2. CxemaTtnyeckuii BU ABYX-KOOPIHMHATHOTO yCTpOicTBa

1 — rOpHU3OHTANPHBIC HANPABIIIONINE; 2 — XOAOBOW BHHT OCH X; 3 —KapeTka, ABIXKYIIAscs BAONb ochd X; 4 —
MIAPUKONOIINITHUKY; S — ynpyras Mydra ocu Y; 6 — maroBblii OBUrateidb ocu Y; 7 —ymnpyras mydra ocu X;

8 - maroBslii 1BUrarens ocu X; 9 — xonoBoi BUHT ocH Y; 10 — xonoBast raiika ocu Y; 11 — mrok; 12 — nerekrop ramma-
S9KCIIEPUMEHT HA J1Y-40

u3nydeHus; 13 — BepTUKasbHbIE HalpaBysitonye; 14 — kapeTka, IBUKyIIasics BAOJIb OCH Y.

[TpoBeneno Qusnyeckoe WCHBITaHHE pabOTOCHOCOOHOCTH JBYX-KOOPIMHATHOTO YCTPOMCTBA Ha IIydKe

anexTpoHoB JIY-40 HHI[ X®TU B ycnoBusiX BBICOKOTO paguanioHHOro ¢ona. Cxema sKCIepUMEHTa MpHBEAEHa Ha

puc. 3.

]
vl Al
Ny,

BYHKEP JIY-40

OetexTop BY
/ JIV-40
. [ -

0| <\
Y
Y ™~
[ /X Ta-KOHBEPTOP

\ Al-nornotutens
KoopauHaTHoe ycTporcTso
Puc. 3. Cxema sxcnepumenta Ha JIY-40 HHI[ XOTU

B OKCIIEPUMCHTE JACTCKTOP Y-KBAHTOB NEpEeMEIAJICA ¢ TOMOLIBIO JABYX-KOOPAUHATHOT'O yCTpOi/‘ICTBa B IINIOCKOCTHU

MIepIEHANKYJISIPHOH OCH 3JIEKTPOHHOTO Iydka ¢ maroM 20 MM mo xoopaunHartam X u Y. IIpu sTom Obuta m3mepeHa

OTHOCHTEJIbHAs IUIOTHOCTH PACIpEeNIeHns] TOPMO3HBIX Y-KBaHTOB, OOpasylomMXcs NpH oOiydeHHH Ta-MHIIeHH
TonmuHON 1,05 MM My4YKOM YCKOPEHHBIX 3JIEKTPOHOB C dHeprued E. =46 Ma3B u cpeanum toxom [.= 3,36 MxA. s

OYUCTKH IIyYKa Y-KBAHTOB OT 3JICKTPOHOB HCIIOJIB30BAJICA ]_II/IJII/IH,IIpI/I‘IeCKI/Iﬁ AI-SaMeI[JII/ITeJIb ANnaMETpOM 10cm u

TonmuHoMi 10 cMm.

YmpapineHne ABIKEHHEM JAETEKTOpa y-KBaHTOB IpoBomiock yepe3 IIK, pacmonoxxernnoro Ha paccrosHun 50 M,
IMyTeM BBIIaYM COOTBETCTBYIOUIMX KoMaHI Ha Oyiok ympamneHus (bY). Jluausa ces3m noaxmouganace k 11K gepes
npeodpazoBatens uHTepdeiicor (ITM) RS485 — USB. B kauecTBe neTeKTOpa TOPMO3HBIX Y-KBAHTOB HCIIOJIB30BAJICS
cuyetuuk ['eifrepa, CUTHAIIBI ¢ KOTOPOTO MepeaaBanuch Ha uHTerpatop Toka (UT) u 3ateM Ha cueTHOoe ycTpoiicTBo (CY).
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B mnpouecce mpoBeneHust saepHO-(PU3NUECKUX IKCHEPHUMEHTOB Ha mydke snekTpoHoB JIYV-40 HHI| X®TU nByx-
KOOPAUHATHOE YCTPOUCTBO MOKA3aJ0 yCTOIUMBYIO U HaJIeXKHYI0 paboTy.

Ha puc.4 wu3o0pakeH pe3yiabTaT NPOBEICHHBIX H3MEPEHHH — MPOQHIb OTHOCHTEIFHOIO pPAacCIpeesIeHHs
IJIOTHOCTH TOTOKAa TOPMO3HBIX Y-KBaHTOB. Jluama3zoH usmepeHuil mo ocu X cocraBui 240 MM, mo ocu Y - 180 mm.
VHTEeHCUBHOCTD OTCUETOB JETEKTOpa TOPMO3HBIX Y-KBAaHTOB OTJIOKEHA IO BepTUKanbHOU ocu. Kak BuaHO u3 puc. 4
pacrnpeneneHue TOPMO3HBIX Y-KBaHTOB HOCHUT CHMMETpUYHBIM xapaktep. OHO ompenensercs B OCHOBHOM
HU3KOIHEPTreTHIECKON COCTABIISAIOIEH TOPMO3HOTO CIIEKTPA Y-KBAHTOB.

s000

4000 [

2000 ¢

Puc. 4. IInotHOCTH pacnpeneneHusl TOPMO3HBIX Y-KBAHTOB

3AK/IIOYEHHUE
Pa3paboTanbl ofHO- W IBYX-KOOpPIHMHATHBIE YCTpOMCTBa IJIsl MEpeMEIIeHHs 00pas3loB B YCIIOBHSX BBICOKOTO
panuannonHoro ona. Kaxmgoe ycTpoHcTBO COCTOMT M3 MEXaHWYECKOW YacTH M 3JIEKTPOHHOrO OJO0Ka yNpaBIeHUS.
MexaHnudeckasi 4acTh YCTPOWCTB ITO3BOJISICT MEepeABUTaTh 00BeKTH Maccoi 10 100 T ¢ TogHOCTRIO HEe Xyx)e 0,5 MM.
JIByX-KOOpAMHATHOE YCTPOMCTBO HCIIOIB30BAIOCH B AKCIIEPUMEHTAX Ha ITydKe ANIeKTpoHOB yckopurens JIY-40 HHIJ
X®OTU npns u3MepeHus: OTHOCUTEIBHOW IUIOTHOCTHU pAaclpeiesieHusl IMOTOKOB TOPMO3HBIX Y-KBaHTOB. Bo Bpewms
MIPOBEACHUS STUX N3MEPEHHil 00a ycTpoiicTBa OKa3ail yCTOHUMBYIO 1 O€30TKa3HyI0 padory.
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