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LOCALIZED VORTICES IN TWO-DIMENSIONAL HYDRODYNAMIC MEDIA

V.V. Yanovsky'?, A.V. Tur’, K.N. Kulik'
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Received December 4, 2014

The review covers the main achievements in the field of the dynamics of strongly localized vortices in two-dimensional
hydrodynamic media. The types of point vortices and their motion equations are discussed. The consideration is focused on dipole
point vortices, a new type of point vortices. Investigated is the influence of the boundaries of the vortices on the character of their
motion, and some new stationary fluid flows. The impact of potential waves on the interacting point vortices leads to new effects
also considered in the review.

KEY WORDS:point vortices, dynamics, interaction, liquid boundary, sound wave, stationary structure

JIOKAJII3OBAHI BUXOPU Y IBOBUMIPHUX I'ITPOAUHAMIYHUX CEPEJOBUIIIAX
B.B. SInoschkuii'?, A.B. Typ®, K.M. Kyaux'
11Hcmumym Mmonokpucmannos, Hayionanvna Axademiss Hayk Ykpainu
np. Jlenina 60, 61001 Xapxis, Ykpaina
“Xapxiecekuii Hayionarenuil ynisepcumem iveni B.H. Kapasuna
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 ormsimi po3risHYTI OCHOBHI JOCSATHEHHS B 00J1acTi JMHAMIKM CHIJIBHO JIOKATi30BaHMX BHXPIB Y ABOBHMIPHUX T'iJpOJHMHAMIYHIX
cepenoBuax. OOroBOPIOIOTECS TUIIM TOYKOBHUX BHUXOpIB 1 IXHI piBHSHHS pyXiB. ['00BHA yBara npuijiecHa HOBOMY THITy TOYKOBHX
BUXODIB - TUIOJBHOMY TOYKOBOMY BHXOPY. PO3IJISHYTO BIUIMB IpaHUIb Ha XapakTep PyXiB BUXOPIB i JesKi HOBI cTallioHapHi Teuil.
BIuinB MOTEHIIHHUX XBUJIb HA B3a€MOIIF0Y] KPAIIKOBI BUXOPH MPUBOIUTH 10 HOBHX €(EKTIB, SIKi TAKOX PO3IJISIHYTI B OTJISII.
KJIFOYOBI CJIOBA :T0ouK0Bi BUXOpH, AMHAMIKa, B3AEMOIis, TPAHMLI CEPEIOBHUINA, 3BYKOBA XBUIIS, CTAI[IOHAPHI CTPYKTYpH

JOKAJIN30BAHHBIE BUXPU B AIBYMEPHBIX TMNIPOANHAMUNYECKUX CPEJAX
B.B.SInosckuii'?, A.B.Typ®, K.H.Kyaux'
"Unemumym monoxpucmannos, Hayuonansnas Axademus Hayk Yipaunol
np. Jlenuna 60, 61001 Xapvkos, Yxkpauna
2Xapwkosckuii nayuonanbhbiii yrusepcumem umenu B.H. Kapasuna
ni. Ce0600w1, 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 o0030pe paccMOTpEHBI OCHOBHBIC OCTIDKCHHS B OONACTH AWHAMUKA CHJIBHO JIOKAJTM30BaHBIX BHUXPEH B JABYMEPHBIX
THIPOIMHAMUYCCKUX cpepax. OOCyKIalTCs THIBI TOYCYHBIX BUXPEHW W UX ypaBHEHUS JBWKeHHs. OCHOBHOC BHHMAHHE YIICIICHO
HOBOMY THUITy TOYCYHBIX BUXPEH — JHUIIOJHHOMY TOYCYHOMY BUXPIO. PacCMOTpEHO BIHMSHUE TPAHUIl HA XapaKTep JABHKCHUS BUXpel
¥ HEKOTOPBIC HOBBIC CTAIIMOHAPHBIC TCUCHHS KUIKOCTH. BIUsIHAE TOTCHIIMATBHBIX BOJH HA B3aUMOJICHCTBYIOIIUE TOUCUHBIC BUXPU
MPUBOIHUT K HOBBIM 3(p(pekTam, KOTOpBIE TAKXKE PACCMOTPEHBI B 0030pe.
K/IIOYEBBIE CJIOBA:ToueuHble BHUXpH, AMHAMHKA, B3aUMOJEIHCTBHE, TpaHUIIBI CpeAbl, 3BYKOBas BOJHA, CTAllMOHApHBIE

CTPYKTYPBI

O030p MOCBSIICH yIUBUTCIHFHBIM BHXPSIM, BOZHUKAIOMIMM B TBYMEPHBIX THAPOIUHAMUYECKHX cpenax. ['oBops o
BUXPSX, TPYAHO IEPEOIICHUT UX 3HAYCHHE B MPHUPOe U TexHuke (cM. Hampumep [1-3]). B kagecTBe mpuMepoB MOKHO
YIOMSHYTh LIWKJIOHBI M aHTHLIWKIOHHEI [4-6], dopmupyromme morony, TaildyHbl W yparansel [7,8], mpuBoasmiue K
katactpoduueckuM coObiTHsAM, cmepun [9]. KouBektuBHble sueiiku [10,11], urpaioT orpoMHoe 3HauYeHHE B
TpaHc(hOpMaIlMK SHEPTHH COJHIIA B THAPOJUHAMUYECKUEC IBHKCHUA. BUXpU OMPECIAIOT MHOKECTBO APYTHX, XOTSI U
MEHee 3aMEeTHBIX MPUPOJIHBIX ABJIEHUH, HO HE MeHee BaxHBIX [12]. TexHuueckoe UCoIb30BaHIE BUXPEBBIX JBUKECHUIMA
CTOJIb K€ IMUPOKO U MHOT000pa3Ho. B kauecTBe mpuMepa JOCTATOYHO YIOMSHYThH KPBLUIO CaMOJIeTa, TIOAbEMHAsT CHIIa
KOTOpPOTO CBsI3aHA C BUXPEBBIMU TEUEHHSIMH, KaK U CHJIa TSTU BUHTOBBIX JBMxkUTeneld [13,14], a Takke MexaHU3M,
MTO3BOJIAIOMINN IDIaBaTh PBHI0OAM C BBICOKMMH CKOPOCTSIMH. B TpWHIWIIE, TOJIBKO JBa THIA THIPOJAWNHAMHYCCKIX
00BEKTOB ONPEACTIAIOT JIFOOBIC THAPOIMHAMUYCCKUE SBICHHUA. DTO BUXPH U BOJNHBEL. BOJHEI M3yueHBI OoJiee AeTalbHO,
4YeM BHXpEBBIE TIpolecchl. [IBa ympomaromux O0OCTOATENBCTBA CIOCOOCTBYIOT 3TOMY. MOXKHO paccMaTphBaTh
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OJTHOMEpPHBIE BOJHOBBIE JBIDKEHHUS M BBECTH JIMHEHWHBbIE BONHBI [15]. DTO MO3BOIMIO MOCTPOUTH TEOPHUIO BOJH M HX
B3aumogercTBus [16,17]. Buxpu - 310 HenuHelHble (OPMHUPOBAHUS, KOTOPBIE MEPEHOCAT HE TOJBKO JHEPIUI0 U
HMITYJIEC, HO B OTJIMYMH OT BOJIH U camy cpeny. CI0XKHOCTb OIHCAaHMs 3TUX OOBEKTOB, B ONpPENCICHHOW CTEIEHH,
CBSI3aHa C OTCYTCTBUEM OJHOMEPHOrO NPHUOIMKEHHS W HEBO3MOXKHOCTBIO JIMHEApW3allMu BHXpei. Buxpu-ato
CYIIECTBEHHO HEJIMHEHHBIE MHOTOMEpHbIE OOBEKTHL. [lo 3TMM mpHyYMHAM TeopHs BUXpEH M WX B3aWMOACHCTBHUS
Pa3BHUTH €Ie HEAOCTATOYHO. lIPHATHBIM HMCKIIOYEHHEM SBISIETCS OBYMEpHAs THAPOIWHAMHKA, B KOTOPOH OBUIH
JOCTaTOYHO AaBHO OOHAPY’KCHBI ONPEZCICHHBIC BUXPH, HA3BaHHBIC BIIOCIECACTBUM TOYECYHBIMU BUXPSIMU. Poib Takmx
BUXpEH OKazanach NCKIIOYUTENHHO BaKHOU. [Ipexe Bcero, Takne BUXPH MPHUBOIST K CIICIIH(PHISCKON AUCKPETH3ALNT
THAPOJMHAMUKH. JlefCTBUTENbHO, THIPOAMHAMHUKA 3TO TOJIeBas Hayka B KOTOPOM OCHOBHYIO POJIb HIPacT MOJje
ckopocTd. JlpyruMu cioBamH, 3TO O3HA4aeT, YTO YHUCJIO CTeNeHedl CBOOOABI THAPOJMHAMUYECKHX OOBEKTOB
6eckonedHo. OOHapy)XKEHHbIE TOYEYHBIE BUXPU O0JIaalId YAWBUTEIBHBIM CBOMCTBOM. [IBHIKEHHE NPOM3BOJIBEHOTO
quciaa B3aUMOJECHCTBYIOIUX TOUEYHBIX BUXPEH MOAUUHSIOCH KOHEYHOMEPHON I'aMUIBTOHOBOW CHUCTEME YPaBHEHHM.
T'unpoanHamuueckoe  TE4eHUE, MOPOKACHHOE TaKOM KOHEYHOMEPHOM  CHCTEMOM  BUXpEH, OJHO3HAYHO
BOCCTAaHABIIMBAJIOCH MO ONPENEIICHHBIM (OpMyJIaM M ONpPEeNesuIoch XapaKTepoM ABIKEHHSI TOUEUHBIX BUXpEH. DTo
O3HaYyaj0 CYIIECTBOBAHHE IEPEX0/a OT OECKOHEYHOMEPHOH MOJIEBOH CHCTEMbl K KOHEYHOMEPHOH TI'aMHJIBTOHOBOH
cucreme. llpenmymiecTBa, BO3HMKAIOIIME IIPH 3TOM, OTPOMHBI. BO3HHKIO OTpOMHOE 4YHCIO HCCIECHOBaHUI II0
M3YYEHUIO B3aUMOACHUCTBUI TOUYSUHBIX BHXPEH, 110 TIOMCKY OIIPEIEIIEHHBIX CTAIIMOHAPHBIX YCTOWYHBBIX KOHPHUTYpaui
TaKUX BUXpeH. bputn OCTUTHYTH 0000IIEHUS HA TOYEUHbIC BUXPH, JBIKYIINECS B OTPAHUUEHHBIX 00JACTSIX 3aHATHIX
xuakocTbio. IlocTpoena Teopust nBrkeHus Buxpeit Ha cdepe. [locnenHee uMeeT OTHONIEHHE K THAPOJMHAMHKE
aTMoc(epsbl, KOTOPYIO B ONPEIEICHHOM CMBICIIe MOXKHO PacCMaTpUBaTh Kak JAByMEpHYI0. [IpeInpHHATHI HCCIea0BaHUs
10 U3YYCHMIO BJIMSHUS BOJIH HA XapakTep ABWXKCHMs TaKUX BUXped. MccienoBaHbl Ipolecchl EpeHoca MacCUBHOM
MIPUMECH TEUEHHSMH, MHIYLHMPOBAaHHBIMH KOHEYHBIM YHCJIOM TOYEYHBIX BHXpel. OOHapy>KeHbl TakHe BHXPH B
KBAHTOBBIX JKUIKOCTSIX M, COOTBETCTBEHHO, HA4aT IMOMCK APYIMX THIPOAMHAMHUYECKUX Cpell, B KOTOPBIX MOTYT
CYIIECTBOBAaTh OOOOIIEHUS TOYEYHBIX BHXpei. OTHOCHTEIBHO HEAABHO OBUI JOCTHTHYT IIPOTPEcC B OOHAPY>KCHHUH
HOBOTO THIIa TOYECYHBIX BUXPEH B TUAPOINHAMHUKE.

Ilens pa®OTHI — U3M0XKEHNE COBPEMEHHBIX JIOCTIDKEHUH B 00JIaCTH TMHAMHKH JIOKAJIN30BAaHHBIX BUXPEH, KOTOPBIE
MIO3BOJISIOT ITPOJBUHYTHCS B TOHUMAHUHM MHOTUX THAPOAMHAMUYECKHUX sIBICHHH. OCHOBHOE BHUMAHHE Y/IETICHO HOBBIM
THUIIaM TOYCYHBIX BUXPEH, OTKPHITEIM OTHOCUTEIIHHO HEIABHO.

TOYEYHBIE BUXPU KAK KBASUYACTUIIbI

BriepBble ToueuHble BuXxpu ObUTH BBezeHBI I enbmrosbueM [18]. OrpoMHyIo pojib B pa3BUTHU BHXPEBOM TEOPHU
ceirpainia ero pabora «O0 MHTerpanax ypaBHEHUI TMAPOAMHAMUKH, COOTBETCTBYIOIIMX BHXPEBBIM JABMKEHHAM» [2].
[Ipexnae Bcero OH BBIAENHMI BHXpeBble ABMKeHHsS. CornacHo ['elbMrosbpily, JABMXKEHHUS >KHUAKOCTH ISl KOTOPBIX
OTCYTCTBYET IOTEHIIHAJI CKOPOCTH, Ha3bIBAIOTCS BHUXPEBBIMH. VIMeHHO I['€IbMronbl] yCTaHOBWIJI aHAJOTHIO MEXIY
JBIDKCHUSIME KHUIKOCTA ¥ MATHUTHBIMHE TIPOSBICHUSMHE AJICKTPHUYSCKIX TOKOB. JTa aHAIOTHUS TO3BOJIMIA €My BBECTH
MPSIMOJIMHEWHBIE W KOJBIIEBBIE BUXpH. Kpome 3TOro, OH IOKa3adl OCHOBHEIE TEOPEMBI O BHXPEBBIX IBIDKCHHIX
HIeaTbHOM KHUIKOCTH. 3HAUCHNE dTHX UCCIIEAOBAaHUN OBIJIO BRICOKO OIlEHEHO BrocieacTBuu. Tak A.Ilyankape cumrai
UX Hamboiee BaXHBIM BKJIAAOM B TuApoguHaMuKy [19]. OCHOBHBIM 3JIEMEHTOM, ITO3BOJHUBIIUM [ €IbMIOJIBILY
CYIIECTBEHHO TNMPOABUHYTHCA B HUCCICIAOBAHWU BHUXPEBBIX }IBI/I)I(CHI/Iﬁ, CTaJI0 NOHMMAaHHUE BMOPOXKCHHOCTU BHUXPEBBIX
JUHUA B JBIDKEHUS Cpelbl. DTO I03BOJSUIO HCIONIb30BaTh HEKOTOPHIE OOIIME 3aKOHOMEPHOCTH KIIACCHYECKOU
MEXaHUKH U1l BUXPEBBIX OOBEKTOB.

B pabote [20] mpeanokeH METOZ BBIBOAA ypaBHEHHMH ABMIKEHHs LIMPOKOTO Kiacca KBa3MYaCTHL[ ABYMEPHOW
uieanbHoi runponuHamuky. Ilpocredime M3 HHUX XOpOIIO M3BECTHBI KaK TOYeYHble BHXpH. boisiee clokHBIE
KBa3W4aCTHIBl COOTBETCTBYIOT TOYEYHBIM AMIONSAM 3aBUXPEHHOCTH. J[0Ka3aHO, 4TO TOYEUHBIE MYJBTHIONM Ooiee
BBEICOKOTO TIOpsIKA, YeM KBAJAPYIIONH M BHIIIE, HE SBILIIOTCS TOYHBIMH PEIICHUSIMA JBYMEPHOW HIeabHON
TUAPOIMHAMUKH. [10TydeHbl ypaBHEHHUS IBIDKEHHS CHCTEMBl B3aMMOJACHCTBYIOIIMX BUXPEH M TOYCYHBIX JUTIOJCH.
[ToxazaHo, 94TO 3TH ypaBHEHHUS ABJIIOTCS TAMIIBTOHOBBIMHU M 00JIaIaI0OT TPEMsI 3aKOHAMH COXPAHEHMS, HaXOAIIMUCS
B mHBOMOIMH. CIEACTBHEM 3TOTO SBIISETCS TOYHAS HHTETPUPYEMOCTh [IBYXYaCTHYHOW CHUCTEMBI, COCTOSIICH M3
TOYCYHOI'O BUXPS U TOYCHYHOT'O JUIIOJIA.

B ocnoBe merona [20] nexuT NpsMOI METOJ MOMCKA TOYHBIX PEUIeHHH Ha Kilacce 0000meHHbIX (yHKiui. OH
OCHOBAH Ha TOM, YTO MPOU3BOJHAS (PYHKIHIA C OIPEACICHHON CTEIICHHOW CUHTYJIIPHOCTBIO, COCTOHT U3 JIBYX BKJIAJIOB
[21,22]. OmHo ciiaraeMoe cCOBIANAcT C OOBIYHOM KJIACCHYECKOW IPOM3BOIHOM, a BTOPOE - IPOMOPIUOHAIBEHO
0600mennoit Qpynkumn (O dynxuum Jlupaka). Takum o6pazom, mocjie MOJCTAHOBKM B KauecTBEe peIICHHl
CHHTYJISIPHBIX (YHKIUI B YpaBHEHUH Diifiepa, BOSHUKAIOT ClIaraeéMble TBYX THIIOB: OOBIYHBIC (DYHKIIMH U 0000IICHHBIE
¢yaknun. OOpamieHre B HyJIb OOBIYHBIX BKJIAJOB ONPEACTSICT 3aBUCHMOCTH IIONISI CKOPOCTH OT TIOJOXKEHHUS
CHUHTYJISIpHOCTEH, a oOpamieHue B HONb KOI((HUIMEHTOB NpH OOOOIIEHHBIX (YHKIHAX, OMpeneiseT ypaBHEHUS
IBIDKEHUS cHUHTYIApHOCTeW. TakuM crmocobom, B pabore [20] moimydeHBl ypaBHEHHS IBI)KEHHS KaK OOBIYHBIX
TOYEUHBIX BUXPEH, TaK M TOUCYHBIX BUXpPEH HOBOTIO THUIIA - AUMOJBHBIX TOUEYHBIX BuUXpeH. [lonoxeHus Buxpei
OIpeIeyIsIIoT (DYHKIHUIO TOKa M, CIEA0BATENLHO, TI0JIE CKOPOCTH B JIFOOOW TOYKE YKHJIKOCTH, €CIIM U3BECTHO MOJIOKEHHE
BUXpeil Kak
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mk 2(x§l _xji/l) 8(x§l _xji/l )('xz{ _xt}i/k )(xt,iﬁm _x;/m) — O 3
B _ v 4 B _ zr |6 ’ G)
| Xy | | Xy — X5 |

3nech é‘ik -CUMBOJI KPOHEKEpa, a & -CAMHMYHBIA aHTHCHMMETPUYHBIH TeH30p. Cucrema ypaBHenm# (1) mpu

HYJIEBBIX 3HAYEHHSAX [UIOJIBHBIX MOMEHTOB B TOYHOCTH COBIAJaeT C CHCTEMOW ypaBHEHHH, IMOJy4YeHHOH s
ToyeyHblx Buxped [23]. Cucrema ypaBHenuit (1)-(3) nmaér cucreMy ypaBHEHHH, ONMCHIBAIOIINX DSBOJIOIHIO

B3aumozeicTBytomx N - Todeunsix Buxpeit u M - todeunsix gumoneii. Cucrema ypasnennii (2)-(3) mpu I') =0

onuchIBaet dBoymoiui0 M - ToueuHBIX AUIIONEH.

[TosTOoMy TOYeuyHBlE BUXpH NPETEHIYIOT Ha POJb XOPOLIO ONPENENICHHBIX KBAa3WYACTHIl. OJTO O3HAYaeT, YTO
pa3sHoOOOpa3Hble TEYECHUs ABYMEPHOM MICabHOM JKUAKOCTH MOTYT OBITH IIPEICTABIEHBI KaK IBIDKCHUS,
WHIyIIUPOBAaHHbBIC CHCTEMOW B3aMMOJICHCTBYIOIINX TOUYEUHBIX BUXpel. OTpeieieHHbIe OTPaHUYeHHS 3TOH HICOIOTHN
obcyxkmarorcs, Hapumep, B [24]. CnemoBaTenbHO, BOSHUKAIOT HHTEPECHBIE KOHEYHOMEPHBIE JHHAMUYECKNE CHCTEMBI,
TECHO CBSI3aHHbIE C OECKOHEYHOMEPHBIMHM MOJEBBIMH CHUCTEMaMH THIpOJMHaMHuYeckoro Ttuma. [Ipm stoM maxe
HEOOJBIIOE YHCIO TOYECUHBIX BHUXpEH 007agaeT HETPHBHANBHBIMHM, @ B HEKOTOPBIX CIydasX M OJK30THYECKHMU
nuHaMudeckuMu cBoiictBamHu [33]. Tak Hampumep, T0Ka3aHO BOSHHKHOBEHHE XaOTHYECKOTO IOBEACHUS Y YETHIPEX U
Oosiee TOYEUHBIX BUXpel [25,26].

B pabore [20] noka3zano, uro cucrema ypaBHenui (1)-(3), siBisieTcsi raMUIBTOHOBOW C TaMUJIBTOHHAHOM

(x - X )
- ! di
H= er1n|x—ﬂ|+z — (4)
a+f xd |
M 7 _
+ ﬂm (xdm xdm )Dyl (xdl xdl) D D;/m (‘xd xd)
p<r=1 |)? - X |
B=y Y
rJie mepBasi TpyIa ClaraéMblX COOTBETCTBYET OJHEPIrUM B3aUMOJACHMCTBHS TOUEUYHBIX BHUXpEH, BTOpas rpynma --
B3aUMOJICHCTBUIO BHUXpEW M [UIOJIEH, a TpeTbs TpyIIa -- B3aUMOJAEUCTBUIO NUMOJIEH. YpaBHEHUS JIBHXKEHUS,
noxy4eHHsle u3 (1)-(3), npuHUMArOT ClieTyIOMHi raMUIBTOHOB BT
OH
ca
' x,=¢,— ®)]

ik a
ox;
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oH
B
X, ==&, ———, 6
di ik aDkﬂ ( )
. oH
Diﬂ T A . (7
ox;,

VYpaBuenue (5) ABIAETCA 0YEBUAHBIM 0000IICHNEM TAMIIBTOHOBOW CTPYKTYPHI TOUEUHBIX BHXpel. KaHoHudeckn
COTIPSKEHHBIMU TIEPEMEHHBIMH Y BHUXPEH, SBISIOTCA WX KOOPAWHATHI. [l TOYEUHBIX nOUIOJIed KaHOHWYECKU
COTPSHKEHHBIMU TIEPEMEHHBIMH, SIBIISIOTCS JUMOJIBHBIE MOMEHTHI U KOOpAMHATHI nunonis. Cuctema ypaBHenuid (5)-(7)
00J1a1aeT 3aKOHAMH COXPAHCHHUSI, KOTOPBIE JIETKO MPOBEPUTH HEMOCPEACTBEHHON MOICTAHOBKON

N M
I, = Zl"axfl - ZDlﬂ = const, ®)
a=l1 p=1
N M
I, = Z:l“axf’2 - ZDf = const , )
a=1 p=1
N Mo
J=YT () =2> (D’ -3])=const . (10)
a=1 =1

OTH 3aKOHBI COXpaHCHUsS B OHpeZ[eHéHHOM CMBICJIE BIIOJTHE AHAJOTMYHBI M3BECTHBIM 3aKOHaM COXPAaHCHHUSA B
CHCTEME TOJIBKO TOYCYHBIX anpeﬁ. ECTCCTBCHHO, emé OgHHUM 3aKOHOM COXpaHCHUsS SABJISIETCSA 3aKOH COXPAaHCHUA

sHepruu cuctembl H = const .
Cucremy ypaBHeHHi (5)-(7) MOXKHO 3amucaTh 1 B 60Jiee CHMMETPHYIHOM BHE, BB CKOoOKY [lyaccona [20]

1 04 0B 04 0B 04 OB
AB}=) —e,——- D& ——F——F— D &1 —7—F- (11)
4.8 ;ra " ox* oxt ; “ oD’ ox? ; “ ox? oD?
Tor;[a TaMHUJIBTOHOBBI ypaBHeHI/Iﬂ HpI/IHI/IMaIOT 06LI‘{HI)II71 BU
X =A{x, HY (12)
X ={xr HY, (13)
D’ ={(D’ H}. (14)

Ucnonp3ys ckobky Ilyaccona (11) merko mpoBepuTh, YTO B MHBONIONWN HAXOISATCA TOJIBKO 3 W3, MPHBEICHHBIX
BBIIIIE, THBAPHAHTOB.

JIeHCTBUTENbHO, JUIS TPUBENCHHBIX BBINIE 4-X TEPBBIX HWHTETPAJIOB JIBIKEHUS, HEMOCPEJCTBEHHO MPOBEPKOMA
JICTKO NOJIYYUTH

{II’H}:{IZ:vH}:{J’H}s (15)
KpOMe 3TOT0
N
{I,1,}=>T,. (16)
a=1
{,,J}=21,, (17)
{,,Jy=-2I,. (18)

ﬂpyFI/IMI/I CJIOBAMU, 3TH UHTCTPAJIbl HEC HAXOAATCA B MHBOJIFOLIHH. O,I[HaKO, HCIIOJIb3YsL CBOMCTBA CKOOKHU HyaCCOHa
YCTaHOBUM, YTO

(P+ 0,0y =1,y +4{,Jy==21 {1, +21,{1,,J} =21,21,-21,2],=0.  (19)
Taxum o6pa3zoM, 3 mepBuIx uHTerpana aswxenus H,J, [ 12 +1 22 HaXOJAATCS B MHBOMOLUH. YacTHBIN ciaydait

9TUX 3aKOHOB COXPAHEHUS JUIsl CUCTEMbI BUXPEH XOpPOIIO U3BECTHHI [23]. DTO 0O3HAYaeT COrNIacHO TeopeMbl JInyBMILI,
YTO CHCTEMa B3aUMOICHUCTBYIOMIETO TOYEYHOTO BHXPS C OJHHUM TOYCYHBIM [HUIOJIEM OTHOCHTCS K TOYHO
uHTEerpupyeMoil. HamomMHMM, 9TO TO aHAJOTHYHOW TNPHYMHE CHCTeMa 3-X TOYCUYHBIX BHUXpPEH SBISACTCA TOYHO
WHTETpUPYEeMOH B KBajparypax [27,29].

B pabote [30] uccnenoBano B3anMOIEHCTBAE TOYEYHOTO BHXPS M TOUYEYHOTO BHXPEBOTO IHIIONSA B JABYMEpPHOU
niealbHON ruapoauHaMuke. Iloka3aHa TOYHas MHTETPUPYEMOCTh YPABHEHWM IBHXKEHHUS B3aUMOJEHCTBYIOLIETO
TOYCYHOI'0 BUXPA W TOYCYHOT'O IAWIIOJIBHOI'O BHUXPH. Haﬁ}:[eHI)I TOYHBIC PCUHICHUA C MPOU3BOJLHBIMHU HadaJlbHBIMH
YCIOBUSIMU M JUI BCEX BO3MOXKHBIX 3HAUYEHUN IapaMeTpoOB, XapaKTEpU3yHOLUX Buxpu. HalineHsele peenus,
OMPEICNISIOT BCE BO3MOXKHBIC IBYMEPHBIC TCUCHUS, WHIYIIMPOBAHHBIC JTBUKCHUAMHU B3aUMOCHCTBYIONINX TOYCYHOTO
BHUXPs ¥ TOUYCYHOTO JUIOJIEHOTO BUXPSI.

CyIIeCTBYIOT U APYTHE CIIOCOOBI BRIBOJIA YPABHEHUH NBIKCHUS TOUCUHBIX BUXped. C (U3NIECKON TOUKH 3peHHUS,
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OHHM OCHOBAaHBI Ha ABYX B3TJIsIJIaX HAa TaKUEC O6"beKT])I. OZ[I/IH M3 HUX 3aKIH0Ya€TCA B paCCMOTPCHUU UX KaK CUHTYJIAPHBIX
O00BEKTOB WM TpEACNbHBIX OOBEKTOB, BTOPOH TMpENIoNaraeT BBHIKAIBIBAHHE TOYEK IOJIOKEHHsSI 3THX BUXpEH U3
¢azoBoro npocrpaHcTa. [Ipn 3TOM, OCHOBHO# MpoOIEMO ocTaeTcst MpodiIeMa caMOBO3/ICHCTBUSI TOUSUHOTO BHXPSI.
Crenyer 3aMeTHTB, Y4TO 3TO JIOBOJILHO oOmiast mpoOiema, Kacaromasics NMPaKTHYECKH BCEX TOYEYHBIX OOBEKTOB B
¢msuke. CymecTByeT MHOXKECTBO ITOITBITOK BBIBOJIA YPABHCHHUH JBIKCHUS BUXPEH, C NCTIOIB30BAHIEM BAPHAHTOB 3THX
moxxonoB. llomeiTka Oosee MmMOIpPOOHOTO OMUCAHWS WX, HpeanpuHiATa B padore [31]. Cmemyer 3ameTuTh, YTO
MaTEeMaTHYECKHE IOIBITKH «00JIee CTPOTOro» BHIBOAA YPaBHEHHH JBIKCHUS TAKHX OOBEKTOB, KaK MPABUIIO, TOIBKO
CO3/JIaf0T MJUTIO3UIO CTPOTOCTH. BosbIas nx 4acTh OCHOBaHA HAa BMOPOXXEHHOCTHU IOJISI POTOPa CKOPOCTH B JIBIDKCHHMS
UJeUTbHOHN XUAKOCTH. B WacTHOCTH, HampuMmep, B pabdote [31] mpemmaraeTcss Ipyroi BHIBOJ YpaBHEHHH IBUKEHHS
TOJIBKO JIMMOJIbHBIX TOYEYHBIX BHMXPEH, HCXOAS W3 HMHTErPaIbHBIX 3aKOHOB coxpaHeHus. BpiBox padorsr [31],
JEeMOHCTPHpPYEeT Ha caMOM Jiele CKOpee JIOKa3aTeIbCTBO COIVIACOBAHHOCTM 3TOI0 YAacTHOIO ciydas ¢
THPOJMHAMHYECKUMH 3aKOHaMK coxpaHeHus. B pabore [30] paHee Obuti mosydeHb! naxe Oojee oOlve ypaBHEHHs
JIBIDKCHUSI B3aMMOJCHCTBYIOIIMX TOYEYHBIX BHXpEHl M TodeuHbIX aunosneil. Ha camom gene Takol MHTErpajibHBINA
TIOJIXO], CTPOTO TOBOPSI, HE SIBJISICTCS AaXKe APYTHUM, T.K. IPUBEACHHBIA BBIIIE MOX0/]] C UCIIOIH30BaHIEM 0000IIEHHBIX
(YHKIMHA, COrJIacOBaH IO CBOEMY OIIPENENICHHIO, C HHTETPAIBbHBIM IIOIXOMOM. 31€Ch 3aMETHM TOJBKO, YTO B
NIPUBEICHHOM BBINIE BBIBOJE, WICHBI C CaMOBO3JCHCTBHEM OOpamaroTcsi B HyNb, Kak A TOYCYHBIX BHUXpEH M
aOCOJIIOTHO aHAJIOTHYHO UIS TOYEYHBIX AMIIONBHBIX BHXpEH, Omaromaps cBoiicTBaM 000OIIEHHBIX (yHKIWiA. 31mech
cleqyeT OTMETHTH eIle OJHO 3aMedaHue K pabote [31], B KoTOpol ypaBHEHHS, ONMCHIBAIOIINE IBIDKEHISI TOUCYHBIX
BUXpell B YIJIOBOW 00JAaCTH, PacCMaTPUBAIOTCS KaK HOBBI THI ypaBHEHHH [BMXKEHHS BHUXpeW. DTO BBIMJISIHUT
HECCTCCTBCHHBIM, €CJIM UCXOAUTh U3 CYHICCTBOBAHUA TOYCYHOT'O BHUXPSA KakK q)HSI/I‘IeCKOFO O6'beKTa. C Hamieii TOYKH
3pCHHUA OTO YPAaBHCHUSA ABUKCHUSA TCX KE O6"beKTOB, HO B APYTUX I'paHUYHBIX YCJIOBUAX.

Kpome, onmcaHHBIX BBIIIE JIOKATU30BaHHBIX BUXpEW, B THAPOAMHAMUKE JOCTATOYHO JABHO BBEJCHBI U MOJICIH
Buxpeii [37], coueraroniue CBOWCTBA HCTOYHUKOB U CTOKOB [38]. B3anmopeiicTBre NBYX TaKMX BUXPEUCTOYHHKOB OBLTH
paccMmoTpensl B paborax [37,39]. B HuX goka3zaHa MHTETPHPYEMOCTb 3TOH Mpobiemsl, a B [39] 1 HEMHTErpupyeMocTh
ciyyast dYeThIpeX, W Ooiee BHUXPEHCTOYHHWKOB. MHTErpmpyeMocTh 3agadd O JBIDKCHHH TPEX TaKMX BHXpeH
aHoHcupoBaHa B [40,41], m mpomHTErpupoBaH CiIy4aidl OOIIEro IONIOKEHHUS OBYX BHXPEHCTOYHHKOB. B HemaBHel
pabore [42] mokazaHa WHTETPUPYEMOCTh YPAaBHEHHWH JBIDKCHHS CHUCTEMBI TpPEX BHXPEHUCTOYHHKOB. lIpuBemeHBI
BO3MOJXKHBIE (Da30BbIC TOPTPETHI U PA3JIMUHBIC OTHOCHUTENIBHBIE PABHOBECHS CHCTeMbL. OOCYXIEHHE CTPYKTYpbl U
HEYCTOMYMBOCTH pPeaJbHBIX BUXPEUCTOUHUKOB MOYKHO HaiiTu B pabote [43].

Pa3yMeeTC${, TaKUE€ TOYCUYHBIC BUXPHU MOTYT CYIIECTBOBATH B PA3JIMYHBIX THAPOJMHAMHUYCCKUX CpClax. XOpOHIO
M3BECTHBI TaKWE€ BHUXPH B CBEPXTEKYyUMX KUAKOCTAX [45-50]. ['maBHOE oTinume STHX BHXpeH B KBAaHTOBAaHOCTH HMX
UPKYJSIIMK. DJTO 3alpellaeT HeNpepbhlBHOE YMEHBIIEHHE WHTEHCUBHOCTH BHUXpPEH, HampuMep, HOA JeHCTBHEM
BSI3KOCTH, & TaK)X€ POXKJICHWE BUXPEH C MPON3BOJIBHON BEIMUMHON IUPKYISALUKU. B mpuHIMIE, 3TH KBaHTOBBIE BUXPH
WTParoT BAYKHYIO POJIb B O0BSICHEHHN MHOTHX (pr3nvecKux siBieHni 1 3(h(HEeKTOB Kak B CBEPXTEKYUHX KUAKOCTAX, TAK B
CBEPXIIPOBOAAIINX cpepax [51]. DKcrepuMeHTaIbHO KBAaHTOBBIC BUXpH ObUIM OOHapyskeHsl eme 1961 roay B padore
[54] B xoTOpoii ObUTO mOKa3aHO, YTO IMPKYJSAIMS CBEpXTEKydell KOMIIOHEHTHI KBaHTOBaHa. [lo3mHee 3TO OBLIO
MTOITBEPKACHO (pyHIaMEHTANBHBIMA SKCIIEpUMEeHTaMu [55,56]. B kauecTBe mpUHIIMIHAIBHO APYTOI Cpeabl, B KOTOPOH
MOTYT CYIIECTBOBAaTb TOUCUHBIE BUXPH, MOXKHO IPUBECTH JBYXKHIKOCTHYIO TMAPOAWHAMHUKY Iuiazmbl [57]. B aroii
paboTe BBEICHBI TOYECUHBIE BHUXPH, KOTOpHIC SBISAIOTCS TOYHBIMHM PEIICHUSIMHM YPaBHEHUH JABYKHIKOCTHOMN
TUAPOJAMHAMHUKHU IUIa3Mbl, a JUHAMUKA TAKUX TOYCYHBIX BPIXpeﬁ NOJYHHACTCA HOHy‘{CHHOﬁ I[PIHaMH‘IeCKOfI CHCTEMC
ypaBHeHH. ToueuHble BUXpH B JBYKUAKOCTHOW THAPOAMHAMUKE TUIA3Mbl pa3/IeNslOTCS Ha J[BA TUTIA: HOHHBIE BUXPH U
JJIEKTPOHHBIE BUXpH. [IpyrMMHU ClOBaMH, IUTa3MEHHBIE TOUYEUHBIE BHXPH YCTPOEHBI 0Ojee CIIOKHO, YeM TOYEYHBIE
BUXPH B OOBIYHOH >KHJIKOCTH, ITOCKOJILKY OHH CO3/AIOT BOKPYT ce0s KOJIbIIEBBIE TOKH, KOTOpPBIE B3aMMOJECHCTBYIOT C
CaMOCOTJIACOBAaHHBIM MarHUTHHIM mojieM. CTPYKTypa 3THX BHXped MoApoOHO ommcaHa B [57]. YpaBHEHUs, KOTOPHIM
MTOJUMHSETCS JBIDKCHNE aHCaMOJs »JIEKTPOHHO-MOHHBIX TOYEYHBIX BHUXPEH, MPEACTAaBISIIOT CO0OI CymiecTBEHHOE
0000111eHNE ypaBHEHUH BI)KEHHS OOBIYHBIX THAPOANHAMUYECKIX BUXPEH.

Eme onuH Kimacc TOYEYHBIX BUXPEH, O KOTOPOM CIEAyeT YHOMSHYTb, BBOJUTCSA W B TPEXMEPHBIX cpelax. JTH
TOYEYHBbIC BHXPH TPHUHATO Ha3bIBaTh -- BOPTOHBI [58]. OpHako, BBEACHHWE TaKOTO THIA BHUXPEH CBSA3aHO C
OIpEe/ICTICHHBIMH  CIIOXKHOCTSIMH, OOCYXKJCHHE KOTOPBIX MOXKHO HalTH, Hampumep, B pabdore [59]. Opnum wu3
€CTECTBEHHBIX CIIOCO00B UX BBCJICHUSA, ABJIACTCSA HpeHeHBHbIﬁ NepexXo] OT TOPOUAAJIbHBIX BHXpeﬁ MMyTEM YMCHBIICHUA
UX pa3MepoB 1 (aKTHIECKU COXPAaHEHUE UX JAIBHETO 1oiisi ckopoctH [60].

BJIMSTHUE 'PAHUIL] CPEJbI

EcrecTBeHHBIN HHTEpEC BHI3BIBACT BIMSHHUE I'PAHUI] HA IBIKCHHAE AUMOIBHOTO BUXPS. sl OOBIYHBIX BUXpEH, NX
MoBeIeHHEe BOJIM3H TUTOCKOH TPaHUIIEI B YTIIE U KPYTe, YXKe TaBHO crand kinaccumdeckumu [ 18], [32-34]. Obmiast Teopus
IBIDKEHUS TOYCYHBIX BUXpEW B IPOM3BOJIBHOIN OrpaHWYEeHHON oOnacTH, Oblia 3ajoxeHa eme B padore [44]. s
JTUIIOIEHOTO BUXPS €ro MOBeIeHIe BOMM3HU IUIOCKOW TPAHHUITHI MccienoBanock B [31] u 6omee merampHO B [35]. B [35]
MIOJTHOCTBIO OINHCAHBI BCE PEXHMMBI JIBIDKCHHS BHUXPSl y MJIOCKOM TIpaHUIBI M B 00macTu B (hopMe MpsSMOro yria.
Hcnonp3ysa metox nzobpakeHuii B [35], mosryueH raMuJIbTOHHAH BUXPS B Cpelie OTPaHMYCHHOM MPsIMOYTOJIBHBIM YTIIOM
BUjIa
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o= _L Df +D22 N D12 +D22 B (xl2 —xj )(D12 —D22)+4D1D2x1x2
4 xl2 xz2 (xl2 +x22)2

3Z[€CB Xl > 0 u .x2 > 0 . OTOT raMHJIbTOHHAH MOXKHO paccMaTpuBaTh KakK raMWJIbTOHUAH JUIIOJIBHOTO BUXPSA

JIBIDKYILETOCS B yrie. Y paBHEHUS ABIKCHUS MOIYYNM CTaHIAPTHBIM 00pa3oM coritacHO ypaBHeHui (6), (7)
dex, 1(D, +D2 +D2(x]2—x§)—2Dlx]x2

dt 2z x x (x) +x7) ’
dx, _ 1 D, D B D, (xl2 —xzz)—l-Zszl)c2
dt 27\ x x: () +x3) ’
dD, _ 1 (D}+D] . (D; =D})x, +2DD,x, - (D} —D;)(x} —x3)+4D,D,x,x,
dt 2z x; (x) +x3) : (x+x3) ’
dD, 1 Dl2 + D22 . (D12 - D22)xl +2D,D,x, ) (D12 - Dz2 )(xl2 - xz2 )+4D,D,x x,
=— —2x
dat  2x x; (7 +x3)° ] (7 +x3)

DT0  [OCTAaTOYHO  CJIOXKHAs  JMHAMHYECKas
2] CHCTEMA C JBYMS CTEIICHSIMH CBOOOJBI. DHEPrus 3TOi
CUCTEMBI OUITIOJIBHBIX BHXpeﬁ COXpaHHeTCﬂ. O}IHaKO,

10 JIpyrue oOme 3aKOHbI COXPAaHEHHMs, IOyYeHHbIE B
| padote [30], TpuBuanusywtes. Jias paccMaTpuBaeMoi
0.8 KOH(UTypanuy JIHUIOJIBHBIX BUXPEH OHM 0OpalIaroTcs
1 TOXIECTBEHHO B Hynb. IloaTomy Bompoc 00
0.6 HHTETPUPYEMOCTH B KBajpaTypax OJTOH CHCTEMBI
| ypaBHEHHWH OCTaeTcs OTKPHITHIM. B  pabore [35]
oa MOJy4Y€HBl YAaCTHBIE TOYHBIE PEIICHUS] 3TOW CHUCTEMBI

YpaBHEHUH W YHCICHHO HCCIICIOBAHbl BO3MOXHBIC
PeXUMBI JIBIKCHHS AWNONBHOTO BHXpA (puc.l). B
0.2 KpyroBOoH OOJAacTH IBW)KEHHE JIUIOJIBHOTO BHXPS
_ JIETAIBHO HWCClenoBaHo B paboTe [36]. YcTaHOBIEHBI
T T T T T T IMMPOCTbIE aCUMIITOTUYCCKUC 3aKOHBI 3BOJIOLIHU BUXPSL
62 04 06 08 10 X4 Ha OoJbLIMX BpeMeHaX. B pesynbTaTe OOHapyKeHO,
YTO BHUXpPh JUIONBHOTO THMAa B Ccjlydae oOOILIEro
MOJIOXKEHHUS «OTPAXKACTCS» OT TPAHUIBI CPEeAbl. ITO
O3HAYaeT, YTO IUIOJBHBIC TOYCYHBIC BHXPH CIYXKaT
3¢ (eKTUBHBIMI TEPEHOCYNKAMH 3aBUXPEHHOCTH U
obmacTu, MONY4eHHOE 4YMCIEHHO. BuaHo oO0mee CcBOHCTBO JPYTUX «BMOPOKEHHBIX» XapaKTEPUCTHK OT IPAHUL] B
«OTPAKEHHUEC)» TUIIOJIBHOI'O BUXPsS OT I'paHUIL. )KI/IZ[KOCTI) 3aHUMacT Cpeﬂy. STO HCKJIIOUNTEIILHO BaKHOE CBOﬁCTBO, eciIn
obmacte x>0, x,>0. y4ecTb, 4TO OOBIYHO 3aPOKIEHHE 3aBUXPEHHOCTH, KaK

Puc.l. JIBwKeHHe  AMIOJBHOTO BHUXPS C  Ha4yalbHBIMH
koopauHatamu X,(0) =0,8, x,(0)=0,8 ¥ HayaIbHBIM 3HAYECHHEM

gunoneHoro momenta D (0)=11 D,(0)=-1 B yrnoBoii

IpaBujio, CBA3aHO C I'paHUIIaMU CPEABbI.

CTAIHIMOHAPHBIE COCTOSAHUSA
Teopust cTarMOHapHBIX COCTOSIHME AJIsI OOBIYHBIX TOYEYHBIX BHXpEH MMEET WHTEPECHYIO MCTOPHIO M JOCTHUIJIA
OTIPENICIICHHOTO yCIeXa. Xopoliee U3JI0KCHUE ITHX BOIIPOCOB MOKHO HaiiTu B kHure [41]. OOHapyXeHHE HOBOTO THIIA
TOUYCYHBIX BHXpEH BIeUeT 3a cOOO0H CYyIIeCTBOBaHHE W HOBBIX CTAIMOHAPHBIX TEYCHUH KHUIKOCTH, COMEPIKAIINX TAKHE
BUXpH. B pabote [61] HalimeH HOBBIN KJTacC TOYHBIX CTAlMOHAPHBIX PEUICHWH IBYMEPHBIX ypaBHEHWi Oitnepa. B
OTIIMYUH OT YK€ U3BECTHBIX PEIICHHI, HOBBIC PEIICHHS COACPKAT CIOKHBIC CHHTYISIPHOCTH. CIOKHBIMI TOYCTIHBIMHU
CHUHTYJISIPHOCTSIMH CYHTAIOTCSI OCOOBIE TOYKH, y KOTOPBIX HHIACKC BEKTOPHOTO MO Oompmie eauHuisl [62,63].
Hamnpumep, aumonbHast CHHTYJISIPHOCTb SIBJISIETCS CJIOKHOM, T.K. €€ HHIEKC paBeH AByM. B aToil paboTe HaiiieH B SBHOM
BUJIE WIMPOKUN KIacC TOYHBIX JIOKAJM30BAaHHBIX CTAIIMOHAPHBIX pPEIICHUH JBYMEPHBIX YpaBHEHUU Dinepa ¢
CUHTYJISIPHOCTBIO, HMHIEKC KOTOpoH paBeH TpéM. [losyueHHble B paboTe peleHHs BBIPAXKAIOTCS Yyepe3 dJIeMeHTapHbIe
¢ynkuuu. HaiineHHble pelieHHs NPEACTaBISIIOT COOOH CIOKHYIO OCOOYI0 TOYKY, OKPY)KEHHYI0 CHMMETPUYHOMN
CTPYKTYPO# BHXPEBBIX caTelUTOB. B pabore 00cCyxmaeTcsl TakkKe ypaBHEHHS JBIKCHUSI CHHTYJISIPHOCTEH M YCIIOBUS
CTAIlHOHAPHOCTH OCOOBIX TOYEK, KOTOPBIC TapaHTUPYIOT CTAllMOHAPHOCTH CIOKHOW BHUXpPEBOH KoH(purypamuu. B
KadecTBE MpuMepa Ha prc.2 N300paXeHbI IMHAN TOKA OJJHOTO IIPEAICTABUTENS U3 Kilacca HAWICHHBIX TOYHBIX TCUCHUH.
Ha puc.2. xopo1o 3aMeTHBI IBE SIUIHIITHIECKHE 0COOBIE TOYKH, C ABYMSI BUXPEBBIMH caTeiuutaMu. Kpome atoro,
HaOIIOHaeTCs TPYIIa CerapaTpuc, CBS3BIBAIOIIAS BHXPEBBIE CATEIUTUTHI C LEHTPAIbHOW 0co00# Toukoi. MHTEepecHO
OTMETHUTh, UTO BHEILIHEE TEUEHUE, COOTBETCTBYET IPOCTOMY BPALCHUIO JKUIKOCTH.
Mertox mosydeHHs TaKUX CTAIlHOHAPHBIX BHXPEBBIX CTPYKTYP OCHOBAH Ha 0000IIEHNH, IPEI0KEHHOT0 B padoTte
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[64] meToma moOMCKa CTallMOHApHBIX BUXPEBBIX CTPYKTyp. B Hel mnpemnokeH HOBBIM aH3al] A8 CTallMOHAPHBIX
peleHuit ypaBueHuid Ditnepa, 3anucanHoro B popme ckobok Ilyaccona

y op
——{p,Ap} =0,
py {o,Ap}

1.0 4

rae @ - gyHkus Toka. DTOT aH3all JIs CTAllMOHAPHBIX

O pelleHuii 3TOr0 ypaBHEHHs UMeeT BHI:
N
0.5 . .
Ap=f(p)+ DT ,6(i-%,).
a=1
O 3xece X, = CONSt — nonoxenus ocobeHHocTeii. B
0.0-

pabote [64] npu BeiGope f(@) =€ ¥ waiinen HOBBIA

KJIacC TOYHBIX peIIeHHil. DTO JAByHmapaMeTpHUYeCKHH
0.5 KJIaCC pEIICHUH BHUXPEBBIX CTPYKTYp. OTH CTPYKTYpHI
HAallOMHUHAIOT ~ OCECHUMMETPUYHOE  OXEpelbe  BO

BpamaronemMess CABUIOBOM TCEYCHHUU, B KOTOPOM N-

-0.5 0.0 05 0 x HECHUHTYJIIPHBIX ~ CATEJUIATOB  OKPYXKAIOT — TOYEYHBIN

BUXph. CaTeNINTHl OMUCHIBAIOT PAMOHAIBLHOE TIOJNIE

Pric. 2. JIuHuY TOKA BUXPEBO# CTPYKTYpHI IpH 71 =4 3aBUXPCHHOCTH,  IIO3TOMY MBI HasblBacM  MX
«BaGouxa» [61]. PAIMOHATLHBIMA OXepenbsamu. [IpuMep TuHUE TOKA, JUTs

OJHOTI'O U3 HpeHCTaBHTCHeﬁ TaKHuX pemeHI/Iﬁ, II0Ka3aH Ha
pI/IC.3. BI/I,Z[ TOYHOI'O pCHICHNA B KOMIIJICKCHBIX IEPEMCHHBIX MOXKXHO 3alIMCATh B KOMITAaKTHOM (I)OpMe B BUJIC:

2 2n
8|A| |Z -z,

@p=-In perk

A ne
1+ E(Z—ZO) 1+C

3nech, z =X, +ix,, A u C xomiueKkcHble MOCTOSHHBIC. HecMOTpsi Ha CBOIO HPOCTOTY, 9TO COOTHOLICHHE

ONMCHIBAET MHO>KECTBO MYJIBTUIIOJIBHBIX BUXpPEH C pa3M4HONM CHUMMETpPHUEH, Kak 3TO JIETKO YBHMJIEThb W3 IIpUMEpa,
NPUBEJICHHOTO Ha puc.3. MyJbTUIIONBHBIE BUXPH 00Pa3yIOT MHOXKECTBO CITyTHHKOB, 0OPa3yIOIIUX OXKEPeJbsi BOKPYT
LIEHTPA TOYEYHOIO0 BUXPSL.

Brutn HaliieHBI ¥ APYTHE MHTEPECHBIC HETPUBUATBLHBIC
15 CTallHOHAPHBIC ~ MYJIBTUIOJNBHEIE  KOHQUTYypanmuum  C
CUMMETpHel # -0ro mopsiaka. Tak TOYHBIC pEIIeHUs ObLIH
1] HaiieHsl B pabore [65] ¢ mMOMOIIBI0 MeToMa KOH(POPMHBIX
otobpaxxenuit u ¢ynkuuu IIBapua. IleHTpaibHBIH BHXPH
05 okpyxkeH [V -caTemmTaMp B IIEHTPaX  KOTOPBIX
3aBUXPCHHOCTbL HMCECT CHHITYJIAPHOCTHU, KaK Yy TOYCUYHBIX
y 0 Buxpeil. B pabote [66] ObU10 MOCTpOCHO 0O0JIEE CIIOKHOE
pemenne B KOTopoM [V -CaTEIMTOB OKPYXKAIOT BHXPEBOE
-05 Koub1o. Jlpyroii THn pemeHuit ObLT HaiiieH B paboTe [67] n
He3aBUCHMO B pabore [68] ¢ UCMONB30BAaHHEM Pa3HBIX
- METOJIOB.

15 TOYEYHBIE BUXPHU U BOJIHbI
B ruppoauHamMudecknx cpenax IMPHCYTCTBYIOT [Ba
-5 1 =05 0 05 1 1.5 Ba)XHBIX OOBEKTA - 3TO BUXPU M BOJHBL Poib JMHEHHBIX
X BOJIH OrpoMHa M Xopomo u3BectHa. C (U3HUECKOil TOUKH
Puc.3. MynpTHnOMIOCHAS CTPYKTypa C CHMMeTpHei 3peHHs OTO  ONpPEACHACTCS TEM, UTO WX  MOXHO
BOCHMOTO — TIopA k. O)’(er’ej}be 13 HECHHIYIGIDHBIX  pacomatpuBaTh — Kak — CBOEOOpasHble  yHUBEPCAIbHBIE
CaTCJUIMTOB OKPY?KA€T TOYCYHBIUM BUXPb, PACIIOJIOXKCHHBIN B
LeHTpe. KBa3nu4acCTUILbI. V3Ta l/I,HeOJ'IOl"\I’/IH HOSBOJ’IS{GT IIOHATH
MHOYECTBO JINHEHHBIX U HEJIMHEHHBIX SBICHUHN, UCXOAS U3
CBOMCTB TaKUX KBAa3UYACTHUI] U XapaKTepa UX B3aUMOJEHCTBUA. Buxpu, B onpeeIeHHOM CMBICHE, KaK OTMEUYEHO BBIIIIE,
TaKke MOXXHO paccMaTpuBaTh Kak KBa3W4acTHIBl. OHM TakXke IMPETCHAYIOT Ha OOBSCHEHHE MHOTHX SIBICHHHA B
THIPOIMHAMHYECKUX cpenax. [IpodieMa B TOM, 4TO BUXPH SIBISIFOTCS PENICHUSIMHA HEIWHEWHBIX THAPOANMHAMUYIECKIX
ypaBHEHHUH. DTO BBI3BIBACT PsA TPYJHOCTEH NPH MX BBEJCHUH U M3ydeHuH. [locneqHee ycnoXKHACTCS €IIe W TEeM, 4TO
IUTOJIOTBOPHAS WACAIN3AMs HEIMHEHHBIX BOJNH - OJAHOMEpHW3alWs, HE MPUMEHHUMa K BUXpsM. Buxpu HenzOexHO
MHOTOMepHBI. OTHAKO MHOTHE CBOMCTBA, 10 KpaifHe Mepe TOUEYHBIX BUXPEH, XOPOIIIO U3yUCHBI.
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ﬂpyFI/lMl/I CJIOBaMHU, CBOMCTBA BOJIH U OTACJIIBHO TOYCYHBIX Bmxpeﬁ K HacTosALEeMYy BPpEMEHN U3YYCHBI JOCTATOYHO
nryooko. OHAKO B THIPOJMHAMHYCCKHX Cpelax, KaK MPaBUJIO, MPUCYTCTBYIOT W BUXPH, U BOJIHBI OJHOBPEMEHHO.
[To3TOMY, HCKITIOUHATEIEHO BAXKHBIM SBJISICTCS M3YYCHUE BIMUSHUS OCHOBHBIX THIPOJUHAMHYCCKHX OOBEKTOB JPYT Ha
npyra. Havano w3ydeHus Takoro BIUSHHS 3aI0KEHO B pabotax Jlaitxmma [69,70]. B HUX HccienoBaHa reHepanus
MTOTCHINATIFHBIX BOJH BUXPEBBIMHU JBIDKCHUSMH. V3ydeHrne oOpaTHOTO BIHSIHUS MOTCHIIMAIBHBIX BOJH Ha SBOJIIOLIUIO
BHUXpeil HauaTO OTHOCHTENHbHO HemaBHO [71,72]. Okazanock, 9TO MOA BIUSHUEM ITOTCHIHAIBHBIX BOJIH Ka4eCTBEHHO
MEHSETCS XapakKTep SBOJIOIMH TOYSYHBIX BUXpei. B kauecTBe mprmmMepa ITOCTATOYHO HPUBECTH SBICHHE KOJJIarca
BHUXpell (0HOTO 3HaKa 3aBUXPEHHOCTH) IO/ BIMSHUEM MOTEHIHMATIBHBIX KoJeOaHuil naske Maioi aMrmunTyas! [71,72].
Takoit Koanc TOYeYHBIX BUXPEH HEBO3MOXKEH MPU OTCYTCTBUU MOTCHIIUATBHBIX KOJIEOAHUH.

21_]'[5{ yu€Ta BJIIUAHUA BOJIH, HAIPUMCED, 3ByKOBOﬁ BOJIHBI Ha JIBUKCHHUEC TOYCUYHBIX BPIXpeﬁ HYXXHO IPCOJOJICTh IBE
mpobseMbl. Bo-TiepBhIX, BBECTH TOYCUHBIC BUXPH B CKUMACMOH >KHUIKOCTH M, BO-BTOPBIX, MOJYYHUTH YpPaBHCHUS
JBUKCHUST BUXPEU C yYETOM BIIMSHUS BOJIHBL HeEOOXOMUMOCTh 3TOrO CBsi3aHa C OTCYTCTBHEM 3BYKOBBIX BOJH B

HECKMMAEMOit sKUIKOCTH. OCHOBHOM MPUHIMI, KOTOPbIH yI00HO HCIONB30BaTh, 3TO BMOPOKEHHOCTD mosist 1otV / p

B JIBIJKCHHE CXKHMMaeMod KHAKOCTH. OOCyXJIeHHE WHTETPajJoB BMOPOXEHHOCTH U JPYTUX HWHBAPHAHTOB

THPOJMHAMHYECKUX Cpell MOXXKHO HaWTH B pabortax [73-76]. B pabore [71] moka3aHo, YTO TOYEYHBIE BUXPHU

CYILIECTBYIOT U B CKUMaeMoil skuakocTy. [TonyueHsl ypaBHEeHHS IBM)KEHUS TOYEUHBIX BUXpPEH B MOJIE 3ByKOBOI BOJHBI
B IPHONM)KEHNUH, 3aJaHHOTO T0JISl 3BYKOBOM BOJIHBI.

a a g

dx; Iy x7—x!

_’:_gikz_—‘z_l_l/ip(fa,t).

a B
dt fow 270 | X — X},
FquCCKI/Ie HWHACKCbI HYMEPYIOT TOUCUYHBIC BUXPHU. BTopoe cJIaracMoe€ COOTBETCTBYCT IMOJIFO CKOPOCTH 3ByKOB0ﬁ

sonuel V7 (X,6) =V =(0,V cos(kx, —at)) B Touke nonokenns ¢ -Buxps. s mpocToTel, HO Ge3 moTepu
OGLHOCTH, HANPABJICHUE PACIPOCTPAHECHHs BOJNHBI BHIOPAHO BIOJb OCH X,. CIELyeT OTMETHTb, 4TO B HPHHINIE

Vip (X,t) coctout W3 AByX ClAraeMbIX, 3aJaHHOTO BHELIHETO TEUECHHS M WH/yIMPOBAHHBIX MOTEHIMATBHBIX BOJH,
B030YK/IaeMbIX JIBIKEHUSIMH BUXped. OHaKO MpH MallbIX 4HcliaXx Maxa aMIUIMTy/a TeHepHPYeMOro 3ByKa BUXPSIMHU

mana. OleHKa MOIPaBKM, COMJIACHO pesyibTatam [69,70,77], naeT ee BenMuMHy mponopuuoHansHoil M ’ [Toatomy,
€CTECTBCHHO IPHU MaJIbIX Maxax MPeHeOpeUb ITOM MOMPaBKOH. YUUTHIBAEMOE MM0JIC 3aJaHHOHN MOTCHIIMAILHOW BOJIHBI, B
CIITy BMOPOK€HHOCTH BUXPEH, IPUBOAUT K UX NMEPUOANYECKUM cMelleHHsAM. Camoe Ba)KHOE, YTO CIIeAyeT OTMETHTb,
9TO HEBO3MOXXHOCTh CBEJICHHS YpPaBHEHUH, IPUBEICHHBIX BBIIIE, K TaMHJIBTOHOBOH (opme. Panee, nucxons u3 npyrux
coo0paxeHHH, CHCTeMa YpaBHEHUH NpHUBEACHHAs BhIlIE, Obljla aHOHCHpOBaHa B padote [77]. DTy cucreMy ypaBHEHHH,
Kak mokazaHo B [71,72], moxxHO oTHecTH K Ooyee oOmeMmy Kiaccy oOpaTHMBIX cucTeM ypaBHenuit [79,80]. B
00paTHMBIX CHCTEMax MOTYT HPHUCYTCTBOBATh KAaK AJIEMEHTH TaMHJIBTOHOBOW JUHAMMKH, TaK W JTUCCUIIATUBHOM [79-
81]. B paborax [71,72] mokazaHo, YTO MHOTOOOpa3znWe pEXWMOB [BIKCHHS IBYX BHXpEH OTUHAKOBOTO 3HAKa
3aBUXPEHHOCTH CBS3aHO C B3aMMOJECHCTBHEM pPE30HAHCOB THIWYHBIX 3JIEMEHTOB T'aMHIJIBTOHOBOH IWHAMUKH C
0COOBIMH PEIICHUSAMH, KOTOPBIC BO3MOXHBI B JHCCHUIATHUBHBIX cucTeMax. llomyuena Ou¢ypkannoHHas guarpamMma
NIEPECTPOIKM pEe30HAHCAa M KaueCTBEHHbIE M3MEHEHHsI B IOBEIEHMM BUXpEH Ipu Takux Oudypkauusx. BeiscHeHbI
YCJIOBUSI BOBHMKHOBEHHSI Xa0THYECKOI'0 TIOBEICHHSI M €r0 OCOOCHHOCTH, CBSI3aHHBIE C OOPaTUMOCTBIO AMHAMUYECKON
cuctembl ypaBHeHHH. OOHapyxeH 3(¢eKT OJOKMPOBKHM pPE30HAHCOB M AaHOMAJIBbHOE pAaCIIMPEHHUE CenapaTpHc I101
BIMSIHHEM oco0oro pemenus. [Ipemosxkena npocrasi MoJesb Al U3y4eHHs B3aUMOJICHCTBHS PE30HAHCOB C IPOCTHIMU
aTTPaKTOPaMH B 0OpaTHMBIX cHcTeMax. JleTaibHOE HCCie0BaHNE B3aMMOJICHCTBHS aTTPAaKTOPa - TJIABHOTO 3JIEMEHTA
JIMICCUIIATHBHBIX CHCTEM C PE30HAHCOM - TUIIMYHBIM 3JIEMEHTOM TaMHJIBTOHOBBIX CHCTEM IPOBENeHO B padoTte [82,83].
[Tomydena cucrema 6ndyprannii pe3oHaHCa, IPOUCXOISIIAst IPU TaKOM B3auMmoeiicTBun. C yBeIMIeHHEM aMILTUTY b1
BOJIHBI OOHAapyXXCHBI J[Ba HOBBIX PEXMMa IBIDKCHHUS TAKMX BHUXPEH: 3TO KOJUTANC M WX pazberaHue. YCTAaHOBJICHBI
YCIOBHUSI PEATM3yeMOCTH JSTHX pPEKHMOB. 3HAUMTEIBHO IMIPOMIE OKa3aJoCh BIHMSIHUE 3BYKOBOM BOJIHBI Ha
B3aUMOJICHCTBYIOIINE BHUXPU IIPOTHBOINOJIOKHOTO 3HAKa 3aBUXPEHHOCTH. OTa 3ajada OTHOCHTCS K TOYHO
uHTEerpupyemoii. TouHoe pemeHus npuBeaeHo B padote [71]. B ciaydae oTCyTCTBHS BONHBI, TAKHE BUXPH COXPAHSIOT
paccTosiHHe MEXIy HUMH U JBHUTalOTCS B HAlpaBIEHHM OPTOTOHAJIBHOM K JUMHMM coenussromeil mx. IIpu mambix
aMIUIMTY/IaX BIMSIHUAE BOJIHBI CBOJMUTCS K CHOCY BUXPEH B HAlpaBlICHUU €€ PaCIpOCTpaHeHHs U Aper(y B MornepeyHoM
HaIpaBJICHU.

B pabore [84] ObuI0 MCcienOBaHO NOBEAEHHME IBYX BHXpEW OJMHAKOBOM 3aBHXPEHHOCTH IO/ BO3AEHCTBHEM
IIMPOKOTO TaKeTa BoyH. [loiydyeHo oToOpakeHne, ONKMCHIBAIOIIEe TUHAMUKY BUXpEH. BBISICHEHBI BO3MOXKHBIE PEKUMBI
JIBIDKCHUSI B 3aBUCHMOCTH OT TapaMeTpoB BHXped M BoiaH. OOHAPYKEHO SBICHHE XaOTHYECKOrO KOJJlarca BUXpen
OJIMHAKOBOTO 3HAKa 3aBUXPEHHOCTH.

B pabote [78] paccMOTpeHO BIHSHHE MOTCHIHAIBHBIX MOJ KOoJeOaHWH Ha JBIKCHHWE TOYCYHOTO BHUXPS BOIU3U
TBepnoi cTeHkH. [lomydeHbl ypaBHEHUS IBUKEHHUS TOYEHUHOI'O BUXpA Yy TBEPAOW CTEHKH B I0JIE€ MOTEHUHUATBLHOU
BOJIHBI. J[eTalbHO paccCMOTPEHO BIUSHUE MaAaroulel U OTPaKEHHOM OT CTEHKH BOJIHBI, M PACIIPOCTPaHSIONICICS B0
Hee Ha 3BoIIonuo BuXps. [lokazaHo cymiecTBOBaHHE GECKOHEYHOIO KOJIMYECTBA KAUECTBEHHO PA3IMUYHBIX PEXHMOB
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JBIDKEHUS] BHUXpPS. W YCTAaHOBJEHBI KPHUTEpUM WX peajusyeMmoctd. [locTtpoeHbl Ou(ypKalnoOHHBIE UarpaMMBI,
MO3BOJISIIOIIME  MPEACKAa3blBaTh  KAUECTBEHHBbIE  MEPEeCTPOMKM  pEKMMOB NpPU  H3MEHEHHH  [apaMeTpoB.
IIpoananu3upoBaHbl BCEBO3MOXKHBIC TPACKTOPUU JBUKEHUS TOUYEUHOTO BUXpS B KaXIOM M3 pexuMmoB. Ciydait
JeHCTBUSL HAa BUXPb 3BYKOBOM BOJHBI, PACHPOCTPAHSIOLICICA MapalieIbHO IPaHUIlE, TOUHO MHTEIPUPYEM, Ul HEro
MOJTy4eHbl TOYHBIE pelIeHUs sBHO. IIpexne Bcero OTMETHM, 4TO COCTOSHUE PAaBHOMEPHOTO MABHMXKEHHS BHXpS C
COXPAaHEHHEM pACCTOSIHHA N0 CTEHKH MOJ BO3JEHCTBHEM BOJHBI, JIETKO paspymiaercs. IIpu 3ToM BO3HHKAeT, Kak
HU3MEHEHHE PACCTOSHUS TaK U MPOJOJIBHOM, U MONEPEYHON K CTEHKE CKOpocTel. B MOIBHKHON cHUCTEME OTCUETa axe
HaNpaBJICHUE JBWXKCHUS BHXPA MOXET H3MEHHTHCS Ha IPOTUBOIIOJIOKHOE. YUHTBHIBAas, YTO TOYEUHBIH BHUXPb B
peabHON  KHIKOCTH COOTBETCTBYET JIMHEWHOMY NPOTS)KEHHOMY BHUXPIO, MOXKHO OXHMIaThb BO3HHUKHOBEHHUS
MOJJKOBOOOPA3HBIX U 00Jiee CIOXKHBIX CTPYKTYp, 32 CUET B3aMMOJCWUCTBHS JIMHEHHOTO BHXPS C HEOJAHOPOIHBIM
MOTEHIMAJIBHBIM BOJIHOBBIM ToJIeM. VIHTepeCHO OTMETUTh, YTO PEKUMBI MPUBOSAIINE K [TOTEpPe NaMATH O HadaJbHOM
COCTOSIHUU BHUXPS, MPUBOJSAT K U3MEHEHUIO 3HEPIUM BUXPEBOH KOMIIOHEHTHI. KOCBEHHO 3TO O3Ha4aeT, YTO B CUCTEME
«BOJIHA — BHXPH» MOXET BO3HUKATh 3(PQEKT aHATOTUUHBIN OE3CTONKHOBUTEIHHOMY 3aTyXaHHIO BOJIH B ILIa3Me.
Jpyrumu cioBaMu, B3aUMOJEHCTBUE MOTEHIUAIBHOW BOJIHBI C TOUYEUHBIMU BUXPSIMH B MJEAIbHON KHJIKOCTU MOXKET
MIPUBOJNUTH K U3MEHEHUIO e aMIUUTy bl OHAKO0, aHaIn3 TakuX 3(GQPEKTOB TpeOyeT caMOCOIIaCOBAHHOTO OIMHMCAHMS
B3aUMOJICHCTBUS BOJIH U BUXPEH, 10 KpailHEl Mepe, B OyXe KBa3WJIMHEHHON TEOpUM M TaKO€ pa3BUTUE TEOPUH IOKa
OTCYTCTBYET.

B mHemaBueit pabore [85] MpOOKEHO W3yYeHHE OOpaTUMON CHCTEMBI [JIByX TOYEYHBIX BHUXpEH,
B3aUMOJICHCTBYIOILIMX CO 3ByKOBOW BOJIHOM. B Hell nccienoBaHbl AuHaMuKa U OndypKalum, a TakKe NOUCK CTPaHHBIX
aTTPaKTOPOB C IIOMOIIBIO TOCTPOCHBIX KapT JUHAMUUECKUX PEKUMOB.
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Oxygen losses in polyethylene terephthalate (PET, Mylar, (C,,HgO,),) samples under proton bombardment in vacuum were studied
with proton energies 1.0 and 1.6 MeV, in the fluence range from 5-10' to 2.6:10'® cm™ at the current density 1 pA/cm?. The oxygen
depletion was ivestigated in situ by proton backscattering spectrometry. The relation between oxygen content » and the fluence ¢ was
studied for the nearsurface layer of a sample (up to 0.9 um for 1.0 MeV proton energy, and 1.9 um for 1.6 MeV energy).
Approximation n=ngexp(-o¢) was used at the initial section of the n(¢) dependence (up to 20% oxygen content decreasing). Here o is
the oxygen depletion cross section. The measured cross section values equal 1.1-10""7 em? (£12%) for 1.0 MeV proton energy, and
4.2:107"% cm? (£15%) for 1.6 MeV energy.

KEY WORDS: irradiation, mylar, proton, backscattering, oxygen depletion cross-section

PAJIAIIMHE 35ITHEHHS MAMJIAPY 110 KUCHIO
g A1€10 ONPOMIHIOBAHHSA NTIPOTOHAMM 3 EHEPTI€IO 1,0 TA 1,6 MeB
B. Bonnapenko, O.B. I'onuapos, B.1. CyxocraBeus, C.I'. Kapnycs, B.B. Ky3smenko, K.B. [lle6exo
Hayionanenuii Hayxoeuii Llenmp “Xapriecokuii ¢hizuxo-mexuiunuil incmumym”’
eyn. Akademiuna 1, m. Xapxie 61108, Ykpaina

JociipkeHi BTpaTu KUCHIO B 3paskax mainapy, (CioHgOy),, mia giero 6ombapayBanHs npotoHamu 3 eHeprieto 1,0 ta 1,6 MeB y
BakyyMi B mianasoni dmoencis Bix 5-10'% 10 2,6:10' cm™ mpu rycruni crpymy 1 pA/cv?. 36iIHEHHS 110 KHCHIO BHBYAIOCK in Sifu 32
JIOTIOMOTOI0  CIIEKTPOMETpii 3BOPOTHOrO pO3CifoBaHHs NPOTOHIB. CIIBBITHOIIEHHS MDK BMICTOM 7 KHCHIO Ta (UIIOGHCOM ¢
JOCIIIDKYBAIOCh /Ul MPUIIOBEpXHEBoro mapy 3pasky (0,9 mxm mist eHeprii npotoniB 1,0 MeB ta 1,9 mxm st eneprii 1,6 MeB).
BukopucToByBaiach ampokcumaris n=nyexp(-oc¢) Ha NMOYaTKOBIH IUIBHULI 3aiexHOCTi 7(¢@) (0 20%-HOrO 3MEHIUEHHS BMICTY
kucHo). TyT o — nepepi3 36iaHeHHs M0 KiCHIO. BuMipsni Benmuuunn mepepisis cknamu 1,1-107"7 em? (£12%) mist eneprii npoTowis
1,0 MeB Ta 4,210 em? (£15%) mns eneprii 1,6 MeB.
KJIFOYOBI CJIOBA: onpoMiHeHHs, Maiinap, IPOTOH, 3BOPOTHE PO3CIIOBaHHS, epepi3 30iTHEHHS 10 KUCHIO

PAJIMAIIMOHHOE OBEJJHEHUE MAMJIAPA 110 KHCJIOPOIY
MO JEMCTBUEM OBJIYYEHUSI TIPOTOHAMH C SHEPTHEM 1,0 ¥ 1,6 M>B
B.H. bonaapenko, A.B. I'onuapos, B.1. Cyxocrasen, C.I'. Kapnycs, B.B. Ky3pmenko, K.B. Ille6exo
Hayuonanvhvlii Hayuuwvli yermp «XapbKoscKuil (puzuKo-mexHuiecKutl UHCMumymy»
ya. Axademuueckas 1, e. Xapvros 61108, Yrpauna

HccnenoBansl moTepy KUCIOpoaa B oOpasiax Maitnapa, (CoHgO,),, mon neiictBHeM 60MOapIupOBKH MPOTOHAMH ¢ 3Heprueh 1,0 u
1,6 M3B B BakyyMe B muamasoHe (iroeHcoB ot 5-10'2 10 2,610 em™ mpu mmotHocTH ToKa 1 pA/cM’. OGeIHEHNE IO KHCIOPOLY
M3y4ajoch in situ ¢ TIOMOLIBIO CIIEKTPOMETPUH 00PAaTHOTO paccesHusi mpoTOHOB. COOTHOLICHHE MY COJACPIKAHUEM /1 KHCIOpoaa
U (JIFOCHCOM ¢ MCCIEI0BAIOCh ANl MIPUIIOBEPXHOCTHOTO ciiosi obpasua (0,9 MkMm ans suepruu nporonos 1,0 MaB u 1,9 MM ans
sueprun 1,6 MaB). Hcnone3oBanack annpokcuManusi n=noexp(-o¢) Ha HadaabHOM ydacTke 3aBucumoctd n(¢@) (no 20%-noro
yYMEHBIICHHsI COAEPKAHHS KUCIOPOaa). 31eCh o — CeueHHne 00EAHEHUsI 110 KHCIOpoay. VI3MepeHHbIe BETUUMHBI CeUSHUH COCTaBUIIN
1,1-10™7 em? (£12%) ams 9Hepruu nmpoToHoB 1,0 MaB u 4,2:10™ eM? (£15%) s sHepruu 1,6 MaB.

KJIFOYEBBIE CJIOBA: o6nyuenue, Maiinap, MpoToOH, 00OpaTHOE paccessHue, CedeHne 00eTHEHHS TI0 KUCTIOPOIY

[Tyykn yCKOpPEHHBIX HOHOB IIMPOKO MPHUMEHSIOTCS IS MOAU(UKAIIMM CBOMCTB ITOJIMMEPOB: M3MCHEHUS HX
ANEKTPHUYECKUX, aJIT€3MOHHBIX, IPOYHOCTHBIX U MIPOYHX XapaKTEePUCTHK [ 1-2].

B wu3yueHMHM W3MEHEHHs CBOWCTB MOJHUMEPOB MO/ OOJydeHHEM O0CO00€ MECTO 3aHHMAIOT HCCIICI0BAHUS,
CBsI3aHHBIE C OOJIydYeHHWEM IMPOTOHAMH W HMOHAMHU renus. J[eno B TOM, YTO 3TH HMOHBI OTHOCSATCS K OCHOBHBIM
COCTABJSIIOIIMM KAaK COJIHEYHOTO BETpa, TJE OHEpPrusi JaHHBIX HOHOB HEBENIHKA (DJIEKTPOHBOJBTHI M JICCSTKU
AJIEKTPOHBOJIBT), TAK ¥ KOCMHYECKOTO MU3JIy4YeHHs, B KOTOPOM SHEPIusi HOHOB U3MEHSETCSl B OYCHB IIMPOKHX ITIpejienax
u gocturaer 10" THB [3].

HOCKOHBKy TOJIMMEPHBIC MaTEpUaAJIbl IPUMCHIAIOTCA B KaYE€CTBE 3alIIUTHBIX HOKpBITI/Iﬁ KOCMUYCCKHUX allapaToB U
COJIHCYHBIX naHeneﬁ, TO U3YYCHUE paI[I/IaHI/IOHH()ﬁ Jcrpajairy NoJIUMEPOB IO ﬂeﬁCTBHeM IMOTOKOB MOHOB BOJOPOJa 1
TeNTUsl IMEET HE TOJIBKO HAYYHOE, HO M IIPAKTUYCCKOE 3HAUCHHE.

W3BecTHO, YTO pajuoiN3 MOJUMEPOB TOJ JCHCTBHEM OOIYYCHUS MPOUCXOTUT C BBHIIEICHUEM TIa3000pa3HBIX
MPOAYKTOB M, COOTBETCTBEHHO, C M3MCHCHHEM JJIEMCHTHOTO COCTaBa BelecTBa MaTepuana [4-5]. Jlnsg kaxmoro u3

QJICMCHTOB JTOT MNPOLECC MPOHUCXOAUT B HCCKOJIBKO OTAIlOB. OCHOBHBIMH H3 HHX SBIISIIOTCS: a) OTACICHUE OT
© Bondarenko V.N., Goncharov A.V., Sukhostavets V.1., Karpus S.G., Kuzmenko V.V,, Shebeko K.V., 2015
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MAaKpOMOJICKYJI (bpal"MeHTOB BELIeCTBA B BHIC CBO60Z[HIJIX paguKajIoB, COACPKAIIUX aTOMbl JAHHOI'O JJICMCHTA,
0) MUrpanusi THX pPaAMKaIOB W WX OOBEAMHEHHWE C TaKMMHU JK€ WM WHOTO THIA pajuKajaMd B CTaOWIbHBIC
ra3o00pa3Hble MOJICKYJbI; B) AU QY3usl 3TUX MOJIEKYJ] C BBIXOJOM Ha IOBEPXHOCTh M CyOnMManuei B OKpy’Karoliee
MpocTpaHCcTBO (aTMocdepy WIM BakyyM). M3 pacCMOTpPEHHBIX 3TaloB JIMIIb IIEPBBIA IPEACTABISET COOOH YHCTO
paauaIMoOHHBIN TIPOIIecC.

JJis pa3HBIX DIIEMEHTOB BCIIEACTBHE KOHKYPEHIIMH PAaCCMOTPEHHBIX MPOIECCOB C IMpOIeccaMi peKOMOWHAINN
CBOOOTHBIX PAJUKAIOB (T.e. WX MOBTOPHOTO MPHUCOSAMHEHHS K MaKpOMOJEKYJIaM) BO3MOXKHO KaK OTHOCHTEIHHOE
o0eTHeHNEe OCTAIOIIETOCs BEIMIECTBA HEKOTOPBIMH M3 ATHX 3JIEMEHTOB (BOJOPOIOM, KHCIOPOIOM), TaK M oOorarieHne
(yrnepomom).

KOHCTaHTLI, XapaKTCpU3yromue I1mpouecc 06eL[HeHI/I$[ KOHKPETHOI'0 MOJIMMEpa pPasHbIMU DJJIEMCHTAMH  IJI
3aJJaHHOTO THIA W JHEPTHU OOJIy4eHHs, MOXKHO OINpPEIEISATh JIMOO HCIONB3YsI Macc-CIIEKTPOMETPHIO ra3000pa3HbIX
MPOAYKTOB BBIICICHUS [5-6], 10O ¢ MOMOIIBIO 3JIEMEHTHOTO aHAJIM3a BEIIECTBA, OCTAIONIEroCs ocie oomydeHus. s
9JIEMEHTHOT'O aHaJIM3a TOJIMMEPOB Yallle BCETO MCIONBL3YIOTCS sAepHO-(u3nueckue MeToabl aHanuza (IPMA), takue
KaK CIEKTPOMETpHs 00paTHO paccessHHbIX HOHOB [7], saepHble peakiu [8-9], meron sinep otnauu [9-10]. Takoro pona
KOHCTAaHTHl HEOOXOMUMBI IPU TOCTPOCHUH PEATMCTUYHBIX MOZENCH, MO3BOJSIIOIIUX MPOTHO3HPOBATH JAETPATALlHI0
TTOJTUMEPOB O] OOTydCHHUEM.

OOBIYHO UIS JOCTIDKEHHS OBICTPBIX W3MEHEHHH B CBOWCTBAX MOJIMMEPOB IPU OOIYYEHHH HCHOIB3YIOTCS
TSDKENTbIe MOHBI HHEPTHBIX ra3oB. OgHAKO, eCIi 00TydeHHe MTPOU3BOIUTCS C LENbI0 H3YIECHUSI MEXaHU3MOB MIPOIIECCOB,
MPOUCXOAIIUX MIPH 3TOM B IOJIMMEpPE, TO OYCBHIHO, YTO OOIYYCHUE JISTKUMH MOHAMH SIBIIICTCS Oojiee “Iiamsimum’
HHCTPYMEHTOM, ITOCKOJIBKY MPONU3BOJUMAs UMH HOHU3AlIMA BEIIECTBA CYHICCTBCHHO MEHBIIIEC.

Llenpto Hacrosimield pabOThl OBUIO W3y4YEHHE Ipollecca PaJUalOHHOTO OOCTHEHHs IO KHCIOPOAY TaKOro
momuMepa kak Maimap (nmommdtuneHtrepedranar; (CioHgO,),) moa meiictBueM 00ydeHHsS NPOTOHAMU C DHEpruei
1,0 MsB u 1,6 M3B B Bakyyme. [Ipeamnornaranoch u3ydyeHHe HayaJbHOW CTaguM Mpolecca, KOTa OTHOCHUTEIBHOE
M3MEHEHHE COJIepyKaHMsI KUCIIOPO/a SIBIISIETCS] HEOOIIBIUM.

9KCIHEPUMEHT

W3BecTHO, 4TO 00pa3ipl MOJMMEPOB, OOJTyUEHHBIE B BaKyyMe, IPH NEpeHoce MX B aTMocgepy, HCIBITHIBAIOT
nookucienne [5]. Ilostomy Bo m30exaHWE CHCTEMAaTHYECKHMX IOTPEITHOCTEH MNpPOBEIECHHE 3JIEMEHTHOTO aHaIn3a
00pa3IoB 1O KHCIOPOAY KEIATeIbHO MPOBOJUTS i/ Sity — B HAIIEM CIIydac 3TO O3HAYaeT IMPOBEACHHE aHAIN3a B TOH
e KaMepe, T IPOBOIUTCS 00IydeHHe, 1 0e3 HapyIICHUs BaKyyMa.

B ciyuae nonumepoB Hanboee MpueMIIEMbIM METOJIOM TSI TAKOTO aHAJIN3a SIBIISIETCS] CIIEKTPOMETPHSL OOPaTHOTO
paccesHust (OP) mpoTOHOB, T.e. Te€X K€ 4YacTHI[, KOTOPBIMH TIPOBOAUTCS o0OIydeHune. OTO TPHUBOAUT K
JIOTIOJIHUTEIPHOMY TIPEMMYIIECTBY B OKCIEpHMEHTE: OOJyuYeHHe M aHalM3 MpPOM3BOAATCS OAHOBpeMeHHo. K
COXAJICHUIO, B OTOM CJIy4ae TpaJUIMOHHOE O0JIydyeHHe IMyTeM CKaHHPOBAHMS ITy4yKa MO MOBEPXHOCTU MHIIECHU HEJb3s
UCIIONIb30BaTh M3-3a CYIIECTBEHHOTO MCKakeHUs criekTpoB OP mpu TakoM ckanupoBaHuu. Ecim ke HMCIONB30BaTh
IMy4oK 0e3 CKaHMPOBaHMS, TO BO3HUKAET NPoOJieMa HEPABHOMEPHOCTH 00ydeHUsI B 00JIydaeMOM IISITHE.

B pabotax [7,11] 3T0 npoTtuBopeune ObUIO MPEOONIEHO Yepe3 onpeiesieHne HeKOTOpoi addexTuBHON mIomann
00y4yeHust A,y M3 JAHHBIX NPEIBApUTENILHOTO M3MEPEHHUs JBYMEPHOIO pAaclpe/iefieHHss WHTEHCUBHOCTH Iyuka B
TUTOCKOCTH MHIICHH.

W3yyeHne KHMHETWKH pPaJHAIlIOHHOTO OO€IHEHWs Maiiapa I0 KHCJIOpPOJYy HpPOBOAWINCH HAa YHHUBEPCATHHOU
kamepe mist AOMA [12] ma mporonHoM myuke yckopurens “Coxoxr” HHI[ XDTU [12,13]. OTtkauka xamepsl 10
ocraToysoro naasienus 10° TIla obecrmeunmBamach TypOOMOJEKY/ISPHBIM HACOCOM M a30THOM  JIOBYIIKOH,
PAacIoI0KEHHOM HaJl Iep KaTelleM MHIICHH.

CKOJUIMMHUPOBaHHBIA My4OK MPOTOHOB JHAMETPOM OKOJIO 2 MM Tajal Ha MHCCICIYyeMYyI MHIIEHb
NEPHEHANKYJISIPHO ee NoBepXHOoCTH. [IpeaBapuTenbHble SKCIepUMEHTHI IPOAEMOHCTPUPOBAIIN CPABHUTEIBHO OBICTPOE
YMEHBIIICHNE COJAEP)KaHUs KUCIOpoja B BellecTBe oOpasua moj oOiydeHueM. [109TOMy B OCHOBHBIX H3MEPEHUSX
CpeHMIA TOK ITy4YKa ObLT yMeHbIeH 10 20-25 HA, 9TO COOTBETCTBYET IUIOTHOCTH TOKA HOpsiuka 1 MKA/cM?.

Jlist KoppekTHOro m3MepeHHs (iroeHca OOJMy4eHHs HEeOOXOJUMO TIIATeIbHOE MOHHTOPHUPOBAHUE KOJIMYECTBA
IIPOTOHOB ITyYKa, YHaBIIMX Ha MHUILIEHb-00pa3el. B HamieM ciydae OHO NMPOBOAMIOCH IYTEM PETMCTPALMH IPOTOHOB,
paccestHHBIX Ha BCIIOMOTaTeNIbHOM TaHTaJIOBOW MHILICHH, IEPHOANIECKH ITEPEKPHIBAIONIEH ITy4OK (4acTOTa IIEPEKPHITHS
my4ka coctaBisieT 1 ', a oTHOCHTENbHOE BpeMs MEpeKphITH — 7%). Y3en cuCTeMbl MOHUTOPHPOBAHMS YCTaHOBJIECH
nepes BXOAOM B Kamepy MuieHell. Takoro poja METOAMKa MO3BOJISIET KOHTPOIMPOBATh KOJINYECTBO HOHOB, YNaBIINX
Ha MHIICHb W3 BEIIECTBA C IUIOXOM ANEKTPHUYECKON IMPOBOIMMOCTBIO Jake B Ciydae TOJCTOM muineHd. [loppoGHO
CHCTeMa MOHHTOPHPOBAHMUS OMMcaHa B Hameit padore [11]. s Kaxmoi sHEPTruM MOHOB 3Ta CUCTEMa KaluOpyercs Ha
My4YKe MyTeM OJHOBPEMEHHOTO HM3MEPEHHs KOJHMYECTBA HJIEKTPUUECKOTro 3apsjia Mydyka, COOpaHHOIO C LMJIHMHIpA
dapayes, BPEMEHHO yCTaHABIMBAaEMOI'0 Ha MECTe MUILIEHH-00pas3Ia.

IIpu 3amaHHOM SHepruM TIydyka MPOTOHOB MPEIBAPUTENBHO M3MEPSUIOCh JIByMEPHOE pacHpeseieHue
WHTEHCHBHOCTH TOKa Iy4Ka B IUIOCKOCTH MumeHu. Kak u B pabore [11] 3To pacmpezeneHue onpeaensioch IMyTeM
HU3MEpPEHHsI BBIXO/Ia XapPAaKTEPUCTUYECKOIO DPEHTI'CHOBCKOTO H3IyYEHHs OT CHEeNWalbHOM MOMMOAEHOBOW MUILEHH
MAaJIBIX pa3MepoB, IepeMenIaeMoi B IByX B3aUMHO IMEPIECHANKYIIIPHBIX HApaBICHUAX MOINEpeK Mmydka. B aToit pabote
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OBUIO MOKA3aHO, YTO 3TO paclpelelieHne AEMOHCTPHPYET JIOJITOBPEMEHHYI0 CTaOWIIBHOCTH MPU BHIOPAHHOM PEXHME
paboTs! yckopuTtens “Cokour”.

Jliist 06Ty9YeHust NCIIONIb30BAINCH 00pa3ibl MaiIapoBoi TNICHKH TOMIHMHON 7 MKM. [Ipu Takol TONIIKHE TPOTOHEI
Iyyka CBOOOJHO NPOXOAWIM dYepe3 IUICHKY, W HaKOIUICHHWE MOIIOJIHUTEIFHOIO BOAOpPOJa B BEIIECTBE IUICHKU
MIPAaKTHYECKH HE UMEJIO MECTa.

ITockonbpKy Maiyap SIBISCTCS IUAIEKTPUKOM, TO OoMOapAaupoBKa IUIEHKH-0Opasla JOIDKHA COMPOBOXKAATHCS
HaKOIUIEHHEM 3JIEKTPHYIECKOTO 3apsiia B 00IydaeMoii 00JacTH BCICICTBHE IMUCCHU BTOPUYHBIX 3IEKTPOHOB. OOBIYHO
Takas 3apsiika MUIICHH NPUBOAUT K HEKOTOPBIM HMCKaKCHUSAM B m3MepsieMblx cnekrpax OP. [lns yMeHbIIEHHS 3TOTO
s¢dexTa Ha MOBEPXHOCTh IUIEHKH OBUT HAaHECEH TOHKHII CIIOW allOMUHHMSA, 0OeCHeYMBAIONIMI CTEKaHHE 3apsia W3
obiyyaeMoll 00JIaCTH Ha 3a3eMIJICHHBIN JiepKaTesib MUIIeHH. TOJNIIMHA 3TOro Ciosi Obula ONpeseNieHa ¢ TOMOILBIO
pe3ephopaoBCKOro 00paTHOTO paccesiHUsl HOHOB resus ¢ sHepruei 1,6 MaB u coctaBuna 80 HM. Pacuer nokaseiBaer,
YTO M3MEHEHUE SHEPTUH IPOTOHOB ITy4YKa B 3TOM CIIO€ SIBJISETCS He3HauuTesbHbIM (4 k3B mpu sHeprum 1,0 MsB u
3 x3B nipu sneprum 1,6 MaB).

O6pazer mieHKN aAuameTpoM 18 MM 3akperuisuicsl B alllOMUHUEBOM JeprkaTerne. OTHOCHTENBEHO OOJBIION AuamMeTp
o0pasiia o3BoJIslI CBECTH K MUHUMYMY (oH B criekTpax OP, cBS3aHHBIN ¢ paccestHHeM NPOTOHOB MyYKa Ha AeprKaTelle.

Ilepen obmydeHneM oOpasell BBIICPKMBAJICS B BaKyyMe HE MeHee 24 4acoB IS yIaJleHHs aOcOpOMpOBaHHBIX
aTMOCc(EepHBIX Ta30B U BIIArH.

B mpomecce o0myueHHS NEPHOAMYECKH M3MEPSUINCH CIeKTpsl OP MPOTOHOB € MOMOINBIO HOBEPXHOCTHO-
GapbepHOTo IETEeKTOpa, yCTaHOBIEHHOTo 1o yrioMm 170° o oTHomIeHMIO K myuKy. Bpems HaGopa CrieKTpa COCTaBIIAIO
100 cexynn. ITo 3aBeprieHnio HabOpa Ka)IOTO CIEKTpa MyYOK BPEMEHHO MEePEKPHIBAJICS, CTIEKTP MepEeHOCHICS B 6a3y
JAHHBIX W 3alHCBIBAIMCH TEKYIIHE IIOKAa3aHUsI MOHMUTOpa OJKcrmo3unud. C HCHOIb30BaHHMEM KalHOPOBOYHOIO
k03 unreHTa NoKa3aHUss MOHUTOPA MOXKHO OBUIO MEPecuuTaTh B 3apsia O MPOTOHOB, YIIABUIMX HA MHUIIEHb BO BpeMs
00JIy4YeHUSI.

Ha puc. 1 npeacraBnensl xapakrepHble cnekTpel OP oT MalinapoBoill MHILEHHM, H3MEpEeHHBIE B Ipolecce
oOmyueHnsi. B cmekTpax NpOSBISIOTCS XapakTepHbIE ‘‘CTYNEHBKH -KOHTHHYYMBI, OOYCIIOBJICHHBIE paccesHHEM
IIPOTOHOB Ha sIPaX aToMOB yriepona -C u kucrnopoga '°O, BXOIAIMX B COCTAaB BElIECTBA Maiinapa, M Y3KHMil TIHK,
00YCIJIOBJICHHBIN paccessHIEM Ha MOBEPXHOCTHOM ciioe amoMHuHIsL. OCOOEHHOCTH, CBSI3aHHbIE C PaccesHHEM Ha JPyTHX
M30TOMAX Yriepoja M KHUCJIOpOAa HE HPOSBISIOTCS BBUAY OTHOCHTEIBHO Majloro €CTECTBEHHOTO COJCP)KAHMS 3THX
H30TOIIOB.

B mponecce o0irydeHnsI MOCTENEHHO TOHMKAIACh BBICOTA CTYNEHBKH KHCIOPOJA, YTO CBS3aHO C YMEHBIICHUEM
COJICpKaHMsI KHCIOpOJa B BELIECTBE 00pasla, a TaKKe HECKOJIBKO Cy)Kajach OOJIACTh KOHTHHYyMa, CBSI3aHHAsl C
paccesiHueM Ha yIiepofe, UTO CBUIETENLCTBYET O YACTUYHOM MOoTepe yriepoaa BelecTBoM o0pasia. B ocHOBHOM, 0OHa
CBs3aHa C yJCTy4YHBaHHUEM MOJIEKYJ yrieBoaopooB, CO u CO,, 00pa3yronmxcs B MPoIecce paaroin3a.

300

200

Counts

100

250 350

Channel

Puc. 1. DHepreTnuecke CHEKTPHl OOpAaTHO pPACCESHHBIX MPOTOHOB IS dHEPruu mydka 1,6 MbdB, m3MmepeHHbIE OT MainmapoBoOi
IUICHKH B Hadae oGmydenns (1) u mocie oGmydeHns uroercoM 2,64 10" mon/em® (2). CTpenkoii mokasaHa o6IacTh CIEKTpa, B
Ipezieslax KOTOpPOH ompenersuics BBIXOA Y o0paTHOTO paccesHHS Ha aToMaxX KHCJIOPOAA IIyTeM CYMMHpPOBaHHS BEIXO/OB B
OTZENBHBIX KaHaJIax.
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CraTucTuka B CIIEKTpax SIBJISIETCSl HE OYEHb BBICOKOM H3-3a HEeOOJBLIOr0 BpeMEHHW Habopa U OTHOCHTENHHO
c;1aboro TOKa Mmy4ka, HO IOCJI[HHE HEJb3sl ObLIO YBEIWYHMBATh M3-3a JIOCTATOYHO OBICTPOrO M3MEHEHHMs CIEKTPOB B
npouecce odiydenus. TeM He MeHee, M Takasl CTaTUCTHKA [MO3BOJISLIA 00pabaThIBaTh CIIEKTPHI C LENBIO ONPEICIICHHs
Tekyuero Berxona OP Ha kucnopoge.

WutepBan sHEpruii NMPOTOHOB, MO KOTOPOMY MPOBOAWIOCH YCPEIHEHHE HCKOMOTO CEUeHHs OOCHHEHHs Ha
KHCJIOPOZIE, OILEHMBAJICS W3 IIUPUHBI 00JIACTH MOKAaHAJIBHOTO CYMMHPOBAHHUS BBIXOJOB (CM. pHC. | M 3-10 KOJNOHKY
Taou. 1).

Tabmuma 1.

PexuMbl, HCIOJIB30BABIIMECS IMPH OOJIYYCHHH IUICHOK Maiiapa MpoToHamu (IPUBEIACHHBIC MOTPEIIHOCTH

COOTBETCTBYIOT OJTHOMY CTaHJapPTHOMY OTKJIOHEHHIO). D((eKTHBHAS IJIONIAh BRIYUCIIIACH U3 BhIpakeHHs (7) (CM.
HUXE).

OHeprus Tonmuna cnos Copoc sneprun Toxk myuka, | Cpenuss 3arpyska D¢ dexTnBHAA
MIPOTOHOB, Mailnapa, IIPOTOHOB HA JIETEKTOpa, IJI0IIAb ITy4Ka,
M»B COOTBETCTBYIOIAasl | B JJaHHOM CIIO€, HMII./CEK. MM
MTOKaHAJTLHOMY KB
CYMMHpPOBAHUIO,
MKM
1,0 0,9 20 20-23 200 4,2 (£2,6%)
1,6 1,9 45 22-26 150 2,9 (= 1,6%)

OBPABOTKA PE3YJIBTATOB U OIIEHKA IIOT'PEIITHOCTU U3MEPEHUI
Jlnis omucaHus 3aBUCUMOCTH HEKOTOPOH XapaKTepUCTHKHU / BemecTBa oOydaeMoro obpasia ot ¢uroenca ¢ Ha
HAYaJbHOM CTaJNU O0TydeHHS Yalle BCEro HCIIONB3YETCs OJHOMApaMETPHUECKOE TPEACTABICHUE
1(p)=1,e", M
rae Iy — UCXOmHOE 3HAYCHHWE IEPEeMEHHOH [; ¢ — HEKOTOpoe CeueHHe NAaHHOTO PagHallOHHOTO IIpolecca. JTa
3aBUCUMOCTD BBITEKAET U3 MPOMOPIHOHATBPHOCTH H3MEHEeHMsI dI epeMeHHON / BeTMIMHE CaMOi MepeMeHHOM

dl = —oldg, )
TJ/ie B TaHHOH 3aBUCHMOCTH ¢ UTPAET PoJb K0 (HHUIHECHTA IPOITOPIIHOHAIEHOCTH.

Tak, B pabote [5] momoOHEIM 00pa3oM OBLIO BBEIACHO CEUEHHE OOCTHEHHS BOJOPOJOM BEHIECTBA OOIydaeMbIX
MTOTUMEPHBIX IUICHOK, a B padote [14] — ceueHne, omuchIBaroIee N3MEHEHHE MHTEHCUBHOCTH XapaKTEPHBIX JTHHUN B
PaMaHOBCKHUX CIIEKTpax, KOTOPBIE H3MEPSUIHCH B MPOIecce O0IyIeHHS MoIMepa.

AHaNOrMYHBEIM 00pa3oM Ui ONHCaHWsS OOCTHEHHS NOJHMMUAA 10 KHUCIOPOAY MOJ ACHCTBHEM IPOTOHHOTO
o06myuenus B padote [7] Takxke ObLTO BBEICHO COOTBETCTBYIOIEE CEUEHUE.

IIpr Manbix 3HaYeHUsX (IFOCHCa TOPMO3HAs CIIOCOOHOCTh MPOTOHOB B BEIECTBE IUICHKH MPAKTUYCCKH HE
u3Mensiercs. [103ToMy aHAIUTHUYSCKUI CHrHal (BbIXOJ Y OOpaTHO pacCesHHBIX HPOTOHOB Ha YYacTKE CIIEKTpa,
OTHOCSIIIIEMCST K PACCESIHHIO Ha KHCJIOPOJE) MPOMOPIIMOHANICH COJCPKAHUIO KHUCIOpOJa B BEIIECTBE 00Opasiia.
COOTBETCTBEHHO, UCKOMBII MapaMeTp o, XapaKTEPU3YIOMUN PaHallHOHHOE 00CTHCHUE TOJMMEpa M0 KUCIOPO.Y,
MOJKHO HalTU U3 3KCIIEPUMEHTAIbHON KpUBOH

Y(g)=Y,expl-0*"'g), ®)

rae Y, — 3Hadenne Beixoga OP B camoM Hauane 00TydeHus.
Ipu (Yy-Y)/Y;<0,2 3aBuCHEMOCTS (3) MOKHO 3aMEHHUTD JIMHEIHOH 3aBICHMOCTBIO

Y(p)=Y,-bg, @
rue
_ depl 5
b=Y,oc. ®)
IIpn stom pazmmune mexay (3) u (4) me npessimaer 2%. Beipaxkenne (4) ynoOHO TeMm, YTO B ATOM Cilydae JUIs
TTONTyYeHHS BEJIMYHMH ITOATOHOYHBIX MapaMeTpoB Yy M b M MX MOTPemrHoCTed Yy U db MOXKHO HCIIONB30BATh METO.

HAaUMCEHBIINX KBAIPaToOB B €T0 JIMHEITHOM BapuanTe [15].
Kax noxaszaHo B pabote [7] npu HEpaBHOMEPHOM pacIpeleIeHHH TOKa IO MONEPEYHOMY CEUCHHIO Iy4Ka, 4TO

MMEET MECTO U B HAIIEM CIy4ae, B BhIpaskeHnu (4) GiroeHc ) 10imKeH ObITh 3aMeHeH Ha S dexTnBHbIN (roeHc

by =2

rae O — 3aps] MOHOB ITy4Ka, YIaBIIMX HA MHUIICHb B Hpolecce OOMyYeHHUs; z — CTENEeHb MOHHM3AIMH HOHOB (IJIA
HOPOTOHOB z=1); e — dJIeMeHTapHbIi 3apsaa. B jaHHOM BbIpaxkeHUM d(QQeKTuBHas MIomanb A.r MyYyka Ha MULIEHH
ompenensercs mno Gopmyie

; Q)
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2

[J (. y)axdy

T [0 sy
A

rae ¢(x,y) mpeacraBisier cobOl pacnpenesieHre IOTHOCTH TOKA MydYka (B OTHOCHTENBHBIX €MHUIAX) B MJIOCKOCTH
MHUILICHH, & X U } — KOOPAWHATBI, MOTIEPEYHBIE 110 OTHOLICHHUIO K HAMPABJICHUIO my4Ka [7].

Boipaxxenus (4-7) UCTIONB30BAIMCH HAMH TP 00paOOTKE SKCTIEPUMEHTAIBHBIX KPUBBIX U OMPEACICHUN W3 HHUX
ceuenus o°".
OTHOCHUTE/IbHAS TOIPEIIHOCTh HCKOMOTO CCUCHHS ONpeaeisiach, MCXOAS M3 HE3aBUCHMOCTH BKJIJOB BCEX

OCHOBHBIX HOI’pCHIHOCT@ﬁ, T.€. C IOMOUIBIO BBIPAKCHUA
2 2

2 2
so'r_ [(or,Y (Y, (%) [, ®
depl ] YA 5l R
o Y, b 0 Ay

TZie TIEPBBIC /IBA CJIATacMbIX MOJ KOPHEM BBITEKAIOT M3 BBIpaXKeHUs (5), a MOCIIEAHUE J[BA — U3 yYeTa MOTPEIIHOCTH
¢uroeHca, KOTOpas, B CBOIO 0Yepe/Ib, OIPEENAETCS MOTPEITHOCTSMHI CHCTEMbI MOHUTOPUPOBaHUs Toka mydka (1,5 %)
u 3¢ GeKTUBHOMN IJIOIAAM MMy4Yka Ha MulleHd (cM. Tabu. 1). s pe3ynbraroB M3MepeHMi, NPeiCTaBICHHBIX HHXKE,
MOTPEIIHOCTh CEUEHHs ONpeAesIach, B OCHOBHOM, BTOPBIM YJICHOM I1OJI KOPHEM.

OtMeTHM, 4TO B 00JIACTH SHEPruil myuka npotoHoB 1,0—1,6 MaB, B KOTOpOi IPOBOIUINCE IaHHBIE U3MEPEHUs,
CEUEHHMs YNPYTOro paccesHus NPOTOHOB HA sapax ‘O He SBISIOTCS pe3epOPIOBCKHME, HO 3TO HE BIMAET HA
00paboTKy pe3ysIbTaToB, IOCKOJIBKY JaHHBIC H3MEPEHHUS SBIISIIOTCS OTHOCUTEIILHBIMHU.

A

O]

PE3YJIbTATHI U3MEPEHUI U OBCYKJIEHUE
Ha puc. 2 mpejcTaBienbl 3aBUCUMOCTH Y( ), MoNydeHHbIE B SKCTIEPUMEHTAX MO OOJTYYeHHIO MPOTOHAMHM Ha

HayalbHOM CTaIuN 0OIydeHNUS.

1000
800
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Backskattering yeild, counts

0 T T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
Effective fluence, 10" ion/cm?®

Puc. 2. 3aBUCHUMOCTb BBIXOJa IPOTOHOB, PAacCESHHBIX Ha Apax aTOMOB KHCIIOpPOJA, BXOMIIUX B COCTAaB BEIECTBA MailnapoBoii
IUICHKH, OT BeMYMHBI 3 (eKTUBHOTO (itoeHca o0mydeHus: npoToHamu ¢ sueprueit 1,0 MaB u 1,6 MaB. TlpsiMble npeacTaBisioT
c000if pe3yIbTaThl MOJrOHKH MO METOLy HAMMEHBIINX KBAJIPaToB.

Cratuctnueckue (uykryanuu Beixoga OP, mposBistommecs B HW3MEPEHHBIX 3aBHCHMOCTSIX, OOYCIIOBIICHEI
JOCTATOYHO HM3KHMH CEUECHHAMH YIPYroro PaccesHHs MPOTOHOB Ha sapax '®O M KOPOTKMM BpeMeHeMm Habopa
crekTpoB. Ho MOXHO BHJIETh, UTO B 000MX ClTy4yasx HaOJI0/1aeTcsl yCTOHUMBAs TEHICHIUS K YMEHbIIeHHIO Bbixoaa OP
¢ poctoM (hiIroeHCA 00TyYCHHS.

PesynbraThl 00paObOTKH IKCIIEPUMEHTAIBHBIX 3aBUCMMOCTEH TPEACTaBICHBI B Ta0HIIE 2.

W3 tabauusl BUAHO, YTO CEYCHHE PaAMALMOHHOTO OOEIHEHHUS MO KHUCIOpoAy (KaKk W TOPMO3HAsh CIOCOOHOCTh
MIPOTOHOB, KOTOPAsi AaHHOH 00JaCTH SHEPTUi UMEET MOHM3ALMOHHBIA XapaKkTep), UMeeT TeHJCHIHIO K YMEHBIICHHIO C
pPOCTOM 3HEPruM NPOTOHOB. AHAJIOTMYHAS TEHACHLMS MO OTHOIICHHIO K PaAHalMOHHOMY OOCIHECHHIO IOJIMMepa
BOJIOPOJIOM TIpH OOMOapIupOBKE HOHAMH PAa3HBIX THIIOB OTMEUallach U B padote [16].
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Ho cienyer oTmMeTuTh, 4TO B HallleM Cly4yae NpH YBEJIWYEHUH 3Hepruu mnpotoHos ¢ 1,0 1o 1,6 MaB TopmozHas
CIocOOHOCTh yMEHBIIAaeTCsl puMepHo Ha 40%, a cedeHue paguanuoHHOro oOemHeHus — B 2,6 pasza. T.e. Hemb3s
YTBEP)KAaTh, YTO B JAHHOM PaJIMalliOHHOM ITPOIIecCe HOHU3AMOHHBINA (haKkTop SIBISIETCS ONPEICIISFOIIM.

Tabmuma 2.

[MapameTpsl, XapakTepU3yoIIHe dKCICPUMEHTHI 0 TPOTOHHOMY OOJYYCHHIO IUICHOK Maiinapa, u pe3yabTaThl

00pabOTKH IKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEH (TIPUBECHHbBIE MOTPEITHOCTH COOTBETCTBYIOT OJHOMY CTAaHIAPTHOMY
OTKJIOHEHHIO).

Oneprus Topmo3zHas Ob6mee Bpemst OO6mumit CooTBeTCTBYyIOIIEE CeueHnre pagHaiioHHOTO
MIPOTOHOB, | CIIOCOOHOCTH 0o0yueHus, 3¢ GeKTHBHBII YMCHBIICHNE oOemHeHMs Mainapa
M»>B Mailnapa, ceK ¢uroeHc, coziepKaHUst 10 KUCIIOPOAY,
K3B/MKM von/cm’ KHCIIOpOJia B BEUIECTBE cm’
1,0 33,9 5000 1,62:10" 18% 1,1:110"7 (£12%)
1,6 24,7 4900 2,64:10" 11% 4,2:10" (£15%)

JlaHHBIC 110 PAIUANMOHHOMY OOCTHEHHUIO TOJIMMEPOB IO KHUCIOPOY SBJISIOTCA HEMHOTOYHCICHHBIMUA. COrIacHO
pabore [17] npu paamonuse mekcuriaca (nmonumerwimerakpuwiat, PMMA; (C4Hg0,),) kucnopon Bbinensiercs, B
ocaoBHOM, B BHJae CO m CO, B COOTHOIICHWH, MpHONU3HUTENBHO, 3:2. 3 aMUHOKHCIOT BBIICICHUEC KHUCIOpOIa
MPOUCXOJUT, B OCHOBHOM, B Buje CO,; [18], HeCMOTpsl Ha TO, YTO B MOJIEKYJISIPHOM CTPYKTYPE aMUHOKHCIIOT KUCIOPOL
HAXOJAUTCS HE TOJIBKO B BHJIE KapOOHWIBHBIX rpymn C=0, HO U B BUAE THAPOKCHIBHBIX rpymn —OH.

UroObl KakMM-TO 00pa3oM MPOBOJUTH COIMOCTABICHHWE MAaHHBIX 10 PAAHAIMOHHOMY OOCTHEHHIO pPa3HBIX
MTOTUMEPOB, HYXKHO, MPEXKAE BCET0, NCXOANUTh U3 CTPYKTYPHBIX (HOPMYT MOIMMEPOB W YHEPTUH CBSI3M aTOMOB B 3THX
CTPYKTypax. XapakTepHas JJIs Mailapa CTpyKTypa MpeacTaBieHa Ha puc. 3. OTMETHM, 4TO B MCXOJHOW CTPYKType
Maiiapa HE OMH U3 aTOMOB KHCIIOPOJa HE HMEET CBSI3H C aTOMaMHM BOJIOPO/Ia.

|
—0-C —C—O—C|:—
H

| |
0 o)

I—n—I

n
Puc. 3. CtpykrypHas ¢popmyrna Maiinapa.

MOXHO BHIIETh, YTO B MCXOAHOM COCTOSHHH MaKpPOMOJIEKYJl Maillapa TMOJOBHHA aTOMOB KHCIIOPOJa BXOIUT B
COCTaB KapOOHHUIIBHBIX IPYII (SHEPTHsI 3TOH IBOWHOM CBA3M COCTaBIsACT 0KoJ0 7,5 3B [19]). Jlpyras *e mojaoBuHa —
BCTPOCHA B OCHOBHYIO IIEMOYKY B cocTtaBe PparMeHTOB -C-O-C-, ABJISIOMUXCSA CBOCOOPA3HBIMU ““MOCTHKAMHU™ MEXKITY
Pa3HBIMU YacTSAMH MakKpoMoueKysbl. OJHa U3 TUX YacTed COCTOMT M3 OEH30JBHOrO KOJIbIA C MPUCOETMHEHHBIMU K
HEMy JABYMs KapOOHWIBHBIMH TpyIIIaMu, a Jpyras — coctouT u3 aAByx rpynn CH,. HemocpeacTBeHHBIME coceqsiMU
KQXKIOTO M3 aTOMOB KHUCIOpPOJa, BXOAANIMX B cocTaB rpymmbl -C-O-C-, SBISIOTCA NBa aroma yriepona (SHeprus
KaxJ0i u3 otaenbHbix cBsizeit C—O cocraBiseT okoio 3,6 3B, T.e. HECKOJIbKO MEHbIIE MOJOBUHBI SHEPTUU ABOUHOM
cBs3u B rpynme C=0).

Takum 00pa3oM, B cocTaBe KapOOHHJIBHBIX TPYII aTOMBI KHCIOPOJA CBS3aHBI CHIIbHEE, YeM B “MOCTOBBIX’
ygacTkax. [lodToMy clemyer oXuOaTb, YTO pa3pylmIeHHE TaKUX TpPYOI TOA [eHCTBHEM OONYyYeHHUS IOIDKHO
MIPOUCXOIUTHh C MEHBIIEH MHTEHCHBHOCTHIO, YeM pazpymenue rpymm -C-O-C-. U neiictButensHo, B padore [20], B
KOTOPOH C TOMOIIbI0 PAMaHOBCKOHM CIEKTPOCKOIMHM H3ydanach SBOJIIOLUS XapaKTEPHBIX JHHUN IJIEKCHUIaca IOJ
o6/ydeHHeM, HAOIIOAAIoCh Ooliee OBICTpOe OCTablIeHHe WHTCHCHBHOCTH iuHHK 800 cM™, XapaKTepu3yromei
“MOCTOBO#” y4aCTOK, 10 CPaBHEHMIO ¢ THHHeH 1730 cM™', xapakTepusyroleil KapOOHHIbHBIE TPYIIIIEL.

Cnaboe BIusiHAE 00JTyUeHHS Ha KapOOHHIILHBIC TPYIIIBI MAKPOMOJICKYJT TIOJIMMEPOB OTMEUANIOCh U B padboTte [5].

3aMeTuM, 4TO B CTPYKTYpE TaKOTO IOJIMMEpa KaK ITOJMUMU/L (KalITOH) OTHOCHTENILHOE COIEpIKaHUe KUCIOpoaa B
COCTaBe KapOOHMJILHBIX TPYIII COCTABIISIET YK€ HE TOJIOBHHY, a 80 %. B0o3MOKHO, IMEHHO TIO3TOMY MOJMHMHJT UMEET
OoNBIYI0 paHallIOHHYI0 CTOMKOCTH (0030p MO paaUalMOHHBIM HCIBITAHUSAM MOJMHMHUAA TIPEACTABICH B padoTe
[21]).

[MocrenenHOEe yMEHBIICHHE COACPIKAHUS KUCIOpOJa B TONHAMHUAC TpU OOMOAapIUpOBKE TSDKEIBIMH HOHAMHU
(uonsr C* 1 N* ¢ sueprueii 100 k3B) nabmroganocs B padore [22]. TIpu dmoerncax nopsiaka 10" non/cm” coneprkanme
KHCIIOpOAa mafaio B 3-4 pa3a IO CPaBHEHHUIO C UCXOTHBIM MaTepHalioM. ABTOPHI paboTHI [22] HE MPUBOIAT BETHINHBI
COOTBETCTBYIOINX CEYEHHI OOETHEHHS IO KHCIOPOAY, HO HCIONB3Ys MX SKCIEPUMEHTAJIbHBIE KPHBBIE, MOXHO
cAenaTh OIEHKY O3THUX cedeHuid. JIJsg TeX YCIOBHH, B KOTOPBIX MPOBOAWIOCH OONyYeHHE, BEITWYHHBI CEYCHHH
cocrasmsor 107 em? o MOPSAAKY BEJIMYHUHBI, T.C. HAa MOPSIOK OOJNBIIC CEYCHHUH, MONyUYCHHBIX B HACTOsAIICH pabore,
JUI CiTydasi OOJydeHHs MPOTOHAMH. DTHM IMOJITBEPKIACTCS BBICKa3aHHBIM HAaMH BBINIE TE3UC O Ooyiee “miamsiieM”
PEKUMEC OGJ’Iy‘leHI/IH IIpU UCIIOJIB30BAHNHU JICTKUX MOHOB.
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Ecan xe CpaBHUBATb AAHHBIC IO paJUaAllMOHHOMY O6eﬂHeHI/IIO NOJIMMEPOB 10 KUCIOpOAY C aHaAJIOTHYHBIMU
JAHHBIMH 110 BOJOPOJY, TO PaJHOJIU3 C BBIJEICHUEM BOJOPOAA SBJISIETCS ropasnio Oosee OBICTpBIM IpolieccoM. Tak
BEJIMYMHBI COOTBETCTBYIOIMX CEUYEHHH, M3MEpEeHHbIe B pabore [5] Ha MONMCTUpOJE W IJIEKCUIJIace, Ha 2 IMOpsIKa
Oouible, YeM ITOJTydEeHHBIE B HACTOSIIEH paboTe ceyeHns: o0eAHeHMs Maiiapa 110 KUCIOPOY.

IToguepkHeM, 4TO B 000MX CITydasx pedb WAET O HAYaJIbHBIX CTAANSIX OOIydIEHUS.

B nocriennue roabl B MOMBITKE HAUTH MOJIEINb, ONIMCHIBAIONIYI0 H3MEpsieMble KHHETHIECKNE 3aBUCUMOCTH Thma (1)
HE TOJHKO Ha HAYaIbHON CTaguu OOJydeHHs, HO U B 0ojee IIMPOKOM AWara3oHe (IOCHCOB, BCE Yallle MPUMEHSICTCS
tak HaseiBaeMas BMR wmozens [16]. OHa ommchIBaeTcs HE OZHHM CBOGOIHBIM MapameTpoM o°%’, kak mpocras
Mozensb (1), a HEeKOTOPBIMU IByMsI CBOOOIHBIMH ITapaMeTPaMHu.

B wactHOocTH, BMR Mopens ucnosib3oBanach MpU MOATOHKE IKCIEPUMEHTAJIbHBIX 3aBUCUMOCTEH COAEp:KaHUs
KHCJIOPOJia B MailIapOBOM IJICHKE OT (IFOCHCA TPU OOJMYYCHUH JeiiTepoHamu ¢ dHeprueil 1,6 MaB, n3MepeHHBIX ¢
nomompio saepHoit peakimu °0(d,p;)'’O [8]. OnHako HpH TIIATETHHOM PACCMOTPEHHH STHX TOATOHOK MOYXHO
BUJIETh, YTO YCIEX B ONMHCAHUU DKCIIEPUMEHTAIBHON KPUBOM B HIMPOKOM JAMaria3oHe (DIIOEHCOB JOCTUraeTcsl LEeHOU
3HAYUTEIHHOTO OTKJIOHEHHUS MOJTOHOYHBIX 3HAUYEHHH OT SKCHEPHMEHTAIBHBIX B OOJIACTH MalbIX (IIIOEHCOB, T.€. Ha
HavaJIbHOM CTaauN O0ydeHHs.

IIpencraBnsercsi, 4To C TOYKH 3pEHUS YTOYHEHHS KOJMYECTBEHHBIX COOTHOIICHWH MEXKIY BEpPOSTHOCTSIMH
pasnuuHbIX (DyHIAMEHTAIBHBIX IPOLECCOB, NMPOMCXOAAIINX NPH HOHHOH OOMOapIMpOBKE IMOJIMMEPOB, HMEHHO 3Ta
CTagus TPENCTaBIAeT OONBIIMII HMHTEpEC, MOCKOJIBKY CBOICTBA MOJIMMEpa Ha 3TOW CTaauM BCE emie OIMM3KH K
CBONCTBaM HCXOAHOTO MOJHMMEpa, B TO BpeMs Kak Ha OoJiee MO3AHUX CTAOAMAX, XAPAKTEPU3YEMbBIX CYIIECTBEHHOMN
MOTepel BeIecTBa NMPHU PAAMOIN3e, BELIECTBO IUICHKH NPHOOpETaeT y)Ke HOBBIE CBOWCTBAa. B wacTHOCTH, 3TO
CKa3bIBACTCS HA AIEKTPOIPOBOAHOCTH [1,23,24], MpOYHOCTH M MPOUYMX CBOICTBAX MaTepHaa.

Ecnu ke mpoaHanu3upoBaTh HaudyaJIbHBIM y4acTOK M3MEpEHHOH B pabore [8] 3aBUCHMOCTHM BBIXOJA PEaKIHU
%0O(d,p;) ot ¢uroeHCa ACHTEPOHOB, TO MCKOMOE CCYEHHE OOCIHEHHs Maiiiapa 1o KHCIOPOLY OKA3BIBACTCS PABHBIM
npumepro 5-10™% cm’. Cormacue ¢ HaITMMM JAHHBIMH MOYHO CUMTATh yIOBICTBOPUTEIHHBIM, YUUTHIBAS HECKOIBKO
OTJIMYAIOIINECS TUIIBI TIEPBUYHBIX MOHOB ITy4YKa M BO3MOXXHOE HEKOTOPOE paziniue B (PU3NKO-XUMHUYECKUX CBOMCTBAX
WCIIOJIb30BABIINXCS TIJICHOK Maiiapa.
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mporecca.

[lpumeHeHne CHEKTPOMETPUH OOpPaTHO pACCESHHBIX IPOTOHOB MO3BOJMIO HENPEPHIBHO KOHTPOJIHPOBATH
coziepKaHKe KUCIOpoa B 00pa3lax B IIPOLEcce CaMOro Ux o0IydyeHus.

[lomy4eHHble naHHBIE MOTYT OBITH IIOJIE3HBIMH IIPH Pa3pabdOTKEe pEaTMCTHYHBIX MOJENCH /sl ONMUCaHHs
paIuaoHHOTO BIMSHUS Ha IOJIUMEPHI.

ABTOpBI BEIpaKalOT PU3HATENBHOCT EpCOHaNy yckopuTens “Cokoi” 3a CONECHUCTBHE B IPOBEJCHUN U3MEPEHHI.

CIINCOK JINTEPATYPHBI

1. Vencatesan T., Forrest S.R., Kaplan M.L., Murray C.A., Shmidt P.H., Wilkens B.J. lon-beam-induced conductivity in polymer
films // J. Appl. Phys. - 1983. - Vol.54. - No.6. - P.3150-3153.

2. Popok V.N., Azarko LI., Hajbullin R.I. Vlijanie vysokih doz implantacii i plotnosti toka na svojstva plenok poliimida // ZhTF. -
2002. - T.72. - Vyp.4. - S.88-93.

3. Akasofu S.I., Chepmen S. Solnechno-zemnaja fizika. Chast' 1/ Per. s angl. - M.: Mir, 1974. - 384 s.

4. Mahlis F.A. Radiacionnaja fizika i himija polimerov. - M.: Atomizdat, 1972. - 328 s.

5. Davenas J., Thevenard P., Boiteux G., Fallavier V., Lu X.L. Hydrogenated carbon layers produced by ion beam irradiation of
PMMA and polystyrene films // Nucl. Instr. and Meth. - 1990. - Vol.B.46. - P.317-323.

6. Foti AM., Milano F., Torrisi L. Amino acid decomposition induced by keV ion irradiation // Nucl. Instr. and Meth. - 1990. -
Vol.B.36. - P.361-363.

7. Bondarenko V.N., Goncharov A.V., Suhostavec V.I. Opredelenie sechenij radiacionnogo obednenija polimerov otdel'nymi
elementami iz dannyh analiza na puchke uskorennyh ionov // Yaderna fizika ta energetika. - 2007. - No.1(19). - S.134-139.

8. Abdessalam M., Djebara M., Chami A.C., Siad M. Irradiation damage induced on polyethylene terephtalate by 1.6 MeV
deuteron ions // Nucl. Instr. and Meth. - 2008. - Vol.B266. - P.3981-3987.

9.  Abdessalam M., Stoquert J.P., Chami S., Djebara M., Chami A.C., Siad M. Method to measure composition modifications in
polyethylene terephtalate during ion beam irradiation // Nucl. Instr. and Meth. - 2009. - Vol.B267. - P.108-112.

10. Watamori M. Change of hydrogen concentration after ion beam irradiation on polyimide films with 100-4000C annealing //
Nucl. Instr. and Meth. - 2006. - Vol.B249. - P.158-161.

11. Bondarenko V.N., Goncharov A.V., Suhostavec V.I. Izmerenie raspredeleniya plotnosti toka po poperechnomu secheniyu
puchka uskorennyh ionov // The Journal of Kharkiv National University, physical series “Nuclei, Particles, Fields”. — 2013. —
No0.1069. — Iss.4(60). - S.35-40.

12. Bondarenko V.N., Glazunov L.S., Goncharov A.V., Zac A.V., Kolot V.Ja., Kuz'menko V.V., Levenec V.V., Omel'nik A.P.,
Pistrjak V.M., Suhostavec V.I., Shhur A.A. Analiticheskaja ustanovka dlja jaderno-fizicheskih metodov analiza // Nauchnye
vedomosti (Belgorodskij gosudarstvennyj universitet), seriya “Fizika”. - 2001. - No.2(15). - S.86-92.



22

EEJPVol.2 No.1 2015 V.N. Bondarenko, A.V. Goncharov, et al

13. Batvinov L.P., Vergunov A.D., Glazunov L.S., Zac A.V., Levchenko Ju.Z., Novikov M.T., Pistrjak V.M., Storizhko V.E.,
Chekanov S.Ja. Malogabaritnyj elektrostaticheskij uskoritel' na 2 MjeV gorizontal'nogo tipa (predvaritel'nye ispytaniya) //
Voprosy atomnoj nauki i tehniki. Seriya: tehnika fizicheskogo eksperimenta. - 1985. - Vyp.1(22). - S.26-28.

14. Foti G., Reitano R. Structure and bonding in ion irradiated polystyrene // Nucl. Instr. and Meth. - 1990. - Vol.B46. - P.306-308.

15. Hudson D. Statistika dlja fizikov: Per. s angl.-M.: Mir, 1967. - 243 s.

16. Adel M.E., Amir O., Kalish R. Ion-beam-induced hydrogen release from a-C:H: A bulk molecular recombination model // J.
Appl. Phys. - 1989. - Vol.66. - P.3248-3251.

17. Henli Je., Dzhonson Je. Radiacionnaja himija: Per. s angl.—M.: Atomizdat, 1974. — 387s.

18. Foti A.M., Milano F., Torrisi L. Amino acid decomposition induced by keV ion irradiation // Nucl. Instr. and Meth. - 1990. -
Vol.B46. - P.361-363.

19. Fichini Zh., Lambrozo-Bader N., Depeze Zh.-K. Osnovy fizicheskoj himii: Per. s franc.-M.: Mir, 1972. - 310 s.

20. Lehockey E.M., Reid 1., Hill I. Physical and chemical aspects of PMMA vapour development // Nucl. Instr. and Meth. - 1990. -
Vol.B46. - P.364-368.

21. Du Pont Product Bulletin 1988 Kapton polyimide films summary of properties E-93189. Du Pont Company, Polymer Product
Division, Wilmigton, DE, M. — P.1-26.

22. Svoréik V., Proskova K., Hnatowicz V., Arenholz E., Kluge A. Polyimide modified by irradiation with C+ and N+ ion beams //
Polymer Degradation and Stability. - 1999. - Vol.65. - P.131-135.

23. Aleshin A.N., Gribanov A.V., Dobrodumov A.V., Suvorov A.V., Shlimak I.S. Elektrofizicheskie svojstva plenok poliimida
PM, podvergnutyh ionnoj bombardirovke // FTT. - 1989. - T.31. - Vyp.1. - S.12-18.

24. Bondarenko V.N., Goncharov A.V., Kuz'menko V.V., Suhostavec V.I. Issledovanie zavisimosti elektrosoprotivleniya poliimida

ot fljuensa pri obluchenii ionami azota // The Journal of Kharkiv National University, physical series “Nuclei, Particles, Fields”.
—2010. —No0.933. — Iss.4(48). - S.70-74.



23

EAsT EUROPEAN JOURNAL OF PHYSICS

East Eur J. Phys.Vol.2 No.1 (2015) 23-31

PACS: 44.25.+1, 47.20.Bp

ELEMENTARY CONVECTION CELL IN THE HORIZONTAL LAYER OF VISCOUS
INCOMPRESSIBLE LIQUID WITH RIGID AND MIXED BOUNDARY CONDITIONS

O.L. Patochkina ", B.V. Borts ?, V.I. Tkachenko "

Y National Science Center «Kharkov Institute Of Physics And Technology»

The National Academy of Science of Ukraine
61108, Kharkov, Akademicheskaya str., 1, phone/fax 8-057-335-08-47
2 V.N. Karazin Kharkov National University
61022, Kharkov, Svoboda square, 4, phone/fax 8-057-705-14-05
Y «The A.N. Podgorny Institute for Mechanical Engineering Problems»

The National Academy of Science of Ukraine

61046, Kharkov, Dmitriy Pozharskiy str., 2/10, phone/fax 8-057-294-46-35

e-mail: tkachenko@kipt.kharkov.ua
Received March 12,2015

The result of experimental study of convection cells formation of vacuum oil with mixed boundary conditions is presented. The
adding small amounts of dispersed phase (aluminum powder) the viscosity and density of the oil didn’t change and under such
conditions the boundary conditions for liquid velocity on a rigid boundary can be applied is shown. The experiments demonstrated
that exceeding the certain temperature of the container bottom cells of cylindrical shape start to appear in the oil layer with small
addition of dispersed phase (oil paint or aluminum powder). The process of appearing of cells finished when the number of cells
increases up to the complete filling of oil volume. When amount of the added dispersed phase are small regardless of the its type a
rigid boundary conditions can be applied for the lower boundary, i.e. the mixed boundary conditions are present in the layer is
shown. The diameter of cells with the mixed boundary conditions varies from 2,65 to 2,83 mm, which is less than the diameter of a
cell with free boundary conditions. For a special case there were obtained the analytical solutions of Navier—Stokes equation with

rigid boundaries when Rayleigh number is R~ 7124.78 and wave number is k, ~7\7 . The expressions of distribution for

perturbed velocity and temperature in cylindrical convection cell were received. This distributions were compared to similar property
for free convective cell for the main mode » =1. It is demonstrated that the diameter of convective cell is inversely related to the
value of minimal wave number of the corresponding boundary value problem, i.e. the diameter of a cell with the mixed boundary
conditions is less than the diameter of a cell with free boundary conditions, but it’s larger than the diameter of a cell with rigid
boundary conditions.

KEY WORDS: convection cells, vacuum oil, mixed and a rigid boundary conditions, perturbed temperature, perturbed vertical
velocity

EJEMEHTAPHU KOHBEKTUBHUI OCEPEJOK 3 TBEPJIAMM TA 3MIIIIAHUMHA
TPAHUYHUMH YMOBAMH B TOPU30OHTAJIBHOMY IIAPI B’SI3KOi, HECTUCJIMBOI PIJTUHI
0.JI. Haroukina'?, B.B. Bopu", B.I. Tkauenko'?
" Hayionanenuti Hayxoeuii Ljenmp «Xapriscoruti (isuxo-mexniunuti incmumymy
Hayionanvna Axademin Hayx Yxpainu

61108, m. Xapxie, Axademiuna, 1, men. / paxc 8-057-335-08-47

) Xapkiscokuti nayionanvnutl ynigepcumem imeni B.H. Kapasina

61022, m. Xapxie, ni. Ceoboou, 4, men. / paxc 8-057-705-14-05

3 «Inemumym npo6aem mawuno6ydysanus ineni O.M. ITidzopnozor
Hayionanvua Axademis Hayx Yxpainu,
61046, m. Xapxis, eyn. [Imumpa [oxcapcvroeo, 2/10, men. / paxc 8-057-294-46-35

[IpuBeneHi pe3yibTaTd eKCIEPHUMEHTAJIBHUX HOCTIPKEHb ()OPMYBaHHS KOHBEKTUBHHMX OCEPEAKIB 31 3MillaHUMH TDAaHWUYHHUMHU
yMOBaMH y BakyyMHi# omii. [Toka3aHo, 1o Mani KilbKOCTi JoAaHol aucniepcHoi (asu (anoMiHieBa Mmyapa) He 3MIiHIOIOTh B'SI3KICTb i
IIITBHICTh Macha, i B TAKHX yMOBaX 3aCTOCOBYIOThCS TPAaHUYHI YMOBHU AJIsI IIBUAKOCTI PIAMHM Ha TBepAii cTiHui. B excriepumenTax
MOKa3aHo, IO MPH MiJBUILIEHHI NEeBHOI TEMIEpaTypH JHA €EMKOCTI B IIapi Macia 3 10OaBKOIO HEBEIHMKOI KiJIbKOCTI TUCTIEPCHOI (ha3u
(omiiiHoi dap6u abo anroMiHiEBOT MyApH) MOYMHAIOTH 3'SBISATHCS OCEPEIKH IMITHAPUIHOI Gopmu. 31 30UIBIICHHAM TeMIepaTypu
JTHA €MKOCTI KUIBKICTh OCEpEIKiB 30UIBIIYETHCS aK 0 MOBHOIO 3allOBHEHHS HUMH 00'eMy Macina. [loka3aHo, IO HE3aJIEKHO Bix
BUy IOJAHOI qucriepcHol ¢as3w, ane mpH il Maiii KUIBKOCTI, Ha HIDKHIM T'paHUI €MKOCTI 3aCTOCOBYIOTHCSI TPaHWYHI YMOBH Ha
TBEpAif TpaHHMIl, TOOTO B IIapi peati3yroThCs 3MilllaHi TpaHINYHI yMOBHU. Bennunna giamerpa ocepeskiB 3i 3MIMIaHUMU TPaHUIHAMUA
yYMOBaMH BapiroeThes Bix 2,65 mo 2,83, mo MeHIe JgiaMeTpa ocepeaKy 3 BUIBHUMH TPaHHYHHUMH yMOBaMH. B okpemomy BHHajky,

IUIsl 3HaUeHHs uncia Penes R = 7124.78 1 xBuiabpoBoro uncna k, ~ 7+/7 oTpuMaHi aHamiTH4HI pimeHHs piBHAHHA Hap'e-Ctokca 3

TBEPAMMHU TPAHULAMHU. 3HAHICHO BUPa3H It 30ypeHHX IIBHIKOCTI i TeMIepaTypy B LMIIHIPHYHOMY KOHBEKTHBHOMY OCEPEKY.
IIpoBeeHo iX MOPIBHIHHS 3 AHAIOTIYHUMH TAPAMETPAMH BITBHOIO KOHBEKTUBHOTO OCEPEKY Ul OCHOBHOI Momu 71 = 1. TlokasaHo,
10 AiaMeTp KOHBEKTUBHOTO OCEpeIKy OOEpHEHO MPONOPLIHHUNA 3HAYEHHIO MiHIMAJIbHOTO XBMJIHOBOTO YHCIIA BIAMOBIIHOI KpaioBOi
3agadi, TOOTO AiaMeTp ocepenky 3i 3MINIaHUMH TPaHHYHHMH YMOBAaMH MEHIIE JiaMeTpa OCepelnKy 3 BUTBHHUMH TPaHUYHHMU
YMOBaMH, aje OijIblie AiaMeTpa 0CepeKy 3 TBEPIUMH TPAaHHYHUMH YMOBAMH.

KJIIOUYOBI CJIOBA: KOHBEKTHBHI OCEepeIKH, BaKyyMHa OJIis, 3MilllaHi Ta TBepAi I'paHWYHI YMOBH, 30ypeHHs TeMIepaTrypH,
30ypeHHs BEpTUKAIBHOI IBHIKOCTI
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SJEMEHTAPHASI KOHBEKTHBHAS TUEMKA C TBEPJIBIMH U CMEIIAHHBIMH T'PAHUYHBIMHA
YCJOBUSIMHA B TOPU30HTAJILHOM CJIOE BS3KOM, HEC)KUMAEMOM )KUJKOCTH
0.1 HaTqunHal’s), b.B. Bopul), B.W. Tkauenko'?
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IIpuBeneHs! pe3yabTaThl S3KCHEPUMEHTANBHBIX HCCIEIOBAHUH (OPMHUPOBAHHS KOHBEKTHBHBIX SUEEK CO CMEIIAHHBIMU IPAaHUYHBIMU
YCIOBHSMH B BaKkyyMHOM Macie. IToka3aHo, 4TO Maible KOMHYECTBAa JOOABICHHON IHUCIEPCHOH (ha3bl (aloMHUHMEBas Iyapa) HE
HU3MEHSIOT BA3KOCTh M IUIOTHOCTh MAacla, W B TaKWX YCIOBHSAX NPHMEHUMBI TPaHUYHBIE YCIOBHS IUISI CKOPOCTH JKHUAKOCTH HA
TBEp/IOH CTeHKe. B skcnepuMeHTax 1MoKa3aHO, YTO NMPU MPEBHINICHUN ONPEeNICHHOH TeMIlepaTyphl THa €MKOCTH B CIO€ Macia C
J06aBKOH HEOOJIBIIOr0 KOJINYECTBA UCHEPCHOM (a3bl (MacisHast Kpacka MM aJIOMHHHEBas IIy/ipa) HAUMHAIOT MOSBIISATHCS TYCHKN
IUIMHApHYecKkoil Gopmbl. C yBennueHHEM TeMIEpaTyphbl JHA €MKOCTH KOJHMYECTBO SUCEK yBEIWYMBAETCS BIUIOTH JIO HMOJHOTO
3anoyHeHUss UMM oObema Macna. [lokazaHo, 4TO HE3aBUCHMO OT BHMAa A00aBIEHHOH mucnepcHOil ¢asel, HO NpU ee MajioM
KOJIMYECTBE, Ha HIDKHEH TpaHMIlE €MKOCTH NPUMEHHMBI I'DaHHYHBIC YCJIOBHS HAa TBEpPIOH CTEHKE, T.€. B CJIOC PEATH3YIOTCS
CMelIaHHble TPAaHWYHBIE yCIOBUA. BennunHa quamerpa sdeek co CMEIIaHHBIMU TPaHUYHBIMH YCIOBUSIMU BapbupyeTcs oT 2,65 1o
2,83, uTo MeHbIIEe JUaMeTpa s4eiiku co CBOOOAHBIMM T'DAaHUYHBIMU YCIOBHUSAMU. B dacTHOM ciywae, ans 3HaueHus uucia Pames
R~7124.78 u BonHoBoro umcna k, = 7 [OJIy4EHbl aHaJIMTUYeCKHe peuieHus ypaBHeHus Habe-CTokca ¢ TBepIbIMU

rpanunamu. HaiieHs! BbIpakeHUS! TUISI BO3MYIIEHHBIX CKOPOCTH W TEMIIEpaTypsl B IMUIMHAPHYECKOH KOHBEKTHBHOH SUCHKH.
TIpoBeieHO UX CpPaBHEHHE C aHATOTHYHBIMHI APAMETPAMU CBOOOIHON KOHBEKTHBHOM SYEHKH JJIst OCHOBHOM Mozbl 1 = 1. [Tokasawo,
YTO AWaMeTp KOHBEKTHBHOH sSUeHKM 0OpaTHO MpONOPIHOHANEH 3HAYSHUI0O MHHIMAILHOTO BOJHOBOTO YHCIIA COOTBETCTBYIOIIEH
KpaeBOH 3ajaud, T.e. AUAMETp SYEHKH CO CMEUIAaHHBIMH TPAaHWYHBIMH YCJIOBHSMH MEHBIIE JUAMETpa SUEHKH CO CBOOOIHBIMHU
IPaHNYHBIMHU YCIIOBHSMH, HO OOJIBIIIE AMaMeTpa sSUSHKN ¢ TBEPABIMU IPAaHNYHBIMU YCIOBHSIMH.

K/IFOYEBBIE CJIOBA: KOHBEKTHBHBIE SUEKH, BaKKyMHOE MAacjlo, CMEIIaHHbIE U TBEpAble I'PaHUYHE YCIOBHS, BO3MYILEHHE
TeMIIepaTyphl, BO3MYILEHHE BEPTUKATBLHON CKOPOCTH

Study of physical processes connected with appearance of convection cells in the layers of liquid heated from
below under the conditions when the layer boundaries contact with liquid or gaseous mediums (free boundaries) or with
solid thermal control materials (rigid boundaries) is of big scientific and practical interest. It’s possible for convection
cells to appear in the layers mentioned above in case of their certain geometrical sizes and liquid parameters. The
process of such spatiotemporal structures formation takes place due to the medium inability to provide the necessary
heat transfer from the bottom boundary to the upper one by means of thermal diffusion, which is corrected by the
appearance of ordered convective motion of liquid due to the occurrence of buoyancy force — the difference between
Archimedes force and the gravity one [1].

Heat convection — is a phenomenon of mass transfer in the gravity force field and temperature gradient. It can be
observed both in nature [2] and in many technological processes as well [3].

Convective mass transfer of air masses, for example, is efficiently used in farming [4]. Convection phenomenon is
also used in complex processes of crystals growth for microelectronics [5]. Description of cellular structures formation
processes is of great importance for applications in the field of materials laser processing technology [6].

Navier—Stokes equations in Boussinesq approximation (NSBA) are commonly used to describe convective
processes. At that there are three types of problems that differ in boundary conditions: both boundaries are free, both
boundaries are rigid, one boundary is free and the other one is rigid (mixed boundary conditions) [1,7,8].

Shear stress is absent on the layer boundaries in the problems with free boundary conditions and this leads to the
boundary conditions under which NSBA solutions have analytic view in form of normal modes with respect to
perturbed velocity and the temperature inside the cell. Lord Rayleigh was the first to obtain these solutions in 1916 [8].
The obtained solutions, as it is shown in [7, 9], allows to form square convection cells or cells consisting of regular
polygons (triangle or hexagon) with the help of geometric transformations.

As it appears from [7, 9], the geometric transformations were used to explain the formation of polygon spatially
periodic structures which completely fill the volume of convective layer and in this way provide maximum transport of
heat between the layer boundaries.

As it was underlined in [10], the explanation of polygon convective structures formation in the liquid layer heated
from below should be based not on geometry, but it should have regard to energy advisability or in other words — the
explanation should be based on energy principle. This principle sets the correspondence between the number of
convective cells and the temperature of lower layer boundary (under the corresponding temperature gradient) when the
latter is increased. To perform such an energy principle of polygon convective structures formation it’s necessary to
introduce the notion of elementary convective cell. Polygon convective cells can be formed from the large number of
such elementary convective cells in case of their close packing. It was offered to use cylindrical convective cell, for
which there were obtained analytical expressions of perturbed velocity and temperature, as an elementary one [10]. In
the papers being referred to it was shown that the value of analytically counted diameter of cylindrical convection cell
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corresponds numerically to the experimental data obtained. In general, the explanation (from the energy principle) of
the principle of liquid surface coverage with cylindrical convective cells was given basing on the suggested concept of
elementary convective cell.

Energy principle can turn out to be useful when studying spatially periodic convective structures formation basing
on NSBA equations with rigid and mixed boundary conditions.

It is known that solving NSBA equations with rigid and mixed boundary conditions the desired expressions for
perturbed velocity and temperature inside the cell don’t have analytical form and they require engagement of numerical
methods [6, 8]. That’s why the search of analytical solutions of NSBA equations with rigid and mixed boundary
conditions is an actual task.

In the scientific literature devoted to spatially periodic convectional structures study it’s conventional to analyze
liquid layers completely filled with convective cells of different geometry. However, these sources don’t have the
information as for convective cells nascent stage. The change of their number wasn’t studied under the container bottom
temperature increase up to the time when the cells completely fill the liquid volume. Study of such processes basing on
NSBA equations with rigid and mixed boundary conditions can give some new theoretical and experimental data in the
field of spatially periodic convectional structures formation.

That’s why the goal of the current study is to investigate theoretically and experimentally the properties of
elementary convective cell which will appear in the horizontal layer of viscous incompressible liquid heated from below
with rigid or mixed boundary conditions.

EXPERIMENTAL STUDIES OF CONVECTIVE CELLS FORMATION

Substance to be studied. To study experimentally the appearance of convection cells with rigid or mixed
boundary conditions it should be given to the liquid the properties of single-phase suspension [11]. This is important
since it’s necessary that the surface (boundary) layer is not be free dispersion medium and to some extent and not to be
grease for the second phase of suspension. It has to have the same properties as the bulk of liquid. This condition sets
certain requirements for the parameters of dispersion phase particles [11]:

- either the size of dispersion phase particles has to be small enough (approximately equal or several times thicker
than the thickness of liquid surface layer) and in this way it is minimizing the thickness of free dispersion medium
interlayers;

- or the volume fraction of dispersion phase solid particles has to be significantly lower than their volume fraction
limit, which provides maximum thickness of free dispersion medium interlayers.

The first requirement of rigid or mixed boundary conditions presence is that there was used vacuum oil BM-5 as
single-phase viscous medium with the addition of small amount (50-100 mg) of white oil paint (to visualize the process)
which particles are rather small — less than 15 pm (GOST 11826-77), that is less than oil surface layer thickness. The
second requirement can be met by adding of aluminum pigment powder ITAII-1 into vacuum oil. This powder is made
of refined particles of plate-like shaped aluminum which average thickness is about 0,25 - 0,50 um and average linear
size is 20 - 30 um (GOST 5494 - 95). The aluminum powder is added is such small amount that the visualization is still
possible and the suspension viscosity corresponds the viscosity of dispersion medium (vacuum oil BM-5).

In Fig. 1,2 there are given micro photos (taken using MBC-9 microscope) of vacuum oil BM — 5 with addition of 2
ml of oil paint in amount of m=0.05 g (Fig. 1) or aluminum pigment powder ITAII-1 in amount of 0.005 g.

Fig. 1. Distribution of oil paint in vacuum oil. Fig. 2. Distribution of aluminum powder in vacuum oil.

Analysis of the pictures indicates that in case when oil paint was added into vacuum oil (Fig.1) the interlayer of
free dispersion medium is absent, while there were observed free dispersion medium interlayers 0.3 - 0.5 mm thick in
the spatial distribution of aluminum powder particles (Fig.2).

Thus, the ways to prepare liquid, viscous media described below can be used to perform rigid or free boundary
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conditions for modeling convection processes in layers of viscous incompressible liquid heated from below.

Description of the experiment. To perform the experiment there was used 2 ml of vacuum oil BM — 5 with the
addition of oil paint in the amount of m;=0.05 g or aluminum pigment powder in the amount of m,=0.005 g. electric
stove

Cylindrical container was filled with oil, the thickness of its layer was chosen empirically and it was equal to
h=1.0 mm. The uniform heating of the container bottom was performed by means of electric furnace up to 140+1 °C.
The cells were formed in the container filled with oil with addition of some amount of oil paint and aluminum powder.
The experiments showed that in the thin layer of heated from below oil the cells of cylindrical shape appeared. Inside
each cell the vacuum oil moves up at the cell center and it moves down along its external boundary.

In Fig. 3 there are the photos of cylindrical convective cells the number of which grows when the temperature of
the cylindrical container bottom is increasing from 82°C to 110 °C. The process starts from formation of 1-2 cells till
the time when they are tightly packed in the container with the formation of polygons including hexagons. The
measured diameter of convection cells varied within the interval 2.4 — 2.5 mm.

Fig. 3. Dependence of formed cells number on the container bottom temperature with adding oil paint into the vacuum oil. (T}- the
temperature of oil upper boundary, T, — the temperature of container bottom)
a) T;=81°C, T,=91°C; b) T=85°C, T,=96°C; ¢) T;=92°C, T,=104°C; d) T1=97°C, T,=110°C

In the experiments the cylindrical container was filled oil with aluminum powder. The thickness of oil layer was
chosen empirically and it was equal to h=1 mm. Uniform heating of container bottom was performed using of electric
furnace and the temperature was kept on the level of 130+1°C. Cylindrical cells were formed in the oil with the addition
of small amount of aluminum powder (0.005 g) just as it was in the case with oil paint adding into the oil. Dynamics of
liquid inside of each cell repeated the similar dynamics for oil with addition of oil paint.

In Fig.4 there are the photos of cylindrical convective cells the number of which grows when increasing the
temperature of the cylindrical container bottom from 84°C no 130°C. Their number increases from formation of 1-2
cells till the time when they are tightly packed in the container with the formation of polygons including hexagons. The
measured diameter of convective cells varied within the interval 2.6 — 2.7 mm.

Fig. 4. Dependence of cells number on the container bottom temperature with adding aluminum powder into the vacuum oil.
a) T1=84°C, T=113°C; b) T\=87°C, T=118°C; ¢) T1=92°C, T=122°C; d) T;=95°C, T,=126°C

The areas marked with rectangles in Fig.4 are the areas where cylindrical cells formation is observed: first, 3 cells
appear, then 5-6 and in the last photos their number varies from 10-12 to 20. It can be seen that the cells have a
cylindrical shape and they are separated with the oil interlayers of certain thickness.

Basing on the experiment results one can make a conclusion that cells of cylindrical shape appear at certain
temperature of the container bottom in the oil layer with the addition of small amount of oil paint or aluminum powder
and that the boundary conditions correspond boundary conditions on the rigid boundary. When the container bottom
temperature increases the number of cells grows too up to the complete filling of oil volume. Regardless of the type of
added disperse phase (oil paint or aluminum powder) the cells diameter in the unit of layer thickness varies from 2.65 to
2.83, i.e. the dimensionless cells diameter with the mixed boundary conditions is less than the diameter of free cell
which is defined by the value 3.4 [10].
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THE THEORY OF CYLINDRICAL CELL WITH RIGID BOUNDARY CONDITIONS
In the problem of heat convection in the viscous medium with rigid boundaries [7-9] there was studied viscous
liquid layer with the thickness /# and it was infinite in both axis x and y directions. Axis z was directed upwards

perpendicularly to the layer boundaries z =0 and z = 4 . Distribution of temperature inside the layer 7, (z) was given in
such a way that the lower boundary temperature was higher the one of the upper boundary: 7,(0)=7,, T,(h)=T,,
(T, > T,) . Let’s consider, that in equilibrium state the dependence of the layer temperature on z coordinate is described
by linear function:

VTO(z):—%EZ, )]

where ® =T, — T, - the difference of temperatures between lower and upper planes, Ez - unit vector directed along the

axis z .
Basing on the experiment results mentioned above (Fig. 3,4) one can make two conclusions:
- the shape of convection cells is a cylindrical one;

- the internal structure of convection cells doesn’t depend on azimuthal angle ¢ .

On the ground of these conclusions we’ll search for the solutions of linearized Navier—Stokes equations [7] in
cylindrical geometry. In this case in the layer with flat boundaries the initial equations for perturbed vertical velocity

V_ and temperature T have the form:

%sz —AAV.+RA T, )
PZ—];: AT+v_, ?3)

’ , 1 o : ,
where A=A +8_2 - Laplacian operator, A, = —ai ra2 - transverse Laplacian in which on the basis of the axial
z r or r

symmetry of the cells is not a term that characterizes the dependence of the perturbations of the azimuthal angle is
missing, i.e. everywhere we suppose 8../34=0, R:gﬁh3®/(vl) - Rayleigh number, g — gravitational acceleration

directed against axis z , P=v/y - Prandtl number, v and y - coefficients of kinematic viscosity and thermal
conductivity of liquid correspondingly, S - volumetric coefficient of thermal expansion of the liquid, v,,7T -
perturbations of vertical velocity and temperature correspondingly.

For reducing the system of equations (2) - (3) to the dimensionless type there were used the following
characteristic measurement units: unit of length — layer thickness 4 ; unit of time - 7 = A°v™"; unit of temperature - © .
It has to be mentioned that for the chosen unit of length z coordinate changes within the interval 0 <z <1.

System of equations (2) - (3) can be applied to define "normal" perturbations in the viscous liquid layer heated
from below under the condition that this system has to be complemented by the boundary conditions. In the current
study we’ll consider rigid boundary conditions — the case when on the boundaries at z=0 and z =1 the perturbed
velocity projection, temperature and vertical speed derivatives have the next values [6, 12]:

av
==0. 4
p “

Solution of initial system of equations. The initial equations (2), (3) have partial solutions which describe

temporal dynamics of perturbations of vertical speed and temperature of the cylindrical cell [10-11]:
v, (r,z,t)=v(z)J, (k.r)exp(-At), %)
T(r,z,t)=9(z)J, (kr)exp(-Ar), (6)
where A - eigenvalues characterizing damping (A > 0), increase (A < 0) or steady state (A =0) of perturbations (4),
5); V( z) and 9(z) - perturbation amplitudes of the vertical velocity and the temperature correspondingly; J(x -

v,=v, =0;T=0;

Bessel function of first kind and zero order of the argument x ; k, - radial wave number characterizing the dependence

of perturbations on transverse coordinate 7 .
Let’s consider the stable solutions of equations (2), (3), that correspond to the condition A = 0. Substitution of
solutions (5), (6) into the equations (2), (3) leads to the characteristic equation:

(¢°-&) =-KR. ™
In equation (7) g —o parameter defines the dependence of vertical velocity amplitude V(z) on z coordinate in

the form v(z)= 4, exp(gz), where 4, - an arbitrary constant.
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Roots of the characteristic equation (7) are defined by the following expressions:
4, =tb-a;

Gys = /b+%(1+ix/§) —+(X, +iX ); ®)
Gsq = ‘/b+%(l—ix/§) —+(X, -iX ),

1 2 ’ ’
where a = (k}R)*, b=k}, X, = % \/(%a+bj +(%a} i(%aﬂyJ ,i=+/-1 - unit imaginary number.

Solutions of the equations (2), (3) describes neutral disturbances for vertical velocity amplitude in the interval
0<z<1.We’ll search the solution in the form:

6
V@)= X.C, exp(q,2), ©
where C, - arbitrary constants defined by the boundary conditions
v(0)=v(1)=0, ov(0)/ez=0v(1)/oz=0, $(0)=9(1)=0. (10)

As it follows from [6] the solutions of equation (7) and expression (9) obtained basing on them define the values
of critical Rayleigh numbers and the amplitude of neutral disturbances correspondingly. Critical Rayleigh numbers and
neutral disturbances amplitude can’t be expressed analytically it’s possible to get only the result of approximate
numerical solution of transcendental equations. However, under some assumptions, solution (9) can be represented
analytically. See below the approach used to obtain the analytical solution.

Similarly to the solution for the vertical velocity of a free convective cell, when v_(z) ocsin(nﬂ'z), n=123.., we’ll

search the solutions for the system of equations (2), (3) for v_(z) in the same form, i.e. we assume va—b =inz , where

the inequality @ < b is always considered to be true. For the special case we assume X =z that turns out to be

possible only in the case when a = 8(niz)2 , b= 7(n7z)2 .

If in (9) the followings values of constants are given: G =G, =4/2, C,=C,=C, =C, = 4 /4ch(X, /2), then in the
limits in Zz which are symmetrical with respect to z, =1/2 the expression for vertical velocity that meets boundary
condition requirements (10) has the following form:

V(z) =4 [1-&{[2—%]&};11 [%j}sin(zm). (11)

For the comparative assessment of heat and mass transfer parameters between the convective cell with a rigid
boundary conditions and a free boundary conditions we’ll perform comparative analysis of spatial distribution for their
perturbed velocity and temperature. When comparing the expressions for vertical velocity we’ll assume constant
coefficients 4, and a (in [6]) to be equal to 1.

In Fig. 5 there are shown the dependences of perturbed vertical velocity amplitude of the cell with a rigid
boundaries and a free boundaries of convective cell on z coordinate for mode number n=1.

1
0.8
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Fig. 5. The dependencies of perturbed vertical velocity amplitude of the
convective cell with a rigid (1) and a free boundaries (2) on Z coordinate for
mainmode n=1.
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It follows from the picture that a rigid boundary conditions insignificantly (in 1.0087425 times) decreases the
amplitude of vertical velocity of liquid mass-transfer compared to a free boundary conditions case. At that close to the
boundary (when z =0.09) the decreases value makes up 10.48 % relating to the mass-transfer velocity in a free cell.

Partial solution for the perturbed temperature amplitude ¢(z) will be received by method of arbitrary-constant

variation from the equation (3):
d’9
gz)—bs(z):—v(z). (12)
dz

For the perturbed temperature the general solution that meets boundary conditions requirements has the following

form:
sh (z\/l;)
sh (\/Z)

Let’s compare the amplitude of a free convective cell perturbed temperature and the one of the cell with a rigid
boundary conditions. At that it’s necessary to consider that the amplitude of a free cell perturbed temperature when

9(2)=~IvOsh(Jh -z [w(@sh(Vb(E D)z . (13)

a=1 is defined by the value b= 5 21 B For the mode n=1 in the neutral curve minimum (
nrt+
27 V4 , . - 2
R..= Tﬂ i = E) we’ll find the value of the perturbed temperature amplitude: b = 3 ~0.0675 .
T

The comparison of the amplitudes of perturbed temperature in a free convection cell and the one of a cell with a
rigid boundary conditions (Fig. 6) shows that in the latter case its amplitude is in 5.458 times less. So, we can conclude
that the presence of a rigid boundary conditions decreases the perturbed temperature amplitude in comparison with a
free boundary conditions. At that real (taking into consideration multiplier 5.458) maximum deviation of curve 1 from
curve 2 in the point z =0.14 equals to 24.72 %.

0.067547
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0.04
9(2)
5
<//X 5.458
0.02
1
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Z
Fig. 6. Dependences of perturbed temperature amplitude of the cell with a rigid
boundaries (1) and the one of a free convective cell (2) on Z coordinate for the main

mode n=1.
The expression for radial velocity of liquid movement in a convective cell v, (r,z) follows from the condition of
its incompressibility:
av(z) 1
dz k_r

v, (rz)=

Thus in the current section there were defined values of perturbed velocity (v, v ) and temperature Tina

(k). (14)

cylindrical convective cell with a rigid boundaries in the special case when Raleigh number R = 7124.78 and wave
number k, = 7\/7 . These values were compared to the similar parameters of a free convective cell for the main mode
n=1.

In particular it was shown that a rigid boundary conditions presence insignificantly (in 1.0087425 times) decreases
the vertical velocity amplitude of liquid mass transfer in comparison with vertical velocity of a cell with a free boundary

conditions and it decreases perturbed temperature amplitude (in 5,458 times) in comparison with the one of a cell with
free boundary conditions.
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Definition of a diameter of convection cell with a mixed and a rigid boundaries. Expression (14) fulfills
physically based boundary conditions on the axis and on a cell periphery, because when =0 and on cell external
boundary =g the radial speed of liquid equals zero. So, the value of radial wave number can be defined by the

following relation:

k., =o,R", (15)

where R, - convection cell radius, o, - /-th zero of Bessel function of first kind (J, (01,,) =0), /=123,.... Let’s
give the values of first five zeroes of Bessel function: o, =3.832; o0,,=7016 ; 0,,=10.173 ; 0y, =13.324 ;
0,5 =16471.

In the study [10] there was experimentally and theoretically showed that radius of free convection cell in defined

by the relation (15), where minimum value of wave number (k )mm = 7z/ V2 ~2.221 is used as wave number. At that

r

free cell radius is defined by the value:
1

(R.), =0, 227 %0450, ~1.72. (16)

Form the experimental results of the current study it follows that value of radius of a cell with a mixed boundary
conditions varies from 2.65 to 2.83, i.e. it has lower value than the one of a free cell. Theoretically calculated diameter
value of convective cell with a mixed boundary conditions we’ll define from relation (15) similarly to calculation of a
free convection cell diameter — by using minimum wave number of the considered boundary value problem

(k) = ~2.682 [6]:
(D.),. =2(R.), =20, /(k), ~2:3.832/2.682~2.86. (17)

c
The obtained theoretical value of diameter of convective cell with a mixed boundary conditions corresponds to the
experimentally measured values in number. These values range from 2.65 to 2.83.
Basing on the results obtained for convective cell with a free and a mixed boundary conditions one can define
diameter of convective cell for the problem with a rigid boundary conditions. Its theoretical value equals to:

(D.)ya =2(R.) 0 =201, J(,), = 2:3.832/3.116 ~ 2.46. (18)

To prove experimentally this result let’s use the data obtained in the study [13]. Here there was studied the
dependence of Nusselt number (the relation of heat exchange intensity at the account of convection and heat transfer to
the intensity of heat exchange at the account of heat transfer) on Raleigh number in the layer of viscous incompressible
liquid with a rigid boundary conditions heated from below. In the study it was shown that when critical value of Raleigh
number increases (R > R =1700+51) there was observed hexagons formation. It’s obvious that the diameter of

critical
cylindrical convective cell from which a hexagon appeared is equal to the diameter of hexagon circumscribed circle. In
Fig. 7,8 there are the results of study of convection structures formation (hexagons and roller) in silicon layer AK - 350
of different thickness under controlled temperature of upper and lower boundary of the layer [13]. In these figures it’s
seen that hexagons are formed when exceeding critical Raleigh number value (Fig. 7b and Fig. 8c,d).

In Fig. 8c the formation of convective roller is shown. This is typical for the oil layers of higher thickness and for
higher Raleigh numbers.

Fig. 7. Formation of hexagons in the layer of silicon oil AK-  Fig. 8. Formation of hexagons in the layer of silicon oil AK-
350 with the layer thickness 4 =7 mm [13] 350 with the layer thickness 2 =10 mm [13]

b) R=1800;c) R=2400, formation of convective roller. ~ ¢) R=2280; d) R=2470, the beginning of convective
roller formation.

As it follows from Fig. 7 the hexagons formed together with Raleigh number increase form stripes with width H .
Experimentally measured ratio of the stripe width to the liquid layer depth for Raleigh numbers which value is close to
the critical one (R—R,,,, <<1) is equal to H/h =2 [13]. Boundaries of the stripes with width / are formed by the

parallel sides of hexagons. So, knowing the distance between them one can define the convective cell diameter by
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means of simple geometrical constructions: (DL, )”_gi , =20 (h\/g )7] . Proceeding from the calculations made and basing

on the experimental data we can state that the diameter of convection cell with a rigid boundary conditions is equal to
2.31 mm. The given value of the convection cell diameter is the closest to the one obtained analyticallyin (18).

Thus, the diameter of cylindrical convective cell with a mixed and a rigid boundary conditions is inversely related
to the minimum value of wave number of the studied boundary value problem. Extension of the obtained data shows
that the diameter of elementary convective cell with a mixed boundary conditions is less than the one of the cell with a
free boundaries, but it’s larger than the diameter of the cell with a rigid boundaries (Table).

Table
Cells diameter value for the different boundary conditions
Type of boundary conditions Theoretical calculations, mm Experimental data, mm
A rigid boundaries 245 22-24
A mixed boundaries 2.8 26-2.8
A free boundaries [10] 34 32-38
CONCLUSION

There were carried out experimental studies of convective cells formation in vacuum oil under a mixed boundary
conditions (the upper boundary is free and the lower one is rigid) for the 2 variants of process visualization. Some
amount of oil paint was added into the oil (50 - 100 mg) — the first variant and some aluminum powder was added (5
mg) — the second variant. The first approach to perform the mixed conditions was to use vacuum oil BM-5 as a single-
phase viscous medium of vacuum oil with addition of some amount (50-100 mg) of white oil paint into it to visualize
the process (paint particles were rather small, less than 15um). The second approach was to add some amount of
aluminum powder (5 mg) into oil. Microscopic studies showed that small amounts of added aluminum powder don’t
change the oil viscosity and density. Thus, the oil is a single-phase medium in which the boundary conditions are
present on a rigid boundary. The boundary conditions for liquid velocity on a rigid boundary can be applied in the
studied cases. In the experiments it was shown that cylindrical cells appear at certain temperature of the container
bottom in the oil layer with addition on small amount of oil paint or aluminum powder. When increasing the container
bottom temperature the number of cells increases up to the moment when they completely fill the oil volume.
Regardless of the type of added disperse phase the cells diameter value varies from 2.65 to 2.83. In the special case for

Raleigh number R ~7124.78 and wave number k, = 7\J7 there were obtained the analytical expressions for the

perturbed velocity V,,v_ and temperature 7' in a cylindrical convective cell with a rigid boundaries and they were

compared with the similar parameters of a free convective cell for the main mode n=1.

It was shown that a rigid boundary conditions presence insignificantly (in 1.0087425 times) decreases the vertical
velocity amplitude of liquid mass transfer in comparison with vertical velocity of a cell with a free boundary conditions
and it decreases perturbed temperature amplitude (in 5,458 times) in comparison with the one of a cell with a free
boundary conditions.

There were obtained analytical expressions for definition of diameter of convection cell with a mixed and a rigid
boundary conditions. It was demonstrated that convection cell diameter is inversely related to minimal value of wave
number of the corresponding boundary value problem. Basing on the experimental results and theoretical analysis the
following conclusion was made — the diameter of elementary convective cell with a mixed boundary conditions is less
than the one of the cell with a free boundary conditions, but it’s larger than the one of the cell with a rigid boundaries.
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Convection in a thin layer of liquid (gas) with temperature independent viscosity between poorly heat conducting boundaries is
studied within framework of the Proctor-Sivashinsky model. We have shown by numerical simulation of the Proctor-Sivashinsky
model that the state with certain topology can be described by the state function, which is the sum of squared mode of temperature
spatial spectrum on the surface. The transitions between these states are characterized by splashes in time-derivative of this function
and different meta-stable structures, corresponding to different values of the state function have different visually distinguishable
topologies.
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®YHKIIAA COCTOSIHAS B HECTABMJIBHOM KOHBEKTUBHOM CPE/IE
NU.B. I'ymun, A.B. Kupuuok, B.M. Kykaun
Xapvroeckuii Hayuonanvuwiti ynusepcumem umenu B.H. Kapaszuna

61022, 2. Xapvros, ni. Ceo600wl 4, Yrpauna
KoHBeknus B TOHKOM CJO€ KHIKOCTH (rasa) MEXAy IUIOXO MPOBOIAIIMME TEIUIO MOBEPXHOCTSIMH PACCMOTPEHA B YCIOBHUSIX
npumeHuMocTd Monenu Ilpoxropa- CHBAaIIMHCKOTO INPM OTCYTCTBHH 3aBHCHMOCTH BSI3KOCTH OT TEMIIEpaTypbl. MBI MOKaxkeM C
MTOMOIIBIO YHCIEHHOTO aHainu3a mozaenu [IpokTopa —CHBAIIMHCKOTO, YTO KaXI0€ COCTOSHHE MOXKET OBITh OMHMCAaHO C IOMOILBIO
(YHKIUH COCTOSHUS, KOTOpasi paBHa CyMMeE KBaJIpaTOB MOJ CIIEKTpa MPOCTPAHCTBEHHOTO paclpeleieHHs TeMIepaTrypel Ha
MOBEPXHOCTH. [lepexoibl MeXIy COCTOSHHSAMH XapaKTepH3YIOTCS M3MEHEHHEM IPOM3BOAHOW MO BPEMEHH OT 3TOW (DYHKIUH.
Paznmume mexmy MeTacTaOWIBHBIMH COCTOSHHSIMH, KOTOpPBIC OTJIMYAIOTCS TOIOJOTHEH, OMpPEAessieTcsl Pa3HbIMH 3HAYCHHUSIMH
(YHKIUH COCTOSTHHUS.
KJIFOUYEBBIE CJIOBA: xouBekiust Penes-benapa, monens I[Ipokropa-CHBAmIMHCKOTO CTPYKTYpHO-(A30BBIX MEPEXOJIOB,
HE3aBHCHUMOCTb BS3KOCTH OT TEMIIEPATYPHI

®YHKIIi CTAHY Y HECTABLJIbBHOMY KOHBEKTUBHOMY CEPEJOBHIIII
L.B. I'ymiun, O.B. Kupuyok, B.M. Kykiain
Xapxiecvruil HayionanvHuil yrieepcumem imeni B.H. Kapaszina

61022, m. Xapxie, nn. Ceoboou, 4, Yrpaina.
KonBekmito y TOHKOMy MIapi pinuHHU (Ta3y) MiX HOBEPXHSMH, IO HEJOCTATHBO TapHO IPOBOJATH TEILIO, PO3TISTHYTO B YMOBax
npupatHocTi Mozeni [Ipokropa-CiBalIMHCHKOT0, MPUYOMY IPH BiJICYTHOCTI 3aJIe)KHOCTI B’SI3KOCTI Bil TeMuepaTypu. Mu mokaxeMo
3 BUKOPHCTAHHSM YHCIIOBOTO MOJISIIIOBAHHS, 110 KOXKHUI CTaH, MOXe OyTH HpencTaBieHO (piKCOBAaHMM 3HaYeHHSM (YHKLIi cTaHy,
II0 JTOPIiBHIOE CyMi KBaJpaTiB MOJ IPOCTOPOBOrO CHEKTpA TEMIEpaTypu Ha moBepxHi. [lepexiq MiK CTaHaMH XapaKTepU3YEThCS
3HAUSHHSIM TIOXI/HOI 1Mo Yacy BiA QyHKUii cTaHiB. Pi3HMII MiXK CTaHaMH, 1[0 BiAPI3HSIIOTHCS TOIMOJIOTIC0, BiAMOBIAAE PI3HULI MiXK
Bi/IMTOBIZIHUMU 3HAYEHHAMU (QYHKIIT CTaHIB.
KJIIFOYOBI CJIOBA: «konBekuis Penes-benapa, wmomens IIpoktopa-CiBallMHCEKOTO —CTPYKTYpHO-(a30BUX IEPEXOJiB,
HE3aJISKHICTh B’SI3KOCTI BiJl TEMIIEpaTypH

The issues of structural transformations, structural second-order phase transitions, resulting in the changes of the
symmetry and some characteristic scales of spatial structures always be of great interest to researchers and developers
of technologies for example for description of the convection [1-3].

The Proctor-Sivashinsky model is found to be very attractive [4,5] for studying the processes of pattern formation
in systems which possess a preferred characteristic spatial scale of interaction between the elements of future structure.
This model was developed for description of convection in a thin layer of liquid between poorly conducting horizontal
boundaries. Authors of [6] have found the stationary solutions with a small number of the spatial modes, one of which
(convective cells) was steady and the second one turned out to be unstable (convective rolls). A particular future of the
model is that it forces a preferred spatial scale of interaction, leaving the system a chance of selecting the symmetry
during evolution. It was found, that the type of symmetry and hence the characteristics of the structure are determined
by the minima of the potential of interaction between modes lying on a circle in k-space. Even within the Proctor-
Sivashinsky model not all processes and the phenomena were studied. The detailed analysis of instability leading to the
formation of a metastable structure (convective rolls) will be presented below. Earlier, it was found that at first stage of
the instability evolution the metastable long-lived state (the curved quasi-one-dimensional convective rolls) arises. And
later, after a lapse of time (which is considerably greater than the reverse linear increment of the process), the system
transforms to the steady state (square convective cells) [7,8]. The detailed treatment of the Proctor-Sivashinsky model
presented below shows that this structural transition demonstrates all the characteristics of the second order phase
© Gushchin 1.V, Kirichok A.V., Kuklin V.M., 2015
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transition (the continuity of the sum of squared mode amplitudes over the spectrum that the same, the continuity of
density of this value and discontinuity of its time derivative. The existence of preferred scale (the distance between the
regular spatial perturbations) and the possibility to select the type of symmetry (the regular spatial configuration)
motivate the interest to this physical model, particularly for description of processes in solid state physics, where the
characteristic distance between elements of spatial structures (atoms, molecules) in their condensed state is almost
invariable. The objective of this work is investigation of the mechanisms of pattern formation and mode competition in
convective medium. The nature and evolution of structural phase transitions between patterns of different topology are
considered.

MODEL DESCRIPTION
When the Rayleigh number Ra exceeds the critical value corresponding to the onset of convective flow, the three-
dimensional convection begins in a thin layer of liquid between poorly conducting horizontal plates heated from below
[2], which can be described by the Proctor-Sivashinsky equation [4,5]. This equation determines the dynamics of
temperature field in the horizontal plane (x,y):

CfD=g2<D+7/-V(CDVCD)—(I—VZ)ZCD+§V(VCD|CD|2)+€2f, 1

where f'is the random function describing the external noise, and the quantity & determines the convection threshold
overriding, which is assumed to be sufficiently small (0 <& <1). The term W(O®PV®D) describes the temperature

dependence of viscosity. Further, we assume y =0 for simplicity. In this case we shall find the solution in the form

o= gz a; exp(ilzj?) 2)
j
with | lg ; [F 1. Renormalizing the time units oc &”, we obtain the evolution equation for slow amplitudes a;
g 2
a;=a, =3 V,la,la, A)
m=1
where interaction coefficients are determined as follows
Vit o)
- = \2
V,.j=(2/3)(1—2(kikj) ):(2/3)(1+20052 9). (5)

Here & is the angle between vectors IEI and lgf. .

The instability interval in k-space represents a ring with average radius equal to unit and the width is order of
relative above-threshold parameter ¢, i.e. much less than unity. During the development of the instability, the effective
growth rate of modes that are localized outside of the very small neighborhood near the unit circle will decrease due to
the growth of the nonlinear terms and can change sign which will lead to a narrowing of the spectrum to the unit circle
in the k-space. Since the purpose of further research will be the study of stability of spatial structures with characteristic
size of order 27 /k o« 27 and the important characteristic for visualization of simulation results will be evidence of
these structures, so we restrict ourselves by considering some idealized model of the phenomenon, assuming that the
oscillation spectrum is already located on the unit circle in the k-space.

SIMULATION RESULTS
Development of perturbations in the system shown by the numerical analysis. Starting from initial fluctuations, the
modes over a wide range of 4 begin grow. The value of the quadratic form of the spectrum [ :ziaf can be

estimated to obtain as result a value close to 0.75. It was shown that in the absence of temperature dependence of
viscosity and when the number of modes is sufficiently large, the system delayed the development while remaining in a
dynamic equilibrium. For further development - "crystallization", one of the modes must get a portion of the energy,
which excesses some threshold value. That is, in these case, it is necessary a certain level of noise (fluctuations).

If one of the modes gets the proper amount of energy, then the process of formation of a simplest convective
structure — rolls begins (Fig. 1a). Note that in the nature, the thin clouds also can form the roll structure. The value of /
in this case tends to unity (/ — 1). However, this state is not stable and then we can see the next structural transition:
convective rolls are modulated along the axis of fluid rotation, and the typical size of this modulation phases down. In
this transition state, the system stays for a sufficiently long time (which slightly increases within some limits with
increase in the number of modes), and the value / ~1.07 remains constant during this time. After a rather long time,
ten times more than the inverse linear growth rate of the initial instability only the one mode “survives” from newly
formed “side” spectrum, which amplitude is comparable with the amplitude of the primary leading mode. In the end, the
stable convective structure — square cells is generated (Fig. 1b), and the quadratic form / reaches the value of 7/ =1.2.

Further researches of this process have found the following dynamics of quadratic form 7= Zjaf with time
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(Fig.2). Exact after the first peak of the derivative, the metastable structure — a system of convective rolls is formed, and
up to the moment when the second burst have appeared with value of /=1 it remains unchanged. The next burst
indicates the onset of a secondary metastable structure with a new value of 7 ~1.07 .
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Fig.1. Convective structures: rolls (a) and square cells (b).

After the second burst of the quadratic form derivative, a stable structure of squared convective cells is started to
build up. Such behavior proves the existence of structural-phase transitions in the system.
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Fig. 2. The evolution of the derivative dI / dt (in relative measuring units) of the integral quadratic form [ = Zj ajz.

After the second splash of the time-derivative, a stable structure of squared convective cells is started to build up.
Such behavior proves the existence of structural- phase transitions in the system. Generally speaking, the characteristic
times of relaxation processes during evolution of the system to more equilibrium state are determined as usual by the
difference of the state function values before the transition and after it. The greater this difference, the faster the
transition from one state to another. It is important to keep in mind that the sequence of state transitions is determined
by the characteristic times of instabilities (which play the role of relaxation processes) that provide a cascade evolution
of the system to the most equilibrium state. Initially, the most fast relaxation processes take place that associated with
large difference of the state function values corresponding to different equilibrium states.

Let us verify that in this case all the phenomena occur in the same order and within the framework of the
foregoing scenario. The numerical analysis of the model allows confirming these considerations.

It can be seen that the times of state formation 7z, are inversely proportional to I = ZA2 the difference between

the values 1" = (). 4’ )" after n-th structural phase transition /{” =(D>_4° ){"” and before it I\ =(D>_4° )’
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7, ~{Q A ) =D Ay =AL (©6)

It follows from this that
/7, = Al /AL, @)

Thus, we have shown by numerical simulation of the Proctor-Sivashinsky model that the state with certain
topology can be described by the state function, which is the sum of squared mode amplitudes. The transitions between
these states are characterized by splashes in time-derivative of this function and different meta-stable structures,
corresponding to different values of the state function have different visually distinguishable topologies.

The fact that the metastable states are characterized by fixed values of the state function was highlighted in our
earlier works [9-11]. The numerical study, presented in this paper, confirmed two observations: 1. the difference
between the values of the state function before and after the structural phase transition is inversely proportional to the
characteristic time of the corresponding structural-phase transition; 2. the evolution of the planar convective structure
under consideration demonstrates all the features of a relaxation process, i.e. the fast structural-phase transition is
succeeded by more slow ones. Thus, a fuller picture of the process becomes clear.

CONCLUSION

The special feature of the Proctor-Sivashinsky model with temperature independent viscosity is the existence of
three possible metastable states. The times of structural transitions between these metastable states are much less than
the times of their existence. Each state has a definite topology and can be characterized by definite steady value of the
state function. The metastable states are destroyed with time for the instabilities, the growth rate of which can be
evaluated from the amplitude of splashes of time-derivative of the state function. It is shown, that the characteristic
times of the instabilities, which destroy the previous state and form a new one are inversely proportional to the
difference between the values of the state function before and after the structural phase transition. In addition, we show
that the faster relaxation processes, i.e. structural phase transitions take priority over more slow ones.
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Within the continuum model of the ultrasound wave scattering from inhomogeneties in fluid flow, the analytical expression for the
correlation function of mass density and compressibility fluctuations has been obtained in the present work.Using the Gaussian
window function, the practically important approximated closed-form expression has been derived for the Fourier transform of the
correlation function. The analysis of the latter allowed to come to some conclusions about the frequency response characteristics of
Doppler response power spectra. It is shown that the spectrum width, unlike its mean frequency, depends on the duration of the data
sample. The relationship has been found between the optimal duration of the measurement, the acceleration of scatterers in a flow
and the wave vector of the probing ultrasound field.

KEYWORDS: ultrasound, Doppler spectrum, color Doppler, fluctuation correlator, nonstationary blood flow, acceleration

KOPPEJIAATUOHHASA ®YHKIUSA U CHHEKTP MOIIHOCTH YJIbTPA3BYKOBOI'O JOIIJIEPOBCKOI'O
OTKJIMKA PABHOYCKOPEHHBIX PACCEUBATEJIEN B IOTOKE KUIKOCTH
E.A. Bapannnk, A.C. MaT4eHKo
Xapvrosckuil Hayuonanshwiil ynusepcumem umenu B. H. Kapazuna
2. Xapwvkos, ni. Ceob00vt 4, 61022, YVrpauna

B pamkax KOHTHHYaJIbHOH MOIENHN PacCesTHUS yIbTPa3ByKOBBIX BOIH HAa HEOTHOPOJHOCTSX B ITOTOKE KUAKOCTH B HACTOAIIEH paboTe
TIOTyYEeHO aHATUTHIECKOE BBIpAKCHHUE IS KOPPEISNUOHHOW (QYHKIMH (IIyKTyanuil IIOTHOCTH M CKMMAaeMOCTH CpeIbl B Cllydae
PaBHOYCKOPEHHOIO JIBMKEHUsS paccerBarenedl. C HCIOIb30BaHUEM TayCCOBCKOIO BECOBOIO OKHA HAWJEHO NPAKTUYECKU Ba)KHOE
NIPUONIVDKEHHOE BBIpaKeHUE ISl (hyphe-o0pa3a KoppersIiMOHHON (QYHKIMY B Ki1acce SIIEMEHTapHbBIX (QYHKIUHA. AHaIN3 MOCIIEIHEro
MO3BOJIMII CZENaTh BBIBOABI 00 aMIUINTYAHO-YACTOTHBIX XapaKTEPUCTHUKAX YJIBTPa3ByKOBBIX JOIUIEPOBCKHX CIIEKTPOB MOIIHOCTH
oTkiuka. [lokazaHo, 4TO IMpHHA CHEKTPa, B OTIMYME OT €r0 MOJAJIBHON YacCTOTbI, 3aBUCUT OT JUIMTEIBHOCTH BBHIOOPKU JAaHHBIX.
HailineHa cBsi3p MeXAy ONTHMalbHOW MPOAOKMTEIBHOCTBIO HM3MEPEHHs, YCKOPEHHEM pacceuBarelield B TOTOKE M BOJHOBBIM
BEKTOPOM 30HAUPYIOIIETO YABTPa3ByKOBOTO MOJS.

KJIIFOYEBBIE CJIOBA: ynbTpa3ByK, IOIUICPOBCKHH CIIEKTp, JOIUIEPOBCKOE KAapPTUPOBAHUE, KOPPEIATOp (QIyKTyaruid,
HEeCTaMOHAPHBII KPOBOTOK, YCKOPEHHE.

KOPEJISIIIMHA ®YHKIIIA I CHEKTP IIOTYKHOCTI YJIbTPA3BYKOBOI'O JOMILJIEPIBCHKOI'O BIITYKY
PIBHOINPUCKOPEHUX PO3CIIOBAYIB ¥ IOTOLI PIAMHU
€.0. bapannuk, O.C. MaTueHko
Xapxiecvruil nayionanvrutl ynieepcumem imeni B.H. Kapaszina
M. Xapxie, nn. Ceoboou 4, 61022, YVrpaina
Y Mexax KOHTHHYaJIbHOI MOJEN PO3CiIOBaHHS YJIBTPa3BYKOBUX XBWJIb Ha HEOJHOPIAHOCTSAX B HOTOLI PIOMHU B JAaHii poOoTi
OTPUMAHO AaHANITUYHUA BUpa3 Uil KopersidiiiHol (yHKUii ¢iuykTyamii TyCTHHH 1 CTHCIMBOCTI CepefoBUINAa B pasi
PIBHOIIPUCKOPEHOTO pPyXy poO3cCiloBadiB. 3 BHKOPHCTAHHSM TayCIBCHKOIO BaroBOTO BiKHA 3HAHICHO INPAKTHYHO BaXKIUBHH
HaOmKkeHUH BHpa3 sl Qyp’e-o0pasy kopessimidHol (yHKUii B Kiaci eneMeHTapHMX (YHKOIH. AHalli3 OCTaHHBOTO IO3BOJIUB
3pOOUTH BHCHOBKH LIOJ0 aMIUTITyAHO-4YaCTOTHHX XapaKTEPHUCTUK YIBTPA3BYKOBHX JOMIUIEPIBCHKUX CIIEKTPIB IOTY)XHOCTI BIATYKY.
ITokasaHo, 10 MIMPHHA CHEKTPa, HA BiAMIHY BiJl Oro MOTAJbHOI YaCTOTH, 3aJICKUTHh BiJl TPUBAJIOCTI BUOIPKH AaHUX. 3HaiICHO
3B'S30K MDXX ONTHMAJIbHOK TPUBAJIICTIO BUMIPIOBaHHS, IPUCKOPEHHSM PO3CilOBadiB B MOTOLI Ta XBUJILOBUM BEKTOPOM 30HIYHOHOrO
YJIBTPa3ByKOBOTO MOJIS.
KJIFOYOBI CJIOBA: ynbTpa3ByK, JONIJIEPIBCHKHNA CIEKTp, AOMILUIEPIBCbKE KapTyBaHH, KOPEIATOp QIIyKTyaliil, HecTallioHapHUN
KPOBOTIK, IIPUCKOPEHHS

VibTpa3ByKOBBIE JOIIEPOBCKUE TEXHOJIOTHUH IIMPOKO MCIIOJIB3YIOTCS B COBPEMEHHOW KIIMHUYECKOH NMPaKTUKE JUIs
JIMarHOCTUKU COCTOSIHHSI CEpAEYHO-COCYHCTON CHCTEMBI. B 4acTHOCTH, M3BECTHO MHOXECTBO PadOT, B KOTOPBIX C
NOMOIIBI0 TaK HA3BIBAEMOIO JIOIUIEPOBCKOIO KAPTHPOBAHHA IIOTOKOB HCCIIEAYeTCs JBIKCHHE KPOBH 110
MAarucTpajbHBIM apTepusM Kak B HOpMe, TaK M IIPH Pa3IMYHOIO poja MAaTOJOTHSX (CTEHO3Bl W T. A.). JlaHHBEIE O
3aBHCHMOCTH CKOPOCTH ITIOTOKa KPOBH OT (ha3bl CEpACIHOTO UKIIA, HAIlpuMep, B OeapeHHoit [ 1], nerounoii [2], coHHON
[3] aprepuwsx OAHO3HAYHO CBHIETENBLCTBYIOT O TOM, YTO B IEPHOA HAadyajga CHUCTOJIBI JBIDKEHHE KPOBH B OTHX
MAarucTpajibHBIX COCyHaX C JOCTaTOYHOW CTENeHBI0 TOYHOCTH MOXKHO CYUTaTh PaBHOYCKOpPEeHHBIM. OJHaKo,
TEOPETHYECKHE UCCIICAOBAHUS 0COOCHHOCTEH, BHOCUMBIX B JOIUIEPOBCKUE CIIEKTPhI OTKIIMKA YCKOPEHHBIM JIBHYKEHUEM
paccenBateseil ynbTpa3ByKa, ONUPAIOTCS, KaK IIPAaBUIIO, Ha TOIy3MIUPUUECKUE MOAXOAbI [4-6], KOTOpbIE AaloT olIee
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MpeaACTaBJICHUC 06 N3MCHCHUM CIICKTPAJIbHBIX XapaKTCPUCTHUK, HO HE MMPUBOAAT K CTPOIrUM BbIBOJAM OTHOCUTCIIBHO HUX
CBSI3H CO CBOIMCTBaMH 30H/IMPYIOLIETO YIBTPa3BYKOBOTO MOJIS M XapaKTEePHUCTUKAMH JIBH)KEHHUS paccerBaTesell B OTOKE.

B 10 e Bpemss B paborax [7-9] pa3paboTaH MOAXOA, NAIOMIMKA BO3MOXXHOCTH ITONYUYCHHS AHATUTHICCKHX
BBIP@KEHUI JUIS OIUIEPOBCKUX CHEKTPOB Ha OCHOBE MX MHTETPAIBHBIX NpercTaBieHni. Ero cymecrBenHol deproit
SIBISIETCSI BBEIICHNE AIOJM3HMPYIOIINX KaK B MPOCTPAHCTBE, TaK M BO BPeMEHM (PYyHKIMI B BH/E BECOBBIX OKOH, YTO
MIO3BOJISIET MPH BBIYMCICHUHU CIEKTPOB JOIUIEPOBCKUX CHI'HAJIOB NPHMEHHTh M3BECTHBIE METOIBI aCHMITOTHYECCKON
OILICHKH WHTETpajoB (cM., Hampumep, [10]). HecMoTpst Ha OoNbIIOE KOMMYECTBO M3BECTHBIX METONOB CIIEKTPAIEHOTO
OLICHUBAHUS OTPAaHMYEHHBIX BO BPEMEHH CUTHaJOB [4,11], B MPaKTUYECKIX MPHIOKEHHUAX HCHOIB3YIOT, KaK MPaBHIIO,
osicTpoe mpeodpazoanne Pypoe (BIID), uTo mpuBOANT M3-32 KOHEYHOCTH BBHIOOPKH TAHHBIX K Mapa3uTHBIM OOKOBBIM
nenectkaM. Hano)keHne pasiMyHBIX BECOBBIX OKOH BO BPEMEHHOH 007acTH NPUMEHSETCS MMEHHO A YMEHBIICHHUS
AMIUIUTY/Ibl TAKUX OOKOBBIX JieTiecTKOB [11]. AHaIOrHYHBIM 00pa3oM, Bce COBPEMEHHbBIE TUarHOCTUYECKUE YCTPOHCTBA
paboTaroT ¢ anoAM3UPOBAaHHBIMU W3ITYYAIOIIUMHU alepTypaMu IS MOJABICHHUST OOKOBBIX JICTIECTKOB YIBTPa3BYKOBBIX
ToJIed M3Jy4eHHs U Ipruema.

Llenpto Hacrosimied paboOTHl OBIJIO HCCIIECOBaHWE C HCIOJIB30BAHMEM TaKOIO MOJAXOJa BIMSHHS YCKOPEHHOTO
JBIDKCHUSI paccenBaTelell YIbTpa3ByKa Ha BHJ KOPPEISIMOHHOW (YHKIMH, KOTOpash Hapsgy CcO CBOMcTBaMHu
30HMPYIOIIETO YJIBTPAa3ByKOBOTO IIONST OTpPENEIsieT CIEKTPhl JIOIIEPOBCKOTO OTKIIMKA HCCIIEAYyeMOro IOTOKa
xuakocTu. [lomydeHsl aHanWTHYECKWE BBIpAXEHHS Uil (ypbe-o0paza KOppeiasuMOHHOM  (yHKIuM 1pu
PaBHOYCKOPEHHOM [BIDKEHHH PacCEMBAIOIINX HEOXHOPOJHOCTEH, CIETaHbl BBIBOJABI OTHOCHTEIBHO aMIUIUTYIHO-
YACTOTHBIX XapaKTEPUCTUK CIIEKTPOB YIBTPAa3BYKOBOTO MAOMJIEPOBCKOTO OTKJIMKA M IIPOAHAIN3UPOBAHBI BaKHBIE C
MIPAKTHYECKOW TOYKHM 3PEHHsI COOTHOIICHHMS, ONPEACISIONINE ONTUMAIBHYIO AJIUTEIFHOCTh BBIOOPDKM CHUTHAJIA IIPU
3aJjaHHBIX IIAPAMETPax yIbTPa3BYKOBOTO 30HIMPOBAHHUS.

MO/EJIb
B pabote [9] mokazaHo, 4TO 0OIIas CBA3b MEXIY MOJHBIM CIEKTPOM MOIIHOCTH JOIUICPOBCKOTO CHTHAllA U3
o0lacTi MHTEpeca, CIEKTPATBHBIME XapaKTCPUCTUKAMH KOPPEIAIUOHHONW (YHKIIMHM paCcCCHBATENCH YNBTpa3ByKa U
XapaKTePUCTUKAMH YIBTPa3BYKOBOTO OIS JACTCS BHIPAKCHHEM

S(0) = [ 30506066 + 20 1)

e k u k=27/2 -BOTHOBOW BEKTOp M BOJHOBOE YHCIO IOJIS YIKTPAa3ByKOBOIO H3IydaTe/si B MPHOIHKCHHH
IUIOCKHUX BOJH, A - JuinHa BonHbl, C(g,®) - Gypbe-o0pa3 MpOCTpaHCTBEHHO-BPEMEHHOTO KoppessiTopa (iyKTyauni
HEOIHOPOIHOCTEH IUIOTHOCTH M CXKMMAaeMOCTH B OOJNAacTH WMHTepeca, 3aBUCAIIMN OT THUIA JBIDKCHHUS B IMOTOKE, W
G(q+2/€) - (bypbe-00pa3  (YHKIMM YyBCTBUTEIFHOCTH  YJIBTPa3ByKOBOM CHCTEMbI, OTpPaXalOIIUi CBOHCTBa

YABTPa3BYKOBBIX TIIOJIEH Ha TIPOCTPAaHCTBEHHBIX T'apMOHMKax B oOmactd wuHTepeca. B coorBerctBum ¢ (1)
MOCTIEAOBATENBHBI pacyeT JOIUIEPOBCKHX CIIEKTPOB CBOAUTCA K ONPEACICHHIO KOPPEISIIMOHHON (yHKIHMN

GnykTyanui JUis JaHHOTO THUMA JBWKEHHS, HaxOxIeHuio ¢yHkuud G(g+2k) W BBIYMCICHHIO HA 3TOH OCHOBE
TOJTHOTO CIEKTPa MOIIHOCTH.
Kak ormedanoch B [9], BO MHOTHUX MPAaKTUIECKU BaXKHBIX C TOUKH 3PEHUS UMITYIBCHO-IO0TIEPOBCKUX MPUITOKEHUH

ciydasx QyHkuuto G(g+2k) MOXKHO CUMTaTh JOCTATOYHO OCTPOil (IO CPAaBHEHUIO C KOPPEISTOpoM (IyKTyauuit) ¢

MakcUMyMoM mpu ¢ =—2k . TakoMy uAeann3upOBaHHOMY TPUOIMIKEHUIO OTBEYaeT Cly4ald IUIOCKUX BOJIH,

U3Iy4aeMbIX W TPUHAMACMBIX HempepbiBHO [7,12]. CrienoBarenbHO, B IEPBOM NPUOIMIKCHUU TIIONHBIA CHEKTP
MOIIIHOCTH NPEJCTaBUM B BUE
. _

S(w)zk™P-C(-2k,w), 2)
rae P - moiHas MOIIHOCTH CHTHAJA YIBTPa3BYKOBOTO OTKIIMKA U3 00JIacTH WHTepeca. TakuM 00pa3oM, TIONHBIA CIEKTP
MOIITHOCTH B TIEPBOM MPHUOMIDKEHUH ONpPEAEISCTCS TOJNBKO JIHMIIh BHAOM KOPpEmsATopa (QIyKTyaril JBIKCHUS
pacceuBareneil.

B pabore [9] moxasaHo, 4TO AJsl NMEPHOIMYECKOTO C MEPHOXOM I JETEpMUHHPOBAHHOTO HECTAI[MOHAPHOTO
MPSMOJTUHEHHOTO ABM)KEHUS TOCHIEe YCPEAHEHHsSI MO CTAaTUCTUYECKOMY aHCaMONI0 M HadyaJbHOMY MOMEHTY BpEMEHH
JIBIDKSHHMSI B TIpe/ieiax MePHoia CIIPABETMBO BhIPAKEHHE

/2 2

_ ~ o\ 1 -
C@ @) =v((f=p)' )| [ diexpli@so)-on] . 3)
-T/2
Ile v - KOHCTAaHTa, 3aBUCAIIAS OT pajHyca KOPPEIALMH DACCEHBAIOIMX HEOXHOPOAHOCTEH IIOTHOCTH U
CKUMAEMOCTH, KOTOpas 10 TOpSAKy BeIMdMHBI paBHa ux obsemy, A(F,0)=p  (F,0)[p(F,0)—p,] m

B, t)= B, [ B(F,1)~ B,] - GespasMepHBie (IyKTyaln COOTBETCTBEHHO IVIOTHOCTH H CHKMMAEMOCTH CPETBI, O, H

f3, - IPOCTPAHCTBEHHBIEC CPEHUE 3HAYCHUS STUX BEJIMYMH, §(¢) =7 (¢)—7, - 3aKOH JIBIDKCHHS pacceuBareseil B IIOTOKE;
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() O3HauaeT yCpeAHEHHE 110 CTAaTHCTHYECKOMY aHCcaMOI0. 3aMeTUM, YTO YCpeTHEHHUE 10 HadyalbHOH (ase ABHKEHHS

MO3BOJISICT YCTPAHUTh MCKAKECHUE CIECKTPOB, OOYCIOBICHHOE MApa3sUTHBIM BKJIAJOM KOMOWHAIIMOHHBIX YaCTOTHBIX
COCTaBJISIFOINUX BUAa @— @' (@ # @'), Ha KOTOPBIi OBLIO YKa3aHo B [4].

T[IpMMEHUTENLHO K PABHOYCKOPEHHOMY JBMKEHHIO BUma 7 (f)=7, +Vt+adt’ /2, nabmonaemMoMy Ha HHTepBaje

T T
* *
BpEMEHHU ¢ —3 <t<t +E , IMEEM OrPaHMYCHHYIO 10 BPEMEHHU BBIOOPKY JOILUICPOBCKOTO CHUTHAJA, KOTOPYIO MOXKHO

TICPHOINYECKH TIPOJOJDKHTh BO BpeMEHH. B pesynasrare B cooTBeTCTBUH € (3) AN KOPPEISIIMOHHON (YyHKIMH
MOJTy9aeM BBIPAXKEHHE

* 2
t+T/2 -

CG.o)=v((B-pF)7| | drewlilqisse)-on] . o)

3nech V' - CKOPOCTb IBUKEHHSI HEOIHOPOIHOCTEN B MOMEHT BpeMeHU =0 U d - yCKOpEeHHE HEOTHOPOAHOCTEN.

PE3VYJIBTATHI
Ecmu oce Ox HanpaBUTh BAOIb HAIPABJIECHUS ABUKEHUS, KOTOPOE 331a€TCs KOJUIMHEAPHBIMU BEKTOPAaMH CKOPOCTU

V' W ycKopeHHs d, TO HENMOCPEACTBEHHO U3 (4) miist pypbe-o0pasza KoppersuuOHHOH (QYHKIIMN HaXOAUM

(g, @) =v((B=p) )| Erf (4) = Erf (4 ,

T
2aq T

4 = (I+i)aq,(t +T/2)+qV - o)

+ 2\/@ >

)

roe Erf - GyHKIUSA OmMOOK.

Bripaskenue (5) T03BOIAET, BOOOIIE TOBOPS, OCYIIECTBUTH YHCIEHHOE TOCTPOSHHE CTIEKTPOB JUTS PA3THUHBIX { |
T . Takoe mocTpoeHHe MOTJIO ObI OBITH HATJISAHBIM, OHAKO HA €T0 OCHOBAHMH HEBO3MOXHO CJeJIaTh CTPOTHE BBIBOJIBI
OTHOCHTEJBFHO BIHMSHHS YCKOPEHHWs paccerBaTeleil Ha YacTOTHBIE XapaKTePHCTHKU IOIUICPOBCKOTO CIEKTpa H, B
YaCTHOCTH, JOKa3aTh, YTO NPH PABHOYCKOPEHHOM JBIDKCHUH IIUPHHA CIIEKTPA MPH MPOYHX PABHBIX YCIOBHSAX 3aBUCHT
TOJIBKO OT JUIMTEIIFHOCTH BRIOOPKH, Ha UTO OBIIO yKa3aHo B [9] mcxoas u3 obmiei Teopemsl [lapceBas.

Jis mpoABIDKEHMS BBIKJIAJOK Jajiee M MOJMYYCHUS aHAIMTHYECKHX pelleHwi 3ammmieM ¢opmyny (4) B BuIe,

*
xapakTepHoM Jutsl TpaaunuoHHoro BIID ¢ mpuMeHeHneM HEKOTOPOTO BECOBOTO OKHA W (t—¢ ) C IIECHTPOM B MOMEHT

*
BPEMEHU [

* 2
t+T/2 -

* =T a

j dt-W(t—t")-exp[i{GVt+—1*)—wt}] . (6)
. 2
t-T/2

B mpaxTHyecKux IpuIIoKeHUSIX MPUMEHSIOT pa3InyHbIe BeCOBBIe OKHa [11], omHaKo Bce OHM OTIMYAIOTCS PE3KUM
CHaJaHueM aMIUIMTYAbl MO Mepe YAaJeHHUs OT IIEHTpa OKHAa, YTO MO3BOJISIET C XOpOIIeH CTENeHbI0 TOYHOCTH
pacrpocTpaHuTh HHTerpupoBaHue B (6) mo OeckoHeuHocTH. [lamee, ogHMM W3 Hamboyee MOIMYJSPHBIX SBISACTCA
rayccoBCKOE BECOBOE OKHO BHJIA

C@.0)=v{(B-p )7

W(t)=exp[-4t> / T?],

rae T —MpHHA OKHA 10 YpoBHIO e '. IloJCTaHOBKA 3TOr0 BbIpaxeHHs B (6) M MHTEIPHPOBAHHE MO BPEMEHH

NPUBOIAT K cienytoeit popmyie s @ypre-00paza KOppeTsIIMOHHON (yHKIUH:
2

]

o PN
P | : a 4t-1)
_ _ 2 - hadl AN _ 7
Colgn0) =v{(BF-p) ) j drexplilq, (Ve+ 1) = ot Jexpl-—
ooy M
| Y B =\2 1 0-0,)
=—=1 v((f-p) ) ==expl-——— I
2 < > N27o? 20°
3nech BBEICHEI CeAyoMIIe 0003HAYCHUS:
2 2T2 .
o’ =4T" +%, w,, =q.(at +V).
Mo ¢pusnueckomy cmbiciy durypupytomuii B (7) napamerp 7 mpeacTtaBisier co00i 3hGEeKTUBHYIO JUTUTEIHHOCTh
BBIOOPKH JOILICPOBCKOTO CHrHaIa. B 3ToM npubnmxkeHnu ¢ yuetom (7) MOMHBINA CIEKTP MOIIHOCTH (2) €CTh
1 1 (-, )’

Eﬂ_mv«lg _’5)2> m exp[— 20_5 1, ®

S, (@) = k*P-
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272 2 2
a’k”cos” 9T
4
rae J - DOTUICPOBCKHUH YTOJ MEXIY OCBIO M3ITydaTesls BOJIH M HAIIPABIICHUEM JBIDKCHHS.

o =477 + , @, =-2kcosd(at" +V),

OBCYXJIEHUE

Cnekrp (8) MMeeT rayCcCOBCKUH BUJ C MOJAJIbHOU 4acTOTOH ,, M Aucnepcuei O',f. IIpu sTOoM MopmanbpHas
4acToTa He 3aBHCUT OT IPOAOIDKUTEIHHOCTH BPEMEHH HAOIFONEHMS, a ONPEesIeTCs MOJI0KESHNEM IIEHTpa OKHA WIIH,
YTO PAaBHO3HAYHO, CPEAHEH B Tpenenax BPEeMEHH H3MEpeHHs CKOpOCThIO paccemBareneil. [llmpwHa ke crekTpa,
HATIPOTHB, HE 3aBHCHT OT KOHKPETHBIX 3HAYCHWH CKOPOCTH M MOMEHTa Hadaja W3MEPEHUs, a OMpENeisIeTCs TOIBKO
MIPOIOJKUTEBHOCTEIO BpeMeHHU HabmoneHust 7 .

B mpenensHoM ciaydae 7 —> 0 crekTp OSCKOHEYHO PACUIMPSACTCS BBHIY MaJIOW ITUTEIBHOCTH IOILICPOBCKOIO
CHTHANa, a MPH YBEIWYCHUU MPONOJDKUATEIFHOCTH W3MEPEHHUS — M3-32 €r0 BO3PACTAOUICH YACTOTHOW MOMYJISAIHU.
Bomee toro, m3 (8) mpsMO cllemyer, 9TO IpU HEOTPAHWYCHHOM BPEMEHH HAONIONCHWS ABIKCHUS PaBHOYCKOPEHHBIX
pacceuBaresnieli BBIpOKCHHE ISl MOJTHOTO JOIUIEPOBCKOTO CIEKTpa OKa3bIBaeTCS HE3aBUCSIINM OT 9YacTOTHl. Kak

mmokasaso B [9], s gypre-oOpasza koppersTopa GIyKTyaliii B 3TOM CIydae IMeeM
2

C.(q,s0) = limv((F- 7)) [ drexlita, (Ve + ) - on}) =

. ~ 1 2z
-t 57 2

K »Tomy e 3HaueHmio ctpeMutcs mpu 71 — oo BbelpakeHHe (7). DaxkT Takoil 4acTOTHONH HE3aBHCUMOCTHU
OOBSICHACTCA TEM, YTO HPH PAaBHOYCKOPEHHOM JBIDKCHHH M HEOTPAaHWYEHHOM BPEMEHM HaOIIOICHUS BCE CKOPOCTH
JIAfOT OMHAKOBBIN TI0 MOITHOCTH BKJIAJ] B YIBTPa3BYKOBOM OTKIJIMK M, COOTBETCTBEHHO, B MOJHBIN CIIEKTP MOIIHOCTH. B
pe3ynbrare 9acTOTHAs 3aBUCUMOCTD BO3HHKAET B CIIEKTPaX TOJBKO NPH KOHEUHOM BPEMEHH HAOIIOAEHHS ITOTOKOB, KaK
9TO | ciexyet u3 (8).

[Tomumo »TOrO, aHanmM3 BBIpOKEHHUS (8) C y4eTOM OJHO3HAYHON CBSI3M MEXAY MOMEHTOM HAOMIONEHUS |
CKOPOCTBIO paccemBaTeliel IOKa3bIBaeT, YTO JIO0BIE PaBHBIE MEXIy cO0OM HHTEepBalbl BpeMEHHM (a 3HAYUT, U
CKOpOCTEi) NMpH 3aJaHHOM YCKOPEHHM COOTBETCTBYIOT PAaBHBIM IO IOJTHOM MOITHOCTH CIEKTpaM, YTO COIJIacyeTcs ¢
YTBEPXKJICHUAMU, U3JI0KEHHBIMU B [9].

B paborax [13-15] wu310KEHBI 3aKOHOMEPHOCTH, HW3BECTHBIC Kak cooTHomeHus Pao-Kpamepa u mpenen
HaiixBucTa, aHanM3 KOTOPHIX NPHBOAWT K KPUTECPHIO HAWBBICHIEH TOYHOCTH CHEKTPAJIbHBIX OIEHOK ITapaMeTpoB
JIBIDKCHHUS M, B YaCTHOCTH, CKOPOCTH JIBI)KEHHS. B COOTBETCTBHU C 3TUM KPUTEPHEM HAUBBICIIAsS TOYHOCTh U3MEPEHHUN
JIOCTUTAeTCsl P MUHUMAJIBHOM 3HAY€HUU AMCIEPCUH paclpeAeeHusl JOIIEPOBCKOM 4acTOThI, YTO MAaKCUMHU3UPYET
OTHOUICHHE CHTHAJI-IIYM B 33JaHHOM IOJIOCE YacTOT. XapaKTEpPUCTHKU JIOIUIEPOBCKOM CHCTEMBI MOTYT OBITh
ONTHUMU3UPOBAHBI, TAKMM O00pPa30M, HCXOAS W3 YCIOBUS MHHUMAIBHOCTH IIMPHHBI ITOJHOTO CIEKTpa MOIIHOCTH
CUrHaja OTKJIWKa. B wacTHOcTH, B pabore [8] TakuM crocoOom Oblla BBIYMCIEHA ONTHUMAalbHAs JJIMTENBHOCTH
30HAUPYIOIIMX KMIYIbCOB ITIPU HAIMYMM IPOCTPAHCTBEHHBIX TI'PAJUCHTOB CKOPOCTH JABMXKCHHS pacceuBaTenei
YJIBTpa3ByKa.

AHanorn4HeIM 00pa3oM, MOJIB3YACh BEIpaXKeHHEM (§) MOXKHO HalTH ONTUMAaIbHOE 3HAUEHHE MTPOAOIDKUTEIBHOCTH

HU3MCPCHUS T IyTEM MUHUMMH3AIIUU BEJIMYNHBL O'k2

2 2712 2
Bakz_gT_3+ak Cong:():T 2

or 2 O_Jak|cost9|.

Otcrofia COOTBETCTBYIOIIEE MUHUMAIILHOE 3HAUEHHE IIUPHHBI CIIEKTPa JTOCTUTACTCsl IPU
o, =2ak |cos 9. )
Honcrasinss (9) B (8), momyyaeM BeIpakeHUE YIS TOJTHOTO CIIEKTPA MOITHOCTH MPU ONTUMAJIBHBIX YCIOBUAX:

2
Lﬂ3/21/<(,g—,5)2>' 1 exp[— (w—y) 1.
2 2\ zak |cos Y| 4ak | cos 3|

B TakoM BHIEe MONy4YeHHBIE pPE3yJNbTaThl MOOIMYCKAalOT Kak TpaduuecKkoe IIOCTPOCHHE, TaKk M MPAMYIO
IKCIIEPUMEHTAIIBHYIO POBEPKY, YTO BHIXOJHUT 32 PAMKU HACTOSIEH pabOTHI.

X0opoI110 N3BECTHBI IKCIEPHMEHTANBHBIE Pa0OTHI, TJIe UCCIIEJOBAHbI CBOWCTBA IIOTOKOB KPOBH B a0pPTE M APYIHX
KpYNHBIX apTepusax. B dactHOocTH, B [16] momepoBckuM MeTomoM Ha dwactore 2,25 MIm Opumd ompenereHbI

Soo(@)=k'P-

o 2
XapaKTepHbIE TMKOBBIE CKOPOCTH U CPEIHUE YCKOPEHHs MOTOKAa KPOBH B JieroyHoit aprepuu (0,63 m/c u 3,96 m/c
COOTBETCTBeHHO) 1 B aopTe (0,92 m/c u 9,4 m/c’ cooTBeTcTBEHHO). B TaKoii peaqmsamuy, HanmpuMep, TIPH 3HAYCHHH

JAOIIJICPOBCKOr'0 yria 19:600 OIITUMaJIbHas JJIMHa BI)I60pKI/I JJI1 UCCICAOBAHUA KPOBOTOKa B aOpTC COCTABJIACT
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BeNMn4MHy mnopsaka 10.mc, 9TO B LIENOM COIIacyeTcsi ¢ pa3MepaMu BBIOOPOK, NMPUMEHSEMBIX KaK B COBPEMEHHOU
axokapauorpaduu, Tak U B APYIHX NPHIOKEHHUSX YJIBTPACOHOIpaduuecKkoro Meroja, HalpUMep, B JOIUIEPOBCKON
muorpaduu [17].

BbIBO/IbI

Pesynbrarel Hacrosimieil paOOTHI JOMOJHSIOT BBIBOABI paHee pa3BUTONW Teopuu [7-9], B paMkax KOTOpOU
UCCJIEZIOBaHbl KOPPEJSIIMOHHbIE (YHKIMM M CIEKTPhl MOIIHOCTHM OTKJIHMKa JUIi CIIy4aeB CTal[lOHAPHOTO,
KOJIe0aTeIbHOTO M TYypOYJIEHTHOTO [IBIDKEHHUS paccemBareneil. B pamkax Takoro momaxoma B HacTosImed padote
HCCIIEIOBaH Clly4ail HECTallMOHAapHOTO PaBHOYCKOPEHHOTO [BIDKEHMsI pacceuBarenell ynbTpa3Byka. Ilockoibky B
MEPHUOJ Hayala CHCTOIBl JBIDKEHHE KPOBH B MAaruCTPalbHBIX apTEpUsAX C BBICOKOM TOYHOCTBIO MOXHO CUUTATh
PaBHOYCKOPEHHBIM, IIOJIyYEHHbIE B pabOTe pe3yabTaThl SBIAIOTCS BAXHBIMH JJISI HCCIIENOBAHMS COCTOSHHMS
CEep/ICYHOCOCYINCTON CHCTEMBI M, B YAaCTHOCTH, JJISI BHIOOpPAa ONTHMAJBHBIX IApaMETPOB IOIUICPOBCKUX PEKHUMOB
YIBTPa3BYKOBOW JHArHOCTUKHU ITOTOKOB KPOBH.

IlokaszaHo, d4YTO TIpH paBHOYCKOPEHHOM [BIDKEHHMHM pAacCEeMBaTeled yNbTpa3Byka MoOJalbHAs 4YacToTa
CHEKTPAJIBHOTO PACIPENENIEHUs] 4YacTOT [JOIIEPOBCKOTO CIBUTAa HE 3aBUCHT OT MPOJOJDKMTENBHOCTH BPEMEHHU
HaOMIONEHUSI U YCKOPEHUS M ONpENeNsieTcs TOJbKO CpEelHEH CKOpOCTBbIO [BM)KEHMS pacceuBaTeleid 3a BpeMs
HaOmonenus. Haobopor, mmpruHa crekTpa He 3aBUCHT OT KOHKPETHBIX 3HAYE€HHH CKOPOCTH JIBHJKEHHS M MOMEHTA
Havyalla W3MEpeHusi, SBISICh (YHKIUEW NPOJOIDKUTEIBHOCTH BPEMEHHM HAOIONEHHsT M BEJIMYUHBI yCKOPEHHSI.
[ony4yeHHOE aHANMUTHYECKOE BBHIPAKEHHE VISl ONITUMAIBHON JUIMTEIBHOCTH BPEMEHHU HaOOAEH!s (a3bl yCKOPEHHOTO
JBIDKEHUS OJHO3HAUHO 3aJaeTcsi BEIWYMHOM YCKOPEHHs, JJIMHOM BOJIHBI YJBTPAa3BYKOBBIX ITyYKOB BOJH U
JOIUIEPOBCKAM ~ YIJIOM  30HAMpPOBaHUs. JIMTENTbHOCTM  BBIOOPKM  JIOTUIEPOBCKHX  CHUTHAJIOB,  Hali/ICHHBIC
SKCIIEPUMCHTAIILHO JUIsl HUCIOJIB30BAHUSA IIPU JUATHOCTHKE IOTOKOB KPOBU B KPYIIHBIX apTEPUAIBHBIX COCYHAaX,
HaxOJATCS B XOPOLIEM COOTBETCTBUHU CO CHACJIIAHHBIMY OLCHKAMU.
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Radiation-protective properties of composition materials were investigated. Polystyrene, which was reinforced by an aluminum, was
used as basic material. Also, tungsten powder was used as filling material. The composite was made in the form of spheres of 1-
5 mm diameter. This allows to develop effective individual protection against gamma radiation without restricting mobility. The
Monte Carlo method was used to investigate the energy dependence of the radiation-shielding characteristics of composite materials.
We calculated relative attenuation of the absorbed dose of gamma rays for the protective layer with a different component mass
composition and thickness of 10 mm.
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BuBuanucs pafialliifHo-3aXHCHi BIACTHBOCTi KOMIO3HUIiHHIX MaTepianis. IX ocHOBOIO GyB MOTiCTHPOI, KU apMyBaIH alOMiHiEM.
SIk HaNOBHIOBaY BHKOPHMCTOBYBAJIM IOPOIIKOBUH Boib(pam. KoMmno3utr OyB BHrOTOBICHUH y BUIIISAAL KyJIbOK AiaMeTpoM 1-5 MM,
110 J03BOJISIE CTBOPIOBAaTH e(DeKTHBHUHN IHAMBINyaNnbHHUI 3aXUCT BiJl raMMa-BUIIPOMIHIOBAaHHSI, HE OOMEXYIOUH PYXJIMBICTh. Mertox
Monre-Kapio BUKOpHCTaHUI [UIsi HOCTIPKSHHSI €HEPreTHYHOI 3aIe)KHOCTI pajialifHO-3aXUCHUX XapaKTePHCTHK KOMITO3UI[IHHIX
MatepianiB. PozpaxoBaHo BinHOCHE ocnalieHHs MOTIMHEHOI 103U raMMa-BUIIPOMIHIOBAHHS JJIS1 3aXHUCHOTO LIApy 3 PI3HUM MAaCOBUM
CKJIaZIOM KOMITOHEHT 1 TOBIIHUHOIO 10 MM.
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M3yyanuch paguallMOHHO-3aIIUTHBIE CBOMCTBA KOMIIO3MLIMOHHBIX MaTepuanoB. MX OCHOBOH SIBIIAJNCS MOJMCTUPOJ, KOTOPBIH
apMHpPOBAIX ANIOMHUHHEM. B KadecTBe HAMONHHUTEINS MCHONB30BANN IOPOIIKOBEIA BoIb(pam. KoMmo3uT ObUT M3TOTOBIEH B BHIEC
IIapUKOB JUaMeTpoM 1-5 MM, YTO MO3BOIAET CO3/4aBaTh A>(P(HEKTUBHYIO HHANBHAYAJIbHYIO 3alIUTY OT TaMMa-H3JIydCHUs, He
orpaHMYMBas NOABIKHOCTE. Metox MonTe-Kapiio uconb30BaH Uit HCCIEJOBaHUS SHEPreTHUECKONH 3aBUCHMOCTH PaJHaIlliOHHO-
3aIUTHBIX XapaKTEPUCTHK KOMIIO3MIMOHHBIX MaTepHalIoB. PaccunTaHO OTHOCHTEIBHOE OCIabiIeHHe MOTJIOMIEHHON 03Bl raMMa-
H3ITy4YESHUs! U1l 31U THOTO CJIOS C PA3INYHBIM MAaCCOBBIM COCTAaBOM KOMIOHEHT ¥ TOMIIMHOM 10 MM.
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BaxkHbIM ycioBHeM 0€30MacHOCTH SIIEpPHBIX OOBEKTOB SBJISETCS paavalldOHHAs 3allluTa MepcoHaja u
obopynoBanust. Jlnst co3manuss 3PQeEeKTHBHOM 3alUTHl OT HMOHMU3UPYIOLIETO H3IYyYeHUS HEOOXOIUMO HalIndue
crienuaibHbIXx MarepuasioB [1-4]. TIoMMMO BBICOKHMX paJHallMOHHO-3AIIMTHBIX XapaKTEPUCTHK JaHHbIE MaTepHajbl
JIOJDKHBI 00J1a1aTh PAJOM CrIelM(UIECKUX CBOMCTB B 3aBUCHMOCTH OT THIIA 3aIIUTHI (CTallMOHAapHas, MHAUBHIyalIbHas
U T.1.) ¥ ycioBuil e€ skcruryatanuu. Ocoboe BHIMaHHWe HEOOXOIMMO YIENsTh mpolieMe pajnannoHHONH CTOMKOCTH
MaTepualioB MPOTHBOPAIMAIMOHHOW 3aIIWTHI, MOCKOJBKY CTPYKTypa MaTepHajla MOXKET M3MEHSThCS 0]
BO3ACHCTBHEM HOHU3HUPYIOUIECTO U3MydeHNUs [3-4].

B nmocnennee BpeMst 3HAUNTENBHBIA HHTEPEC TPOSBIAETCS K CO3IaHUIO MHINBHIYAIbHBIX 3aINTHBIX KOMIUIEKTOB
(13K), xoTopsIe mpeaHa3HaYeHbI IS 3aTUTHl OMOJOTHYECKIX 0OBEKTOB OT BO3ACHCTBHS HOHU3UPYIOMIETO N3ITyUCHHUS.
Takme M3K Moryr mpuMeHSATHCS Ha OOBEKTaxX SIEPHOW SHEPTeTHKH W AASpHOW MEIWIMHBI, a Takke B TOPHO-
crniacarenbHol ciyx0e. [ToaTomy B Marepuanax, ucrnonbdyembix B W3K, Bbicokas 3(hQEKTHBHOCTH MOTJIONMICHUS
AACPHBIX H3Hy‘IeHI/Iﬁ JOJDKHa COYE€TAThCd C TaKUMH KadY€CTBaMHU, KaK CPABHUTCIBHO HU3Kasd IIJIOTHOCTH MaTcepuaja
(orpannuenune U3K mo Becy) u Huzkas TeronpoBoaHocTs (M3K momken 3ammumiars ot neperpesa). Ot U3K taxke
TpebyeTcsi, 4TOObl OH B MUHUMAJIbHOH CTETICHH OTpaHMYMBaII MOJBIYKHOCTh U B TO )K€ BPEMsI KOHCTPYKIIUS 3al[UTHOTO
KOMIUIEKTa JJOJDKHA OCTaBaThCs TOCTATOYHO NMPOYHOH. Takke BayKHBIM TpeOOBaHMEM SIBISIETCS IMPOCTOTAa TEXHOJIOTHH
M3rOTOBJICHUS ¥ 00pabOTKH KOMITO3UTHOTO MaTepHaia.

B aToii paboTe MBI mpeaCTaBiIseM Pe3yJIbTaThl HCCIEIOBAHMS PaANAlIMOHHO-3AIUTHBIX CBOMCTB pa3paboTaHHbBIX
HaM{ KOMITO3WIIMOHHBIX MAaTepuajoB B 3aBUCHMOCTH OT HMX KOMIIOHEHTHOTO cocraBa. OCHOBOH H3y4e€HHBIX
KOMITO3MIIMOHHBIX MaTEPHAJIOB CIYXHJ IOJMCTUPOJ, apMHUPOBAaHHBIA AITIOMHHHEM. B KauecTBe HamogHHUTENS ObLI
UCIIONIb30BAaH TIOPOIIKOBBIN BOsMb(ppamM. PaHee MBI MPEACTABISUIM HCCIENOBAaHHUS (DU3MUECKHX CBOWCTB BOJBb(paM-
AIIOMIHNEBBIX KOMITO3UTHBIX MaTe€pHalOB HA OCHOBE MONNCTHUPOJIA, TAKMX KaK TBEPJOCTb, CHIIA TPEHHUS U IPOYHOCTD B
3aBUCUMOCTH OT pa3Mepa YaCTHIl METaUIMIECKUX KOMITOHEHT [1,2].

OCHOBHOI1 11eTbI0 JaHHOW paboThl ObLIO H3yueHue dpdekruBHoctd 3K Ha ocHOBE BbIlIeyKa3aHHBIX MaTEpUAIOB
OT MOHUBUPYIOLIETO H3JIYyYCHUS. MBI HUCITONIB30BAIIN METOA MATEMATHYCCKOI'O MOJACIIUPOBAHUA JId CPABHEHUS 103bI
raMMa-u3JIyueHHsi, KOTopas MOXKET ObITh IOTJIONIeHA OHMOJIOTMYECKUM OOBEKTOM, B 3aBUCHMOCTH OT MAacCOBOTO
COCTaBa KOMIIOHEHT 3alJUTHOTO KOMIIO3UIIMOHHOTO MaTepHraia. Ha ocCHOBE MoiydeHHBIX JaHHBIX ObLIM HPEII0KEHBI
BapHaHTHI UCTIONIB30BAaHMS Pa3padOTaHHBIX HAMH KOMITO3UIIMOHHBIX MaTepUaioB PaANallMOHHON 3alHUTHI.

MNOATIOTOBKA OBPA3I1OB KOMITIO3UIIMOHHBIX MATEPHUAJIOB

Kommo3uiimoHHbIe MaTepuansl ¢ J00aBKaMy JIIOMHHUS B BOJIb(paMa y)ke HCIONb30BaINCh paHee JUTd 3aIUThl OT
HMOHU3UPYIOUINX M3Iy49eHUH [5,0]. ANMOMUHMI HCHONB3YyeTCs Al apMUPOBAHUS MaTepHaia (MOBBIICHHUS ITPOYHOCTH
W3TOTABIMBAEMOW KOHCTPYKIHMH) [5], BoJb(ppaM K€ yBEIWYMBACT MOTJIOMAIOMIYI0 CHOCOOHOCTH OCHOBBHI
KOMITO3MIIMOHHOTO Marepuana. B maHHOW paboTe MbI MCIONB30BAlIH MOJHCTHUPOI B KAauyeCTBE MaTepuasa OCHOBBI
[onucTrpon uMeeT HU3KYIO TEMIONPOBOJHOCTD, CIa0YI0 XUMHUIECKYI0O aKTUBHOCTh U BBICOKYIO MPOYHOCTb. Tarke K
YHUCIy €r0 MPEUMYIIECTB MOKHO OTHECTH HAJHMYUE OTIAXEHHBIX MPOMBIIIJICHHBIX TEXHOJIOTHHA N3TOTOBICHUS U3IEIHUN
u3 nonuctupona. OpHako, TemImeparypa IUIaBJIEHHUS MOJUCTHpONa HaxomuTca B nuamnasoHe 190-200 °C. Iostomy
MIPUMEHATh KOMIIO3UTHBIE MaTepHaNIbl Ha 6a3e MONMCTHPOIIAa MOKHO TOJIBKO B TAK Ha3bIBAEMOH «TEILION» 30HE.

B paGore [7] MBI, UCTIONB3ys METOABI MAaTEMaTHYECKOTO MOJCIHPOBAHMSA, MPOAHATU3UPOBAIN PAJUALMOHHO-
3amuTHBIe Xapaktepuctuku M3K, B KOTOpOM 3alIUTHBIN CIOW M3TOTOBJIEH U3 YMCTOTO MoJUCTHpoa. [y npeaenbHoi
TOJIIIMHEI CIUTOIMHOTO 3amUTHOTO ciog B 10 MM M3K MoxeT obecneunTs 3alIUTy OT raMMa-KBaHTOB C SHEprHel HIDKe
~60 x3B. /Inga ramma-kBaHTOB ¢ 0oJiee BBICOKMMH SHEPIHSIMU OXKHIAEMOE CHMKEHHE MOIVIOIIEHHON J03bl ramma-
n3nyuennss He mnpeBbicHT 10%. [losTOMy U1 TOBBIMIEHHS TNOIJIOMIAIOIIEH CHOCOOHOCTH TaMMa-U3NIydYeHUs y
pa3pabaThIBaEMOTr0 KOMIIO3UTa MBI HCIIOJIb30BAJIN 100aBKy BoJb(pama.

W3zroToBneHne KOMIIO3UTHOTO Marepualia MpOBOAWIOCH HA CTAHAAPTHOM IMPOMBIIUICHHOM 00opynoBaHuu. s
MOJJIepKaHUsT HEOOXOIMMOW TeMmepaTypsl pacilaBa HaMu Oblla pa3paboTaHa cHcTeMa KOHTpOJS IPOM3BOJCTBA
KOMITO3UTHOTO MaTepHaia, KoTopas 0azupyercst Ha Hcnonb3oBaHuu MeTonoB MK-pagnomerpunm [2]. Jns ymydmenns
TeTI03aUTHEIX cBOWCTB V3K KOMITO3HMT mM3roTaBnuBajcs B BHJIE IIAPUKOB. Mnest co3maHMs CHITydYero 3alldTHOTO
CJIOS ABJISIETCSI OPUTMHAIBHON M TO3BOJIIET PEIINTh 3HAYNTEIBHOE YHCIIO NMPAKTUYECKUX 3a4ad (Hampumep, ObICTpoe
CO3[JAHME BPEMEHHBIX 3AIIUTHBIX KOHCTPYKIMH pPasIMYHOM TEOMETpPUH MpH JIOKAIW3alMd HCTOYHHUKOB
paaroaKTUBHOTO 3arps3HeHus). Pa3Mepsl mapukoB OBUTM MOAOOpaHBI TakuM 0O0pa3oM, 4YTOOBl 00ECIEeUUTh
IUTACTUYHOCTh 3ammTHOro cinosi M3K mpu 1gomycTHMOM 3HAa4eHHWH TEIUIONPOBOJHOCTH. BO3MOXHBIN anameTp
KOMITO3UTHBIX HIAPUKOB ITPU U3TOTOBIEHUH cocTaBisul 1,5-2 MM 60 3,5-4 MM. [Ipu X M3roTOBICHUH HUCIIOIB30BANICS
MOPOIIOK ATIOMHUHUS C XapakTepHbIMH pasmepamu  dvactui 10-20 Mxm 6o 30-40 mxMm. Pasmep dacTtui B
BOJIL()PAMOBOM IOPOLIKE MOT ObITH BBIOpaH 50-60 MkM s1n60 200-210 MKM.

Mpbl uccienoBalld  pagMaliOHHO-3aINTHEIE XapaKTEpPUCTHKN pa3pabOTaHHBIX KOMIIO3HUIIMOHHBIX MaTepualioB
MetonoM MoHTe-Kapiio npu moMomny yHUBEpCTFHOTO TTaKeTa MOJICINPOBAHUS B3aUMOJICHCTBYS SIIEPHBIX N3ITydeHUH
¢ BemectBoM Geant 4 v4.9.6p04 [8]. Beibop mMeTona uccieoBaHus 00yCIOBICH TEM, YTO MOJCIUPOBAHIE TIO3BOJISIET
CYIIECTBEHHO yMEHBIINTH 3aTPaThl BpEMEHH Ha TOJIyYCHNE W aHAJIU3 PE3yIbTAaTOB AJIsI MHOXKECTBA BAPHAHTOB COCTABA
pa3pabaThIBaEMBIX KOMITO3HIIHOHHBIX MAaTEPHAIOB.

B xauectBe kputepus 3h(HEeKTHBHOCTH 3aIIUTHl M3 KOMIIO3UTHOTO MaTephalia HaMH ObUTa BRIOpaHA BENMYHHA
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OTHOCHTEJIFHOTO YMEHBILICHHUS TMOTJIOMCHHON JI03bl IaMMa-U3JIyueHHs] B TKAHEIKBHBAJICHTHOM (haHTOME, KOTOPBIH
pacrioyiaraicst Iocje 3allUTHOTO cjiosi TommuHoM 10 Mm. JlaHHas TOJNIIMHA 3aIUTHOTO CJIOS BbIOpaHa JuIs
UCCJIEJIOBaHMs, IOCKOJIBKY pPa3paOOTaHHbIE KOMIIO3MIMOHHBIE MaTepHallbl NpeJHa3sHAa4YeHbl s NPUMEHEHHS B
VHJIMBUIYJIGHBIX 3alIUTHBIX KOMIUIEKCAX, JUIS KOTOPBIX CYLIECTBYIOT OTpaHMUYCHUS Ha IpeeNIbHBII Bec ¥ TabapuThl.
[TockonbKy HachITHOW 3AIIUTHBIA CIIOHW M3 IIApOOOpa3HBIX 3JIEMEHTOB COJEP)KUT BHYTPH MOJOCTH, TO B pacdyerax
IUIOTHOCTh KOMITO3HMTa BRIOUPANIACH C y4eTOM K03 (DHUIMEeHTa 3amoIHeHUS 00beMa.

MogenupoBanue OCHAONSIONINX XapaKTePUCTUK OBUIO MPOBEACHO Ui TPEeX TIPYIH KOMIIO3HUIIMOHHBIX
MaTepHalIOB, MAacCOBBI COCTaB KOTOPBIX HpuBeAeH B Tabm. 1. Bce OHM OBUTH HM3rOTOBJIEHBI C HCIOJIB30BAHHEM
ATFOMAHUEBOTO TIOPOINKA C XapakTepHBIM pasMepoM dacTun 10-20 MKM H BOJIB(PPaMOBOTO ITOPOIIKA C Pa3zMEpoOM
yactui 50-60 MkM. BHYTpH KaXk0il rpyIibl KOMIIO3UIIMOHHBIE MaTePHANbl UMEH OJJUHAKOBOE 00hEMHOE COJIepIKaHHe
HOJIMCTHPOJIA U CYMMapHOe 00bEMHOE COJIEPIKaHNE METAUTMYECKUX KOMIIOHEHT. COOTHOILICHNE MEXy aJlOMUHHEM U
BOJIb()PAMOM BapHLUPOBAIOCH BHYTPH KaXIOW TPYIIBI i BbiOOpa Hawbojee 3((EeKTHBHOIO MaTepHaia, KOTOPBIH
MOJKET OBITh HCIOB30BaH B M3K.

Tabnuma 1.
MaccoBbIii COCTaB KOMITO3UIIMOHHBIX MaTEPHAIOB
Material ITonuctupon, Bonsdpam, AnroMHUHUH,
(PS), macc. % (W), macc. % (Al), macc. %
I'pynma 1
C050010 16,9 0,4 83,7
C050109 11,2 39,3 49,5
C050505 4,8 83,5 11,7
C050901 3,1 95,3 1,6
C051000 2,5 97,1 0,4
I'pynma 2
C080601 6,9 91,0 2,1
C080403 9,4 82,0 8,6
C080304 11,4 74,7 13,9
C080106 19,9 43,6 36,5
I'pynna 3
C100401 11,7 82,5 5,8
C100302 14,8 77,9 7,3
C100203 19,1 66,9 14,0
C100104 26,8 46,9 26,3
OBCYXJIEHHUE PE3YJbTATOB MOJAEJINPOBAHUS
Pe3ynbTaThl MATEMATHYECKOTO MOJICIIMPOBAHUS MTPEACTABICHBI HA puc. 1-3.
1-D/D_, Pacuernas Jlo3a, KOTOpYIO IOTJIOIIACT
1.04 ‘ TKAaHEOKBUBAJICHTHBIH (JAaHTOM TMPH OTCYTCTBUH 3aIlUTHI,
’ +gg§g?})g: obo3HaueHa kak D,;. D — pacderHas [g03a, KOTOPYIO
0.8 e C050505s TMOTJIONIAET TKaHEIKBUBAJICHTHBII (anrom,
’ —v—C050901s PacIoNIOKEHHBIN TOCIe CIos 3amuThl. Benmnunna 1-D/D,;,,
\\\ —X—gé)SIOOOS B CBOKO  O4Yepelb, XapaKTEPU3yeT  OTHOCHTEIBHOE
0,6 —

ocnabneHue  TOMJIOMIEHHONW 03Bl  raMMa-H3JIy4eHHs

\ \\ 3alIMTHBIM CJIOEM W3 KOMIIO3ULIMOHHOTO Marepuana. J{is
0,4 \ cpaBHeHUS Ha puc. -3 Take mpencraBieH Trpaduk

>

ociabieHus  TOTJIOMIEHHOM 03Bl  JJIsI  YHCTOTO
02 \\‘ nonucrtupona. OH o0003HaueH CIUIONIHOW JMHUEH Oe3
& \N MapkepoB. [lockonbKy, Kak yxe YNOMHHAIOCh paHee [7],
0 h\-_._.\_\ OCITa0JSIONINEe  CBOMCTBA YWCTOTO  TOJHCTHPOIAa  HE
0.01 0.1 1 E .MeV MO3BOJIAIIOT ero ucnonb3oBats B U3K, To mia HarmsaHoCTH
v IpH  pacyere  €ro  OTHOCHTENBHOTO  OCialneHus
Puc. 1. 3afH°“M°CTB OTHOCHTENILHOTO  OCHAGNCHUA  [oryomeHHOM JIO3BI MBI HCCJICIOBAIN CILUTOIIHON CI0H (T.€.
NOIJIOMIEHHOU 103bl raMMa-u3JIy4YCHUs 3allUTHBIM CJIOEM KOB(b(bI/I[H/IeHT 3aMOJTHCHUS O6'BeMa TSt YHUCTOrO
KOMIIO3UTHOI'O MaTepuaja MEepBOW TIpyHNbl OT 3SHEPrUU
nonucruposia  paBen 1).  Mapkepsl Ha  rpadukax
ramMmMma-KBaHTOB.
IpeJHa3HaYeHbl TOJBKO IS YIY4YLIEHHS BOCHPHUSATHS
JaHHbIX. Ha 3aBUcHMOCTSX ociabieHus 103bl U3Iy4eHUS y KOMIIO3UTOB ¢ HU3KOHM IUIOTHOCTBIO HAOMIOAETCS CKauOK
HorJIomeHns B obnactu K-Kpas HOTrJomieHus Boiab(pama. J[iis MarepuanoB ¢ BBICOKOH IIOTHOCTBIO 3TOT 3ddekT
He3aMeTeH M3-3a IPAKTUYECKH ITOJTHOTO MOTJIONIEHHs FaMMa-U3IIydeHUs B 9TOI 001acTH 3HEpTrHid.
B xommosuTax mepBOil TpyHIIBI CyMMapHBIH 00bEM METaIMYECKOW (pakmuu cOCTaBsuT 66,7% OT MOIHOTO
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o0bemMa ncxoaHo# cMecu. Kak BUIHO M3 JaHHBIX pHC. 1, HAMIYYIIMi NokasaTeiab d(pQGEKTUBHOCTH B MEPBOH rpyrie
JIEMOHCTPHpYET KOMIO3UTHBIH Marepuan C051000, B koropwlii Bxomut Oosee 97 wmacc.% Bombdpama. Kax
CBUJIETENIBCTBYIOT JaHHBIE puC. 2 U 3, 3amuTHbIe XapakrepucTuku Matepuana C051000 oxa3anuch HaWITydIIMMHU B
JTAHHOM HcclieioBaHud. Takxke OJIM3KHE XapaKTepUCTUKH d(QEKTUBHOCTH MOTIIONICHMS MoKa3an Matepuan C050901.
JIBykpaTHOE ociallieHHe O3Bl 3TH MaTephalibl MOTYT OOECIeUuTh AJIsl SHepruu ramma-kaHtoB 0,5 MaB. Onnaxo
NIPUMEHEHHE S3THX KOMIIO3UTOB B WHAWBUIYAJbHBIX 3aIINTHBIX KOMIUIEKCAX MAJIOIEPCHEKTHBHO H3-32 BBICOKOH
mnotHoctn (Gonee 12-13 r/em’), uro cumpHo yrskenser M3K. IlosToMy JaHHBIE MaTepHalbl IENECOOOPa3sHO
WCIIONIB30BATh TOJIBKO JUII OOBEKTOB CTAI[IOHAPHOW 3aIllMTHI, TI€ HET JKECTKMX OrpaHHYeHMH Ha oOmuii Bec
koHCTpykmu. Marepuan C050505 obecrieunBaeT MOOBUHHOE OCIA0IIEHIE ITOTIOMIEHHON O3Bl IPH YHEPTUAX raMMa-
kBaHTOB 350 k3B, a xommo3utr C050109 — mpu »Heprun oxoino 200 k3B. XoTs 3TH IBa KOMIIO3UTHBIX MaTephaa
3HaunTenbHO Jierde C051000 (ux twtotHOCTH 5,5-7,7 F/CM3), O/IHAKO WX TMPHUMEHEHHE TaKKe€ MOXKET TPUBECTH K
TIPEBBIMIEHUIO TIpeiebHO nonmyctuMoro Beca M3K. PagnannonHo-3anmTHbIE XapakTepuctuku Matepuana C050010, B
KOTOPOM HE HCIIOJIb3YyeTCsl BOJb(paM, HE3HAUUTEIBHO IPEBBIIIACT XAPAKTEPUCTHKH YUCTOTO IOJIMCTUPOJA U €ro
npumenenne B 3K He pekomennyercs. Takum oOpa3om, Bce 00pasiibl MEPBOH IPYIIIBI C XOPOIIMMHU PaJnallMOHHO-
3alIUTHBIMHA XapaKTepUCTUKAMU HMEIOT 3HAYMTENbHBIH BeC W B OOJbIIEH CTENEHUW MOAXOAAT JUIS W3TOTOBIICHHMS
CTaI[IOHAPHBIX HACHIMHBIX 3aIIMTHBIX KOHCTPYKUIWH. BBICOKash TBEpIAOCTh M 3HAYMTENBHBINH KOI(D(HUIMEHT TPEeHUS
MEXAY OTICIbHBIMU DJIEMCHTaMH HACHITHOW 3alluThl, KOTOpPBHIE XapaKTEpPHBI JUIS KOMIIO3UTOB IE€PBOW TI'PYIIIHI,
YIPOIIaeT MoJIepKaHue 3aJaHHOM TeOMETPHUIECKOM (pOpMBI 3aIUTHI.

B xoMnosuTax BTOpOH TpymIlel cyMMapHBI 00beM MeTalindeckoid ¢pakunu coctaBimsul 46,7% OT MOJIHOTO
o0bema mcxomHoW cMmecu. TBepAOCTh M KO3(D(UIMEHT TPEHUs] MEXIY OTACIbHBIMU 3JIEMEHTAMH ISl MaTepHaIoB
BTOPOI1 IpyNIIBI HIXKE, YeM JUIs TIEPBOH rpyniisl. B To e BpeMs TEIIonpoBOAHOCTh MaTEPHAIOB BTOPOH TPy ObLIa
BbIIIEe HA 5%, YTO HECKOIBKO YMEHBIIAET JIOMyCTHMOE BpeMsi HempepbiBHOTO mpebsiBanus B M3K. Dneprermueckue
3aBUCHMOCTH OCJTA0ICHHUS 1036l U3ITY4YEHHS AJIs1 KOMIIO3UTOB BTOPOI IPYIIIBI TPECTAaBICHBI Ha pHC. 2.
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HOFHOmeHHOﬁ J03bl TaMMa-U3JIy4€HUS 3allUTHBIM CJIOEM HOFHOLHSHHOﬁ A03bl TaMMa-u3JIy4C€HHUSA 3allUTHBIM CIIOEM
KOMIIO3UTHOTO MaTe€pualia BTOPOU TIpyHIbl OT OSHEPIrun KOMITIO3UTHOI'O MaTe€puaja TPETbEU TIPYIIbI OT 3SHCPTUHN
raMmMa-KBaHTOB. ramMmMa-KBaHTOB.

Kak cnenyer u3 puc. 2, pa3dpoc BeNUYIUHBI OCITA0ICHUS MOTIOMEHHON 036 U, CIEI0BaTENbHO, 3P PEeKTHBHOCTH
3alIUThBl OJI1 KOMIIO3UTOB BTOpOﬁ Tpynmbl HECKOJIBKO MCHBIIEC IO CPABHCHUIO KOMITO3MIHMOHHBIMU MaTC¢puaaMu
nepBoii rpynmbl. O6pasust C080304, C080403 u CO080601 mokazamu nocTato4Ho Onuskue 3PQeKTHBHOCTH
oC/abJIeH s TIPH TOM, YTO IUIOTHOCTH Matepuana CO80601 (8,5 r/cm’) Ha TpeTh NPEBHINACT IUIOTHOCTH MATEpHANA
C080304 (5,2 r/em’). JIByKpaTHOE OCIabIeHIE MTOTIONIEHHOM 10361 JOCTHTAETCs B 00IACTH SHEPTHii raMMa-KBAHTOB OT
300 k3B (C080304) 1o 400 x3B (C080601).

B KOMITO3MIIMOHHBIX MaTepHanax TPeTbeH IpyNbl CyMMapHBIH 0OBEM METAJUIMYECKUX KOMIIOHEHT COCTaBIISUI
33,3% ot noxHOro 00beMa NCXOJHOM cMecH. /11 3THX KOMIIO3UTOB TBEPJOCTb, KOA(Q(YHUIIMEHT TPEHUS U KOIPPHUIIUESHT
termonpoBogHocTH Ha 10% TIpeBBIMIACT COOTBETCTBYIOIIME BEIMYUHBI JJISI YHCTOrO mHoiucTHposa. Kpusble
9HEPreTHYECKUX 3aBUCUMOCTEH OTHOCHTENBHOIO OCIAa0JCHHS JO03bl T'aMMa-U3JIy4deHHs Ul MaTepualioB TpeTheil
TPYTIIBI pacIioyiaraloTcsl Ha Tpaduke eme 0oiee IIOTHO, YeM I MaTepHalioB BTOPOi rpymmsl (puc. 3). JIBykpaTHOE
ocnabieHne 03Bl M3ITyYeHHs JOCTHTAeTCs B 00JacTh SHepruil ramMma-kBaHToB oT 250 3B (C100203) mo 350 x»B
(C100401).

Kak criemyer W3 [IaHHBIX MOAENUPOBAHMS, NpPH Hcnoib3oBaHMUM B V3K OGOJBIIMHCTBO MaTepHalioB MOXKET
o0ecrieunTh CHIDKEHHE I030BOW Harpy3ku He MeHee ueM Ha 80% B uuTepBane »Hepruii or 0 mo 130 x3B. Oto
MO3BOJIAET PEKOMEHAOBATH HUX A 3allUTBl OT HU3IYUYCHUA MCIAUIMHCKHUX U IMPOMBINUICHHBIX PEHTTCHOBCKUX
YCTAHOBOK, Ul KOTOPBIX MaKCUMaJlbHasl SHEPTHsl U3Iy4eHus cocTaiseT okoso 120 kaB. MaccoBast nons Boibdpama
B TaKUX KOMIIO3UTaxXx MOXKeT ObITh Ha ypoBHe okoio 40% (puc.4). C100104 sBasercs Haubojee JIETKUM W3
TOJXOSIIMX MATEPHANIOB C IIOTHOCTHIO 2,7 r/cM’.
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Puc. 4. 3aBUCMMOCTb JHEPrMM raMMa-KBaHTOB, NPH KOTOPOH  Puc. 5. 3aBUCMMOCTb SHEPIMM I'aMMa-KBaHTOB, NpPHM KOTOPOM
JAOCTUTACTCA IIATUKPATHOC ocJiadiienue A03bl HW3JIy4Y€HHUA, OT JOCTUTaeTCsl JIBYKpAaTHOE ocJia0JieHue J03bl H3JIYy4YCHHUs, OT
MacCOBOTO COJEPKaHKs BOIb(ppaMa B KOMIIO3HUTE. MacCOBOTO COJICP)KaHMs BOJb(pamMa B KOMIIO3UTE.

B ob6nacty 6osiee BBICOKHX 3HEPIHH raMMa-KBaHTOB 3((EKTUBHOCTD 3alIUTHOTO CIIOsI TOMIHHON 10 MM GBICTpO
CHIKAETCS M 3aMETHOr0 3()(heKTa MOXKHO TOCTHYD TOJIBKO JUISL TSHKEIBIX KOMITO3UTOB, I'Ie MaccoBas J10J1s Boib(pama
cocraisier 6onee 90% (puc. 4 u 5). Kak BuaHO M3 puc. 4, caMble TSDKENbIE M3 MCCIIETOBAHHBIX KOMIIO3UTOB MOTYT
obecnieunts At 3K maTukpaTtHOE CHIDKEHHE MOTIIOMEHHOHN 10361 TPH MaKCUMAaJIbHOM YHEPTHH TaMMa-KBaHTOB MCHEE
0,35 M»aB. JIBykpaTHOE CHIDKEHHE TOTJIOMEHHOM 1035 BO3MOXKHO U SHEPT Ui TaMMa-KBaHTOB okoio 0,5 M»aB.

3AKJIIOYEHUE

B pabore mnpoBeneHO CcpaBHEHHE paJUAlMOHHO-3ALIMTHBIX CBOMCTB Tpex TIpyIn pa3pabOTaHHBIX HaMu
KOMITO3MIIMOHHBIX MaTepualioB Ha OCHOBE MOJHMCTHPOJA, apMHPOBAHHOTO aloMUHHMEM. Bonbdpam Obul BeIOpaH B
KayecTBe J00aBKH, OOECIEYMBAIONICH OCHOBHYIO JOJIIO TraMMa-H3idy4eHHs. JlaHHbIE KOMIIO3UTHBIE MaTephalIbl
pa3paboTaHbl Ul HCIOJIB30BaHMS B WHIMUBHIYAIBHBIX 3aIIUTHBIX KOMIUIEKTaX. VICXOIs M3 pacueTHBIX 3HAUYEHHWH
OTHOCHTEJIFHOTO OCJa0JICHHsI TOTJIOMIEHHON J03bI TaMMa-M3JIy4eHHUs,, MOKHO CJeNIaTh BBIBOJ, YTO VIS JIOCTHIKCHUS
MISITHKPATHOTO OCJIA0JIEHUs O3Bl W3Iy4eHHs NP ITOMOIIM HACHITHOTO 3AIIMTHOTO ciiog TonmmHol 10 MM B obmactn
sHepruil ramMmma-kBaHToB 10 130 k3B, maccoBast mons Boib(ppamMa B KOMITO3UTE IOJDKHA COCTAaBIATH He MeHee 40%.
Tako#l KOMITO3UT MOKHO MCIOJIB30BATh VIS 3aIUTHl OT M3IY4YEHHS MEIUIMHCKHX U MPOMBIIUICHHBIX PEHTTEHOBCKUX
YCTaHOBOK, JUI KOTOPBIX MaKCHUMaJbHAs SHEPTUs U3Iy4deHus coctaBisieT ~120 k3B. Cpenn rcciaemoBaHHBIX 00pa3oB
MHHHMAIBHYIO ITOTHOCTH (MeHee 3 r/cM’) nmeroT Matepraist C080106 1 C100104.

Bonee TsKenple KOMIIO3UTBI MOTYT OBITH PEKOMEHAOBAHBI JUIS HCIIOJNIB30BAHUS B CTAI[MOHAPHBIX CHCTEMAax
3aIIUTHl OT HOHU3UPYIOIIET0 U3IYIEHHs, T1€ HET )KECTKUX BECOBBIX OTPaHUYICHHUMH.
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In spite of all effects of researchers, up to now there is no understanding of the main radiation phenomena advances, in particular, of
the swelling at simultaneously effect of damage dose with generated helium and hydrogen. Imperceptions of this problem is due to
absence in the world science society of experimental equipment for investigations under super high damages (~ above 200 dpa). In
this paper we carried such irradiation and performed results of the swelling behavior in typical ferritic-martensitic steel EP-450 under
different irradiation condition: at high irradiation doses up to 300 dpa, and under dual irradiation with gases (helium or hydrogen).
Simulation of radiation damage under environment which is typical for future reactors, as for fusion and accelerator driven system
(ADS) the irradiation experiments were conducted using Electrostatic Accelerator with External Injector (ESUVI) at NSC KIPT.
Swelling of EP-450 ferritic-martensitic steel were studied under irradiation by Cr ions up to the doses 300 dpa at temperature range
430-550°C. Parameters of swelling, incubation state range; dose zone, where the swelling range reaches the steady state were
determined. Irradiation under dual beam modes was conducted using 1.8 MeV Cr™, 40keV He", and 20keV H'. It is shown that the
behavior of radiation swelling depends on the concentration of helium or hydrogen. Helium and hydrogen have different effects on
the kinetics and magnitude of swelling. In the incubation period helium increases void nucleation and raises their concentration. On
the steady state period helium reduces swelling steels by reducing the voids size; hydrogen is also effective as helium in acceleration
of the swelling beginning, but has less effect on voids nucleation that leads to swelling increase on steady-state period due to uniform
rise of voids number density.

KEY WORDS: ion irradiation, helium, hydrogen, void swelling, microstructure, ferritic-martensitic steel

BIIJIMB OJHO U JBOX TYYKOBOI'O IOHHOI'O OTPOMIHEHHS HA ITOBEJAIHKY PO3ITYXAHHSA
B ®EPUTO-MAPTEHCHUTHIN CTAJII EII-450
IO.E. KynpisinoBa, B.B. bBpuk, B.M. BoeBoain, O.C. Kanbuenko
Hayionanvnuu Haykosuti Llenmp Xapxiecokuu @izuxo-Texniunui Incmumym
M. Xapxie, 61108, Yrpaina, eyn. Axademiuna, 1

Ha croronHi BaXIuBHM € Te, [0 HEMA€ ITOBHOT'O PO3YMIHHS PO3BHTKY OCHOBHHUX paliallifHMX SIBHIN, TaKUX SIK, PO3IyXaHHS HPH
B3a€MO/IIT MTOIIKO/DKEHB 3 TeJIiEM Ta BOJHEM, SIKI YTBOPIOIOTHCS IIiJ] Yac sAEpHHUX peakiiid. BincyTHicTs po3yMiHHS 00yMOBIIE€Ha THM,
[0 NPAKTUYHO TaKi €KCHePHMEHTH N0 HAC HIiXTO HE MPOBOJMB, y CBITOBOi HAyKOBOI CIITFHOTH HEMAaEe EKCHEPHMEHTAJIbHOTO
obnasHaHHs JUId YTBOPEHHs BEIHMKHX MOLIKOMKeHb (no i Buime 200 3Ha). B poGoTi mpeacTaBieHi pe3ysbTaTé HOCIIHKCHHS
MOBEIIHKH PO3MyXaHHS CTaHAapTHOI (epuro-mapreHcutHOi ctanmi EI1-450 3a pi3sHMX yMOB ONpOMIHEHHS: HPH BHUCOKHX A03aX
nomkopkeHHs 10 300 3Ha, a TakoXK HPHU ABOX MYYKOBOMY ONMPOMIHEHHI i0HaMH ra3iB (remiii abo BojeHb). BuBueHO posmyxaHHS
¢depuro-maprercutaoi crani EI1-450 npu onpomineHHi ioHamu xpomy 10 103 300 3Ha. B inrepsani temmeparyp 430...550°C 6ynu
OTpHMaHi pe3yJbTaTH 3 apaMeTpiB MOPHCTOCTI; TPUBAIOCTI IHKyOaIiHHOTO Tepiofy; o0IacTi 103, B SKiH peamizyeTbesl mepexin 1o
CTAI[IOHAPHOI CTaAii; MBUIKOCTI po3myxaHHs. [lokazaHo, 0 3HAUSHHS pO3IyXaHHS (epUTHOI cTaii Moxke mepeBuiryBaT ~20%.
Jnst imitamii pamiamifHUX MOIIKO/PKCHb, XapaKTepHUX JUIS PEakToOpiB MalOyTHHOTO MOKONIHHS —omnpoMiHeHHs crami EIT-450
npoBoiIock Ha EnexrpocraTmuHOMy mpuckoproBadi 3 30BHimHIM imkekTopoM (ECYBI), sikuii 6yno po3podiaeno B HHI[ XDTI.
JIBox mydkoBe iOHHE ONMpOMiHEeHHs mpoBomwioch mpu 1,8 MeB Cr”, 40keB He', u 20xeB H'. IokasaHo, mo moBemiHKa
paniauiiiHOro po3myxaHHs 3aJIeKHUTh BiJl KOHLEHTpALil refifo Ta BOJHIO; Telliil Ta BOJCHb MO-Pi3HOMY BIUIMBAIOTh HAa KiHETHUKY Ta
po3mip posmyxaHHsi. B iHKyOauifiHOMy mepioai Temiid NPHUIIBHIIIYE HPOLEC 3apOMKEHHS IOp, TaKUM YHWHOM, 30UIbIIye iX
KoHIeHTpanito. Ha cramioHapHiil cramii remiii 3HW)Kye PO3MyXaHHS CTajel 3a paXyHOK 3MEHIICHHS po3Mipy mop. Bonmenp Takox
edeKTHBeH, SK 1 Teliif B IPUCKOPEHi oYaTKy pO3IyXaHHs, ale Ma€ MEHIINH BIUIMB Ha 3apOKEHHS MOp, IIe MOXKe IIPHBECTH HABITh
JI0 30UTBIICHHS PO3ITyXaHHS Ha CTAIllOHApHIH cTajil 32 paXyHOK IIOMIPHOTO POCTY KOHIIEHTpALl mop.

KJIIOYOBI CJIOBA: ioHHE OnIpOMiHEHHS, T'elliid, BOJICHb, PO3IyXaHHsI, MiIKPOCTPYKTYpa, (pepuTo-MapTeHCUTHA CTANIb

BJIMSTHUE OJJTHO U JIBYX ITYUYKOBOI'O HOHHOI'O OBJIYYEHHUSI HA TIOBEJAEHUE PACITYXAHUSA
B ®EPPUTO-MAPTEHCUTHOWM CTAJIU 11-450
10.3. Kynpusinosa, B.B. bprik, B.H. BoeBonun, A.C. Kanbuenko
Hayuonanvnvuii Hayunweii Llenmp Xapokosckuil @uzuxo-Texnuyeckuii Mucmumym
2. Xapvkos, 61108, Ykpauna, yn. Axademuueckas, 1
BaxHO OTMETHTH, YTO Ha CETOAHS HET MOJHOTO IOHMMAHWS PAa3BUTHS OCHOBHBIX paJWAIllIOHHBIX SBICHUH, B YaCTHOCTH,
paciyxaHusl IpH B3aUMOJICUCTBUH CMENIAIOMNX MTOBPEXKICHHH ¢ 00pa3yoIUMuUCS refiieM U BogopoaoM. OTCYyTCTBHE IIOHUMAaHHS
00YCIJIOBJIEHO TEM, 4TO NMPAKTHYECKH TaKUe SKCIEPUMEHTHI 10 HaC HUKTO HE NPOBOJWI, T.K. B MHPOBOI Hay4HOH OOILECTBEHHOCTH
HET DKCICPUMEHTAIBHOTO OOOPYAOBaHUS IS CO3MaHHs OoNbIIMX mMoBpekaeHuit (mo u Beimie 200cHa). B mamHo#t pabote
MIPE/ICTAaBIEHbl PE3yNbTAaThl HCCIEI0BAaHUS TOBEACHHUs paclyXaHUs CTaHIApTHOH ¢eppuro-mMapTeHcuTHol cramu OlI1-450 mpu
Pa3NIUYHBIX YCIOBUSAX OOMYYEHHUS: BBICOKHX J103ax mMoBpexaeHHus a0 300 cHa, a Takxke Ipu IBOWHOM OOIy4eHHHM MOHAMHU Ta3o0B
(remmit wam Bozopoxd). s MMHTAnMM pagMalMOHHBIX MOBPEXKICHHH, XapaKTEPHBIX [UISI PEaKTOPOB OyMyIIero MOKOJIEHUS, AN
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TEPMOSIIEPHBIX PEKTOPOB U PEAKTOPOB, YNPABISIEMBIX ~YCKOPHUTEIAMH, oO0nydeHune cramu OI1-450 mnpoBoammock Ha
DJEeKTPOCTaTHYECKOM YCKOpUTENH ¢ BHeIHUM uHxekropoM (DCYBU), pazpaborannom B HHL| XDTU uccnenoBano pacmyxanue
(deppuTHO-MapTEHCHTHBIX cTaned DI1-450 npu obnyueHnn nonamMu xpoma 1o 103 300 cuHa. B unrepsane temneparyp 430...550°C
OTIpENEeNeHbl MapaMeTphl MOPUCTOCTH; MPOMODKUTENIFHOCTh MHKYOAI[MOHHOTO IepHoja; 0o0NacTh 1103, B KOTOPOH MPOHMCXOIMT
Nepexox K CTAaIlMOHApHOM CTaAWH; CKOPOCTh pachyxaHms. [lokazaHo, 4TO BEMHYMHA pACIyXaHUs (PEeppUTHON CTalM MOXKET
npessimars ~20 %. [IByx IydkoBoe HOHHOE 00JIydeHHe MpoBOIMIOCh mpu 1,8 MaB Cr*, 40xoB He', u 20x3B H'. [okazamno, uro
TIOBE/ICHNE PaJUaIlMOHHOTO PACITyXaHUs 3aBUCHT OT KOHIEHTPAUH TN MM BOJOPO/a; TeInil 1 BOJOPO/] IT0-pPa3HOMY BIIHSIIOT Ha
KHHETHKY M BEJIMYUHY paciyXaHus. B HHKyOalnOHHOM IepHoJie Teluii YBEIMYNBACT CKOPOCTh 3apOXKAEHHS TIOp U, CIIE0BATENEHO,
YBEJIMYMBAET UX KOHIEHTpamu. Ha craunoHapHOW CTaany refuid CHIKAeT pacilyXaHUe CTajeil 3a CYeT YMEHBILICHHUs pa3Mepa Iop.
Boznopon Takxe 3¢ dexTuBeH Kak U reiuii B yCKOPEHHH Hayalla pacilyXaHus, HO MMeeT MeHblIIee BIUSHHE Ha 3apOKICHHUE 0P, YTO
MOXET MPUBECTH AaXKe K YBEIMUECHHIO PACITyXaHHIO Ha CTAIlMOHAPHOW CTAJUH 3a CUET MOCTENECHHOTO yBENWYEHHS KOHLEHTPAIUU
op.

KJIFOYEBBIE CJIOBA: nonHoe o0ydeHne, refuii, BOJOPOI, pacilyXaHnue, MUKPOCTPYKTYpa, peppUTo-MapTEeHCUTHAS CTallb

Ferritic-martensitic steels are now the more attractive materials-candidates for claddings and wrappers of nuclear
reactors and for the first wall of fusion reactors due to their low induced activity, low void swelling and creep, high
resistance to high-temperature and helium embrittlement. There are different international programs of 4 generation
reactors development and fusion reactors. These programs are based on the use of ferritic-martensitic steels that will
operate in the wide range of temperatures under damage doses of 200 dpa and higher and also under high levels of gases
(helium and hydrogen) [1-3]. Also, it is supposed to use ferritic-martensitic steels for reactor TWR claddings; because
these steels have the lower swelling under high doses of irradiation. Moreover, ferritic- martensitic steels are potential
candidate alloys as structural materials for the Spallation Neutron Source. In the intense spallation neutron sources
for the material science as well as the accelerator driven system for transmuting long lived nuclides to
shorter ones, materials of target and its vessel are damaged by various influence of strong irradiation,
thermal shock, erosion and corrosion [4, 5]. Ferritic-martensitic steels were chosen for investigation because of its
excellent response to neutron irradiation compared with austenitic steels [6]. A lot of data have been generated for this
alloys subjected to fission neutron irradiation, but none for the SNS condition. Helium generation in irradiated metals is
known to assist void nucleation and thereby accelerates the onset of void swelling at incubation period [7]. Until
recently, hydrogen was concurrent hydrogen generation can also assist void nucleation and possibly accelerates
swelling even in the absence of helium. Hydrogen is known to be strongly captured in helium-nucleated voids or
bubbles, thereby contributing to cavity stabilization [8, 9]. Furthermore, in some alloy systems co-injected helium and
hydrogen appear to interact synergistically to strongly promote swelling [10, 11].

This paper summarized the effects of different doses (50 -300 dpa) for understanding swelling behavior and
actuality of damage and gases (helium and hydrogen) effects on EP-450 ferritic-martensitic steel. To obtain materials
performance data in such a severe irradiation environment, experiments were carried out using the ESUVI, because this
unique facility could simulate the gas/dpa ratios expected under fussion environment. The objectives of the present
study are (1) investigation of swelling of industrial ferritic-martensitic steels EP-450 under irradiation by chromium
ions up to the doses of 300 dpa; (2) explore the effects simultaneous displacement damage and gas co-injection on
swelling of EP-450 steel in response to allow development and refining of the co-injection techniques needed for future
studies.

MATERIAL AND EXPERIMENTAL TECHNIQUE

The EP-450 steel is a typically example of ferritic-martensitic steel used as standard structural material for
hexahedral cladding fuel assembly in BN-600 and future fast reactors. In this steel after partial conversion of y-o and
after heat treatment has a duplex structure of tempered martensite (sorbite), and ferrite, in a ratio of 1: 1. For
investigation were used standard 3 mm diameter microscopy disks of 0.2 mm thickness. The composition of steel and
heat treatment conditions are shown in Tablel. The single ion irradiation proceed under 1.8 MeV Cr’* ions with TEM
discs irradiated at temperature of swelling maximum 480°C to doses 50 -300 dpa. The dual ion irradiation under helium
levels were 0-8000 appm and hydrogen levels - 0-10000 appm. The main irradiation parameters of the specimens are
listed in Table 2. Irradiation was carried out on ESUVI electrostatic heavy-ion accelerator located at Kharkov Institute
of Physics and Technology. This facility has been used previously to conduct a variety of studies on various alloys
[12-13].

Table. 1.
Chemical compositions of EP-450 steel (wt, %).
Steel Type Chemical composition, wt%
of C Cr Si | Mn | Mo | V Nb Ni Other
precipitates
EP-450 My;Cs, 0.10- | 11.0- | 0.6 | 0.6 | 1.2- | 0.1- | 0.25- | 0.30 | B-0.004
(13Cr2MoNbVB) MC 0.15 13.5 1.8 | 0.3 | 0.55

HT: 1050°C/0.5h+720°C/1h
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Table. 2.

Irradiation parameters of EP-450 specimens. Displacement dose (D), temperature of swelling maximum (T),

helium (He, appm) and hydrogen (H

appm) levels

Specimen Swmax (OC) D (dpa) | He, appm H, appm

100 -
500 -
480 50 8000 -

EP-450 - 1000

(13Cr2MoNbVB) - 5000

- 10000

480 200 100 -

200 2000

dpa rate (k) — 2:10dpa/s.

Fig. 1 is a damage deposition, the gas injection profiles and accompanying damage profiles for 40 keV He" and 20
keV H", showing that very high but well-defined levels of gas can be deposited in the examined region without inducing
significant amounts of additional damage dose. The calculation was made using the Kinchin-Pease option of the SRIM-
2006 code. We were based on two reasons then selecting the depth of investigated layer: the investigated layer must be
on sufficient depth from irradiated surface to eliminate the surface influence and, on the other hand, the number of
implanted chromium ions must be minimal. Note that at the end of range ~20% Cr has been injected, causing significant
chemical alteration, as well as acting as injected interstitials that strongly depress void nucleation [14—17]. To minimize
the influence of the injected interstitial the irradiated specimens were thinned from both sides, choosing a layer at a
depth of 100200 nm from the ion-incident surface for microscopy analysis. This depth also minimizes the effect of the
surface on the examined region, especially at the very high dpa rate of 1'107 dpa/s in this region.
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Fig.1. Profiles of dose distribution and implantation ions fraction at depth
dose (—) and injected ion profiles (-+)for 1,8 MeV Cr". 20 keV H ion profiles (- - -) and 40 keV He (- * -)

Microstructure of irradiated specimens were examined using a JEM-100CX transmission electron microscope.

STRUCTURE OF EP-450 STEEL AFTER IRRADIATION BY HEAVY IONS

Unirradiated microstructure of steel EP-450 consists of ferrite and sorbite (tempered martensite), in relation to
structural components, in the ratio of approximately 1:1. The main redundant phases in steel EP-450 after quenching
and tempering are carbides M»;Cs (where M is Cr, Fe and Mo) and MC. Mean grain size in steel EP-450 is about 20
pum.

The analysis of microstructure of unirradiated and irradiated specimens was showed previously [18]. The main
attention in the present paper is paid to the analysis of swelling behavior in EP-450 steel. The structure changes of EP-
450 steel under different irradiation temperature and the dose 100 dpa is shown on Fig.2.

Temperature dependence of main swelling parameters after irradiation under the dose 100 dpa in EP-450 steel is
shown on Fig.3-5. Vacancy voids are observed at all studied temperatures under irradiation dose 100 dpa (Fig.3).
Reduce of irradiation temperature causes the increase of voids size from 10 to 20 nm and decrease of their number
density from 210" to 810" cm™ (Fig. 3-4). Under this dose void formation is observed only in ferrite.

Maximum of swelling of ferrite phase in steel EP-450 is observed at temperature 480°C (Fig.5) that agrees with
previously investigation performed on accelerators and in reactors [19].
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Microstructure evolution of steel EP-450 in dependence on irradiation dose at temperature of maximal swelling
(480°C) is shown on Fig.6.

200'nm

Fig.2. Microstructure of steel EP-450 irradiated to dose 100 dpa at temperature 450 (a); 510 (b); 550°C (c).
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Fig.6. Microstructure of steel EP-450 irradiated at T;;=480°C to dose 50 (a); 100 (b); 150 (c); 200 (d); 250 (e) and 300 dpa (f).

In previously work, it was shown that only ferrite swelling to dose 200 dpa [13]. The characteristic structure
evolution is sharp increasing of swelling under doses higher than 200 dpa. At this dose the sorbite stars to swelling as
ferrite. Swelling became more uniform from grain to grain and in sorbite grain although the nonuniformity of swelling
is more pronounced and remains even under dose 300 pa (Fig.6f).

The mean size of voids is increased with the dose in steel EP-450 from 15 to 60 nm. Number density of voids
typically increases but under irradiation doses >200 dpa stabilizes on the level (1...2)10">cm™. Dependence of swelling
and parameters on irradiation dose are shown on Fig 7 - 9.
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As it is seen from Fig.7 the dose dependence of swelling in EP-450 steel has the traditional form characteristic for
all metals and alloys, namely, the presence of incubation stage, transient stage with increasing rate of swelling and
steady state stages of swelling The high increase of swelling rate in steel EP-450 is related with the high increase of
void size (Fig.8 - 9). The mean size of voids under the dose >200 dpa makes more than 50 nm and some voids reach the
size more than 100 nm and contribute substantially to swelling.

During the steady state stage the rate of swelling of steel EP-450 ~ 0.14%/dpa. Due to the comparatively high rate
the swelling of ferritic steel under the dose 300 dpa reaches~20%. Such swelling of ferrite steel is unexpected because
ferritic steels were considered as material with low swelling [20].

EFFECTS OF DAMAGES AND DIFFERENT HELIUM LEVELS ON SWELLING OF EP-450 STEEL

Heluim produced by transmutations has long been suspected to play a major role in viod nucleation. Indeed,
helium contained in small vacancy clusters can significantly reduce the vacancy reemission rate and thereby increase
the nucleation rate.

For investigation of gas effect on swelling in EP-450 steel was chosen doses of 50 dpa (incubation period) and 200
dpa (steady state period) Fig.10.

The results of EP-450 steel swelling obtained under dual irradiation (Cr+He) at 50 dpa and T;,=480°C and helium
levels (0 — 8 000appm) is shown on Fig.10-12. The co-injection of helium leads to reduce of voids size from 17 to 3 nm
and to increase of number density from 2:10" cm™ to 410""cm™ (Fig.11). A characteristic behavior of structure in this
case is the sharp increase of swelling from 0.02% up to 0.32 % at helium level 0-500 appm and above 500 appm “slow
state” is presented on Fig.12. The increasing of swelling may be due to the increment of gas pressure caused by high
helium concentration in voids.

Fig. 10. Microstructure of EP-450 steel irradiated at T;,=480°C and D= 50dpa at different helium levels:
Oappm (a); 100 appm (b); 500 appm (c); 8000 (d) appm.
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Fig.11. Effect of damage (D=50 dpa) and different helium levels ~ Fig.12. Effect of damage (D=50 dpa) and different helium
(0-8 000 appm) on void size in EP-450 steel levels (0-8 000 appm) on swelling in EP-450 steel

Fig. 13-15 show that on the stage of voids formation at 50 dpa (incubation period) 100appm of helium increases
the swelling due to increase of number density. At 200 dpa (steady-state) period 100 appm of helium decreases the
swelling of EP-450 steel due to reduce of voids size.

The results for EP-450 steel obtained under dual irradiation (Cr+H) at 50 dpa and T;,=480°C and different
hydrogen levels (0 — 10 000appm) are presented on Fig.16-18. The co-injection of hydrogen leads to reduce of voids
size from 17 to 6 nm and to increase of number density from 210" cm™ to 2:10'%cm™. A characteristic behavior of
structure is the increase of swelling from 0.02% up to 0.93 % at hydrogen range 0-5000 appm and above 5000 appm
swelling decrease from 0.93% to 0.37%. At 0-1,000 appm H increase of swelling due to reduce of number density. At
10,000 appm swelling decreases due to voids size (Fig.17-18).
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Fig.18. Effect of damage (D=50 dpa) and different hydrogen
levels (0-10 000 appm) on swelling in EP-450 steel

CONCLUSION

Ion bombardment -now may be unique chance to explore radiation behaviour of advanced steels to high dpa levels
and different levels of gases (helium and hydrogen) which are typical for new reactor’s generations.

Firstly the results on the swelling behaviour of structural materials at very high radiation doses and ultra-high
levels gases - hydrogen and helium were obtained. Speciments of ferritic-martensitic steel EP-450 were irradiated in
ESUVI under single, dual beam irradiation to dose 50 and 300 dpa at temperature of swelling maximumand at helium
and hydrogen levels 0 — 8 000 appm and 0- 10 000 appm, respectively. The results of TEM observation demonstrate:

(a)The maximum of steel EP-450 swelling is situated in the region ~480°C. After extended incubation period
~150 dpa the transition to steady state stage of swelling with the rate 0,14%/dpa is observed.

(b)It is shown that swelling of steel with BCC may reach the value higher 20%.

(a) Ferritic —martensitic steels are sensitive to co-injection of helium and hydrogen.

(b) At incubation period helium increases the swelling. Increase of swelling due to number density increase.
Helium exhibits a strong influence on the nucleation of voids, increasing their concentration.

(c) At incubation period hydrogen is also effective as helium in acceleration of the swelling beginning, but has less
effect on voids formation that leads to swelling increase on steady-state period due to uniform rise of voids number
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density.

(d) At steady - state period helium co-injection decreases the swelling of EP-450 steel.

The obtained results refuse the existing opinion that steels of this class have considerably high resistance to
swelling; so the additional investigations of this phenomenon are necessary, also with simultaneously injection of gas
ions (He, H).

These results are needed to expand the understanding of the fundamental radiation effects and associated
rradiation consequences, such as swelling, phase instability, as well as the application of this knowledge for the
development of radiation-resistant alloys for future generations of reactors.
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STUDY UNIFORM DISTRIBUTION OF ELEMENTSIN THE OXIDE DISPERSIVE
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The distribution of elements in the oxide dispersive strengthened steel at the outputted proton beam into the atmosphere is study. The
experiments were performed on an analytical nuclear-physical complex "Sokol" is study. For the analysis of the samples obtained
were used vacuum arc melting of steel industry 08Cr18Nil10Ti into which the hardening partigletaBilzed %03, with a size of

0.1 — 0.5 microns. Mathematical processing of spectral data obtained by mass composition of basic elements and doping impurities
studied oxide dispersive strengthened steel. The uniformity of the distribution of elements was studied on entire surface of the
sample.

KEYWORDS: oxide dispersive strengthened steel, beam of protons, uniform distribution, concentration of elements

JOCJIIKEHHA PIBHOMIPHOCTI PO3MOJLTY EJEMEHTIB YV JJMCIEPCIAHO 3MIITHEHIA OKCUJIAMM
CTAJII
I.B. KoGaik, B.B. Jlesenenus, O.I1. OmensHuk, A.O. Ilyp,
B.B. bopu, 1.B. Koporkosa, B.I. Tkauenko
Hayionanenuii naykosuii yenmp «Xapxiecokuil Qisuko-mexnivHuti incmumym
eyn. Akademiuna, 1,m. Xapkis, 61108, Vrpaina

JlocnmikeHO PO3MOALT eIEeMEHTIB y AWCIEepPCIHHO 3MIIHEHIH OKCHAAaMM CTalli Ha BUBEIAEGHOMY B arMocdepy MydKy HpPOTOHIB.
ExcriepMeHTH ITPOBOAMIINCS HA aHAIITHYHOMY siiepHO-(iznunomy xomrnrekci "Cokin”. s aHami3y BHKOPHCTOBYBAIHCS 3pa3Ku
OTpUMaHI BaKyyMHO-IYTOBOI'O IUIaBkOr 13 mpomucioBoi crami O8X18HI10T, B sky BBomwiucs 3MinHiOKYI yactku ZrO,
crabinizoBani Y,0s, 3 po3mipom 0,1 — 0,5mMkM. MarematnuHo0 00poOKOO creKTpaibHOI iH(pOpMALl OTPUMAHO MACOBHI CKIIaz
0a30BHX EJIEMEHTIB i JIETYIOUMX JOMIIIOK JOCITIIKYBAHOI AMCIEPCIHHO 3MilHEHiH okcuaamu crtani. [IpoBefeHO TOCIiHKEHH
PIBHOMIPHOCTI PO3MO/IiTy €IEMEHTIB, 1[0 OXOIUTIOE BCIO IIOBEPXHIO 3pa3Ka.
KJIIOUOBI CJIOBA: pucnepciiiHO 3Mil[HEHa OKCHIAaMH CTallb, IIy4OK I[POTOHIB, PIBHOMIPHICTH pPO3MOJiNY, KOHIEHTpPALis
€JICMEHTIB

HCCJIETOBAHUE PABHOMEPHOCTH PACIIPEAEJEHHUSA 3JIEMEHTOB B JUCIIEPCHOHHO YITPOUHEHHOM
OKCHUJAMMU CTAJIN
J.B. Kodauk, B.B. Jleenen, A.Il.Omeasnux, A.A.Illyp,
b.B.bopu, U. KoporkoBa, B.1.Tkauenko
Hayuonanvnvui nayunviii yenmp «Xapvkoeckuii pusuko-mexHuiecKutl UHCmumym»»
yn. Akademuueckas, 1,2. Xapwros, 61108, Vkpauna

HccnenoBaHo pacrnpeneneHre IEMEHTOB B JHUCIEPCHOHHO YIPOYHEHHON OKCHIAMHU CTIH Ha BEIBEICHHOM B atMocdepy Irydke
IIPOTOHOB. OKCHEPUMEHTHl IPOBOAWINCH Ha aHAINTHYCCKOM simepHO-(puimdeckoM kommuiekce “Coxon”. Jlng anammsa
HCTIOB30BATUCH 00pa3Ibl MOTydeHHBIE BaKyyMHO-IYTOBOH IIaBKoif n3 nmpomeinuienHoi cramn 08X18H10T, B koTOpyro BBOJHINCE
ynpounsronye yactunsl ZrO, cradbmwmmsuposanusie Y,0z, ¢ pasmepom 0,1 — 0,5vkM. MaremaTraeckoit 06paboTKO# cHeKTpaIbHOM
nHGOPMAIMU TOJTYy4EHO MAacCOBBIi COCTaB 0a30BbIX JICMEHTOB M JICTHPYIOIIMX IPUMECeH HCCleayeMoil JUCIIepCHOHHO
YIPOYHEHHOH OKCHAaMH cTaju. [IpoBeneHO McCIenoBaHHE PABHOMEPHOCTU pACIHpENENICHHs JJIEMEHTOB, OXBATHIBAIOLIEE BCIO
MMOBEPXHOCTH 00pasLa.

K/IFOYEBBIE CJIOBA: nucnepcHOHHO YNPOYHEHHAs OKCHIAMH CTajlb, My4YOK IPOTOHOB, PAaBHOMEPHOCTb pacClpelesICHHUs,
KOHIICHTpALUs DJIEMEHTOB

Jlnst pemeHust TpoOieM PEaKTOPHOTO MAaTEepPHAIOBEICHUS OOJIBIION HAyYHBIM W MPAKTHYECKUH HWHTEpEC B
HACTOsIICE BPEeMsl MPEACTABISIOT PabOThl, MOCBSIICHHBIC HCCIIEAOBAHUIO HOBOTO KJIAcCa MAaTEPHANIOB, CIIOCOOHBIX
9KCIUTYyaTUPOBAThCSl B YCIOBUSIX HWHTEHCHBHOrO o0OaydeHus. K Takum Marepuanam, B YacTHOCTH, OTHOCSTCS
JciepcHo-ynpounennsie okcupamu (JIYO) cruiassl [1,2]. IoBbilieHHe pagdaldOHHON CTOMKOCTH TAaKHX CILUIABOB
CBSI3aHO C CO3/1aHKMEM B Marepuaiie 3()()EKTHBHBIX JIOBYIIEK BAKAHCHIA, KOTOPHIMH MOTYT SIBIISITHCSL OKCHJIHBIE YACTHIIBI
[3]. AucnepcHo-ynpoveHHbIE MATEPHUAIIBI COXPAHSIOT MHKPOTCTEPOTCHHOE CTPOCHUE U TUCIOKALHOHHYIO CTPYKTYpY, a
ClIeIOBaTeNIbHO, U paboTocnocobHocTh 10 Temmepatypsl 0,9 — 0,95 T, (tme T, — Temneparypa miaBaeHHs MATPHULIBL).
Beicokasi paboToCOCOOHOCTh JUCIIEPCHO-YIMPOYCHHBIX MATEPHATIOB MPH MOBBILICHHBIX TEMIEPATypax OOBACHACTCS
HAJIMYHEM B Marpuile BTOPOM (asbl, CKOJBKCHUE MUCIOKAIMN B 3€pHAX METAJUla CTAHOBUTCS BO3MOXKHBIM IPU
© Koblik D.V,, Levenets V.V., Omelnik O.P., Shiihur A.O., Borts B.V., Korotkova I.V., Tkachenko V.I., 2015
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OOJIBIINX HAMPSDKCHUSIX, TPAHUIIBI 3¢PEH OJIOKUPYIOTCS, a POCT 3€PeH 3aTOPMAXKHUBACTCS MPAKTHUCCKHU 10 TEMIICPATyPhI
TUIABJICHHSI MATPHUIIBI.

CymecTtByeT 6onbpIIoe pazHooOpa3ue METOAOB HCcienoBaHus CTPYKTypbl AYO-cranet. Tak, 1 onpenencHus
HAHOMACIITAOHBIX OCOOCHHOCTEH MaTepHaIOB HIMPOKOE PACIPOCTPAHEHHE TTOJYUYHI METO TOMOrpapuIecKoi aTOMHO-
30HI0BOM MHUKpocKorwH [4,5]. JIyist u3ydeHUs: MUKPOCTPYKTYPHI TIPUMEHSFOTCSI METOIBI PEHTTEHOBCKOM MU(ppaKIny,
PEHTTEHOBCKOM (hOTOIIEKTPOHHOM CIIEKTPOCKOIIMU U IPOCBEYNBAIOLIEH IIEKTPOHHON MUKpockonuu [6]. B pabore [7]
anann3 HaHouactunm B J[VO-cramm Eurofer-97 ocymectBisics MeTomoM Ja3epHO HMITYJIbCHOMW 30HIOBOM
tomorpaduu. C HCHONB30BAHUEM METOAOB aHajiHM3a MPOTSHKECHHOW TOHKOW CTPYKTYpbhl PEHTIEHOBCKOTO CIEKTpa
MOTJIONICHHS, MPOCBEYMBAIOIICH JJICKTPOHHOM W PACTPOBOM 3JIEKTPOHHOW MHUKpockonuedd B pabore [8] Obuia
omnpejiesieHa KPUCTAIIMYECKash CTPYKTYpa UTTPUEBBIX HaHOdYacTHil. B pabote [9] ¢ MOMOIIBIO SAEPHOTO MHUKPO30H/A
uccaea0Baoch pacnpeaenenus Y B eppurHo-maprencutnoi IYO-cranu g0 u nocne piurensHoro (5000u4) omkura
Ha BO3/ayxe. PacmpejeneHne HaHOYACTHI[ O pa3mepaM B obbeme ciutkoB JIYO-cramu msydanocs B [10] metomom
MAaJIOYTJIOBOTO PEHTIEHOBCKOTO paccesiaus. B [11] MmeTogamMu Macc-ClieKTPOMETPHU BTOPUYHBIX HOHOB U HEHTPAIbHBIX
YaCTHIL IIPOBOIUIOCH POGUINPOBaHKHE OKCUAHOM TieHKH Ha JIY O-cransx. B [12] mis cpaBauTensHOro anamusza YO
M OOBIYHBIX CIUIaBOB EUrofer mcmosnb3oBany MOZUTPOHHYIO aHHUTHIISIIMOHHYIO CIEKTPOCKOITMIO C JIOMIIIEPOBCKAM
yimpeHreM, a B [13] MeTo MO3HTPOHHOM aHHUTHILIIAK CO CIIEKTPOCKOITHEH OpOUTANIBEHBIX MOMCHTOB TIPUMEHSUTH ISt
n3y4eHusi BIusHuUs 1006aBok Y,Oz Ha CBOWCTBA ()ePPUTHBIX CILIABOB.

OnmHol U3 BakHEHHX XapakTepucTuk JIYO-craneii siBisieTcss paBHOMEPHOCTD paclpeaesIeHUs] OKCHIHBIX YaCTHII.
Brracaeno, uro nHambomee >PQEeKTHBHOE YyIpOUYeHHWE OOCSCIIEYMBACTCS NPH COACPKAHUH YIPOUHSIOmEH (a3l B
komnuectBe 3 — 15%wu pasmepe ee vactun g0 1 mkm [14]. OnmHako, B JauTepaType OTCYTCTBYIOT OOLICTIPUHSTHIC
YHCJICHHBIC XaPAKTCPUCTHKH I OTPAKCHUS PaBHOMEPHOCTH PacIpe/eJICHUs] YaCTHIl BElIeCTBa B Marepuaie. boiee
TOTO, MPH €r0 OTHOCUTEIHLHOCTH OHO MOXKET 3aBHCETh OT pa3Mepa HccienyeMoro oobema oObekTa. Hampumep, B
pabore [15] uccienoBanoch pacnpeesieHHe 3JIEMEHTOB B PA3IMYHBIX MO pasMepy o0bemax o0pasiia U CPaBHUBAIKCH
MOJTYYCHHBIC 3HAYCHHUS COJICPIKAHUS OTJCIFHBIX 3JICMEHTOB C BEJIMYMHOMN COIEPKaHUsI, TOyYCHHOH s Bcero o0bema
00bekTa. B pe3ynpraTe ObUIO BBISBICHO 3HAYMTEIBHOC PACXOXKICHUE B BEMYMHAX cojepxanuii. Ha puc.l mokazaHo
pacripezielieHie 3JIEMEHTOB [yl HCCieayeMoro oObema pasmepom 9X9x68 av°. BHIHO, 4YTO B BBIICIEHHBIX
MPOCTPaHCTBaX MPHUCYTCTBYIOT OOJACTH C TMOBBIIEHHBIM cojepxanuem atomoB O, N, V, Y, o0bequHEeHHBIX B
KJIACTEPbl, KOTOPBIE MOTYT SIBIISITHCS 3apO/IbIIIaMy 00JIee KPYITHBIX AUCIEPCHBIX BKIFOUCHUH.
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Puc. 1. TpexmepHOe pacrpeieneHne XuMudeckux anemento B cran ODS-Eurofer 97
(0,5 % Y,03). Pasmep uccinenopanHoii o6mactu 9 x 9 x 68> [15].

Bo3moxkno mnonyuenue JYO-cruiaBoB nyteM IuiaBieHusi. [Ipu 3TOM B mpoliecce COEIMHEHUS OKCHIIHBIX
MTOPOIIKOB C PACIUIaBICHHBIM METAJIOM IPOUCXOAAT Pa3IMUHBIC TIPOIIECCH: yIaJeHHe Ta30B M aIcOpOMPOBAHHBIX HA
MTOBEPXHOCTH YaCTHI[, BO3TOHKA Pa3IMYHBIX IpUMecel, CHATHE OCTATOYHBIX HAINPSDKCHHH Ha KOHTAKTHBIX YYacTKax
MEXIy YacTHIAMH M B CAMHX YacTHIAX, BOCCTAHOBIICHHE OKCHAHBIX IUICHOK, PAacCTBOPEHHE WM KOAryJISIHs,
MIEPECTPOKa MMOBEPXHOCTHOTO CJI0S B pe3yabTare Audy3un u mepeHoca MeTaia B BUJIE TTapa ¢ OIHUX MECT B APYyTHE.
KoHTakT MeXay OKCHAHBIMHA YacTHLAMH MpPEBpamlacTCsi B METAUIMYECKUH, MPOUCXOAWT CpalIMBaHUE YacTHI[ U
HM3MEHEHHE COOTHOUICHHUS MEXIy MOopaMH M 00beMOM MeTajula B CTOPOHY yMeHbIIeHHS oObema mop. C yueToM Bcex
00CTOSATENLCTB HEOOXOAMMO MOTYYUTh CIIUTOK C BO3MOXHO 00Jice paBHOMEPHBIM PACIPEACICHHEM 3JICMCHTOB.

Lenbto paboThl sBIsiCTCS pa3pabOTKa METOAUKH HEPA3PYIIAIOMICTO KOHTPOJS SACPHO-(PHU3HYCCKHUM METOJ0M
aHallM3a BEIIECTBA HA IMy4YKE MPOTOHOB, BBEIMYIIICHHOM B aTMOC(Epy OCHOBHBIX U JICTUPYIOIIUX KOMIIOHCHT CIUIaBa, a
TAKXKE UCCIICIOBAHUC UX PACIIPEICICHUS B PCAbHBIX U3JICIIUAX — CIIUTKAX, TPyOax u T.1. ajst Y O-cTanu, moaydeHHOMH
BaKyyMHBIM ILIABJICHUEM.
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MNOJYYEHUE SKCHEPUMEHTAJIBHBIX OBPA3IIOB

[Tpn co3maHuMu AUCHEPCHO-YNPOYHEHHBIX MAaTepHajoB BHIOMPAIOT (a3y-yNpOYHUTETb M CIOCOO BBEICHHUS €€ B
Mmarpuiy. Pa3a-ynpouyHHuTelb JOIKHA UMETh BBICOKYIO TEPMOJHMHAMUYECKYIO MPOYHOCTh, MAIYIO BEIMYUHY CKOPOCTH
muddy3un KOMIOHEHTOB (pa3bl B MaTPHUILy, BEICOKYIO YHCTOTY M OOJBIIYI0 CYMMAapHYIO MOBEpXHOCTh dacTuil. Criocod
BBE/ICHHSI YaCTHIl (Pa3bI-yIIPOUHHUTEINSI B MATPUILY BIHSIET Ha CTPYKTYPY JMCIEPCHO-YIIPOUYHEHHOTO MaTepHaia, KoTopas
MOXET OBITh JWCIICPCHON WIJTH arperaTHOM.

B nmannoit pabote norydenue Y O-cruraBa mpoBOAMIN ITyTEM BBEICHHS OKCHIHBIX YAaCTHIl B pacIUlaB MaTepHaiia
Ha npombinuieHHoM cranu tuna 08X18H10T. B kauecTBe yNpOUYHSIOUIMX YACTHII UCIIOIb30BANICS THOKCH]] LIUPKOHHUS
ZrO,, crabunu3upoBaHHbId okcuioM urtpusi Y,Oz c¢ pasmepom 0,1 — 0,5mkm. B mneperuiaBisemMoMm CTajibHOM
anekrpoae auamerpoM 30 MM B paauManbHOM HAMpPABICHUH BBHICBEPIMBAIMCH OTBEPCTHS AHAMETPOM 3 MM, B KOTOPbIC
3aChINAJICS JICTUPYIOIIMHA MOPOIIOK. DJIEMEHTHBIH COCTaB YMPOYHSIOIMX OKCHIHBIX YacTUL], CTaOHIM3UPOBAHHBIX
UTTPUCM, IpUBECH B Tadumie 1.

Tabmuma 1.
CopeprkaHie XMMHICCKHUX JIEMEHTOB B IopoIike ZrO,.
DJIEeMEHTBI KonnenTpanus, macc. %
B 0,0090+0,0002
®) 25,05+0,99
F 0,0134+0,0002
Na 0,0079+0,0003
Al 0,033+0,017
Ca 0,012+0,004
Ti 0,0014+0,004
Mn 0,0039+0,004
Fe 0,034+0,003
Ni 0,0057+0,0009
Y 5,31+0,15
Zr 69,0+0,65
Nd 0,0032+0,004
Hf 0,024+0,008
Pb 0,015+0,005

TlnaBieHue SIEKTPOA C IErHPYIOUIMMHI J06aBKaMu OCYIIECTBIAIOCH B BakyymHoit kamepe (10° ITa) B mpomecce
TOpPEeHUS dJeKTpuueckor ayru. Kpuctammszamus u mocnemytomee oxnaxaerue JYO-cramm mnpoucxommnd B
BaKyyMHOI KaMepe [e4H, OCiIe 9ero CJIUTOK M3BJIEKaICsH Ha Bo3ayx [16]

Takum oOpasom Obumn moiydeHbl ciauTku JAYO-cramu ¢ pacuyerHsiM conepkannem 0,02 u 0,075 mace.%
nerupytomunx uactuy ZrO, + YOz BaxHo#l omeparueil TeXHOJIOTHYECKOTro mnpouecca npousBoacTBa JYO-crann
SIBJISIETCSI OIIEPaTUBHBII KOHTPOJb PACIpPEeICHUs JIETHPYIOIUX JJIEMEHTOB, a TaKkKe IPYrHX HpUMeEcel 1o oobemy
ciutka. [loaToMy Ui MpoOBeAEHUS aHAINTHYECKUX HCCIICJAOBAHUM M JaibHEHIIeld MpOKaTKH, CIUTOK ObLI paspe3aH
BIOJb OCH Ha HECKOJbKO 00pa3uoB (puc.2). s KakIOro M3 MONYYCHHBIX TEMIUICTOB ObUT OIMPENCNICH COCTaB H
IIPOCTPAaHCTBEHHOE PACIIpEIENICHNUE HIEMEHTOB.

Puc. 2.Paspesannsiii cinrok 08X18H1OT ¢ 0,028ec. % ZrO, + Y,05. (cieBa), MaKpOCTPYKTYpa LEHTPAIbHOTO
TEMIUIETa CUTKa (CrpaBa).,
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METO/IUKA U3MEPEHU

DKCIepUMEHTHl MPOBOJMINCh HA AHAIUTHYECKOM siuepHO-(usmyeckom komiiekce (ASDK) “Coxon” HHIJ
X®TH [15]. OH comepkuT B CBOeM cocTaBe 4 aHATUTHUCCKAX KaHAJla M KaHal OOIyUeHHsT MaTepPHAIOB HOHAMH Ta30B
BIoTh g0 Xe ¢ sHeprusmu 200 — 2000xsB [17]. ASADK “Cokon” MO3BOJSET PEan30BaTh OCHOBHBIE SIEPHO-
¢u3pdeckre METOABl aHANM3a HA IyYKax HMOHOB. XapaKTEPHCTHYECKOrO0 PEHTreHOBCKoro wm3iydeHus (XPU),
pesepdopaoBckoro odoparHoro paccesaus (POP), meron sinepubix peakuuit (MSIP), meton simep otmaun (S10), meton
BTOPHYHOTO peHTreHOoBcKoro m3aydeHust (PXX). OHu MOTYT MPUMEHSATHCS O OTACABHOCTH WJIM KOMIUIEKCHO, YTO
3HAYUTEIBHO PacCIIUpseT aHAINTHYECKHEe BO3MOXKHOCTH. BBIMyIIEHHBIH B aTMOc(epy IMy4OK NPOTOHOB MOXKET OBITH
UCIIONIb30BaH JUIsl HCCIICA0BAHUS KPYITHBIX OOBEKTOB U M3JIEIIUH.

[Ty4ox NpPOTOHOB TMOCJIE YCKOPEHHsS U MPOXOXJICHUS 4Yepe3 paclpeleinuTeNbHbI MarHuT BBIBOIUTCS B
HMOHONIPOBOA KaHana. Jlanee ero momepeyHoe ceueHHE IOCienoBaTeNbHO (opmupyeTcs cuctemoi auadparm. Ha
OTpe3Ke MEXIy INOCIeIHMMH auagparMamMyd Iy4OK NPOXOAUT MEXIY ABYMs IIACTHHAMHM CHCTEMbI PEXEKIHMH
CHEKTPOMETPUYECKIX UMITYJIBCOB C 3JIEKTPOCTaTHYECKUM OTKJIOHEHHEM Iyuka. [locie mpoxoxaeHus: yepe3 MeqHbIN
KOJUTMMATOp IUaMETPOM 2 MM ITy4OK ZOCTHTaeT (OJbI'M B OKOILIKE BBIXOJA ITydKka B aTMoc(epy. Matepuan BBIXOIHOMH
(bOJIBrM — AIIOMHUHUM, TOJIIKUHON 7 MKkM [18].

[IpenBaputenbHO OBUIM TNIPOBEIEHBI HCCIENOBAHHA II0 ONPEIEICHHI0 ONTUMAIBHBIX YCIOBHH H3MEpEHHS
COIIepKaHUS JIETUPYIOMHUX 100aBoK Y M ZI B HEPXKABEIOMIEH CTali, B X0J¢ KOTOPHIX OBIIIM BHIOpaHBI aHANH3HPYEMBIE
JIMHHUHU CHEKTPOB, SHEPIHs M TOK IIPOTOHHOTO Iy4Ka, MaTepuaj U TONIINHA ITOTJIOMAONIUX (HHIBTPOB.

B sKcnepuMeHTe HCIOIb30BAIUCH IOJTYNPOBOIHHKOBEIE IETEKTOPHI, PETUCTPUPYIOIIME PEHTICHOBCKOE U Y-
u3nydeHue. PerucTpauus peHTreHOBckoro wu3iydeHus —ocymectBisuiack  Si(PiN)-zerektopom  XR-100CR ¢
sHepreTudeckuM pazpemiennemM 1635B no nmmann 5,9 k3B, pacnionoxenHbM mo yriioM 140°10 OTHOIICHHIO K ITyUKY.
Ilepen nerexTopoM pasmemaics morjaoturens u3 amomuHus Ttoimuuor 200 mxm. Haubonee nopxomsumm
nuarnazonoM sHepruit st Si(PiN)-zetextopa 6e3 cHmkenus s¢dextuBHOcTH peructpauun sisusercs 1 — 30 kaB.
Ge(Li)-nerexTop mpenHa3HAuYCH Ui U3MEPEHHS CICKTPOB Y-H3IMydeHHUs. JJeTeKTOp XapaKTepU3yeTcsl dHEPreTHICCKIM
paspewernem 2,5 k3B mo nuaun 1332 k3B, pacnonoxen nox yrimom 90° 1o OTHOIIGHHIO K My4YKYy M OKpYXEH
CBUHIOBBIM LMIHHAPHICCKUM KpaHoM Tomuaoi 20 MM uist ymenbuieHust ¢pona (puc.3). DPeKTHBHBIM THama30HOM
suepruii 1 Ge(Li)-nerekropa sBisercs nuamnazon ot 60 k3B go 10 MaB. CrekTpsl u3Mepsuch npu sHeprun 1716
k3B 10 Habopa mporremiiero uepes MuiIeHs 3apsiaa 25 MxKi, npu Toke mydka 30 HA.

GeLi
JIETEKTOp

YckopeHHble
[POTOHBI

—_—

Muiuennb

Si-pin gerexktop

Puc. 3.T'eoMeTprueckas cxema SKCrepuMeHTa (ciieBa), 00Iy4eHne My4KOM IIPOTOHOB OJJHOTO U3 TEMILIETOB (CrpaBa)
1- neTeKTOpHI PEHTTEHOBCKOTO U FAMMa-HU3JIyYeHUH; 2- BRITYCK ITy4Ka B aTMoc(epy; 3- HCClIeyeMbIi TeMILIeT.

IMpu rccref0BaHUM PABHOMEPHOCTH PACIPEIENICHHs DIEMEHTOB B TEMILIETE HEOOXOJUMO UMETh 40K IPOTOHOB
C M3BECTHBIMH XapaKTePHCTHKAMH. pa3Mep IMydKa Ha MUILIEHH M pAacIpejielieHHe IUIOTHOCTH 4acTull B mydke. s
ONpEJENCHUs] ITUX I[apaMeTpoB ObUI MpPOJENAaH JKCIEPUMEHT C H3MEPEHHEM CIIEKTpa XapaKTepUCTHYECKOTro
PEHTTEHOBCKOTO M3JIydeHHUs (X.p.M.) MHMICHH-TIpoOHuKa. OHa TpezcTaBisiia coboii amomuHueBbii quck @ 10 MM ¢
3aKpeIUICHHBIM B LieHTpe MeaHbiM auckoM @200 mxM. Muiienp nepemeniaiacs ¢ imaroM 0,2 MM momepek mydka
MPOTOHOB. B Ka10# (PUKCHPOBAHHOW TOUKE U3MEPSUTHCH CIEKTPhI XapaKTEPUCTHYECKOTO PEHTTEHOBCKOTO U3JTyUCHHUS
(x.p-n.) K-cepuu Cu u Al u s yMeHbIICHHS TOTPEUIHOCTH, CBA3AHHOW C HM3MEPEHHEM 3apsja, BBIYHUCIISIOCH
OTHOIIEHHE WHTEHCUBHOCTEH aHAIUTHYECKUX JHUHUHA. U X.p.u. K-cepunm memu k amomuuuioo. Ha puc. 4 mokasaHo,
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MOJIyYEHHOE B PE3YJILTATE CEPUM U3MEPEHHH pacIpeie/ieHHe HHTEHCHBHOCTH X.p.1. (3JIeKBATHO TUIOTHOCTH YaCTHII) B
NPOTOHHOM ITy4YKe. BHIHO, 4TO OHO MMEET IUIATO ¢ PE3KUM CIIaJIaHUEM K KpasiM, a caM pasMep IyuKa XapaKTepH3yeTcs
pasMepoM auadparm GOopMUPOBAHUS MTydKa.

W3mepeHns ToKa IydKa IPH UCCIEIOBAHUN TEMILIETOB OCYIIECTBISUIOCH TI0 HHTCHCHBHOCTH M3IYYCHHS TaMMa —
nuann 991K9B 13 peakrmn 2Al (p,y)?®Si Ha BeIXOAHOI oIBTE.
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Puc. 4.Pacnipenenenue HHTEHCUBHOCTH B IIPOTOHHOM ITy4YKe.

PE3YJIbTATBHI UBMEPEHUI
MaremaTryeckas 00pabOTKa CHEKTPATbHOW WH(POPMALMU OCYIICCTBISIACH C HCIIOJL30BAaHHEM pa3paboTaHHON
o srugoit MAT'ATD nporpammsr «Wingxas» gepcust 1.30).J[iist mosrydeHds: ONTHMAaIbHOM MOATOHKH CIIEKTPAIbHBIX
JUHUR U (GoHa BapbHpoBATHCH GakTop PaHO M IHEPTETHUECKOE paspelieHHue JIETeKTOpa. TUMMYHBIA BHJ CIIEKTpa
X.p.u. s oopasna 1Y O-cranu, rie IpuCcyTCTBYIOT 100aBICHHbBIE JIEMEHTHI IMPKOHUIA U UTTPUH TIPUBEIEH HA pHUC. 5.
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O(h(eKTUBHOCTh pPErucTpany X.p.H. AETEKTOPOM ObUIa OIpeAeieHa 3KCIEPUMEHTAJIbHO C HCIOJIB30BAHUEM
HaOopa KaJMOpPOBOYHBIX HCTOYHHKOB PEHTICHOBCKOTO H3IydeHHs. TakuM o0pa3oM, HCIIONb3ys JaHHBIC TaOJMIl
(GU3NYECKUX BEINYHUH, U SKCIEPUMEHTAIbHbIEC JaHHbIE OTHOCHTEIBHO YCIOBUI H3MEPEHUS CHEKTPOB, ObLI BHIYUCICHO
MacCcoOBO€ COJIEpKaHHWE OCHOBHBIX M TIPHIMECHBIX AJIeMEeHTOB mccienyemor JIYO-cramu. PesymbraTel ompepeneHus
MpUBEJICHBI B Ta0I. 2.

Tabuuua 2.
KonneHnTpanus OCHOBHBIX H JIETHPYIOIUX 37eMeHToB B 1Y O-cramm.

DJIEeMEHTBI Konnentparnmus, macc. %

Ti 0,91 +£0,03

Cr 12,62 £ 0,38

Mn 0,82 £ 0,05

Fe 71,86 + 0,82

Ni 13,28 £ 0,33

Y 0,268 + 0,030

Zr 0,087 + 0,003

Mo 0,154 + 0,009

B 0,0009 + 0,0001

Na 0,0025 + 0,0004

O 0,13+0,04

Jass TOMHOW KapTWHBI PAaBHOMEPHOCTH DACHPEICNICHHs JICTHPYIOIIUX JJICMEHTOB OBUIO  HPOBEACHO
JOTOTHATEIPHOE HW3MEPEHHE, OXBaThIBAIOLIEE BCIO MOBEPXHOCTh oOpasua. s ompeneieHus KOHLCHTPALUH
9JIEMEHTOB BBIOPAHBI «yCIIOBHBIC» TOUKH, PABHOYAAICHHBIC APYT OT Apyra Mo ropu3oHTand Ha 21,25mMm, o BepTUKanu
—Ha 22,5MM; paccTosiaue oT Kpaes 4 MM (puc.6).
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Puc. 6. Cxemarnieckoe n300paxkeHne 00pa3sia ¢ IKCIepUMEHTAIbLHBIMUA TOYKAMU: BEpXHEE 3HAUYCHHE — KOHICHTparus Zf,
HkHee — Y.

W3 Ttabn. 3 BUOHO, YTO KOHLEHTPALMM WTTPHUS U LUPKOHUS B TOYKE O CYIIECTBEHHO OTJIMYAIOTCS OT HX
KOHIIGHTpalluii B APYTMX TOYKax. BeposTHO, mpu BhlIUIaBKe oOpasma TaM 00pa3oBajiach HEOJHOPOAHOCTH B BHIE
PaKoBUHBL. B OCTanbHBIX TOYKaX OTIMYME COCTABISET NECATHIE JOJIM MPOLEHTA, YTO SIBISIETCS BIIOJIHE AOIYCTUMBIM,
€CIIH UCXOAWTh W3 HOPMATHUBHBIX JOKYMEHTOB, DPErIaMEHTHUPYIOUIMX cocTaB cranu. OnxHAaKo, MpOCTPaHCTBECHHOE
pacrpeneieHre 3JIEMEHTOB 10 00pa3sly yka3blBaeT Ha OOJBINYI0 HEOJHOPOLHOCTH B IPHIIOBEPXHOCTHOM CJIOE M Ha
KOHIIaX CIIMUTKA [0 CPAaBHEHHIO CO CPEAMHHOI 4acThI0, YTO XapaKTEPHO I TAKOTro criocoba MoIydeH s CIUTKA.

Tabuuua 3.
CoJiep)kaHue 3JIEMEHTOB B Pa3HBIX TOYKaxX o0Opasla.
Touxka Y, macc. % Zr, macc. % Mo, macc. %
1 0,071 £ 0,014 0,006 + 0,019 0,159 + 0,030
2 0,070 + 0,013 0,013 + 0,017 0,212 +£ 0,028
3 0,061 + 0,012 0,007 + 0,016 0,193 + 0,028
4 0,062 + 0,014 0,032 + 0,018 0,220 + 0,028
5 0,057 + 0,009 0,013+ 0,011 0,151 + 0,019
6 0,929 + 0,032 7,949 + 0,088 0,030 + 0,037
7 0,093 + 0,018 0,026 + 0,018 0,225 + 0,030
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Touxka Y, macc. % Zr,macc. % Mo, macc. %
8 0,105 + 0,018 0,019 + 0,018 0,205 + 0,028
9 0,135 + 0,019 0,067 + 0,019 0,280 + 0,032
10 0,188 + 0,021 0,061 + 0,020 0,207 + 0,030
11 0,081 + 0,017 0,018 + 0,017 0,216 + 0,030
12 0,145 + 0,018 0,030 + 0,017 0,188 + 0,030
13 0,185 + 0,020 0,051 + 0,019 0,234 + 0,030
14 0,121 + 0,020 0,008 + 0,019 0,221 + 0,032
15 0,167 + 0,020 0,030 + 0,018 0,186 + 0,028
BbBIBO/IbI

PaspaboTan HepaspymalOmuid METOX WCCICIOBAHMSA IWUCIEPCHOHHO YIPOYHCHHBIX OKCHIAMH CTajed Ha

BEIIYIIEHHOM B aTrMocdepy IIydke NpoTOHOB. IIpemmoskeHHas MeTOOWKAa MOXKET OBITh HCIOJNB30BaHAa IJIs
cepTuHUKAINK NOJOOHBIX MAaTEPHAJIOB U 0TOOPA TOIHBIX H3TOTOBICHHBIX U3ICIHI.

C mnoMompl0 JaHHOTO METOJa HCCIeNOBAaH KaK OJJIEMEHTHBIM coctaB oOpasma JIYO-cramd, Tak |

MPOCTPAaHCTBEHHOE PACIPEe/ICHUE 3JIEMEHTOB. Y CTAHOBJICHA HEOJHOPOIHOCTh MPOCTPAHCTBEHHOTO DPAaCIpeesieHuUs
aneMeHTOB. KOHIEHTpAIMK 3JIEMEHTOB B MPUIIOBEPXHOCTHOM CJIO€ U B 00BEME CIIMTKA Pa3M4alOTCs, YTO SIBISETCS
XapaKTepHBIM JIUISI TaKoro crocoba TMoiydeHus: CiuTka. [I0Ka3aHO YTO TpPH JIETUPOBAHUM CIUIABOB OKCHIAMU
PEKO3eMENbHBIX 3JIEMEHTOB HEOOX0AUMO KOHTPOJIMPOBATH YUCTOTY UCXOIHBIX MATEPHAIIOB,
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PECULARITIES OF MECHANICAL PROPERTIES OF HIGH-PURITY, IODIDE AND
HAFNIUM GFE-1 IN TEMPERATURE RANGE 20-900°C
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Here is given the results of investigation of mechanical properties of high-purity hafnium, iodide hafnium and hafnium GFE-1 at
temperature range 20-900°C. Taken results are testifying about considerable influence of methods of receiving hafhium, its purity
and mechanical-thermal processing on mechanical properties. The characteristic abnormalities of mechanical properties in the
temperature range 20-900°C for different purity hafnium are discussed.

KEY WORDS: hafnium, impurities, mechanical properties

OCOBJHMBOCTI MEXAHIYYHUX BJIACTUBOCTE BUCOKOUYHUCTOI'O , HOJAUTHOI'O TA TA®HIIO I'PE-1
B IHTEPBAJII TEMIIEPATYP 20-900°C
JI.C. O:xuroB, M.M. [Inunenko, I1.M. B’oros, B.1. Capuenko, O.I'. Pynenko, €.0. Kpaiiniok,
P.B. Asxkazka, O.€. KoxxeBHikoB
Hayionanvnuii naykosuil yenmp « XapKiecokuil Qizuxo-mexHiunull iHCmumymy

8yn. Axademiuna, 1, 61108, Xapxis, Yxpaina
[IpencrarieHo pe3ynbTaTd JOCHTIPKEHh MEXaHIYHUX BIACTUBOCTEH BHCOKOYMCTOro, WomumHoro ta raduiro ['®E-1 B iHTepBaii
temneparyp 20-900°C. Otpumani pe3yabTaTH CBiI4aTh PO 3HAYHUI BILIMB 3aC00iB OTpUMaHHS radHiro, HOro YHCTOTH Ta MEXaHi-
KO-TEXHOJIOTIYHOI 00pOOKHM Ha MeXaHiuHi BIacTHBOCTI radHito. [IpoBomUTECS OOrOBOpEeHHS XapaKTEpHUX aHOMAaid MeXaHIYHHX
BIIACTHUBOCTEH radHifo pi3HOI YHCTOTH B iHTepBal Temieparyp 20-900°C.
KJIFOYOBI CJIOBA: radHiii, MexaHi4Hi BTaCTHBOCTI, TOMIIIIKA

OCOBEHHOCTU MEXAHUYECKHX CBOMCTB BLICOKOYUCTOI'O , HOAUJTHOI'O U TA®HUSA I'®I-1 B
HUHTEPBAJIE TEMIIEPATYP 20-900°C
JI.C. O:xuros, H.H. [Innunenxo, I1.H. Boioros, B.1. CaBuenko, A.I'. Pynenko, E.A. Kpaiinwok,
P.B. Axka:xka, O.E. Ko:xxeBHUKOB
Hayuonanenwitinayunstii yenmp «Xapoko8ckutigpu3uKo-mexHuuecKuil UHCmumymy
yn. Akademuueckas, 1, 61108, Xapvros, Yrpauna

[IpuBeneHs! pe3yabTaThl NCCIEAOBAHHUS MEXaHUUECKUX CBOMCTB BBICOKOYHCTOTO, HOOUAHOTO U raduus ['d3-1 B nHTEpBane TeMue-
patyp 20-900°C. ITomy4ueHHBIe pe3yIbTaThl CBUACTENBCTBYIOT O 3HAUUTEIILHOM BIIMSIHUH CIIOCOOOB MOTyUeHUs TaHUS, €T0 YUCTOTHI
U MEXaHHKO-TepPMUYECKOH 00paboTknm Ha MexaHndeckwe cBoiictBa raduus. IIpoBoauTcs oOCyxaeHHe XapaKTepHBIX aHOMAaIHI
MEXaHUYECKUX CBOMCTB TaHUs pa3IMIHON YHCTOTH B MHTEpBase Temneparyp 20-900°C.

KJIFOUEBBIE CJIOBA: raduwmii, MexaHuuecKre CBOMCTBA, IPUMECH

Recently, hafnium finds wide application in nuclear engineering, as structural material for VVER-1000 reactors
and other types. A number of studies emphasize the effect of impurities, conditions and type of mechanical and heat
treatment on the mechanical properties, structure, and texture of products from hafnium [1-3].

The purpose work was the study of peculiarities of mechanical properties of three types of hafnium: hafnium
HFEs -1, the purity of which corresponded to TU U 14312708183-95 [1]; iodide hafnium [2] and high-purity [3],
obtained by refining iodide hafnium method zone melting in high vacuum with electron beam heating, which
significantly reduce the content of impurities (Table).

METHODS AND RESULTS OF INVESTIGATIONS

Fig.1 shows that even the most difficult cleaning hafnium from very similar chemical properties of zirconium has
allowed to reduce the concentration of zirconium from 0,1% to 0,065% [3].

To obtain samples from hafnium HFEs -1 was used calcium thermal hafnium Ukrainian production. The original
ingots was exposed to the beam remitting with subsequent hot forging, rolling and annealing in vacuum at 900°C.

For the study of mechanical properties of the plates EDM way cut out the samples with dimensions of working
part 5x3x23 mm along and across the direction of rolling. Tensile test was conducted at facilities Instron-5581 at 20°C
and 1246P-2/2300 in the temperature range 20-900°C in vacuum, in accordance with the requirements of GOST 9651-
84 and GOST 1497-84.

The study of mechanical properties iodide hafnium was conducted on micro-samples with the size of the working
part 1.2x2.0x15.0 mm, obtained from laminated in the longitudinal direction of ingots in strips of a thickness of
© Ozhigov L.S., Pilipenko N.N., V’jugov P.N., Savchenko V.1,

Rudenko A.G., Krainyuk Y.A., Azhazha R.V., Kozhevnikov O.E., 2015
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1.2 mm.
Tensile testing of high-purity hafnium was conducted on flat samples with dimensions of the working part
2.2x0.9x8.0 mm.
Table
The chemical composition of high-purity hafnium and hafnium GEF-1.

The content of impurities, wt.%

Ne Element Iodide Hafnium High-purity Hafnium Hafnium HFE-1
1 Hf 99.72 99.88 98.84
2 Zr 0.1 0.065 1.0
3 N 0.003 0.0012 0.005
4 Al 0.003 0.000025 0.005
5 W 0.0002 0.0001 -

6 Fe 0.007 0.000067 0.004
7 Ca 0.01 0.000007 -

8 8] 0.028 0.021 0.05
9 Si 0.004 0.00068 0.005

10 Mg 0.0003 0.000005 0.004

11 Mn 0.0003 0.00001 0.0005

12 Cu 0.0002 0.000020 0.0005

13 Mo 0.07 0.00010 0.01

14 Ni 0.01 0.00015 0.02

15 Nb 0.006 0.00004 -

16 Ti 0.003 0.00003 0.005

17 C 0.03 0.027 0.01

18 Cr 0.003 0.000025 0.003

The results of tests of mechanical properties of hafnium in the temperature range 20-900°C presented in Fig. 1 and
Fig. 2.
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Fig.1. Temperature dependencies of strength properties of high-  Fig.2. Temperature dependencies of plastic properties of high-
purity hafnium (1), hafnium iodide (2) and haftnium HFE-1 (3). purity hafnium (1), hafnium iodide (2) and hafnium HFE-1 (3).
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For hafnium HFE-1the temperature dependence og(T) is characterized by a gradual decrease in strength with the
temperature in the whole temperature interval from 20 to 900°C. For dependencies 6(T) smooth growth is only up to a
temperature ~600°C, after which there is significant (abnormal) growth of 6(T), reaching a maximum value 6=160% at
750°C.

The temperature dependencies of strength and plastic properties for iodide hafnium characterized by the presence
of anomalies in the temperature range 600-800°C, in which the failure of plasticity and increasing strength properties,
peaking at 700°C. In addition, iodide hafnium manifested teeth nature of the curves stretch in the temperature range
600-800°C [2].

The results show that the strength og(T) decreases, and the plasticity 6(T) increases in the whole temperature
interval 20-900°C without showing anomalous phenomena characteristic of iodide hatnium [2].

You can also note the lack of serration on curves stretch of high-purity hafnium and no maximum plasticity in the
temperature range of 700 — 800°C, manifested for hafnium HFEs — 1.
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DISCUSSION

The results indicate a significant influence of ways hafnium, its cleanliness and the subsequent mechanical and
thermal processing on the mechanical properties of hafnium. In work [1] studied in detail microstructural features plates
of hafnium HFEs-1 after rolling and annealing at a temperature of 900°C within 2 hours. Using scanning electron
microscopy revealed the link between the test temperature, the nature of destruction and plasticity of hafnium. For
example, if 20°C characteristics of plasticity for longitudinal rolling on 30% above, than at cross rolling. From the
analysis of the received pole figures (0002) and (1010) a-phase hafnium, it follows that the deformation of the rolling at
850°C texture creates a high anisotropy, which may be due to the implementation of different mechanisms of plastic
deformation.

It features plastic characteristics of hafnium HFE-1 at elevated temperatures can be attributed to a significant
increase of plasticity in the temperature range of 700 - 900°C with a maximum &(T) at 750°C where elongation up to
160%.This increase plasticity can be due manifested in this area temperature relaxation processes on the grain
boundaries, which play a significant role in the development of superplasticity. The phenomenon of superplasticity is
associated with the transition of grain boundaries in particular structurally unstable highly activated liquid like state,
which can easily be ductile intergranular slip [5]. Such slippage is one of the main mechanisms of superplastic
deformation, and its contribution to the total deformation exceeds 50% [4]. This effect is also confirmed by the presence
of high internal friction for hafnium at this temperature. About the connection of superplasticity and growth of internal
friction in the area of temperature grain boundary of the maximum of Q™'(T) research in [6]. Distinctive features of the
mechanical properties of hafnium iodide is a manifestation of the temperature anomalies in the region of 600 to 800° C,
where there is a failure of plasticity and strength increase with a maximum at a temperature of 700°C. The curves
stretching "stress - strain" there is aliasing due to strain aging (effect of Portevin-Le Chatelier's principle) [7].

The reasons of failures of plasticity are complex and explanations are only hypothetically. The main reason for the
anomalous effects, according to the authors [2], is the presence of impurities.

For high-purity hafnium may be noted the absence of anomalies in the temperature dependences og(T) and o(T)
within the temperature range of 20 to 800°C, and the lack of serration on the charts stretching. Purification of hafnium
iodide contributes to a reduction in strength and increase ductility in the range of 700 - 800°C (typical for HFEs-1).

CONCLUSIONS
Thus, the results of the study of mechanical properties of hafnium show the complex nature of the influence of
various factors on the deformation characteristics in the temperature range 20 - 800°C and noted the role of increasing
purity hafnium in suppressing characteristic anomalies occurring during deformation iodide-containing hafnium and
hafnium HFEs-1.
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Acoustic emission (AE) of magnesium alloy WE 43 in process to compress was studied. Typical grain size of alloy was between 3-
25 microns. AE parameters (activity, total number of impulses, average amplitude) were analyzed in correlation with deformation
curves. It was shown that yield stress at compressing WE43 alloy with different grain size is in good agreement with Hall-Petch
relationship. Acoustic emissions started at stress significantly lower than macroscopic yield stress. Maximum of curve activity AE
coincide to the value of macroscopic yield stress. The increase of grain size leads to the both rise of AE activity so and average
amplitude impulse. The increase of number of high-amplitude signals in spectrum AE was detected also. It was suggested that the
rising share of high-amplitude impulses in spectrum AE with grain growth was associated with increase in the numbers of starts
moving pile-ups of dislocations and twinning in individual grains.

KEYWORDS: magnesium alloys, compression, mechanical properties, acoustic emission, deformation mechanisms

JOCJIIKEHHSI AKYCTHYHOI EMICIi TP IE®OPMYBAHHI CILIABY MATHIIO
LI Mamnipos, ILI. CroeB, O.I. ITlikanos, T.I'. EmusiHinoBa
Hayionanvnuti nayxosutl yenmp «XapKiscokuil Qizuko-mexHivnull iHCmumymy
Vxpaina, 61108, Axademiuna, 1

Busuena akyctuuna emicis (AE) marnieBoro crmumay WE43 3 posmipom 3epHa Bix 3 10 25 MKM npu aedopmariii THCHEHHSM.
[IpoananizoBano ocobmuBocTi 3MiHN napameTpiB AE (aKTHBHOCTI, 3arajibHO1 KITBKOCTI IMITYJIBbCIB, CEPEIHBOT aMILTITY 1 IMITyJIbCIB)
y B3a€MO3B'SI3Ky 3 KpuBUMHU Aedopmarii mMarepiany. BeraHoBiieHO, 1m0 Mexa IITMHHOCTI ciiapy WE43 3 pisHEM po3mipoM 3epHa
IIpU BHNPOOYBAaHHI HAa THCHEHHS IiIIOPSIKOBYETHCS CHiBBimHOMmEHHI0 Xoiuta-Ilerya. AKycTWYHa eMiCisi NMOYHMHAETHCS IPU
HaIpy>kKeHsX BIBIUI HIDKYMX 32 MAKPOCKOIIIYHOI MEeXi TeKydocTi, a mik AE 30iraeTsbest 3 MaKpOCKOIIYHOIO Mexero IMHHOCTI. [1pn
30ULTBIICHH]I PO3MIpPY 3€pHA CIIOCTEPITa€Thcsl 3POCTAHHS AKTHBHOCTI 1 CepelHboi aMIuliTyau iMmyibcy AE, a Takox 3pocTaHHsS
KIJIBKOCTI BHCOKOAMILTITYZHUX CHTHamiB B cnektpi AE. 3pobneHo npumymnieHHs, IO 3pOCTaHHS BKJIAAy BHCOKOAMILTITYAHHX
immyneciB AE 3 pocToM 3epHa MOB'S3aHO 31 301IBIIEHHAM KiJIBKOCTI CKYIT4€Hb AMCIOKALiH, IO CTAPTYIOTh i ABIHHMKYBaHHAM B
OKpPEMUX 3€pHaX.

KJIFOYOBI CJIOBA: cnnaBu MarHioo, aedopmaiis THCHEHHSIM, MEXaHIUHI XapaKTepUCTHKH, aKyCTHYHA EMICis, MEXaHi3MH
nedopmarrii

HCCIEIOBAHUE AKYCTHUYECKOW SYMHUCCHHA ITPU TE®OPMAIIAU CIJIABA MATHUSA
HU.N. ITanupos, I1.U. Ctoes, A.U. [Tukajnos, T.I'. EMiasinunoBa
Hayuonanvnouil nayunwlii yenmp «Xapvkosckuil pusuko-mexHuyeckuil UHCmuniymy
Yxpauna, 61108, Axadoemuueckas, 1

Usydena akycrudeckas smuccusi (AD) marnueBoro crutaBa WE43 ¢ pasmepom 3epHa ot 3 no 25 MkM mpu aedOpMHUPOBAHUU
cxarueM. [IpoaHanu3upoBaHsl 0COOCHHOCTH M3MEHEHHUsI mapaMeTpoB AD (aKTHBHOCTH, OOIIEro KOJMYECTBA MMITYJIbCOB, CpEeIHEN
aMIUTUTY (6l IMITYJIECOB) BO B3aUMOCBSI3H C KPUBBIMH Jie(hOpMannuy MaTepuaia. Y CTAaHOBIIEHO, ITO Mpesiell TeKydecTr crmiaBa WE43
C pa3sHBIM pa3MepoM 3€pHA IIPH HCIBITAHHHM Ha C)KaTHe IOJYUHSETCS cooTHomeHHio Xomma-Ilerda. Akyctudeckas sMuccus
HAYMHAETCS NPH HANpPsHKEHHUSAX BIABOE HIKE MAKPOCKOIMYECKOTO NpeeNna TeKy4ecTH, a MUK AD COBIAJaeT ¢ MaKPOCKONUIECKUM
npeziesioM TekydecTd. [lpu yBenndyeHHn pa3Mmepa 3epHa HaOJIOJaeTCs POCT aKTHBHOCTH M CpeAHEeH aMIUIMTYABl nmIyibca AD, a
TaKKe POCT KOJMYECTBAa BHICOKOAMIUIMTYAHBIX CHUTHAJOB B crektpe AD. CremaHo TpednoiokXeHHe, YTO pPOCT BKIaaa
BBICOKOAMIUTUTYIHBIX UMITYyTbCOB AD € POCTOM 3€pHA CBSI3aH C yBEIMUEHUEM KOJIMUYECTBA CTAPTYIOMIUX CKOIUICHUH AUCIOKauui u
JBOIHUKOBaHUEM B OTAENBHBIX 3€pHAX.

KJIOUYEBBIE CJIOBA: conaBbl Marausi, AedopMaiys CKaTHEM, MEXaHHYCCKHE XapaKTePHCTHKU, aKyCTHYECKas SMHCCHS,
MeXaHHU3MBI IeopMaIuu

Axycruueckas sMHccUs TpH jAedopManuyd MarHus M3y4eHa HeJO0CTaTouHO. Mexay TeM, ee HCCIeI0BaHue
MI03BOJISIET HE TOJNBKO MICHTH(GUIIMPOBATh MEXaHU3MBI IIIACTHYECKOTO TEUSHHSI U Pa3pyIleHUs] MaTepuana, HO, KaKk Mbl
nokazanu B pabore [1], BBIABIATH CYIIECTBEHHBIE OCOOEHHOCTH IUIACTUYECKOrO TEYEHUS NpPU Pa3HBIX BHUIAX
nedopmarum, ckaxkeMm, TP MPOCTOM CXKATHH HITH CXKaTHH ¢ n3rnoom. Llensro HacTosieil paboTsl OBIJIO CpaBHUTENBHOE

n3y4eHue crekTpoB AD MaraueBoro criaBa WE43 nipu cxxaTim 00pasioB ¢ pa3InIHON BeTHIUHOHN 3epHa.

METOJUKA UCCJIEJOBAHUA
B KkayecTBe HCCIIEIOBAaHHOTO Marepuajia ObUIM KCIOJB30BAHbl IIOJNYYCHHbIE JKCTPY3HEH LMIMHIPUYECKHE
006pasipl MmaraueBoro cruiasa WE43. Tocie ropsiaero BeinasmuBanus (290°C) ¢ obkarrem 56:1 0Opasiisl moasepraim
PEKpUCTAIUIM3AIOHHBIM OT)KMTaM B Pa3HBIX ycioBuAX (tabnmua). Pasmep 3epHa, d onpeaensiii MUKPOCKOIMYECKH

© Papirov L.1., Stoev P.1., Pikalov A.l., Emlyaninova T.E., 2015
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METOJIOM CEeKYIIeH, BapbUpOBaJics B MHTEepBaje 3-25 MKM. McnibiTaHHBIE WIMHAPUYECKHE 3aTOTOBKU UMENU JTUaMeTp
4mM U BeIcOTY 6MM. B Tabnwmile mpencTaBlieHbl JaHHBIC O MapamMeTpax TepMooOpabOTKH, pa3Mepe 3epHa CIiaBa U
NpefeNie TEKy4YEeCTH Ha CKaThe.

Tabnuma
YcoBuUs OT)KUTA, CPEIHUH pa3Mep 3epHa U IMPEJeNl TEKYUESCTH HCCIeJOBAHHBIX 00pa3IoB
Temmnepatypa omkura, °C 280 340 405 430
IIpoo/KUTEIPHOCTD OTXKUTA, U 1 1 1 1
Cpennuii pa3mep 3epHa, MKM 3,0 5,7 11,4 25,0
[Tpenen Texyuectu, Mlla 220 145 114 90

UcneiTanusg o6pas3noB Ha c)kaTHe MPOBOAMIM HAa YHHBEpPCANBHON HCHBITaTenbHOM Mammue 1958 V10-1 co
ckopocThio aedopmaru 0,17 mm/mun (2.10 ¢ ') npu komHaTHOIM TemmepaType.

[Tpu ucnbiTaHuy 00pa3LOB CHHXPOHHO PErHCTPUPOBANIN MapaMeTpsl AedopMupoBanus (KpuBylo nedopmanun) u
CIIEKTPBI aKyCTHYECKOH AIMUCCHHU.

Jna perucrpanuu aKyCTU4eCKOM SMHCCHM HCIOJIB30Bald MHOTOKAHAIBHBIA aKycTudyeckuil kommiaexkc M400,
TIO3BOJISIOIINIT PETUCTPUPOBATh U Pa3JEisTh CUTHAIBI AD B 3aBUCHMOCTH OT WX aMIUTUTYIbl. AMIUINTYAHOE 3HAUYCHHE
IIyMOB, MPUBEICHHOE K BXOHY IIPEIBApUTENBHOTO YCHJIMTENS, COCTaBIsuI0 SMKB. VYpoBHM aMrumTyaHoH
TUCKpUMUHANINN KaHaioB coctaisun 10, 20, 30, 40, 50, 60, 70, 100 MkB OTHOCHTEIBHO 3TOTO 3HAYCHUS.

B xadecTBe maTamka-perucrparopa AD HCIIONB30BAN The30KepaMHUIECKHA mpeodpa3osatens u3 kepamuku LITC-
19 ¢ pe3onancuoit gacroroir 180 k['m. JlaTunk Kpenmmim K MUCCIeTyeMOMy 00pasily depe3 CIOW aKyCTHYECKOW CMa3Ku
CHELUaIbHBIM JIepakKaTeNeM, KOTOPBIH 00ecleunBal OIMHAKOBOE YCUIINE TIPUKATHSL.

C60p, 00pabOTKy M aHaJIM3 Pe3yJbTaTOB, BKIOYABIINX HH(OPMAIMIO 00 aKyCTHUECKOH dMHCCHH M MapaMmeTpax
nedopMupoBaHus, MPOBOAWIN € ToMomIblo DBM u crienmaisHO pa3paboTaHHBIX TPOrpaMM 00pabOTKH JaHHBIX.

PE3YJbTATHI UCCJIEJJOBAHUI
IIpexme Bcero BBLICHEHO, YTO MPEES TCKYYSCTH MCCIICAOBAHHBIX MAaTCPUANIOB (TaOJUIA ) YAOBICTBOPUTEIHHO
OIMHUCHIBAaETCs cOOTHOIIeHueM Xoita-Ilerya (puc. 1):

-1/2
6, = GortKd 2,

rae 6, U KT — nocrosHHble Matepuana: 6,,=2,35 Mlla, KT = 379,27 MHa'MKMl/z_
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Puc. 1. 3aBucumMocTth npeaeia TCKy4eCTU UCCIIEJOBAHHBIX MAaTEPUAJIOB OT pa3Mepa 3€pHa

Ha puc. 2. B xadecTBe nmpuMepa MpeCTaBIeHbl KpuBas aeopManuyd W aKTHBHOCTh AD IpH CKaTHH 00pasIoB
crtaBa WE43 ¢ pasmepom 3epHa 5,7 MkM. BumHo, uTo AD HauWHAeTCS MPU HAMPSDKEHISIX HIDKE (TIPUOIM3UTEIHHO B
JIBa pa3a) MaKpOCKOIIMYECKOTO Tpeesa TeKydecTH, a MUK AD COBIAgaeT ¢ MaKpPOCKONMMYECKHM IIPEIEIIOM TEKYIECTH.
IIpu 3TOM Ha yCcTaHOBHMBIIIEHCS CTaUN IIIACTHYECKOTO TCUSHMS aKTUBHOCTh AD majaeT mpakTudecku 10 Hyist. Hagano
3aMeTHOH AD INpH HaNpsHKEHUSX TOpa3[io HIDKE IIpefiela TEeKydecTH CBS3aHO C TeM, YTO M3-3a XaOTHYECKOIro
pacrupeneneHuss 3epeH IO OpHEHTAIMsIM IUIaCTHYECKOe TeueHHEe B OJNAronpusATHO OpPUEHTUPOBAHHBIX IS
JTUCIIOKAIIMOHHOTO CKOJIBKEHHUS 3epHAaX HAUMHAETCA 3a/I0JIT0 O MAKPOCKOIHMUYECKOro Tpefeia TeKy4decTH, TO €CTh B
obmactu Mukpoaedopmaruii. [1ogo0HBIH PQPEKT MBI HEOJAHOKPATHO HAONIOJAM HA MHOTHX MeTajlaX, a B 3TOH
paboTe — Ha MarHUEBOM CILIaBE.

IIpn nocTMXEHNHM MaKpOCKOIMYECKOrO Mpejena TeKy4ecTH HaOioJaeTcs MpOoIecC KOJUIEKTHBHOTO JIBH)KECHHS
JMCIIOKannii, a Ha KpUBOM aKTHBHOCTH AD, Kak MNpaBWIO, BO3HHKAaeT MakcumyM (puc. 2). HampHeimmid cran
aKTHBHOCTH AD 0OYCIIOBICH CTaI[IOHAPHBIM MABIXCHHEM JMCIOKALMH, NpPH KOTOPOM HE BO3HHKAIOT BOJHBI
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HanpsDKeHUl, OTBeTCTBeHHBIE 3a mosBieHne AD [2]. Ha craguu ycTaHOBHUBIIETOCS IUCIOKAIIMOHHOTO JIBHJKEHUS NPHU
pacTshKEHMU MIIM CKaTHU MaTepuana AD nanaer 10 Hyss (puc. 2).
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Puc. 2. Kpuas nedopmaryn (1) naTerpansHas aktuBHOCTh AD (2) TpH coxaThH
oOpasnos crutaBa WE43 ¢ pazmepom 3epHa 5,7 MKM

XOTs XapakTep 3aBHCUMOCTEil akTUBHOCTH AD IpH C)KaTMU 00pas3loB C pa3HbIM pa3MepoM 3e€pHa COXpaHSETCs
NOZOOHBIM MOKa3aHHOMY Ha PHUC. 2, KOJMYECTBEHHbIE XapaKTEPUCTUKU AD CYIIECTBEHHO 3aBHCAT OT pa3Mepa 3epHa.
JUis uimrocTpanuy 3TOro Ha puc. 3-5 TMOKa3aHbl 3aBUCHUMOCTU AaKTUBHOCTM CUTHAIOB AD pa3inM4YHON aMIUIUTYIbI
(kaHa;m 2 — HM3Kas, KaHal 4 — cpeiHssl M KaHal 8 — BBICOKAs aMIUINTY/Aa) Juisi o0pasloB C pa3MepoM 3epeH
cooTBeTCTBEHHO 3, 11,4 u 25 MKMm.

OOpamraeM BHUMaHHE Ha CIEAYIOIINE OTIMYHTENbHBIE OCOOCHHOCTH CIEKTPOB AD IpH HCIBITAaHWU 00pas3LoB ¢
Pa3HBIM pPa3MEpOM 3epHa:

1. AktuBHOCTE AD BO3pacTaeT C pocTOM pasmMepa 3epHa oT 3 mo 25 mMkM B 6 paz3 — ot ~10.000 mo ~60.000
HMITYJIBCOB;

2. B 3aBucuMOCTH OT pa3Mepa 3epHa CYyLIECTBEHHO MEHSETCS COOTHOIICHHWE HHM3KO- M BBICOKOAMILUIHTYIHBIX
HMMITYJICOB: B YaCTHOCTH, COOTHOIIIEHNE aKTUBHOCTH 110 2, 4 1 § kaHaiaM AD cOCTaBIsIe€T, COOTBETCTBEHHO:

>650:240:30 st 00pa3ios ¢ d=25 MkM,

450:40:5 nnst o6pasnos ¢ d=11,4 Mxwm,
40:10:3 ms 06pasnoB ¢ d=3 MKM.

3. Habnromaercsi TeHAeHIMsS pocTa aOCOIIOTHBIX BEJIMYMH PETUCTPUPYEMOH akTUBHOCTH AD W cpenHen
aMIUIATYIBl UMITYJICOB AD C yBeIMUCHHEM pa3Mepa 3epHa (cM. puc. 6, Ha KOTOPOM NIPHBEACHA CPEAHsS aMIUTUTYIa
AMIYI6COB AD It 00pa3IoB ¢ YKa3aHHBIME pa3MepaMu 3epHa).

WHupIMU crioBaMH, CTPYKTYpa CIIEKTPOB U, CIEA0BATENbHO, JOMHUHUPYIOLIUX IPOLIECCOB BO MHOTOM ONpeAesIeTcs
CTPYKTYpoil Mareprasia. PakTHUecKy HaOIIONAIOTCs BE TCHCHINH, IPOSBIIIEMBIC C POCTOM 3€pHA HCCIIC0BAHHOTO
Marepuana:

1. Poct nHTErpasisHON aKTHBHOCTH AD);

2. PocT BKJ1aga BEICOKOAMIUIUTYAHBIX UMITYyJIbCOB AD C POCTOM 3€pHa.

OBCYXJIEHUE PE3YJIbTATOB

Kak wmb1 yxe ormeuanu [1], cnekrtpbl AD, perucTpupyemble MpU ILIACTHYECKOH aedopManuu, MMOMOTaroT
pa3o0parbcsl ¢ MEXaHW3MaMK MPOTEKAMOLIUX TPH 3TOM IMPOIECCOB. B yacTHOCTH, pOCT BKJIa/ia BHICOKOAMILIUTY THBIX
UMITYJIbCOB C POCTOM 3€pHA CBA3aH C TEM, YTO CTAPTYIOIIUE CKOIUIEHH AUCIOKALUH, TpUBOAAIIUe K 00pa3oBaHuio AD,
Tem Oosblre, 4eM OoJjble pa3Mep 3epHa, M MOITOMY B KPYITHO3EPHUCTHIX MaTepuajax CpelHssi aMIUIMTYyJa CUTHaJa
JOIDKHA yBennumBaTbesi (puc. 6). Ho, kak okaspiBaeTcsi, 3TO He €IWHCTBEHHAsh NPUYMHA YBEIWYEHHs BKIaza
BBICOKOAMIUTUTYAHBIX MMITYJIBCOB: HCCIIEIOBAaHNE MUKPOCTPYKTYPHI 1e(pOpMUPOBAHHBIX 00pa3loB ¢ pa3MepoM 3epHa
25 MKM BBISIBHJIO HAJWYHME JBOWHHKOBAHMS B OTJEIBbHBIX OJIATONPHATHO OPHUEHTHPOBAHHBIX [UIS JBOWHHKOBaHMS
3epHax, MpHYeM, KaK BUIHO W3 MHUKpodoTorpadun puc. 7, IBOWHHKOBAHHWE YacTO JIOKAIN30BAHO B MPECIAaX OJHOTO
3epHa.
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Puc. 3. Cnextpsl aktuBHOCTH AD mipu cxxatuu ciiaBa WE43 ¢ pasmepom 3epHa 3 MKM
a - HU3KOAMIUTUTY IHBIE, O — CpeHEAMILIUTY THBIE U B — BRICOKOAMILTUTYAHBIC IMITYJIBbCH AD (2, 4 1 § KaHAIIBI CIIEKTPOMETpa
COOTBETCTBEHHO)
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Puc. 4. Cnextps! aktuBHOCTH AD nipu cxxatuu ciiasa WE43 ¢ pasmepom 3epHa 11,4 Mkm
a - HU3KOAMIUIUTYIHbIE, 6 — CpeAHEaMIUTUTYJHbIE U B — BBICOKOAMIUIUTY IHBIC UMITYJIbChl AD (2, 4 1 8§ KaHaIbl CIEKTPOMETpa

COOTBETCTBEHHO)
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Puc. 5. Cnexrpsl aktuBHOCTH AD nipu cxxaTuu ciiasa WE43 ¢ pasmepom 3epHa 25 MKM
a - HU3KOAMILIUTY THbIE, 6 — CpEeAHEaMIUIUTYJHbIE U B — BBICOKOAMIUIUTY IHBIC UMIYJIbChl AD (2, 4 1 8§ KaHaIbI CIEKTPOMETpa
COOTBETCTBEHHO)
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CpegHsas amnnuTtyga nmnynosca A3
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Puc. 6. Cpennss aMmmuintya uMITyIscoB AD mpu ckaTuu 00pa3noB ciutaBa WE43 ¢ pa3sHBIM pa3zMepoM 3epHa: KpUBast
1 —d=25,0 mxwM, kpuBas 2 — d=11,4 MxM, kpuBast 3 — d=3,0 Mkm

Puc. 7. Mukpodotorpadus ctpyKkrypsl oOpasua ¢ d=25 mxm nocie cxatust Ha 10% npu KoMHaTHON

TeMneparype (CTpesIKkaMH IOKa3aHbl JBOHHUKH B OTAEIBLHOM OJIaronpHsTHO OPHEHTHPOBAHHOM IS
JIBOMHUKOBAHUS 3€pPHE)

JIBOMHMKH K€, KaK MaKpOCKOIIM4YecKHe o0pa3oBaHMs, OOBIYHO MPUBONAT K MOSBICHHIO HMEHHO
BBICOKOAMITIMTY IHBIX UMITYyJILCOB AD.

UYro kacaeTcsi pocTa HHTErpalbHOM akTUBHOCTU AD 10 Mepe YBEIUUCHHUS pa3Mepa 3epHa, TO Mbl HE UCKIIIOYaeM,
YTO 3TO CBSI3aHO C HMHCTPYMEHTalbHbIM 3(p¢dexToMm. PaHee aBTOpbI NOKa3zaid, YTO IMPH IUIACTHYECKOM TEUYECHHU
YIIBTPaMENIKO3EpHHUCTHIX MaTepuanoB AD ncuesaer, ToyHee — He perucrpupyercs [3,4]. DTo MOXKeT OBITH CBSI3aHO C
IBYMs (haKTOpamMH: BO-TIEPBBIX, IIPU MAJIBIX pa3Mepax 3epeH aMIUINTYAa aKyCTHYECKOTO CHUTHajla CTAaHOBUTCS HIKE
MHHHMMAJIBHOTO TOpPOTa PETUCTPAIMH; BO-BTOPBIX, 3TO MOXET IIPOMCXOAMTH H3-32 CIEHH(HUUECKOTO MEXaHH3Ma
TUTACTHYIECKOT0 TEYCHUSI TPH CBEPXIIACTHYHOCTH, KOTJa PE3KO yBEIMUIHMBACTCS BKJIA] IU(PQPY3HOHHBIX IPOIECCOB.
Ectp u mpyras MHCTpyMEHTaJIbHASI NPUYMHA YMEHBIICHUS aKTUBHOCTH HU3KOAMIUIMTYAHBIX UMIYNbCoB AD mo 1-my
KaHally aKyCTHYECKOTO CIIEKTpPOMETpa: Jel0 B TOM, 4YTO IIPM OYEHb BBICOKOM AaKTUBHOCTH, IIPEBBIMIAIONICH
Ppa3penaonyo ciocoOHOCTh KOMIUIEKCA CUETUHK «3aXJIeObIBAETCS» U IepecTaeT PerncTpUpOBaTh KOIUYECTBO TAKHX
uMIyabcoB. Takol 3ddexT Mpl Hepeako 3aMedand HMEHHO IPH IUIACTUYECKOH aedopMaluu MEIKO3epHUCTBIX

MaTepHAJIOB, KOTJIa YIaBAJIOCh 3apETUCTPUPOBATD JIHIIb BOCXOISIIYI0 M HUCXOIAIIYIO BETBH KPUBO, HO HE MAaKCUMYM
Ha Heil.
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BbIBO/IbI

1. TIpegen Texydectu cruiaa WE43 ¢ pasHbiM pa3MepoM 3epHa MpHU HCIBITAHUM Ha CXATHE TMOIYUHSIETCS
cooTHomeHuo Xonna-Iletua.

2. Ilpm wucnblTanmsx crulaBa Ha coxkatue AD HauyMHAaeTCs IPH  HANPSDKEHHMSAX CYIIECTBEHHO HIKE
MaKpPOCKOIIHYIECKOT0 TIpesiesia TEKYHIECTH, a MUK AD COBMAIAET ¢ MAKPOCKOITMUECKHUM IPEJEIIOM TEKyUYECTH.

3. MHTerpanbHas akTHBHOCTE AD TIpH UCTIBITAaHUAX Ha cxkatne criaBa WE43 Bo3pacTtaer ¢ pocToM pa3Mmepa 3epHa
ot 3 10 25 MxMm B 6 paz — oT ~10.000 mo ~60.000 MIyTHCOB. YBETMUNBACTCS TAKXKE CPEIHSST aMILIUTYAa UMITYIbCOB
AD.

4. Ilpu yBenuueHUH pa3Mepa 3epHa y HCHBITHIBAEMBIX CXKaTHeM o0pas3uoB ciuiaBa Maraus WE43 cymiecTBeHHO
pactyT aOCONIOTHBIE 3HAYEHUs] AKTUBHOCTU PErMCTPUPYEMBIX CHIHaIOB AD M BelMUMHA CPEAHEil aMIUIUTY.IbI
numiynscoB AD. Uem Gosblne pa3mep 3epHa y MaTepraia, TeM 0oJjblie HalmoaeTcs BRBICOKOAMIUIUTYAHBIX UMITYJILCOB
B aMIUTUTYAHOM criekTpe AD.

5. Tlpeamonaraercs, 4TO pPOCT BKJIaJd BHICOKOAMIUIUTYAHBIX HMITyJbcOB AD C pOCTOM 3epHa CBA3aH C
YBEJIMUYCHNEM CTAPTYIOLIUX CKOIJICHUH ANCIIOKAINEH 1 ABOMHNKOBAHNEM B OT/CIBHBIX 3epHaX.
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THE FORMATION OF TOPOLOGICAL DEFECTS ON GRAPHITE SURFACE
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On the basis of experimental data on scanning tunneling microscopy graphite surface on the assumption that the collective nature of
the formation of atomically smooth surface of graphite in the cell (7x7) is simulated in a monoatomic layer defects such as disclina-
tion, edge dislocation and grain boundary. The simulation results from defects in the monoatomic layer of graphite are significantly
different from those observed topological defects in graphene.
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Ha ocHOBI excriepMMEHTAIBHAX JaHUX 110 CKaHYIOUOoi TYHEJIBbHOI MIKpOCKOIII MoBepxHi rpadiTy B NPHUITYNIEHHI PO KOJICKTUBHY
npuponi GopmyBaHHsS aToMapHe INajKiii moBepxHi rpagiry B komipui (7X7) NpoBEJEHO MOAENIOBAaHHS B MOHOAQTOMHOTO IIapi
nedeKTiB TUIY AMCKIIIHALIM, KpaloBa JiCIOKAIls i MEX3epeHHOro Mexa. Pesynprat MonentoBaHHs Je(eKTiB B MOHOATOMHOTO
mrapi rpagity iCTOTHO BipIi3HSIOTHCS BiJ] CIOCTEPEIKYBAHUX TOMOJIOTIYHHUX Ae(EeKTiB y rpadeHi.
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B.I'. Kupuyenko
Xapvroeckuii HayuonanoHulld ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapvros, ni. Ceo600wi, 4

Ha ocHOBe 3KCIIepHMEHTAIBHBIX JaHHBIX M0 CKAHUPYIONIEH TYHHEIBHOH MUKPOCKOIHH HOBEPXHOCTH rpaduTa B MPEAOT0KEHUH O
KOJUICKTUBHOW TIpHpose (GopMHUPOBaHHS aTOMApHO INIAJKONH MOBEpXHOCTH rpaduTa B stuelike (7x7) MPOBEICHO MOJACIUPOBAHUE B
MOHOATOMHOM cJloe JIe(heKTOB THNa AUCKIMHAIMSA, KpaeBas AWCIOKAIUS U MEX3epeHHas TpaHMIA. Pe3ynbTaTel MOAENTHMpPOBaHUS
neeKTOB B MOHOATOMHOM CJI0€ TpadTa CyIeCTBEHHO OTIMYAOTCS OT HAOII0AaeMbIX TOTIOJIOTHYECKHX 1e(EeKTOB B rpadeHe.
KJIFOYEBBIE CJIOBA: rpadur, moBepxHOCTb, TpadeH, nedeKTs

I'paden — cdopma yriepoma, cocrosmias W3 OXHOTO TPa(UTOBOIO MOHOCIOS, OOJIAJAET PsIOM HEOOBIYHBIX
CBOHCTB, XOpPOILIEH 3JIEKTPOINPOBOIHOCTHIO, MTPO3PAYHOCTHIO, BHICOKUMH MEXaHHUECKHMH CBOWCTBAMH, BBICOKOW IT0-
JBIDKHOCTBIO HOCHTEJIEH 3apsiaa MPH KOMHATHOW TeMIepaType, BO3MOXKHOCTHIO KBAHTOBOW MPOBOJUMOCTH M 3MUTAK-
CHAJIFHOTO HACIIaWBaHUA, KOTOPBIE JENA0T rpad)eH MEepPCIIeKTUBHBIM MaTepHAIIOM [T HaHOIEKTpoHUKH [1]. I'padenst
MIPEICTABISIOT cO00W ABYMEpHBIE (parMeHTHl TeKCaroHaJbHOH IpaUTOBOW MOBEPXHOCTH. MeanbHy0 JBYMEpHYIO
TUIEHKY B CBOOOJIHOM COCTOSIHMM HEIb3sl TIONYYUTh U3-3a TEPMOAMHAMUYECKOW HecTabuinbHOCTH. Ho mpu Hajmu4uu B
iéHke aedexToB mwin e€ negopMaluy B TPETheM M3MEPEHUH IUIEHKAa MOXKET CYIECTBOBATh 0€3 KOHTaKTa C MOAJI0XK-
koii. [ToaTomMy cBOOO/AHBIE TUIEHKH rpadeHa CYNIECTBYIOT M 00pa3ylOT MOBEPXHOCTh CIOXKHOW BOJIHHCTON (POPMBI, C
JaTepaJbHBIMU pa3MepaMH IMPOCTPAHCTBEHHBIX HEOJHOPOJHOCTEH okoso 5-10 HM u BeicoToit 1 HM. OgHAaKO OAHOI U3
OCHOBHBIX TPO0OJIEM OCTaeTCsi MacCOBOE MPOM3BOICTBO BHICOKOKAUECTBEHHBIX 00pa3noB rpadeHa. Bo3aMoxxHBIM pernie-
HHEM TIOCTaBJICHHOM 3a7ja4l MOXET CTaTh peann3aius cuare3a rpaden-okcuna (I'O). IIpu okucnennn rpadgur pacuiern-
JSIeTCsI Ha OTIeNbHBIE CIIoH, KoTopble U opmupytoT ['O. HenmocpeacTBeHHO Tpad)eH MOKHO B JabHEHIIEM MOIYIUTH B
pe3ynbrare Tepmudeckoro pacmmpenus. [lockonsky amuaa C-O cBszu He npebimaeT 0,3 HM, HaOMIOAAEMBI pa3Mep
mepoxoBaTocTh (0,6 HM) yka3bIBaeT Ha HCKa)XCHHE TUIOCKOH CTPYKTYpHI TpadeHa B pe3yibrare okucieHus. OopaboTka
9KCTIIEPUMEHTANIBHBIX JaHHBIX MOKa3bIBAET, 4TO 15% aTroMoB yriepoja, BXOIIIIUNX B COCTaB MCCIEIOBAHHBIX MIEHOK,
XapaKTepu3yTcs rpaduTONOJOOHBIM COCTOSHUEM, B TO BPEMsI KaK COCTOSHIE OCTAIBHBIX 85% aTOMOB COOTBETCTBYET
aToMapHOMY yriiepoay. PaccrosHue Mexay cinosimu rpad)eHOB B TaKOM Matepuaje coctapisier 0.386 HM, 4TO HECKOJIb-
KO TIPEBBIIIAET COOTBETCTBYIOUIYIO Benmuuuny aist rpadura (0,335 um) [2]. Takum oOpa3om, nosrydeHHble Tpad)eHOBbIE
JIMCTHI 00JIaJal0T HACIEJICTBEHHOH «IaMsAThi0» 00 MCXOAHOW CTPYKType rpadura. Bo3MOKHO, BOJHHUCTOCTh JIMCTOB
rpadeHa ¢ yKa3aHHBIMH BBIIIE JIATCPATGHBIMH pa3MepaMHu IPOCTPAHCTBEHHBIX HEOJHOPOAHOCTEH OOBSCHSACTCS HE
TOJIbKO HAIWYKEM Ae(EeKTOB, HO M HacleI0BaHWEM KPYMHOMACIITAOHBIX HEOJHOPOJHOCTEH Ha MOBEPXHOCTH BBICOKO-
OpPHEHTHPOBAHHOTO TpaduTa,

WuTepecHoil mpobieMoil sBIsSETCS AIIEKTPOHHBIN TPAHCHIOPT B MONMHKPUCTAIUTHIECKOM TpadeHe. bompmmHCTBO
MaKpOCKOIIMIECKUX TBEPABIX TEJ SBIAIOTCS MOJIUKpHcTauiamMu. M kBa3uaByMepHbIi rpadeH 37ech He UCKIIIOUEHHE: OH
MIPECTABISAET COOOH COBOKYITHOCTH MOHOKPHCTAIIMUECKUX O0IacTel (3epeH) ¢ pa3InyHON OpHeHTalueH KPUCTaIOo-
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rpadguyecknx oceil. OTu 00JIACTH OTAEJIEHBI APYT OT JApyra IpaHUIaMH — NPOTSHKEHHBIMU TOMOJIOTHYECKHUMH AedeKTa-
M. TeopeTHYecKOMy HCCIICAOBAHHUIO 3TOrO BOMPOCA MOCBsAIICHBI paboTel [2,3]. [Ipocreiimumu nedekraMu, HapyIa-
IONIMMH TPAHCISIMOHHYI0O CUMMETpPHUIO TpadeHa, SIBISIOTCS W30JMPOBAaHHBIE 5- M 7-yroiabHUKH. bojee BeposiTHa mx
KOMOMHAIMsA, B pe3yibTaTe 4ero (GopMupyercst Kpaepas auciokanus. Ilepuonuueckoe MoBTOpeHUE IPUBOAUT K 00pa-
30BaHHUIO MEK3EPCHHOW TPpaHUIIBl. DTa TPaHUIA MOXKET OBITh KaK MPOBOJAINEH, TaK U HEMPOBOAIIEH — B 3aBUCHMOCTH
OT ee OpHUCHTAIIMN OTHOCHUTEIFHO pemieTkr rpaderna. Takum oOpa3oM, UMeeTcs MPUHIUITHAIEHAS BO3MOXKHOCTh Pery-
JUPOBATH MIPOBOJUMOCTb MTOTUKPHUCTAITMYECKOTO TpadeHa myTeM KOHTPOIIS €r0 MUKPOCTPYKTYPHL.

Lemns pabotsl — aHanu3 GOpPMHUPOBAHUS PETYISAPHBIX IBYMEPHBIX CTPYKTYp Ha TOBEPXHOCTH rpadura, MOIAETHPO-
BaHKE JIe()eKTHBIX MOHOATOMHBIX CIIOEB M CpaBHEHHE MOJEINPOBAHUS TOMOJOTUYECKHX Ne(PEeKTOB C AaHHBIMU JKCIIe-
PUMEHTAIBHOIO MCCJIEJOBAHMs C IIPUMEHEHHEM CKaHUPYIOLIEH TYHHEIbHOM MUKPOCKOIMM pPEajlbHOW AaTOMHOW I1O-
BEPXHOCTH BBICOKO OPUEHTUPOBAHHOTO rpaduTa.

METO/IUKA SKCINEPUMEHTAJIbHBIX UCCJEJTOBAHUMN

B kadecTBe 00BEKTa MCCIIEAOBAHNS MCIIOIB30BAJICS BBHICOKO OPUEHTHPOBAHHBINA KpHcTaul rpadura. O4nCTKy I10-
BEPXHOCTH TpauTa U OJHOBPEMEHHO 00pa30BaHNE peaTbHOW aTOMHOW ITOBEPXHOCTH KPHUCTAJIA CIOMCTOTO THIA IPO-
M3BOJMIIN CKaJbIBAHHEM BEPXHETO CJIOSI KPHCTa/UIa HEMOCPEACTBEHHO Iepe] u3MepeHueM. VccnenoBanne MOBEpXHO-
cTH rpaduTa METOAOM CKaHMPYIOIEH TYHHEIbHOW MHKPOCKOIIUH MPOBOAMIN MPH HOPMAaJbHBIX YCIOBUSIX Ha CKaHH-
pytomeM TyHHeIbHOM Mukpockorne CTM — 1 [4]. Paspenrenue B ropusoHTasibHol miockoctd XY menbire 1,4 A, a o
BEPTUKAIN — 0,7A B Ka4€CTBEC 30H/Ia UCIIOJIB30BAJIMCh UTIJIbI, IPUT'OTOBJICHHLIC crmocooom QJICKTPOXUMHYCCKOTO TpaB-
JIEHUs C BBITSDKKOH. Bpems ckanupoBanus ydactkoB — 10 - 20 cex. IlomydeHHBIe 3KCIIepUMEHTAIbHBIE JaHHBIE OBLIH
HCIOJIB30BaHbl MPU IMOCTPOCHHUU TPEXMEPHBLIX JUAarpaMM MOHOATOMHOTO CJIOs rpa(bI/ITa C NMOMOIIBIO  MNPOrpaMMbI
Harvard Chart XL 2,0, oTpakalomux CTpOSHHE MEPBOr0 MOBEPXHOCTHOTO CJIOs rpaduita U CBsI3b €ro CO BTOPBIM I10-
BEPXHOCTHBIM CJIOEM.

PE3VJIBTATBI U OBCYKJIEHUE

Ha puc.1 npencrasieHo Tonorpaduieckoe n300paxKeHHe y4acTKa BBICOKO OPHEHTHPOBAHHOTO rpaduta IpH Mak-
CHMAaJIbHOM YBEJIMYCHUH, MOTYyYCHHOES CKaHHPOBAHHEM B PEXUME CTaOWIM3aLlUM TyHHENBHOro Toka. Habmronmarorcs
YIOPSIIOYCHHBIE PAMBI FEKCAarOHaJIbHOM CTPYKTYpHI IpaduTa: 3J1eMEeHTapHas s4eiika B BHIE IECTUYTOJIbHUKA COCTOUT
U3 aTOMOB C Pa3HbIM YPOBHEM JIOKAJIbHOM AJIEKTPOHHOM INIOTHOCTH COCTOSIHUI. OTMETHM, YTO TTapaMeTphl dJIeMeHTap-
HOM SIYEHKH COTJIacyIOTCS C JaHHBIMH, TIPEJICTaBICHHBIMU B paboTax Apyrux aBTopoB. Ha puc. 1 npuBeneHa noctpoeH-
Has MPUMHTHUBHAS SUeiKa T'eKCaroHaJIbHOM pEUIeTKH, KOTOopas HakJaJblBalach Ha IOJy4YeHHOe Tomnorpaduueckoe
n3o0paxeHne. BakHBIM B MOJIyYEHHBIX 9KCHEPUMEHTAIBHBIX JTAHHBIX TI0 AJIEKTPOHHOH IUIOTHOCTH HAa MOBEPXHOCTH
rpadura (puc. 2) sBisercs (HakT HaIMYUS MOIYJISALIUM BEPTUKAILHON COCTaBIAIONIEH, Mo pedpaM (a) MPUMUTHBHON
s;dekn 1 pedpam (b) sneMEeHTapHON SIYeWKN CTPYKTYPBI, YTO OTOOpa)KaeT MOIYJISIHNIO SJIEKTPOHHOH IUIOTHOCTH aTo-
MOB Ha MMOBEPXHOCTHU rpadura. OTMEUarOTCS UM 3HAYUTENbHBIC EPUOANYCCKHE OTKIOHEHHUS B BBICOTE M300pasKeHUS
JBYX COCETHHX aTOMOB (TOYHEE — MOJOKESHHUH JIOKAIBHBIX MAKCUMYMOB 3JIEKTPOHHOU INIOTHOCTH).
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Puc.1. U306paxeHue rekcaroHajabHOM pe- Puc. 2. PacnipenencHue 31eKTPOHHOM INIOTHOCTH Ha MOBEPXHOCTH rpaduTa:
IeTKY rpaduTa ¢ 100aBICHHOI IPUMU- ciesa - 1o peGpy IPUMUTHBHOM sueitku a = 2,4A; cnipasa - 1o pe6py anemMeHTap-
THBHOM stueiikoii [4] Hoit suedixu b=1,4A [4]

[MonydeHHbIe dKCIIEpUMEHTAJIbHBIE JaHHbIE (PHC. 2) ObUIM MCHOJIB30BaHBI NPU MOCTPOCHHUH TPEXMEPHBIX aua-
rpaMM MOHOATOMHOTO cjiosi rpadura jua syeek 7x7 ¢ momoupto nporpammsl Harvard Chart XL 2,0. IMoiyuennsie
JarpaMMBbl OTPaKar0T CTPOCHHE MOHOATOMHOTO TTOBEPXHOCTHOTO cJI0s rpadura. DieMeHTapHas s4elika CBepXCTPYK-
Typs! (7x7) conepuT 12 aTOMOB B IEPBOM MOHOATOMHOM CJIO€, KaK M B Cllydae PEKOHCTPYKIHH ITOBEPXHOCTH KPEM-
Hus win repmanns [5]. Ecnu npunsTs, 9to crpykrypa (7x7) dopMmupyercs U3 aTOMHO-TIankoi moBepxHocTa (1x1), TO
U3 TIEPBOTO TOJIHOCTHIO 3aITOJTHEHHOTO €051 HEOOXOAUMO YIAIUTh M BCTPOUTH B cTymneHu 80-90% aTtoMoB. OTH aTOMBI
00pa3yroT BakaHCHHU BO BTOPOM cioe. VICKIIF0UeHHEe COCTaBIIAIOT TPYMIEl U3 12 aTOMOB IEPBOTO CIIOS, TO €CTh AYCHKU
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7x7. IloaTOMY 3TH STYeHKH MOXHO pacCMaTPUBATh KaK aTOMHO-TJIaKHUE.

C nomouipto nporpammsl Harvard Chart XL 2,0 BeiOupanu BepXHUI MOHO aTOMHBIH CJIOI IIOBEPXHOCTH rpaduTa.
Jnst mpecTaBieHus SKCIIEPUMEHTAIBHBIX JIaHHBIX MCIOIb30Ballach T'eKcaroHanbHas IUIocKasl ceTka. Brionpanuch nan-
HBIE 110 paJMalIbHOM JIEKTPOHHOH IIOTHOCTH B HANPABJICHUSX ¢ U b reKcaroHaJbHOW IUIOCKOM SYeHKu aiIst sueek 7x7.
B peanbHOM MOHO aTOMHOM CJI0€ KpUCTaJlIa rpaduTa HAOIIOJAI0TCS OTKIOHEHUS! aTOMOB OT PaBHOBECHOW 3JIEKTPOH-
HOW TIJIOTHOCTH, TIPEICTABICHHON OTHOCHTENFHO HEKOTOPOH CPEIHEB3BEIICHHON IIIOCKOCTH, TPUIEM TPH ONIKANIITIX
cocefia EHTPAIBHOTO aTOMOB YTJIEPO/a OTKIOHSIOTCS B IPOTHBOIOIOKHYIO CTOPOHY.

Bmkaiimee OkpyXeHHE aTOMOB yIiIepofia Ha IOBEPXHOCTH PEajbHOTO KpucTaiuia rpadura Ha X-Y-mxkane 0,
8x0,8 HM (puc. 3) KadecTBEHHO COBMAJACT C MPHBEICHHBIMY paHee JaHHBIMH 1 rpadena (puc.2). B nanaom ciryuae
s9eiiku 7X7 OTKJIOHEHHE NPONOPIUOHATIEHO pOCcTy Kod(dUIneHTa mofo0us MpHU Mepexone K IMOBEpXHOCTHBIM CTPYK-
TypaMm ¢ KpynHoMacIITaOHON MOIyJIsILKel, Kak U B ciyyae sdeku 1x1.

B siueiikax (7x7) B MOHOQTOMHOM ciioe rpaduTa, Kak U MoJ0KEeHO, HAaCUMTHIBAaeTCsl 12 aTOMOB yriieposia B BEpX-
HEM, OTHOCHUTEJIBHO CPEIMHHOM IJIOCKOCTH, ciioe (puc.4).
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Puc. 3. HanocTpyKTypa MOHOAaTOMHOTO cllos Tpaduta Puc. 4. HaHocTpyKTypa MOHOQTOMHOTO CJI0s TpaduTa Uis siueiku 7x7

s stueiikn 7x7 Ha X-Y mikane 0,8x0,8 um. Sueiika Ha X-Y mkane 0,8x0,8 aM. Bun cOoky B HampaBieHuu ocu Y
7x7 BbIAETIEHA MHOTOYTOJIbHUKOM. Bus cBepxy

[NomyueHHBIE pe3yIbTATHI TSI MOHOATOMHOTO CJIOS TpaduTa MOKA3hIBAIOT, YTO peanbHas CTPYKTYpa MMOBEPXHOCTH
rpa¢uTa CymieCTBEHHO OTJIMYAeTCs OT ONM3KOH K MaeaThbHON MOHOATOMHOM I'eKCaroHANBHOW ceTke rpadena. Habumo-
JTACTCS XOPOIIee TEOMETPHIECKOE COOTBETCTBUE B PACIIONIOKEHIH ONMKAHIIIAX cOCceel, Kak Ha IIOBEPXHOCTH Tpadura,
Tak U B ceTke rpadena. CiuenyeT OTMETHThb, YTO pasMep pedpa IIeCTUYroJibHHKAa B rpadeHOBON CeTKEe HECKOJBKO
oonbmme (0,246 A), yem Ha moBepxHocTH rpadura (0,24 A), 4To BO3MOXHO 0GYCIOBICHO MEXKCIOHHBIM B3aUMOICH-
CTBHMEM aTOMOB yriepoza B rpadure. 3aMeTUM, YTO TPH ONMIKANIINX cOCela HEHTPAILHOIO aToMa yriiepoia OTKIOHS-
I0TCS B IPOTUBOIOJIOKHYIO CTOPOHY, UYTO O0BSCHAET KOMOMHATOPHYIO OUePEIHOCTh MIPUCOEINHEHHs aTOMOB BOJIOPOia
K rpadeHy npu o0pa3oBaHuUU TpadeHa.

C OomnbIIOH NoNeil BEpOITHOCTH MOKHO CUUTATh, YTO NMPOCTEHINUMHU JieeKTaMH, HapyLIAIOMIUMH TPAHCIISHOH-
HYIO CHMMETPHIO MOHOATOMHOTO CJIOS TpaduTa, 10 aHAJIOTHH ¢ TpadeHOoM, SIBISIOTCS W30JIMPOBAaHHBIC STYCHKH B (Op-
Me 5- u 7-yronbHuKoB [2]. Ho oOpa3oBanue Takux aeeKTOB IJHEPreTHYECKH HEBBITOIHO, IIOCKOIBKY TPeOyeT TOBOJb-
HO CHJIBHOTO MCKa)XCHHS T'eKCATOHANBHOW CTPYKTYpHI. ['opa3mo Gosee BeposATHA WX KOMOWHAIWS, B PE3YyJIbTATE YEro
(dopmupyeTcs KpaeBas TUCIOKANHWsA, a TIPH TEPUOTUYECKOM TTOBTOPEHUH «IePEKTOB 5-7» 00pasyeTcs Mex3epeHHas
rpanuna. TakuM o0pazoM, MpearoiaraeTcsl CIeAyIomas MOCIeI0BAaTeIFHOCTh TOOJIOTHIECKOTO Oecropsaaka B rpa-
¢bene: 5-yroyibHUK (MOJIOKHUTENBHO 3apsKeHHAs IUCKIMHALNS );— 7-yTOJbHUK (OTPHLIATEIBHO 3apsDKeHHAs TUCKITMHA-
1Ust); - KpaeBasi TUCIIOKAIMs; - MEXK3epEeHHas TpaHula, o0pa3oBaHHas IEPHOJUUECKH PACTIONOKEHHBIMU JTUCIOKAIIHS-
MHU.

B MOHOATOMHBIX CIIOSIX TpaduTa aTOMBI yriiepoJia pacioyiaraloTcs B BEpUIMHAX NMPAaBUIBHBIX IIECTHYTOJILHUKOB.
®dopMupoBaHHe KapKacCHBIX YIJIEPOAHBIX HAHOCTPYKTYpP M3 ()parMEHTOB MOHOATOMHBIX CJIOEB OCHOBaHO Ha 100aBie-
HHUHM B 3TH CJIOM TOIIOJIOTMYECKUX JAE(EKTOB, T. €. IEPECTPOIMKH CII0s, TAK YTO KPOME I'€KCarOHOB B €r0 CTPYKTYpE MOSIB-
JISIFOTCS. YETHIPEeX-, MATH-, CEMH- WJIM BOCBbMHUYTOJIBHUKH. VIcKkpuBIIeHHEe rpadeHOBOH TIOCKOCTH, BEI3BAHHOE TOIOJIOTH-
YeCKUMH Je(eKTaMH, MOKET OBITh TOJOXHUTEIGHBIM FUTH OTPHIATENHFHBIM. VICKpUBICHHE CIOS YETHIPEXyTOIEHUKOM
WIA TICHTaroHoM (T. €. TOTIOJIOTWYECKUMHU NlepeKTaMi 4 U 5 COOTBETCTBEHHO) MPHUHSATO HA3BIBATh MOJOKHUTEITHHBIM.
Jedopmarus cios TOMOIOTHYECKUME Je(PEKTaMHU, YUCIO CTOPOH Y KOTOPHIX OOJBINE IIECTH, CUUTACTCS OTPUIATEIh-
Ho#. Tononornueckue AeeKTbl MOryT ObITh IPOCTHIMH HITH KOMOMHHUPOBAHHBIMH.
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CpaBHUM TONOJOrUI0 (HopMUPOBaHUS AE(PEKTOB B IIOBEPXHOCTHOM MOHOATOMHOM cllo€ Ipaduta U B cioe rpade-
Ha. BeiOepem camblit mpocToii crocod GopmupoBanus Ne(EKTHBIX CTPYKTYP: MOCIEA0BATEIFHOE YAaJICHUE OTIEIbHBIX
COCEJTHUX aTOMOB, C YYETOM TOTO, YTO OHH Y)K€ CMELIEHBl OTHOCHTEJIFHO CPEANHHON IIIOCKOCTH YTIIEPOJHOTO JICTa B
pasnble ctopossl. [1o Beelt BuauMocTH 310T 3(h(heKT OTCyTCTBYET B rpadene. Haunem sty npoueaypy ¢ yJajeHus ato-
Ma yriiepojia U3 BEPXHEro ciios u OyneM ucrnoib3oBath nporpammy Harvard Chart XL 2,0. McxogHBIME DaHHBIMH SIB-
JISFOTCS IaHHBIE puc. 2. Pe3ynpTarsl ycTpaHEHHs MEPBOTO OAHOTO aTOMa yIiiepo/a IIPpHUBEICHBI Ha pUC. 5a B CPABHEHUN
C IPaBWIBHBIM 5 — YTONEHUKOM B JeeKTHOM Tpadene (puc. 50). BumHo, 9To neiicTBuTensHO GOpMHUpPYETCs 5 — yTONb-
HHK, & C y4eTOM HIDKHETO aToMa M3 COCeIHEH sS4eiikM MOXKHO MONY4YHTh U 7-yroisHuK. OTinndue ot rpadeHa B TOM,
YTO MBI IIOJYYHJIM MHOTOYTOJIBHUKH HelpaBWiIbHOM (opmel. Kak 1 B citydae rpadeHa 3TOT npocTeimmii redekT Mox-
HO NPEACTAaBUTH B BUJIE AUCKIMHALUY C OOIIMM NOJIOKUTEIBHBIM 3apSI0OM.

Z, HM

X, HM Y, um
a) 0)
Puc.5. HanoctpykTypa MOHOATOMHOTO citost rpadura st stueiiku 7x7 Ha X-Y mmkane 0,8%0,8 Hm, 6e3 1-ro atoma,
HENPAaBUIIbHBIN 5-yTOJIbHUK
a) BUJ CBepXy, 0) rpader: 5-yroiapHUK (TIOJ0KUTENBHO 3apshKeHHas TUCKIHHALws) [2]

[epeiinem Kk crenyroieMy 3Tany GOpMHPOBaHHs AS(PESKTOB — yIaIuM [[Ba COCCIHUX aToMa YIiiepo/a, OAUH — U3 BepX-
HETO CII0s, BTOPOI U3 HIKHETO cios (puc. 6).

Z. oM

X, HM Y, am
a) 0)
Puc. 6. HanocTpyKkTypa MOHOATOMHOTO cJ1osi rpaduTa s stueiiku 7x7 Ha X-Y mikaie 0,8x0,8 M, O6e3 2-X aTOMOB.
a) BUJ CBepXy, 0) rpadeH: 5-yroiapHUK (OTPHUILATENBHO 3apshKEeHHAs TUCKIHHAINS) [2]
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BuHo, 4TO MONYYHIH 7 — YrOJNBHUK HEMPABUIBHOM (POPMBI, 10 CPABHEHUIO CO CilydaeM rpadeHa, rie GopMupy-
€TCsl 7 — YrOJIbHUK MPaBUIIbHOU (OopMBI (pHC. 60).

Tocne ypaneHus: 0O4epeJHOTO BEPXHETO aToMa, T.€. B CyMMe 3 — X aTOMOB YIJIepoJia MOXXHO HAaOII0IaTh KPAaeByIo
JIICIIOKAIIMIO B TUTIOCKOCTH MapalielIbHO OcH ) (puc. 7a), Kak U B ciay4ae rpadena (puc. 70).

Z, um

X, HM Y, M
a) 0)
Puc. 7. HaHOCTpyKTYypa MOHOAQTOMHOTO CJI0st Tpadura Juis ssaeiikn 7x7 Ha X-Y mkae 0,8x0,8 HM, 6€3 3 - X aTOMOB.
a) BUI CBepxy. 0) rpadeH - kpaeBast quciokans [2]
W nHakoner, nociie yaaneHus 4-X aTOMOB HaOJNIOAaeM YIMUPESHHYI0 MEK3EPCHHYO rpaHuIy (puc. 8a) mo cpaBHe-
HUIO CO cirydaeM rpadena (puc.80).

Z, am

X, HM Y, am
a) 0)
Puc.8. HanoctpykTypa MOHOATOMHOTO cios Tpaduta st siueiiku 7x7 Ha X-Y mkane 0,8%0,8 uM, 6e3 4x aToMOB
a) BHJ CBepXy, 0) rpadeH: Mex3epeHHas rpaHuLa, 00pa3oBaHHas IEPUOANIECKAMHE AUCIOKAUUsIMU [2]

Takum 00pa3om, B pe3ysIbTaTe MOACIUPOBAHUS CTPYKTYPEI MOHOATOMHBIX CJIOEB IrpaduTa, COISpIKaIUX TOIOJIO-
rH4ecKre Ae(eKThl, YCTAaHOBIECHO, YTO TOIOJIOTHYECKHE Ae(EKTHI CJI0S MOTYT OBITh TOUSYHBIMHU WJIHM JTHHEHHBIMHU. To-
yeyHsle Ie(eKTsl 1eGOopMUPYIOT TOIBKO JIOKAJIbHYIO 00JaCTh CJI0S U MOTYT OBITh 100aBJIEHHI B ke c(hOPMHUPOBABIIU-
ecst ciou. JIuHelHble Tonosornueckue aedekTsl MOTyT (POPMUPOBATHLCS TOJIBKO B Ipoliecce pocta cios. JJedekTs! kpu-
CTAJNIMYECKOH CTPYKTYpBhl MOHOQTOMHBIX CJI0€B IrpaMTa YaCTUYHO OTHOCATCS K IpyIie Je(eKToB, CBSI3aHHbBIX C HAJIH-
yreM 000pPBaHHBIX MEKAaTOMHBIX CBS3EH M XapaKTEpU3YIOUINXCS HAPYIIEHHBIM OTHOCHTEIBHBIM PACIIOJIOKEHUEM aTo-
MOB YK€ B II€pBOH KOOpAMHAMOHHOM cdepe [6]. JledekTrl 3Tol rpynmbl MOTyT OBITH TOUEUHBIE (BaKaHCHH, BCTPOCH-
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HbIE aTOMBI), JIMHEHHbIE (IUCIOKAIMN) WIIM TOBEPXHOCTHBIE (MEKKPUCTANIMYECKNE TPAHMIIBI, IOBEPXHOCTh KPUCTAII-
noB). HanbGosee BeposiTHO (opMupoBanue Je(eKTOB CBSI3aHHBIX C HApyIIEHUEM TOJIBKO JTAIIBHETO MOPsIKa PacIioio-
JKECHUSI aTOMOB B CTPYKTYpax, T.¢ Je(EeKTOB YHaKOBKH CIIOEB M TOINOJOTHYECKHX Ne(EKTOB CIOEBBIX CTPYKTYp. Toro-
JIOTHYECcKUe IePEKThI CII0EB MOTYT 3HAYNTEIBHO U3MEHAThH CBOICTBA M SIBIIAIOTCS IPUYNHON (OPMUPOBAHUS CTPYKTYD,
OTJIMYAIOIINXCS OT UCXOTHBIX 0e31e(eKTHBIX CTPYKTYp. B monmapisromiemM O0JIbIIMHCTBE CITydaeB peallbHbIe rpadeHo-
BBIC JIUCTHI COJEPIKAT TOMOJIOTHYECKHE Ne(eKTHl KPUCTAUIMYESCKOH PEIleTKH, KOTOphle CYIECTBEHHBIM 00pa3oM BIIH-
SIFOT Ha MPOYHOCTH U IPyTHE MEXaHHUYECKHE XapaKTepUCTUKU Tpadena [7].

BbIBO/IbI
Ha ocHoBe 3kcnieprMeHTaNbHBIX JAaHHBIX B IIPEIIIOJIIOKEHNE O KOJUIEKTHBHOM MpHpoie (OPMUPOBAHUS aTOMAPHO
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RF ELECTROMAGNETIC FIELD ABSORPTION INSIDE HELICON ION SOURCE IN
NONAXIAL MAGNETIC FIELD
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The paper studies integral characteristics and one-dimensional distribution of RF power absorption in a helicon plasma with external
magnetic field directed at an angle to a plasma plane. Two kinds of working gas heli and hydrogen are considered. A simplified
model of a helicon plasma plane layer is used here. Calculation results are used to explain power absorption in a compact helicon ion
source with nonuniform external magnet field. An ion source is a part of a nuclear scanning microprobe (NSMP) injector at the
Institute of Applied Physics NAS of Ukraine. Calculations for ion source parameters of the NSMP injector show a resonant
behaviour of integral RF power absorption as a function of a magnet field inclination angle. A model (planar) geometry is verified
here for solution of this problem.

KEY WORDS: ion source, helicon plasma, Trivelpiece — Gould wave, helicon wave, injector, nuclear scanning microprobe

MNOT'JIOEHUE BY QJIEKTPOMAT'HUTHOI'O 110JIAA B TEJIMKOHHOM UCTOYHUKE HOHOB B
HEAKCUAJIBHOM MAT'HUTHOM I1OJIE
0.B. AnekceHko, IB.I/I. anomﬂn!{emcoL B.U. Bo3ublii

Hucmumym npuxnaonoii pusuxu HAH Yxpaurwvl

ya. [lemponagnoeckas 58, 40000 Cymvei, YVkpauna
Hccnenyercs nHTErpaibHOE U OJHOMEPHOE PACIIpeieieHHe TOTIIONIEH ST MOITHOCTH B TeJIMKOHHOM IITa3Me ¢ BHEIIHIM MarHUTHBIM
IoJieM, KOTOpOE€ HAaIpaBJIEHO I0J YIJIOM K IIOBEPXHOCTH IIIa3Mbl. PaccMOTpeHBI JBa copTa pabouero rasa reiuii ¥ BOJIOPOX.
Vcnonp3yercst yHnpolieHHass MOJIeNb IIOCKOTO CJIOsl TeIMKOHHOW IUIa3Mbl. Pe3ynbTaTel pacyeToB NPHUMEHSIOTCS ISl OOBSICHEHUS
IOrJIOIEHNA MOIIHOCTH B KOMIIAKTHOM TI'€JIMKOHHOM UCTOYHHUKE MOHOB C HCOJHOPOAHBIM BHCIIHUM MAardHUTHBIM I1IOJIEM. HcTtounuk
HOHOB BXOIUT B COCTaB HHXKEKTOpA SAEPHOro CKaHHpyromero Mmukposonzaa (ICM3) Mucrutyra npuxinaaxoit ¢usuku HAH
VYxpaunsl. PacueTsl 1 mapameTpoB MCTOYHHMKA MOHOB MHKeKTOpa SICM3 mokas3pIBarOT pPe30HAHCHBIM XapaKTep WHTETPAIBHOTO
nornomennss BY — MommocTH, B 3aBHCHMOCTH OT yIVIa HAKJIOHA MAarHUTHOTO IO BrImonHeHa mpoBepka afeKBaTHOCTH
MIPUMEHEHUS MOZENIBHOM (TTOCKOH) TEOMETPHH IS PEIICHHUS 3aJadH.
KJIIOYEBBIE CJIOBA: ucroyHuk MOHOB, T'€JIMKOHHAs IUIa3Ma, BosiHa TpaiiBennuca — ['ynna, renukoHHas BOJHA, WHIKEKTOD,
SIIEPHBIH CKAaHUPYIOIIUH MUKPO30H]

MNOTJIMHAHHS BY EJIEKTPOMATHITHOI'O 1OJIA B 'EJJIKOHHOMY J’KEPEJII IOHIB B HEAKCHAJIBHOMY
MATHITHOMY IIOJII
0.B. AnekceHko, |B.I. Ml/lpO].l.[Hi‘leHKOL B.1. Bo3umii
ITncmumym npuxnaonoi ¢izsuxu HAH Yxpainu
eyn. [lemponasniscoxa 58, 40000 Cymu, Yrpaina

JlocTipKy€eThCs IHTErpabHUM Ta OJXHOMIPHUH PO3MOALT MOTIMHAHHS MOTYKHOCTI B T€IMKOHHIN IIa3Mi C 30BHIIIHUM MAarHiTHAM
ToJieM, SIKe Ma€ HaIpsIMOK ITiI KyTOM JI0 TOBEPXHi IIa3Mu. Po3risHyTO 1Ba copTH pobodoro rasy reiniif Ta BoxeHb. Bukopucrano
CIIPOILEHY MOJENb IUIOCKOTO IIapy TeNIiKOHHIN Ia3MH. Pe3ynbTaTH po3paxyHKIiB 3aCTOCOBYIOTBCS JUISl TOSICHEHHS HOTJIMHAHHS
HOTY>KHOCTI B KOMITAKTHOMY T'€JTiKOHHOMY JKEpelni iOHIB 3 HEOJHOPiTHUM 30BHILIHIM MarHiTHUM mosieM. J[)kepeo ioHiB BXOJUTDH B
COCTaB iHXKEKTOpa sAepHOro ckanywodoro mikposouay (ICM3) Incrutyra mpuknaaHoi ¢isuku HAH VYkpainu. PospaxyHku st
rmapameTpiB JuKepena 10HiB imxkekTopa SICM3 1eMOHCTpYIOTh PEe30HAHCHHUH XapaKTep iHTerpatbHOro norauHands BY — notyxHOCTI
B 3QJICKHOCTI BiJl KyTa HaxXmiy MarHiTHOro mojs. BHKOHaHO TepeBipKy NpaBOMIPHOCTI 3aCTOCYBaHHS MOJENBHOI (TIOCKOT)
reoMeTpii JJIsl BUPIMICHHS 3a/1a4i.

KJIIOUYOBI CJIOBA: mxeperno ioHIB, TeliKOHHa IUTa3Ma, XBwisi TpaiiBemmica — ['yima, remikoHHa XBWIIS, IHXKEKTOp, SIEpHHUI
CKaHYIOUYHH MIKpPO30H]

Cpenu pa3sTUYHBIX HWHIYKTHBHO—CBSA3aHHBIX KCTOYHHKOB IUTa3Mbl HHU3KOTO JABICHHUS HauOoJliee IIHPOKOE
MPUMEHEHUE TOJIYYHIN BHICOKOYACTOTHBIC IUIA3MEHHBIC HMCTOYHHKH, KOTOPHIC HAMIYYIIAM O0pa3oM OTBEYAIOT
TpeOOBaHUSAM KOHOMHUYHOCTH, HMCIOT TOCTATOYHBIN BPEMEHHOW pecypc paboTel. OHU MOTYT pabOTaTh B Pa3IMIHBIX
peXuMax, cpeir KOTOPBIX HanOombIei 3(h(heKTHBHOCTHIO TeHEePAIIH TUTa3MbI 001afaeT TETMKOHHBIA pexkuM [ 1-4].

B renWKoOHHBIX HMCTOYHMKAX HOHOB BBOAWMAsT MOITHOCTh MOXET COCPEIOTaYMBATHCA Ha Mepudepun Mmox
AQHTEHHOW, MOXET IMOTJIOMATECSI PAaBHOMEPHO IO 00BeMy JHOO COCpPEeNOTaYMBATHCS B MapaKCHAIBFHOW 00IacTH
paspsimHOl Kamepwl. [locmemHuit ciayw4alh Hambonee MPENNOYTHTENCH Ui HOHHOTO WCTOYHHUKA SAEPHOTO
ckaHupytomero Mukposonaa (SICM3). DTo oObsICHSIETCS TeM, YTO MPELU3HOHHBIH My4OK HMOHOB (hOpMHpYyeTCs: U3
MapaKkCHaIbHOM 00J1aCTH IUIA3MBI, T/I€ €€ IIOTHOCTh JO/DKHA ObITh MaKCUMaIbHON. Borpoc 00 yBennYeHnH TIOTHOCTH
IJ1a3Mbl B HOHHOM HCTOYHHUKC ABJISICTCA BAXXKHBIM, IMOCKOJIBKY 3TO OJWH U3 CHOCO6OB MOJYUYCHUSA BBICOKOAPKOCTHBIX
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WOHHBIX MYyYKOB [5].

B pab6orax [6,7] Ayt 0AHOPOTHOTO BHENTHETO MarHUTHOTO TOJISL M YacTOTHI reHeparopa 27,12 MI', ¢ pabounmu
ra3aMu reJIiii 1 BOZOPOJI, Ui KOMIAKTHBIX Pa3psiIHBIX KaMep, ¢ y4ETOM JIaBJICHHs HEHTPaIbHOTO Ta3a M TeMIepaTyphl
JJIEKTPOHOB, OBUIO TIOKA3aHO, YTO pPE30HAHCHl TOTJIOMICHUS MOIMHOCTH HE pPAaBHO3HAYHBI C TOYKH 3pPEHHS
pacripeiesieHds] MOIIHOCTH N0 00beMy pa3psiiHOM KaMephl. PekoMeHIOBaHBI IHAana3oHbl MAarHUTHBIX IIOJIEH, MpH
KOTOPBIX HOTJIOMIEHHE BBOANMON MOIIHOCTH SIBJISIETCS MTapakcHaibHbIM. [IpoBeeHHbIC YHCIIEHHbBIE OLCHKH TOKa3aJll
YIOBIIETBOPHUTEIBEHOE COOTBETCTBHE C IKCIIEPUMEHTAIBHBIMHU TAHHBIMHU

B pabore [8] BuepBBIe OBLIO IKCIIEPHIMEHTAIFHO OOHAPYKEHO YBEIWUYCHHE IUIOTHOCTH IUIa3MBI B TEIMKOHHOM
HCTOYHHKE C HEOJHOPOAHBIM BHEIIHWM MarHUTHbIM moneM. IlosgHee, mis oOBSICHEHHS yBEIWYEHHUS IIOTHOCTH
IUIa3Mbl B HEOJHOPOAHOM MAarHUTHOM IIOJI€ MpEAJaralich pa3Hble THMIOTE3bl: yMEHbIICHHE ()a30BOH CKOPOCTH
TeJIMKOHHOM BOJHBI, (hopMHUpOBaHue Oapbepa HEHTPaJIbHOTO ra3a, OTPaKEHHE TEIMKOHOB OT TIOBEPXHOCTH 332 aHTEHHOM
[9-12].

B pabotax [13, 14] ObIM NpOBEICHBI SKCIIEPUMEHTHI, KOTOPHIC OMPOBEPIVIM BHIINIE yKa3aHHBIE THUIIOTE3BI.
DKCIIEPUMEHTAIBFHO OBUIO BBISIBICHO, YTO B HEOJHOPOAHOM MAarHHTHOM ITOJie, Ha mepud)epru IIa3MEHHOTO pa3psaa,
o0pa3zyercst CJIOW TOPSYUX 3JIEKTPOHOB. JTOT CJIOH AIIEKTPOHOB PACIIUPSETCs] BrIIyOb IIa3Mbl BIOJb CHUIIOBBIX JIMHUH
MarHMTHOTO TOJIS1. DKCHEPUMEHTHI ITOKa3all OTCYTCTBHE CTOSYMX DJIEKTPOMAarHMTHBIX MOJ B Iuia3Me. BHyTpu cios
TOPSYMX JJIEKTPOHOB ObUIA ONpeesieHa MeJIKOMaclITabHas BOJIHOBas cTpyKTypa. st 0ObsICHEeHNS! SKCIIEPIMEHTOB C
HWIMHIPUYECKUMU pa3psJHbIMH KaMmepaMHu paguyca 7 cMm u Oonee, JumHON Oonee 20 cM Obula HCIHONB30BaHA
TeopeTHyecKass MOZENb: MMOTyOeCKOHEUHasl IIa3Ma B IUIOCKOW I€OMETPUH B OJHOPOJHOM MAarHWTHOM II0JIe, KOTOpOe
HaNpaBlIeHO K TOBEPXHOCTH IUTa3Mbl moj yrioM 6. B maHHOM ciyyae pedp Iula O BBEACHHM B IUIA3MY MOIIHOCTH
TOPSIZIKA HECKONBKUX KBT. [l aleKBaTHOCTH YHCIICHHBIX OLIEHOK C IIOMOIIBIO MOJIENH MOJTyOECKOHEYHOH IUIa3MBbl
OBUIO TPEIUIOKEHO MPOBEPSTH TTyOnHYy NpoHUKHOBEHUS 80 % MOTOKa MOIIHOCTH B IutasMy. Ecim sta rimyOuna Obuta
MEHBIIE PaAnyca MIa3Mbl, TOTAA YUCICHHBIE OIIEHKN CUHTAINCH KOPPEKTHBIMH.

INOCTAHOBKA 3AJAYA, MOJEJIb

CH0XXHOCTh pEILIEHUs 3a/aud, O MOTJIOMEHUH MOIIHOCTH B IMJIMHIPHYECKOHN pa3psaHOW Kamepe C BHEIIHUM
HEOTHOPOIHBIM MAarHUTHBIM TIOJIEM OT COOPKH C KOJBIIEBBIMH MOCTOSHHBIMH MarHHTaMH, CBSi3aHa, MPEXKIE BCETO, C
HEOOXOJMMOCTBIO Y/IOBJIETBOPEHUSI TPAHWYHBIM YCJIOBHSM Ha TOpLAX pa3psaHONM Kamepbl sl KOMIOHEHT
9JIEKTPOMArHUTHOrO Toysl B Iuia3Me. Eciam B kauecTBe (DPM3UUECKON MOJENIM paccMaTpuBaThb B LWJIMHIPUYECKOU
CUCTEME KOOPJMHAT HEOrPaHUUYECHHBIM BJOJb OCH Z IUIa3MEHHBIA IIMJIMHIAP B HAKJIOHHOM BHEIIHEM MAarHWTHOM IIOJe,
TO B TaKOH MOCTaHOBKE 3a/la4M HE MPEACTaBIIETCS BO3MOXKHBIM MOJyUYeHHE aHATUTUUECKOTO PELICHUs U1 KOMIIOHEHT
9IEKTPOMArHUTHOTI'O 1OJIA B IIa3Me.

B nanHoit paboTe paccMaTpuBaeTCs CleAyIomast MOJIeib: TUIA3MEHHBIN CJI0i OrpaHHYeH 10 BEPTUKAIBHON OCH X 1
6e3rpaHndeH 1o ocsiM ¥ 1 z. OTHOPOTHOE MarHUTHOE T0JI€ HAIIPaBJIEHO MO YIIIOM € K IMOBEPXHOCTH IUIa3Msbl (puc. 1).
Hannas Quzndeckast MOAENb NMPUMEHSETCS Ul PACCMOTPEHHMS MOTJIOMIEHUS] MOIHOCTH B KOMITAKTHBIX T'€JTMKOHHBIX
HCTOYHHMKAaX WOHOB (IJIMHA pa3psaHON Kamepsl 10 12 cM M paamyc 0 2 CM) C HEOAHOPOAHBIM paclpeaeieHHeM
BHEIITHETO MAarHUTHOTO IOJISI OT COOPOK C KOJBIIEBBIMH MOCTOSIHHBIMH MarHuTamu (puc. 2). Llens maHHOH craThy —
clieNnaTh OIEHKM BEIWYMH BHEIIHETO MAarHUTHOTO MOJA, YTJIOB HAKJIOHA BHEIIHETO MAarHUTHOTO TOJIS, TIPH KOTOPBIX
peanmu3yercs mapakCHaIbHOE MOTIIOMIEHIE MOIIHOCTH BHYTPH IUIa3MBI Ta30BOTO paspsiza.

e

ol ¢ TL %0
chvw—/ 2

Puc.1. IInockuii nnasMeHHsIi c10¥ B HAKIIOHHOM MarHUTHOM IOJIE.
Tpu npsAMOIUMHEMHBIX NMPOBOAHMKA C TOKOM Ha BEPXHEH M HIXKHEH
TpaHHILAX CJIOS MOJACTHPYIOT TPEXBUTKOBYIO aHTEHHY (m=0).

UYncrieHHBIE OLEHKH MPOBOAWINCH U THUIHYHBIX SKCIIEPUMEHTAJIBHBIX YCJIOBHI: pabodme Ta3pl Telnuil |
BOJIOPOJI; JAMANA30H YACTOT (Wi < @ < Wee < (pe); BO3OYKIEHHE CUMMETPHUHBIX SJIEKTPOMATHUTHBIX MOJ; 4acToTa
Bo30yxnmeHus @ = 2nf, rae f= 27,12 MI'i, TemnepaTypa 35eKTpoHOB 5 5B, TemnepaTypa nonos 0,1 3B.

KoppeKkTHOCTh YMCIIEHHBIX OIEHOK IIPOBEPsIIach TaK ke, Kak U B paborax [13, 14] Ha ocHOBe ompeneneHus
riyOuHBI IpoHUKHOBEHUS 80 % 1MOTOKA MOIIHOCTH B IIa3My.

B kadecTBe aHTEHHBI PacCMOTpPEHA CHCTEMa IPSIMOJIMHEHHBIX IPOBOJHHKOB C TOKOM, KOTOpas BO30yKJacT B
IUIa3ME CHMMETPHYHbIE 3JIEKTPOMArHUTHbBIE BOJIHEI (puc. 1). Takas TOKOBas cHUCTeMa SBISCTCS aHAJIOIOM BUTKOBOH
AHTEHHBI B IMJIMHIPUYECKON reomerpuu. KomnuecTBO TOKOHECYIIMX MPOBOJHUKOB, Ha BEPXHEH M HIDKHEH IpaHHIe
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CJIOSI paBHO TpPEM, YTO COOTBETCTBYET TPEXBUTKOBOI aHTEHHE AJIA IMIMHIApUYEecKoil reomerpuu (puc. 2). Ilnockuit
CJIOH TUTa3Mbl UMEET BIOJIb OCH X TONIIUHY 2L, = 2,6 cM.
IIpennonaraercs, 4To BHYTPH IIOCKOTO CJIOS YK€ CO3/laHa Ija3Ma ¢ OJHOPOAHBIM paclpeieIeHUeM IeKTPOHHON
U HMOHHOM IJIOTHOCTH 719, = Ng; = Hy. IIIOTHOCTH HEHTpaJbHBIX aTOMOB paccMaTpUBAaEMOIO Ta3za 3aJaeTcsl €ero
naBieHneM. MBI pacCMaTpHBaeM CIydail, KOIJIa 4acToTa @ GOIbIIe HIKHEH MHOPHIHOM 4acTOTH Mpy ~ (0eX®g) > B
miasme. B 3Tom ciydae, MOHBI IJ1a3Mbl MOYKHO CUUTATh HETOABMKHBIMU.
Bynem wuckare pemeHue B BHAE BOJH, Oerymmx B
BY anrenHa, = MOJIOKUTEBHOM HAIPaBICHUH OCH z. PellleHne 3a1aun HIeM
=0 ! | TompKO gus  Habopa k.= (n/12; w/10; m/7) em. Dro
= ] [ IIyok COOTBETCTBYET MPOONBHBIM BOJHOBBIM YHCIIaM, KOTOPBIE
,:.H"r (( S BO30Y)KAAIOTCA B IIMJIMHIPHUYECKON paspsaHOW Kamepe ¢
raz ‘. . | COOTBETCTBYROIMMH tnHamu L, = (12; 10; 7) cm.
AL Jist cOOpoK W3 KOJBLEBBIX ITOCTOSHHBIX MAarHUTOB
' Ba)KHO 3HATh — KaKO€ MOTJIOMIEHHE MOIIHOCTH OHU CO3JAf0T
JIOKQIbHO — B MPOMEXYTKE MEKAY MarHUTaMH M CHCTEMOH
Prree T SKCTpaKLUMU IIydKa HOHOB. B [aHHONM IIOCTaHOBKE 3ajauu
0 10 em pacrupesieneHne aMIUIMTyJl KOMIIOHEHT IIoJiell Mo ocHu z
Puc.2. Cxema reJIMKOHHOTO HCTOYHHMKA MOHOB. HEU3BECTHO. IToaToMmy, UHTETpaJIbHOE NIOTJIOLEHUE
MOIIIHOCTH  OLIEHMBAEeM 4epe3 JJIEMEHT CJos IIHNPUHON
[=0,1 cM BOOTBL OCH Z M cTOpOHamMH 2L,, 2L, BlONb Ocel x M y COOTBETCTBEHHO, rae L, =1,3 cMm, L, = L,. Bennunna
§=2L,x2Ly npumepHO paBHA IJIOLIAJU TONEPEYHOI0 CEUEHUs LMIMHAPUYECKON paspsiHOW KaMephsl C paguycoM
1,5 cm. Ilo MomrHOCTH, KOTOpasi MOTJIOTUTCS, B PAacCMaTPHBAEMOM 3JIEMEHTE 00beMa MOXHO NMPUMEPHO OLIEHHUTH
MOII[HOCTb, KOTOpasl MOIJOTUTCS 3a CUET MEXAHM3Ma MapHBIX COYJapeHUil B NMPOMEXKYTKE MEXIY MarHuTaMHu U
CHCTEMOH SKCTPAaKINH ITydKa.

TEH30P JADJEKTPUYECKOM MMPOHUIIAEMOCTH, BBIPAJKEHUSA JIJI1 KOMITIOHEHT TTOJISA
B IIVTIA3BME U BO3AYXE, TOK AHTEHHBI 1 TPAHUYHBIE YCJIOBUS
JUI1 HeaKCHallbHOrO MarHUTHOTO MOJIS TEH30P AUDIIEKTPUYECKON NMPOHHLIAEMOCTH XOJIOJHOH MarHUTOAKTUBHOM
naa3Mel umeeT Buf [14]:
g +é&)sin’ @  igcosd & sinOcosd
. . @)
& (w)=| —igcos@ & igsin @
gsinfcosd —igsing & - sin’ 6
rze 6— yroj HaKJIOHA MAarHUTHOTO TIOJIS K OCH Z.
KomItoHeHTHI TeH30pa quaneKTpuieckoi nponunaemoctH (1) nmeror Bux [3]:

2 ( 2 2 2 2
@’ a)pe<a) +a)ce)vg/f T @, (0-w,) (0+a,)
g =1 24 —+i, | —Z—| exp| ———5 |+exp| ————
L 2 2 5 2 \2 S wk 21202 2202
@ _a)ce (0((0 —Cl)ce) @ zUTe zUTe zUTe
2 2 2 2 2
@, 20,0V, (1 o, (0-w,) (0+a,)
g= +i +i,[————| eXp| ————— |—eXp| —————
S 2_ 2V 8 wk.v 2k*02 2k*02
w\w _a)ce (a) _a)ce) z " Te z 7 Te zYTe
2 2 2 2
[ .V T O QO 0
_ pe | - "pe’eff | - pe r_
‘S‘H_l__z_H 3 +l\’_ 33 SXP| — 27 b= ¢
1] 1] 2 kv, 2k vy,

IJIE Mpe — YACTOTA JIEHTMIOPOBCKUX KOJIEOaHMH, ¢, — LUKIOTPOHHAS 3JIEKTPOHHAS 4YacToTa, (i — IUMKIOTPOHHAS
4acToTa 1Jid HOHOB, Ur, — TEIJIOBAs CKOPOCTH DJIEKTPOHOB ILIA3MBI, Ver— 3((QEKTHBHAA HACTOTA COYIapeHUM, OHa
COCTOUT M3 COYNapeHH IIEKTPOHOB C HEUTPaIaMH M IEKTPOHOB ¢ MOHAMH IUIa3MEI.

Jlns pereHns 3agaun JIEKTPOMAarHUTHEIE MOJIA B IJIa3Me U BaKyyMHBIX 00JacTAX WIIEM B BUJE:

E=(8.E (x)+&,E, (x)+&E.(x))exp[i(k.z—ot)], @

H =(&,H (x)+&,H (x)+&H_ (x))exp[i(kz - ot)].
Bripaxxenus (2) cooTBeTcTBYIOT Oerymieii BomHe. JIMHelHas TUIOTHOCTh TOKAa aHTEHHBI IS OHOTO TPOBOJIHUKA C
TOKOM MMEET BUJI:

Ju = ey (x)exp[i(kzz - at)] . 3)
AMHHI/ITyI[a IIJIOTHOCTHU TOKAa aHTCHHBI UMECT BU/ .
jy(x):(IA/Lz)‘é(x*xA) “)

rae: I, —aMIUmMTyJa TOKa, NPUHUMAaeM €€ pPaBHOM 2 A4, 4YTO XapakTEepHO MJis SKCIEPUMEHTAJIBHBIX YCIIOBHIA;
X4 — KOOpAMHATa PACIHOJIOKEHHS NMPOBOAHMKA C TOKOM IO OCH X, NPHHUMAaeM ee paBHOH L,.; J(x - x4) — nmenbra
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¢bynkums npaka.

Tak kak paccMaTpUBAIOTCS BOJIHBI C YacTOTaMH ® > My, TO B TEH30pE IUAJIEKTPUYECKON NPOHUIIAEMOCTH
YUYHMTBIBAEM TOJIBKO 3JIEKTPOHHYIO KOMIIOHEHTY IIa3Mbl. B KOMIIOHEHTax TeH30pa &), &, g YAEP)KUBAEM CIIaracMble,
KOTOpBIE OIUCHIBAIOT OECCTONKHOBHUTENILHOE 3aTyXaHue BosiH. [loctymaem Ttak, mockonbky st f = 13,56 MI'L,
BJIMSTHUE 3TUX CJIaraeMbIX CyNIecTBeHHO [2]. [lyst paccMaTpuBaeMbIX HaMHU k, U TapaMeTpoB Iia3Mbl ipu = 27,12 MI'y
3aryxanue Jlanmay He HaOmromaercst [6, 7]. AHTHIPMHTOBas YacTh TEH30pa IAMAICKTPHUCCKOW MPOHUIIAEMOCTH,
KOTOpasi ONpeneNnseT MPOLECChl MOIJIOMIEHUS! MOIIHOCTH JIEKTPOHHON IMOACUCTEMOM 3a cueT MeXaHu3Ma MapHBIX
COyJapeHui, CoJepXUT d(PPEKTUBHYIO YacCTOTy COYJApEHHH 3JICKTPOHOB, KaK C HEHTpPaJbHBIMH aTOMaMH, TaK U C
00pa3zoBaBOIMMUCS HOHAMH paccMaTpHBaeMOro rasa:

Veff =Ven tVei (5)

Jnst renueBod mia3Mbl NpU TeMIEpaType 3JEKTpOHOB 53B u nmaBneHum HeWTpanmebHoro rasa 1 mTopp
Ven =2,7MI', mast BOAOpOXHOW TIUIa3MBI C TaKUMH JK€ TapaMmeTpamu V., =4,7 MI'm. KynoHoBckue coymapeHus
JIEKTPOHOB C MOHAMH V,; YIUTHIBAIKCH C IIPOBEJCHUEM YCPEIHEHHS MO MAKCBEIUIOBCKOM (DYHKIIMH PacCIpeeCHHs
3JIEKTPOHOB IO CKOPOCTSIM.

HanpspkeHHOCTH 3MIEKTPHYECKOTO M MAarHUTHOTO 1O (2) yHOBIETBOPSIIOT B IDIa3ME CHUCTEME ypaBHEHHMH
MaxcBemia ¢ TeH30poM AmdIeKTprdeckor mporumaemocti (1). Iloacrasmss (2) B ypaBHeHHs MakcBelnia, OTydaeM
cucteMy aubQepeHINaIbHbIX YPAaBHEHUH C TOCTOSIHHBIMH Kod(duimentamMmu st Oypbe — aMIIMTyJ, KOMIOHEHT
noneit:

dE.(x) _ idH,(x)+ 4E, (x)—idE, (x)
dE,(x) .
— == iA,H_(x) ®
dH;_(x) = A,H (x)+idE, (x)- 4E, (x)
X
Cm‘»;_’(x):—iA3Hy (%)= AE, (x)+i4,E, (x)
X

Cucreme ypaBHeHHH (6) yIOBIETBOPSIOT KOMIOHEHTHI 3JIEKTPOMAarHUTHOTO TIOJSI B BHE:

4 4 4 4
E.(x)= %ij -exp(x,x)-C, +%ZK5 -exp(x,x)-C, + iﬁ >k, -exp(x,x)-C, +%Zexp(lcax) -C,,

1 a=l 1 a=1 1 a=1 1 a=1

4 E, E,
ZK -exp(x,x)-C, +A_ ZK -exp(x,x)-C, +—= A ZK -exp(x,x)-C, +A—Zexp(/c x)-C,,
a=l

2 a=l 2 =1 2 a=l

E,(x)=

>>|h1

H_(x)= Zexp(l{ x)-C,,

mr

4 H 4 H . 4 H 4
H,(x)=—2-Y k) -exp(x,x)-C, +—2-> "« -exp(i,x)- C, + ==Yk, -exp(,x)- C, +— > exp(x,x) - C,,

! A a=l1 3 a=1 A} a=1 A} a=l1

k.
HV(X):_(O;I E, (x)’
0

E(x)=—t b (x)-i8k (x)- %k (x)

! we, a 7 a 7

o, =¢, +&)sin’ 0,

a, = ¢g;sinfcosb. @)
rie k, — KOpEHb YypaBHCHHS HYETBEPTOH CTENMEHH C HOMEPOM a, STO ypaBHEHHWE OyaeT oOCYXIOaTbcs HIKE;
C, — HEW3BECTHBIE KOHCTAHTHI, KOTOPBIE OMPEICIISTIOTCS ITOCIIE YAOBICTBOPSHHS TPAHINYHBIM YCIOBHUSM.

Koadpounmentol A~A; E.\~E.4, Ey—E,y4, H,1—H,4, BelpaxatoTcs yepes 4,—A4;, IMEIOT TPOMO3JIKHI BHJI, OITOMY
3I1eCh MPUBOJATCS TOIBKO BEIpAKESHUS st A ;—A7:

2 2 2 2
k_cos@ k.o k cos @
4, = ouy| —5—-1 ’Azzg = Ay ==, A4, = opy, A = 08, gi__zz_g— )
a a a, k a @)
4 a,cosf . ol 4= af 20
= gws, . +sinf |, 4, = ws, 7+(8H—£l)sm —¢

1 1
Jna obnacreil BHE MIa3MEHHOTO CJI0A ypaBHEHHUS MakcBelia ¢ y9eTOM pa3sIosKeHHs moel (2) 1aioT cleayromue
BBIPpAXKCHUA 11 KOMIIOHCHT DJICKTPOMArHuTHOT'O I10JIA:
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ITpu (x > 0)
E. (x)= y3B,exp(-Jk, [x),

E, (x) =—iy,B, exp(—|kl |x), ©
H.,(x)= 71 Biexp(—Jk |x),
H, (x) = z')/4Bzexp(—|kl |x).
Ipu (x < 0)
E,(x)= ¥3Dyexp(fk  [x),
Ey(x):i7/2DleXP(|kl|x), (10)

H, (x) =nb exp(|kL|x),
H, (x) = —1'7/4Dzexp(|kL |x).
2 _ 72 2.2 _ 2
kl_k _kz,k =w goﬂo,
rae B, By, D;, D, — HEeW3BECTHBIE KOHCTAHTHI, KOTOPBIC OMPEICITIOTCS TIPH YAOBICTBOPECHUH TPaHUYHBIM yCIOBHUSM;
k, — moriepeyHoe BOJTHOBOE YHCIIO B BAKyyMe,
_ @0
. |

I/IHTeraanoe IIOI'JIOIIICHHUEC BY - MOIIHOCTH BBIYHCIISICTCS 110 (l)opMyne
Py () =22 [ [ Plear (i
4

WHTterpupoBaHue MPOBOIUM MO JIIEMEHTY 00beMa, 0 KOTOPOM FOBOPHJIOCH paHee. BripakeHue 1moJ; HHTerpaioM B
(11) ompenenseT mMpoCTpaHCTBEHHOE pacHpeeenne moriomaemoi BY — montHocTH. JIJ1s HeakcHaabHOTO MarHUTHOTO
noJisi ¢ yueToM TeH3opa (1), momydaem:

P(x)= %[lm(gL +&hs? ) B (x) +Ime, |E, (x)|2 + Im(g” —els? ) E.(x) + Img(imE, (x)Re £, (x)-

n=Ly, =%,7g =Ly,
1

~ImE, (x)ReE, (x))-¢, + Img(ImE, (x)Re E, (x)-ImE, (x)Re £, (x))-5, + 2(Re E, (x)Re £, (x) + (12)
+ImEx(x)ImEZ(x))~sl -cl]
rae s; =siné,c; =cosf .
I'panmuHbIe ycnoBUsA 3amucHBalOTCS A1 Oypbe — aMIUTUTYI KOMIIOHEHT Tojiei u dypre — aMIUIUTY/ IUIOTHOCTH
TOKA aHTCHHBI.
TanreHnMaIbHBIE KOMIIOHEHTHI AJIEKTPUYECKOTO MOJS HEMPEpPHIBHBI HA TPaHUIIE pa3feia «Iula3Ma — BaKyyM»
x =4,
pl _ pvac pl _ pvac
EF =EE; =E .
TaHreHnWanpHBIC KOMIIOHCHTBI MArHUTHOTO TIONS Ha TpaHUIE pa3/ielna «Iia3Ma — BaKyym» Xx = 71,
YAOBJIETBOPSIOT YCIOBUIO:
pl _ gyvac _
H z H z =J y
IMocne «CIIMBKM» TPAHWYHBIX YCIOBUH TONyY4aeM CHCTEMY aIreOpanmdecKuX YpPaBHEHUH OTHOCUTEIHHO
HEU3BECTHBIX KoHCTaHT C, B 1wasme u B;, B, D; D, obnacteii BHe IUIa3MEHHOro cios. Pemras cucremy

ypaBHeHHﬁ, OMpeAcIAeM HCHU3BCCTHBIC KOHCTAHTBI W IIOJTYYa€M BbBIPpAXKCHHUA JId (Dypbe — aMIUIMTYJ] KOMIIOHCHT
QJICKTPOMArHMTHOIO I1OJI B IJIA3MCHHOM CJI0C.

JUCIIEPCHS BOJIH
CoOcTBeHHBIE YHCIIA, KOTOpPBIE YIOBICTBOPSIOT CHUCTEME ypaBHEHHH (6) 3TO MOIEpeYHbIE BOJHOBBIC YHCIA,
BO30y’KAaeMbIX B IUIA3MEHHOM CJIO€ 3JICKTPOMAarHUTHBIX BOJH. 3ajjada Ha COOCTBEHHBIC YHCIA Ja€T ypaBHEHHE
YETBEPTOM CTENECHU BUJA!
ak* +bi + ek +dik+e=0 (13)
KO3 QUIUEHTH a, b, ¢, d, e UMEIOT BH;
a=1.0, b=2idy, c = A, A + AsAy — A} , d = 2i(Ag A, Ay + A5 A, 45),
UYucnennplid ananu3 ypaBHeHus (13) B OeCCTOIKHOBHTENBHOM IIpelesie JAaeT CIENYyIOUIMe pe3yJbTaThl s

JIUCTIEPCUU AJIEKTPOMArHUTHBIX BOJH. Ha puc. 3,4 mist renureBoit ia3mMbl U puc. S ISl BOJOPOAHOM M1a3Mbl BUIHO, YTO
BO3MOKHBl JIBa MNPUHLUUNHAIBHO Pa3IMUHBIX Cilydas AUCHEPCUM JJIEKTPOMAarHUTHBIX BOJH. B muasme wmoryt
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cymectBoBath BomHa TIT (puc. 3b,d,f, 5b) u renukonnas BonHa (oOmacte k,>0) U JOKaJIbHBIC KOJCOAHUS
AJIEKTPOMArHUTHOTO 1oJst (00acTh k, < 0). DT KoJe0aHus 3apOXKAAIOTCS B CJIOE TOPSYMX IEKTPOHOB Ha Nepudepun
IUTa3MEHHOT'0 Pa3psijia U MEePEHOCSTCS ITUM CIIOEM BIITyOb IUIa3Mbl BJOJB CHIIOBBIX JIMHUNA MarHUTHOTO mojis [13, 14].

510" cm® 30k, oM’ 5n.*1 02 em? 2k cm’ b)
a) . b) a) .
-
4 20 T 4 0
3 10 3 L
r -2 i e L
2
‘= T 2
1 -10 1 I
0 -20 0 -6
0 200 400 600" 800 300 400 500 0 200 400 600 800 600 650 700 750 800
5 20 o 5 " 1 r d)
T d e ——
49 9 10 ) 4 °
Al g
3 r 3 <.
2 0 — -2 TR ~--ee
TR "~ 2 -3 :
10
1 1 4 L
0 r . . . =20 . . X 0 5 ,U ___________
200 400 600 800 200 300 400 500 0 200 400 600 800 400 500 600 700 800
5 20 ) 5 o 2y, f)
e) L f) 4 0 ——
4 10f " 2 T
3 o r 3 4 L 1
2 T 2 -6
S Gl o e
10 T -~
1 - 1 10| .-
0 20 0 12
0 200 400 600 800 100 200 300 400 500 0 200 400 600 800 200 300 400 500
B, 'c B, 'c Bo’ e BO, e
Puc. 3. O6nactu npo3paynoctu (00J1aCTh TOHUPOBAHHAS) U Puc. 4. O6nacTy Npo3payHOCTH U AUCTIEPCHOHHBIE
JMCTIEPCUOHHBIC XapaKTEPUCTHKU BOJH B IJIA3MEHHOM XapaKTePHCTHKU BOJIH B IJIA3MEHHOM CJIO€ TIPH YIJe
CJIOC TIPH YTJIe HAKIIOHA MAarHUTHOTO MoJist € = 1°, HAKJIOHA MarHuTHOro rous 6 = 5°.
np=13x10"2em?; a), b) ky=1/12 em™; ¢), d) kz=1/10 eMm™'; 1y =3x10"% em?; ), b) ky=n/12 em™'; ¢), d) k= /10 em™';
e), ) ky=n/7 cm™ e),f) ky=n/T cm™!
5n,*10" cm* 20k cm"
a . b
) 15 ; )
4 .’
10 -
3 5
.
Use——"
2 51 ‘r1
T ==
-10 R
1
15
0 20
0 100 200 300 400 500 150 200 250 300 350 400
5 2
c) r d)
D,
4 0
T
2 <
3 TR~~~ __
4
2
6
1 3 -
.7
0 -10 ~
100 200 300 400 500 150 200 250 300 350 400

Bo’ e BD, e
Puc. 5. O61acTi Mpo3pavHOCTH U AUCTICPCHOHHBIC
XapaKTEePUCTHKH BOJH B IUIA3MEHHOM CJIO€ IIPH yTJIe
HAKJIOHA MArHUTHOTO MMOJIs a), b) 6 = 1% c),d) 9 = 50,
np=3x10"2 em, k;=1/7 em™!

B mna3me moxer cymiectBoBath (puc.4b,d,f, 5d) reaukonnas Bonna (obnacts k, > 0), a ocTalibHBIE TPH PEIICHHS
COOTBETCTBYIOT BblIllle 0003HAYEHHBIM KOJICOaHUSIM.
[Tpu ogHOM M TOM K€ yIJie HaKJIOHA BHEIIHEr0 MarHUTHOT'O OJIs C YBEJIMYEHHEM k, KojeOaHus CcTaHOBsTCs Oojiee
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MEeJIKOMacIITaOHbIMU (YBETHUUBACTCS. MOJIYJIb OTPULIATENBHBIX 3HaUeHUH k). [Ipu oJHOM 1 TOM Xke k, C yBelnueHHeM
yIia HakiIoOHa MAarHUTHOTO TIOJsI KOJeOaHWs CTaHOBATCS Ooyiee KPYHMHOMACIITAOHBIMU (yMEHBIIAETCS MOIYJb
OTPUIIATECIILHBIX 3HAYCHUU £).

W3 nucnepcHOHHBIX KPUBBIX CIEAyeT, YTO AMANa30H MAarHUTHBIX IMOJIEH CBsSI3aH C ONpEAETICHHBIM 3HAYCHHEM
IUIOTHOCTH TIJIa3MBbl, YIJI0M HakJIOHa MarHUTHOTO IOJIS M BeIM4YMHOHU k.. B Tabmmnax 1 - 4 npuBeneHsl NaHHBIE VIS
IIOTHOCTH IUIasMbl 719 =3x10"> cm™. Kpome Toro, u3 puc.3,4,5 clenyer, uro C yBelIMUYEHHEM YIJIa HAKJIOHA
MarHUTHOTO T10JIs1 00J1aCTh MPO3PAavyHOCTH CY)KAeTCsl.

Tabimma 1. Tabmuma 2.
Tenuesas wiazma k, = /12 em™ TenueBast wiasma kz = /10 cm™

VYrom, rpan MaruautHoe 1nose, I'c VYrom, rpan MaruautHoe 1ose, I'c

1 300 - 823 1 241 —-800

2 368 — 823 2 286 — 800

3 444 — 823 3 337-800

4 526 — 823 4 392 - 800

5 613 —823 5 449 — 800
Tabuuma 3. Tabmnuua 4.

[enuesast iasma k, = 1t/7 em™ Bopnoponnas mnasma k, = /7 oM’
VYron, rpan MarnautHoe noie, ['c VYrom, rpan MarnautHoe noie, ['c

1 160 —517 1 160 —-410

2 181 -517 2 181 —-410

3 203 - 517 3 203 -410

4 228 - 517 4 228 -410

5 253 -517 5 253 -410

PE3YJIBTATHI U OBCYKAEHUSA

UYucseHHBIC Pe3yNbTaThl JJIs TEIIMCBOW M BOJOPOJHOMN IIa3Mbl OBUIM TONYYEHBI C yueToM Dypbe — aMIUIUTY .
KOMIIOHCHT 3JICKTPOMATHUTHOT'O TMOJIA B IUIa3MeHHOM ciioe u dopmyn (11) u (12) 1 MHTErpaJbHOTO MOTJIOIMICHUS
MOIIHOCTH. JlaHHbIE YMCIEHHbIE OLEHKA MPOBOIWINCH MJI aHajdu3a JIOKAJIbHOTO TMOTJIOIIEHUSI MOIIHOCTH B
3aBUCUMOCTH OT yIJIa BXOJa B IJIa3My MarHUTHOTO TOJIsl, AaBJIEHUSI HEUTPAIIBHOIO rasa, MIOTHOCTH I1a3Mbl, YaCTOThI
BHEIITHETO BO30YKICHUS.

Ha puc. 6, 7, s renueBoil ia3mbl ¢ MIIOTHOCTBIO 1) = 3% 102 em™ u kz;=m/12 CM_I; /10 CM'I, COOTBETCTBEHHO,
MMOKa3aHO MHTEIPAIbHOE TOTJIONICHHE MOIIIHOCTY B YKa3aHHOM BBIIIC AJIEMEHTE 00bheMa IUIa3MEHHOTO CJI0s. A Takke
pacnpeaencHre IoriomeHus mo koopanHate x (0 < x < L, = 1,3 cM) B 3aBUCHMOCTH OT yTJIa BXOJa MarHUTHOTO TIOJIS B
ID1a3My W BEIHYMHBI 3TOT0 MAarHUTHOTO TIONA. BHAHO, 9TO ¢ yBemTMYEHHEM [aBJICHHS MAaKCUMYyMBI HHTETPAaTbHOTO
MTOTJIOIMICHUS MOITHOCTH JTOCTUTAIOTCS IIPH HECKOJBKO 00Jiee CHIIBHBIX BHEUTHHX MarHUTHBIX MOISIX By. JIng naBieHus
p =6 MTopp MakKCHMYMBI HHTETPAJIHLHOTO TOTJIOMICHUS MOITHOCTH HA PUCYHKAX 6a, 6C OTHOCSATCA K MAarHUTHBIM TIOJISIM
626 I'c, 742 Tc; 15mTopp — k 6321Tc, 757 'c. Ha pucynkax 7a, 7c gns paBiaenust p =6 MTopp MakCUMyMBI
HMHTETrpajbHOIO MOTJIOUEHUS] MOLTHOCTH, OTHOCATCA K MarHUTHBIM noJisiM 503 T'c, 578 I'c; nnst naBnenust 15 mTopp — k
512 Tc, 590 I'c. I'paduku pacupenereHns NOTIOMCHUS Mo KoopauHaTe x (puc 6b, 6d, 7b, 7d) mocTpoeHsI I BhIIIE
yYKa3aHHBIX 3HAUYEHWH MarHUTHOTO IOJIs. BHAHO, 94TO BEIMYMHBI MarHUTHBIX Tojied s k, = /10 em’! MIPAMEPHO Ha
100 I'c menbIIe, yem mias ciydast ¢ k, = m/12 cm’l. Yucnennsie OILICHKH ITOKAa3bIBAIOT, YTO I TEIHS NabHEHIIee
yBenuueHue k, T.e. mimHa paspsitHoil kamepsl MeHee 10 cM, He MO3BOJISIET CO34aBaTh IAPAKCHAIBHOE MOTJIOMICHHE
MOIITHOCTH JIJIS IJIOTHOCTH IJIa3MBI 71 > 3% 102 o™,

Jlns remneBOl IIa3Mbl C IUIOTHOCTBIO 1= 4x10% em™ u k,=m/12 em, ky,=m/10 em™ Goutn TIOITyYeHBI
crenyromme pe3ynbTaTsl (puc. 8). s nasmenus p = 6 MTopp MakCHMyMBbl HHTETPATEHOTO MOTJIOMICHISI MOIITHOCTH, Ha
pucynkax 8a, 8c, 8e, orHocsTCs K MarHUTHBIM noisiM 771 I'c, 619 I'c, 713 I'c; nnst nasnenus 15 mTopp — k 780 I'c,
632 Tc, 728 I'c. I'paduku pacnpeneneHus TMOTIOMICHUS Mo KoopawHate x (puc 8b, 8d, 8f) mocTpoeHs! mms BbImIe
yKa3aHHBIX 3HAYCHUI MarHUTHOTO TOJIS.
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KOOpIUHATE X, I kz = 1/12 em’: a), b) 6= 3% KoopauHare X 1 kz = /10 omt: a), b)f= 3,5 c),d)0= 4
), d)0=3,5
15 P, BT 5P, BT/cm®
2,0P BT 4P, Briew’
1,6 Y b)
il 3_
1,2
2,
0,8
0.4 1
0,0 T . . 0 : . s
45 280 320 360 400 0,0 0,5 1,0 1,5
B, lc X, €™
f) 0
0 : T , 0 T e : )
500 600 700 goo 0,0 03 06 09 1,2 15
o Tc X, M
— p =6 MTopp ---p=15mTopp
Puc. 8. IlormomieHne MOIIHOCTH WHTerpaibHoe © 1o Puc. 9. TlorjomieHre MOIIHOCTH HHTETPAJbHOE H 1O
KoopauHaTe x st a), b) k, = /12 em™!,0=73"; KoopauHaTte x st kz=1/7 em™': a), b) §=4°

o), dyk,=m/10em™,0=35" e), ) ky =m/10 M, 0= 4"

Jnga BomopoJaHON IUIa3Mbl YHCICHHBIE pacyeThl MOKa3ald, YTO MapaKkCHalbHOE MOIVIONIEHHE MOIIHOCTH s
ITa3Mbl C IVIOTHOCTBIO Ny = 4x10'? cM™ BO3MOKHO TONBKO TIpH k, = 11/7 cM™'. DTO CBSA3aHO B TOM YHCIE U C TEM, UTO
YCIOBHE ® = Oy JUIsI BOAOPOJHOM I1a3Mbl BeimousiHsAeTcs npu By =413 I'c, uto mpaxkTuyecku B 2 pa3a MEHbILIE YEM Y
renus (puc. 5).

Ha puc. 9 11 BOZOPOAHON Mima3Mbl IIOTHOCTH Ny =4x10"2 cM™ mpu k,=n/7 cM', mokasaHbl 3aBHCHMOCTH
WHTErpajibHOTO IOTJIONIEHHE MOILIHOCTH M paclpeselieHus MOIJIOUIeHUss Mo KoopauHate x. ['paduxu (puc. 9)
MIOCTPOEHBI AT JaBieHus HelTpansHoro rasza 6 MTopp. IToBbimenne nasnenus Boime 6 MTopp He NO3BOMISIET NOTYYaTh
MapaKCUaNbHOE MOITIOMEHUE MOIHOCTU. MaKCUMyM MHTErpaJIbHOTO MOTJIOUIEHUSI MOIHOCTH Ha pHUC. 9a OTHOCUTCS K
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MarHutTHoMy 1oito By = 355 I'c. I'paduk Ha puc. 9b mocTpoeH i 3TOro 3HaueHUs: MarHUTHOTO TIOJISI.

[MpoBenem onenky Qopmynsl (12) mis IpoCTpaHCTBEHHOTO pacipezesieHus noriomiaeMoii BU — mommHocT B
HEaKCHaJbHOM MarHMTHOM Iojie. B TelMKOHHOM Juamna3oHe 4YacTOT Ul KOMIIOHEHT TEeH30pa AWIIEKTPUUYECKON
MIPOHMIIAEMOCTH B OECCTOIKHOBUTEIFHOM Ipe/iesie CIpaBeUIMBO HEpaBeHCTBO [1]:

-5 << N? <<|g| <<|5H| (14)
C yueToM HepaBeHCTBa (opmyity (12) MOKHO MIPUBECTH K BHUILY:
P(x): %- Im(e;“”)- sin” 4 |Ex(x]2 +|E, (xlz] (15)

Ha mpumepe puc. 6a 1 gapneHust HelTpanbHOoro raza 6 MTopp comocTaBUM pacdeTsl 1o TouHoH dopmyde (12) u
npudmkenHoi gopmyne (15). B popmyse (15) oneHnM BKaa KaxJ0ro U3 CllaraeMbiX.

Ha puc. 10b BugHO, uTo mepBoe ciaraemoe B dopmysie (15) naet Brian okoso 30 % mpu pe3oHaHCe MOTJIONICHUS
MOIITHOCTH 3a CYET MEXaHW3Ma MapHbIX coyaapeHuit. Bropoe ciaraemoe (puc 10 ¢) BHOcUT BKi1a okoio 70 %.

Kaxknast n3 KOMIIOHEHT 3JIeKTpryecKoro moist B hopmyiie (15) conepkut yetsipe cnaraembix (7). Kakmoe n3 atux
YeThIPEX ClIaraeMbIX CBSI3aHO C OIPENENICHHOW AMCIepcuoHHOM BeTBblo (puc. 3-5). B dopmymy nns pacyera
KOMIOHEHTHI £, kpome nons £, Bxoaat nons H, u E,. IIpoananuszupyem NoBeJAeHUE aMIUIMTY] KOMIOHEHT Ky, E,, E,
H, nns xax10i JUCIEPCUOHHON BETBH HA IIPUMEPE MapaMETPOB pHC. 6a.

1,2 P, BT
a) 4
07 EZ, Blcm 2,5 Ey, Blcm
0,8
0,6
2,0
0.4 0,5
0,4 1.5
1
0,0 - : - 08 2. 10
¢dopmyna (12) -~ - - - thopmyna (15) 0,2 1
0,5
0,4 b) 0.1
0,3 0,0 0,0 2
0,2 1,0 Hyv Alem 8 Ex’ Blecm
0,1 0,8
6
0,0 0,6
0,8 4
04 1 1
0,6 c) 2
0,2
0,4 2
0,0 - - . 0 T , .
0,2 500 600 700 800 500 600 700 800
B,lc B,lc
0 0
0,0 : . .
500 600 700 800

o IC
Puc. 10. ComocTaBnenne pacueToB Al MapaMeTpoB pucyHka Puc. 11. VHTerpanbHBIE 3aBHCHMOCTH, YCpPETHEHHBIE Ha
6a: a)no dopmyne (12) u (15), b) Briax B mornomenue wuHTepBaie ot 0 mo L,, 1md aMIumuTyx KOMIIOHEHT
mepBoro cimaraemoro B ¢opmyne (15), ¢) BkIax B 3IEKTPUYECKOTO M MATHUTHOTO MOJICH

MOTJIOIIICHUE BTOPOTO ciaraeMoro B popmyie (15)

Ha puc. 11 moxa3aHo, YTO pE30HAHCHBIC OTKJIMKM KOMIIOHEHT JJIEKTPHYECKOT0 M MAarHUTHOTO IOJIA
COOTBETCTBYIOT AMCHEPCHOHHBIM BeTBAM (puc. 3-5) I'l (;uuust 1) u TI'1 (;uHUS 2). DTUM pe30HAHCHBIM OTKJIMKaM
00s13aH B CBOIO OYepellb U PE30HAHC IIOTJIOIIEHHSI MOILIHOCTH Ha pHC. 6a. DIEKTPUYECKUEe M MarHUTHBIC IOJISI IBYX

APYTUX OAUCIICPCUOHHBIX BETBEIl BHOCST MaJIbIA BKJIaJ B IIOIJIOIICHUC MOIIHOCTH U HEC OGHapy)KI/IBaIOT PE30HAHCHOTO
IOBECACHNUA C UBMCHCHHUECM BHCIIHCTO MAarHuTHOI'O I10JIA.

[IpuBenem oneHKY TIyOWHBI IPOHUKHOBEHHS OX IMOTOKAa MOIIHOCTH B InIa3My. [IpemBapuTENbHO BBIYUCISIIACH
BenuuuHa dQ, = [ExH L dz ¥ IPOBEPSIIOCH YCIOBUE:

0, (v =)=0.20,(x=0) (14)
VYcnosue (14) ompemenser TONMMHY LEHTPANIBHOW YacTH CIOS, B KOTOPOW IMOTJIOIIACTCS BOJIHA, & MMEHHO
riy6uny 80 % NPOHUKHOBEHUS IOTOKA MOIIHOCTH B IIa3My.
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Jns puc. 6a npu nainenuu p = 6 MmTopp noaydaem ox = 0,95 cM, mpu p = 15 mTopp ox =1 cm.

Just puc. 7a ipu p = 6 mTopp dx = 0,9 cm, ipu p = 15 mTopp dx = 1,05 cm.

st puc. 8a mpu p = 6 mTopp dx = 0,97 cMm, ipu p = 15 mTopp ox = 1,03 cm.

Hns puc. 8¢ mpu p = 6 mTopp dx = 0,9 cm, ipu p = 15 mTopp ox = 1,07 cm.

J1s BOMOpOTHOM TITa3MBI € THIOTHOCTBRIO 71g = 4% 102 em® (puc. 9a) BenmmunHa dx coctasiseT 0,86 cm.

Benuuuubl Sk MeHblie L,, MO3TOMY MaHHYIO YIPOUICHHYIO (DHU3UYECKYI0 MOJENbh MOXKHO TNPHUMEHSTH [UIs
YHUCICHHBIX OIICHOK IOTJIONICHUS! MOIMHOCTH B LWIMHIPUYECKUX PA3PSIHBIX KaMepaX KOMIIAKTHBIX HOHHBIX
HCTOYHHKOB.

BbIBO/IbI

W3 derslpex nucmepcHOHHBIX BeTBe (puc. 3 - 5) Tompko ae u3 Hux ['1, TI'l mpuHHMMaroT ydactue B
PE30HAHCHOM BBO/IE€ MOIIHOCTH B MapaKCHAJIbHYIO 00JIACTh IIa3MEHHOTO CIIOSI.

Jlns paspsgabix Kamep ¢ mmHOM L.=12cv (k=n/12em™) u L.=7cm (k.=n/7TcMm') U 0aHOPOAHOrO
MarHuTHoro mosisi [6, 7] ObUIO IOKa3aHO, YTO BBOJ MOIIHOCTH B IPHOCEBYIO O0JAaCTh BO3MOXEH: IJIsl TENUsl NPU
p=6MTopp 10 miorHoCTH 1y = 1,8%10" eM™, mpu p = 10 MmTopp 10 mroTHOCTH 719 = 1,2%10'% eM™; w151 Bogopoa mpu
p=6mTopp ny< 1,8x10"% e, mpu p = 10 MTopp 1y < 1,2x10" em™.

Jlst pactipeneneHui MOTJIOMIEHUS 10 KoopAuHate x (puc. 6,7,8) BUIHO, YTO OHO HOCUT TapaKCHAILHBIM XapaKkTep
Jlake TIpU yBENWYeHUH aBieHus 10 15 MTopp, 4To HEBO3MOXKHO B ClIydae OJHOPOAHOTO MarHUTHOI'O TOJIA.

W3 pucynkoB 3,4,5 s obnacteidf Npo3pauyHOCTH MOXKHO BHJIETh, YTO MOBBILICHWE IUIOTHOCTH IUIA3MBbI
CONPOBOXKAACTCS YBEJIMYCHUEM 3HAYEHUH MarHUTHOTO MOJIS, NPU KOTOPBIX JaHHas IJIOTHOCTh IUIa3Mbl MOXKET OBITh
co3/laHa. YBEIMUCHNE MarHUTHOTO TOJIS yXY/IIaeT SMUTTAaHCHBIE XapaKTepPUCTUKHU M3BJIeKaeMoro mydka [15]. Kpome
TOTO, TOBBIIICHHE IUIOTHOCTH IUIa3MBl MPHBOAUT K HW3MEHCHHIO TPAHUIBI IUIA3MBI B CHUCTEME SKCTPAKIHUA H
HEOOXOJMMOCTH II0/1aBaTh OOJbIIee HAIMpPSDKCHHE Ha IUTA3MEHHBIC DJICKTPONBI CHUCTEMBI IKCTPAKIUH. YUUTHIBAS
JAaHHBIC OOCTOSATENBECTBA, BO3MOJKHOCTB ITaPaKCHAIBHOTO IMTOTIIOMICHUS! MOIHOCTH paccMaTpUBANach Ul TUIOTHOCTEH
IUIa3MBI 1y = 3x10" CM'3; 4x10" cm™. UnciaeHHbIe OLEHKH BBIIOJHEHBI JUIS TEIMEBOM U BOJOPOJHON IIIa3Mbl TpU
k;=m/12 CM_I; /10 CM'I; /7 CM'I, YTO TO3BOJISIET PacCMATPUBATh CO3JaHUE OJHOW M TOW K€ MJIOTHOCTH IIa3Mbl Ha
Pa3HBIX TUAITa30HAX MarHUTHOTO ITOJIS.

Jns paccMaTpuBaeMBIX BEIWMYMH A, TapakCHalbHOE IMOTIIOMICHHE MOIIHOCTH BO3MOXHO TOJBKO B MajOM
WHTEpBaJe yIja HAKIIOHAa BHEIIHETO MAarHWTHOTO Mo, A0 6=4°. Yruel HakioHa Oonee 4° matoT mepudepuitHoe
TTOTJIOMICHUE MOIITHOCTH.

[TockonbKy WHTErpaibHas OIEHKa IIOTJIONICHHS MOIIHOCTH JeNlaeTcs A JIOKadbHOTO 00BeMa, O KOTOPOM
TOBOPWJIOCH paHee, He BCE PE3yIbTaThl PACYETOB MOKHO PEKOMEHAOBATH UL Pealii3alli PeabHOTO SKCIIEPUMEHTA.
Ha puc. 6 Tonpko pexum 6a, TOCKOIbKY mpHu p = 6 MTopp Ha anuHE | CM Ha CTOJIKHOBEHHSX MOTJIOTUTCS MPHUMEPHO
10 Bt MomHOCTH. A ¢ y4e€TOM MOIIHOCTH, KOTOpask BBIHOCUTCS M3 paspsia dJeKTpOHaMH W MOHaMHU Ta3Mmbl [16],
npumepHo 150 Bt. Ha puc. 7 Tonpko pexxum 7a, Tak Kak npu p =6 MTopp Ha niuuHe | cM Ha CTOJIKHOBEHHSIX
MOTNOTUTEC OKoJio 20 BT MomHOCTH, a ¢ y4eToM BBIHOCMMOW 3 paspsaa mourHoctd okosio 160 Bt. Ha puc. 8,
pexxumsl 8a u &c.

Jis BomopomHOW IUTa3Mbl (pUC. 9) IUIOTHOCTBIO 7= 4x10" em™ mpu p=6mTopp Ha mmuHe 1 cMm Ha
CTOJIKHOBEHUSX MOMIOTUTCS MpUMEpHO 15 BT MomHOCTH, € y4eToM BBIHOCUMOI! U3 pa3psaaa MoIHocTH okoio 350 Br.

HeobOxoanmo, 4ToObl 00J1aCTh MArHUTHOTO TOJISL C YIJIaMH HAaKJIOHA MAarHUTHOTO TOJS, JJIsI KOTOPBIX OBLIO
OIIpEZIeTICHO MapaKCHaJIbHOE IOTJIONIEHHE MOIIHOCTH, HaXOAWIACh KaK MOXKHO OJlmbke K 00JNacTh SKCTpakuuu
3apsDKEHHBIX YaCTHI] HCTOYHUKA HOHOB.

BrimonHeHa o1ieHKa aJeKBaTHOCTH IIPUMEHEHHS MOJICNIBHOM (IJIOCKON) TeOMETPHH ISl pEILICHNUS 3a1auH.

Belpaskaem OnarofapHOCTh BEyIIEMY HAy4HOMY COTPYAHUKY WHCTHTyTa, OOKTOpPY HM3. — MaT. Hayk
ITonomapeBy Anekcanapy ['eoprueBudy 3a 3aMedaHUs, KOTOPBIE CHOCOOCTBOBanM 00J€e IOJHOMY H3JIOKCHUIO
OTJETBHBIX BaXKHBIX BOIIPOCOB, 3aTPOHYTHIX B HACTOAIIEH CTaThe.
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UNIFIED DESCRIPTION OF PHOTO AND ELECTRO PROCESSES ON LIGHT
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Generalized gauge invariant electro-break up process amplitude is considered. One is a sum of traditional pole series and the regular
part. The deposits of regular part of amplitude, and its physical sense, are explored. A transition from virtual to real photon is
considered in photon point limit ¢*> — 0 . The general analysis for electo-break up process of component scalar system is given.

Precisely conserved nuclear electromagnetic currents at arbitrary ¢° are received.
KEY WORDS: regular part of amplitude, electro-break up process, photo-break up process, limit of the amplitude, light nuclei

€JIMHUI OIAC ®OTO TA EJIEKTPO ITPOIIECIB HA JIETKHAX SIIPAX Y KOBAPIAHTHOMY IIJIXO/I 3 EM
CTPYMOM 110 TOYHO 3BEPITAETHCH
ILE. Ky3neunos
Inemumym enexmpogizuxu i padiayitinux mexnonociiu HAH Yxpainu
61002, Ykpaina , Xapxie, eyn. Yepnuwescokozo, 28 , a/a 8812

Po3rnsmaeThes y3araapHeHa KaniOpyBalbHO-3aMKHYTa aMILTITYZa €JEKTPOIIPOIECY, SIKa CKIANAEThCA 3 TPAAUIIHHOTO TOIIOCHOTO
psmy Ta peryispHOi YacTWHH. BUBYEHO BKIA] peryispHOi YaCTHHU aMIUTITYIH Ta ii (i3udHUil 3MicT. PO3MISIHYTO TpaHHMIO
AMILTITYIM eNeKTPOIPOIeCy y Tepexoi B poTorHy Touky (g — 0 ), TO6TO NpH Tepexoi Bij BipTyansHUX GOTOHIB 10 peaNbHHX.
3nilicHeHO 3arajJbHU aHami3 MpoIecy eJICKTPOPO3IIEIUTIOBAHHA CKIaJeHOi cKaaipHoi cuctemMu. OTpuMaHO TOoYHE 30epiraHHs
ANEPHUX eJIEKTPOMArHiITHUX TOKIB JUIsl IOBUILHUX ¢ .

KJIFOYOBI CJIOBA: perynspHa 4acTHHA aMILTITYIH, SIEKTPOPO3LICIUICHHS, ()OTOPO3IICTUICHHS, TPAHUIIS aMIUTITYI1, JIETKi sIpa

OBBEJVMHEHHOE OIMUCAHHUE ®OTO U 3JIEKTPO MPOLECCOB HA JIETKUX SAAPAX B
KOBAPUAHTHOM NOJAXO/JIE C TOYHO COXPAHAIOLIINMCS OM TOKOM
®@.9. Ky3nenon
Hnemumym snexmpogusuxu u paduayuonnvix mexronozuti HAH Ykpaunwl
61002, Vkpauna, Xapokos-2, yr. Yepnoiuesckoeo, 28, a/s 8812

PaccmoTpena 006oOmeHHass KaauMOpOBOYHO-3aMKHYTas aMIUIMTYAA JIIEKTPONpOIecca, KOTOpask COCTOMT M3 TPaJHIOHHOTO
MONIIOCHOTO psila W PEryJsipHOW cocTaBisromield. M3ydeH BKJIQA PETyISIPHOM YacTH aMIUIUTYIBl M €€ (PU3MYECKUl CMBICI.
PaccMOTpeH Tipemesl aMILTHTYABI 3JEKTPOIpoIecca TpH Tiepexoge B (OTOHHYI Touky (g° —0), T.e. NpH mepexome OT
BUPTYaJbHBIX (DOTOHOB K peasibHBIM. [IpoBeZieH oOLIMii aHAN3 MPOIecca AIEKTPOPACIICIUICHHS COCTABHOM CKaIsIPHON CHCTEMBI.
ITony4eHo TOUHOE COXPaHEHHE SAEPHBIX IEKTPOMATHUTHBIX TOKOB HPH MPOM3BOIBHBIX ¢~ .

KJIFOYEBBIE CJIOBA: perynspHas 4acTh aMIUIHTY[BI, 3JEKTPOpacIleIUicHre, (OTOpacIleIieHne, peaesl aMILITATY b, JIETKHe
siapa

The main goal of present paper is to explore the properties of generalized gauge-invariant amplitude. The main
aspect in exploration of electro process on light nuclei is detection of the amplitudes regular part role, as compactness
measure of compound strongly connected system. Electromagnetic aspect of amplitudes regular part is that one can
reconstruct the deposit of many-particle electric intersections in addition to one-particle mechanisms. In addition, this
part determines the requirement of total hadron current conservation. Moreover, amplitudes regular part expands the
upper bound of vertex function classes, which does not lead to the cross-section increment with the respect to photon
energy enlargement.

Universality of electromagnetic interaction in form of minimal connection consists in the following statement.

Photons (q2 =0) with polarization vectors & P and & Lt Aq p and arbitrary parameter A € (—00;+00) are
indistinguishable during the interaction e& #J # only with conserved current q,J " = 0. There is opinion in literature
[1, 2], that in processes with virtual photons (q2 # 0) gauge arbitrariness of virtual photon propagator (longitudinal

art & _ot (le;zton)

’ (g, +q;#), €,"=0 in matix element M =eé J"(hadrons),

© Kuznietsov P.E., 2015



89
Opportunity of unified description of photo and electro processes on light nuclei... EEJPVol.2 No.12015

J*(hadrons) = Z J#) can be removed by conserved lepton current. This only ensures gauge independence for
i={s,t,u}

deposits of distinct mechanisms of hadron current g,J* (hadrons)=0even when lepton current is not conserved. In

literature, the efforts to outflank such situation lead to suggestion to make additional heuristic substitution
qJ (hadrons)q,,

2

q

- auge zero  shifting.  Therefore, the matrix element
J ,(hadrons) — J ,(hadrons)— gaug g

M=eZ,( J#(hadrons)_w) is zero with the respect to substitution &, — ¢, even ifq,J*(hadrons)#0.

However, if hadron current is not conserved simultaneously with the lepton one then electro-break up amplitude does
not have a photon point limit (q2 — 0). It means that we cannot exclude unphysical states from time-longitudinal
polarizations of virtual photons, during the intersection from virtual photons to the real ones.

ELECTRO-BREAK UP AMPLITUDE LIMIT IN PHOTON POINT (6]2 —0 )
In view of raised situation, I wish to show that methods, developed in [5-8] and applied in [3,4,9,10] to describe

photodisintegration processes on deuterium, *He and*He nuclei, give us the opportunity to describe electro-break up
processes on light nuclei the same way we did before. To do this, we define gauge-invariant amplitude, which
corresponds to photodisintegration process of nonlocal scalar field into two scalar fragments. Such amplitude has the
following shape (to be precise we consider scalar deuteron, which consists of two scalar nucleons. Ones have the value
of masses and charges corresponding to real particles.):

— H
M_egﬂJ . M
e=+4ra, )
JE=J 1 T (3)
AYZ H yz
g =26 G wrp) G ) @
s—my r—m u—m’
k#
Jregﬂ = k_(Zth + ZuGu - ZSGS )’ (5)
q

where ¢ =1/137 , Z, .. - charges of scalar deuteron, proton and neutron in elementary charge units, kﬂ - relative
space-like 4-momentum of pn — pair, k = (0, p) . Vertex functions G, = G(—k.'), i =[s,¢,u] depend on square of

appropriate channel relative 4-momentum: f = pon =k, — . p =P~ _4 |94, q=(0,0).
2 2 u s

The final expression for amplitude J }Zg regular part does not contain a singularity, when proton and neutron are

scattered at right angle (6 =90°). We consider klirn J ,‘ég showing this. We factorize the expression using Taylor
sq—0
functional row at the point X = —kf . Thus, we receive that the expression is defined by the derivative of vertex function

2 . . .
G(—k;) of strong interaction due to the charge conservation law z, =z, +2z,:

i G4 2)G (KD =26 (K 4 gk) -5, (K —gk) _ dG()| ©)
k,g—0 ksq dx

_ 2
x=—k;

It is very easy to make sure that pole part of nonlocal current is not conserved: ¢ ﬂ.] 1/)10/

z.G, —2,G,—z,G, ,in

despite of charge conservation: z_ —z, —z, = 0. Further, I am going to show that regular part of total current reclaims

described situation. For this, we have to write down the diagram of selected process (q2 #0) (Fig. 1,2). Virtual
photon momentumis ¢ = E — E'.

We consider the limit of intersection from virtual photon to the real one: q2 — 0. All calculations performed in
center of mass system (Fig. 3). We chose this system the way that virtual photon momentum oriented along oZ axes.
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L —— C R N
P @ d €2 d
P _ noal Ny q "

) ' / n . j‘l pol reg

Fig. 1. Electro-break up process of compound scalar system. Fig. 2. Gauge invariant electro-break up amplitude of nonlocal
scalar field into two scalar fragments.

The angel between virtual photon momentum and proton momentum signed as €. Therefore, coordinates of 4-

vectors are: £, =1/-¢" (¢;,0,0,v), d* =(E,,0,0,—¢q;), ¢" =(v,0,0,q,), k* =(0, psinb,0, pcosb),
p" =(E,,psind,0, pcosd), n" =(E,,—psind,0,—pcos0).

4 We are going to find amplitudes limit at q2 — 0 in the

following way. We split our problem into three identical parts, which
depend from the momentums in §,7,# — channels appropriately. The
limit of the amplitude in § — channel is given by the sum of pole part
and the third summand in expression (5):

AV M
G @+d)y k|

/t “oo_
‘]sreg + Jspol =z,U; 2 s GS . (7)

s—-m,; kq
Fig. 3. Center of mass system. From the relation between momentums ¢g+d =d' (Fig.2)

follows that d +d' = g+ 2d , and, therefore Mandelstam variable s = (d +q)° = m; +2dq +q’ . It means that the

limit of the expression contained in matrix element of § — channel can be written down as:

2q,d" +q° k* 2q,d" k*
lim q,(J/,, +J%) = 2,G, lim(——e= "9y G otim (G D . ®)
7> -0 70 m, +2dg+q" —-m, kq -0 2dg kq
In a  reciprocal manner  one can receive the expressions for t,u — channels:
i - i — 0O whi a2 .
{}21210 9, (e + ) =0 (}ZITO 4, (Jryeg +Jipor) = 05 which also seek to zero, while g~ —> 0. Well then, we satisfy

the J*

total conservation requirement:

; Ho_
‘}}To(q,u‘]tatal - 0) : (9)
At this stage, the following question arises. Why the amplitudes final expression does contain just the fragments

relative momentumks ? In paper [6] the expression for matrix element of compound system disintegration process was

developed:

1
oG(p, — Aq, oG(p,,p,— 4
mreg :(2”)4§(q+p_pl _pZ)g,ujdﬂ el (pl q 52)+62 (pl p2 ,Uq)
; o(p —44q) o(p,~24)

where €,, p,, i = {1, 2} are the charges and momentums of fragments appropriately. Let’s concretize the form of the

; (10)

vertex function (G argument. In fact, vertex function depends on the square of relative momentum

E E
ky = 721)1 —jpz =n,p, —mp,,where 5, =E,/w, i=12,a w=E, +E, — total energy. At fragments center of mass

system, relative 4-momentum k, = (0; p) is space-like, p, =(E;p), p, =(E,;—p). Let’s consider the first summand
under the integral. We regain the dependence from current value of the relative momentum square:

\ o | _ 2 0G| (k—Anyg :
e, [da 61M+.., =¢,[diie Olk=2m,q) [( : )J+ . Here, argument (p,—Ag;p,) of
#o a(pl_ﬂq)ﬂ ’

1
; o(p—24),  o(k-2nq)
vertex function in terms of relative momentum square
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K2(A)=,(p, - Aq)—n,p,)* = k? —=2Am,k, -q, k2() =k, k2(0)=k>, defined as G[(ks —ﬂ.?]zq)z] Let’s rewrite

the integral taking into account the defined argument: Eﬂjdl e a( Aq), ok
P —Aq u st

0

+} Now, we calculate the

2 2
derivative ¢, K _ €, A (p = A)=mp, | 2k —An,q) 41,8 ¢, = 26k, accounting  transverse
o(p —4q), o(p—4q),
conditioneg =0. Initial integral takes the shape
2
1 d(k—An,q)’ 0G| (k=244 1 dG| k(1)
gﬂjdl e ( ’7261) [( ’ 2) L— = g~kj2n2dl e1#+... . Finally, we divide and multiply
g o(pi—4q), o(k-inq) ) ok, (2)

this expression by k-q, therefore integration by A reduces to the new variable dA2m,k-q =—dk.(A). Totally we

‘ 1 oGk (A)] kb o] aG[k] -k, . )
receive: g~k!2nzdﬂ{eIW+..}: —;fkldks,(z){e,w+..}: —Z.—k{eIG[kst(l)]—eIG[kx,(O)]}.

s

Calculating the integral for the second charge e, and generalizing the result taking into account the charge conservation
-k
law e=¢ +e, we receive: —(27r)4 S(p+q-p,-p,) g—ks{elG[ktz] +e,Glk,]1—eG[k;]}. Therefore, the matrix
q-Ks
element final expression is:

-k
m., = —(27[)4 S(p+q-p —pz)-e-%{zlG[ktz]+22G[kj]—zG[kS2]}. (11)

S

This expression does not contain any kinematical singularities. Moreover, one defined by the sum of the change
“velocities” of structure formatting interaction in every point of nonlocality. Total expression for covariant amplitude

E, -Ju k!

uv pol™s

after photon “insertation” into strongly connected “threetail” takes the form M, =e I
q- kK

, Where

F, =¢,q,-¢&,4q,-EM-ield tensor, J/  total EM pole current of s-, t- and u-channels.

The inference is that injection into consideration of additional (regular) part ensures the existence of photon point
limit. This property provides the opportunity to describe electro break-up processes applying developed covariant
approach [5-7].

GENERAL ANALYSIS OF COMPOUND SCALAR SYSTEM ELECTRO-BREAK UP PROCESS
To carry out calculations of observed characteristics one has to establish the conditions of concrete model, which
corresponds to electromagnetic hadron intersection current. We apply developed approach with this objective. The only

distinction with the respect to photo processes is the presence of virtual ]/* —quantum. Extra virtuality (tendered by

photon line into electromagnetic vertex) leads to the emergence of form-factors instead of charges in electromagnetic
currents.

Matrix element of compound scalar system electro break-up process (corresponding to Feynman diagrams on Fig.
2.) has the shape (1) with the amplitudes of appropriate channels (4, 5). For the numerical calculations one has to use
realistic form-factors of target and fragments instead of charges in amplitudes. There is a number of articles containing

different q2 — dependence of form-factors. For example, form-factor dependence can be taken from [11,12]. Such
dependence fulfills the agreement to the photo process amplitude:
F, (¢’ =0)= z5 F, (¢°=0)= Zp;Fn(q2 =0)=z,. Values of z,,z,,z, — are charges of compound system and
its constituents in elementary charge units. Gauge invariance of the amplitude has no hesitation. Providing the

. . * . .
substitution: & w4, ,onereceive the expression:

M(e, —q,)=etF,(q")G, +[F,(q*)+ F,(¢)— F,(¢")IG, )
~F (¢*)G, - F,(¢°)G, + F,(¢°)G, + F,(¢")G, —[F,(¢°) + F,(¢*)]G,} = 0.

As the result, we have the opportunity of light nuclei electro-break up covariant description. Analysis of the results
of observable quantities calculations and comparison with experimental data will be given in further articles.
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CONCLUSION
Regular part of gauge invariant amplitude defines the value of electrical many-particle mechanisms dynamical
deposit in addition to one-particle (pole) deposit. This statement is in precise agreement with the requirement of gauge
invariance. Therefore, in developed covariant approach, the photon point limit of the electro-break up amplitude exists
and equals to zero. This property gives the opportunity of unified description of photo and electro processes based on
general principles. Application of this approach permits us to receive precisely conserved nuclear electromagnetic

currents at arbitrary q2. The main notice of the article is the description of interaction between electromagnetic field

and bound system of strongly interacting particles. As the result, it was shown that conservation of electromagnetic
current in processes with electrons is also very important as in photoreactions.

Finally, author wants to express acknowledgement to the group of Institute of Electrophysics and Radiation
Technologies NAS of Ukraine, and especially to Yu.A. Kasatkin and V.F. Klepikov for assistance to publish this article,
useful advises and discussions.
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