Yupexaenue oopazoBaHus
«l'OMeNbCKUM rOCYIApCTBEHHBIN YHUBEPCUTET
nMmeHn Opannucka CKOpUHBD
['ocymapcTBEHHOE HAy4YHOE YUPEKICHUE
«Uucturyt ¢usuku umenn b.M. Crenanosay»

HanuonaneHo# akanemuu Hayk bemapycu

benopycckuit pecnyonukanckuii oua GpyHIaMEHTAIbHBIX UCCIICI0BAaHUN

MNPOBJIEMbI B3AUMOJIEMCTBUS
U3JYYEHUA C BEHLIECTBOM

(IMOCBSAIIAETCS 90-JIETHUIO
CO JIHs1 POXAEHUSA B. B. BOKYTSI)

Matepuanst [V MexayHapoaHoit HaydHOW KOHPEPEHITUN

(F'omens, 9—11 Hos10ps 2016 roxa)

B nByx 4dactsax

Yacte 1

DJIEKTPOHHOE U3JaHUE

I'omens
I[TY nmenu ®@. CkopuHbI
2016



VJIK 538.97

IIpo0JsieMmbl B3aMMOEiCTBUSA H3JIyYeHHUs] C BeIECTBOM [DJIEKTPOHHBIN pe-
cypc] : IV PecniyOnukanckass HayuyHas KoH(pepeHuus, nocpsmieHHas 90-netuto co
nust poxaeHus b. B. bokyts (I'omens, 9—11 Hosi06pst 2016 1.) : maTepuansl : B 2 4.
Y. 1. — Dnexrpon. gaH. — ['omens: ITY um. @. Ckopunsl, 2016. — 1 35ekTpoH.
ont. quck (CD-ROM). — Cucrem. tpeboBanus: |BM-CoBMeCTHMBIN KOMITBIOTED;
Windows XP; O3V 512 Mb; CD-ROM 8-x u BoIIIe. — 3ari. ¢ 3TUKETKH JHUCKA.

B cOopuuke momenienbl MaTepuansl 10kaaa0B 1V MexayHapoaHoi HaydHOH KoH(pe-
peHiuu, mnocBsmeHHon 90-netuto co aHa poxaeHus b. B. Bokytda, mo ciemyronum
HaIlpaBJICHUSIM: HEJIMHEWHAsl ONTHKA, ONTHYECKas TUPOTPONUS, YNPYrue BOJHBI, POTO-
aKyCTHKa, aKyCTOOIITHKA, 3JIEKTPOCIadble CBOMCTBa MUKpPOUYACTHUL, JIEKTPOJMHAMUYE-
CKHE U aJIpOHHBIE MPOILIECCHl B3aUMOICHCTBUS, rpaBUTaLIMsl, (PU3UKA JIA3E€POB U JIA3EPHbIE
TEXHOJIOTUU, MOHHO-JIy4€BbIE U IJIa3MEHHBIE TEXHOJOTUH, (POPMHUPOBAHUE CTPYKTYPHI U
CBOWCTBA IMOKPBITHI, HHCTPYMEHTBI U METOJABI ABTOMATHU3aLlA HAYYHBIX MCCIIECIOBAHUM,
MOJIETTUPOBAHUE CUCTEM M IPOILIECCOB, MOJEIUPOBaHHE U 00paboTKa H300pa)keHUi,
cTparerus GopMHUpOBaHUs 00pa30BaTEIbHO-HAYYHOU HH(POCPEIBI.

AnpecyeTtcst HaydHbIM paOOTHHUKaM, acliipaHTaM, MaruCTpaHTaM, CTy/ICHTaM.

PenaknuonHas KoJijierus:
C. A. XaxomoB (rnaBubiil pegakrop), A. H. Ceparokos,
H. B. Makcumenko, 1. B. Cemuenko, A. B. Poraues, O. M. /lemuaeHko,
1O. B. Hukutiok, /I. JI. KoBanenko, O. M. JleproxkkoBa, H. A. AnemikeBuy,
B. B. Anapees, B. 1. Jlesuyk, B. H. Mbeimkosen, E. b. Illepmines

YO «ITY umenu @. CKOpuHBI»

246019, I'omens, yn. Coserckas, 104,
http://www.gsu.by

© Vupexaenue oOpazoBanust «I oMenbCcKuii
rOCyapCTBEHHBI YHUBEPCUTET
umenu Opannucka Ckopunby, 2016



bopuc BacunseBuu bokyTs
(27.10.1926 — 15.03.1993)

IV MexnynapoaHas HayyHasi KOHGepeHuus

MMPOBJIEMBI B3AUMOJIENCTBUS U3JTYYEHUS
C BEHIECTBOM

(ITocBsamaercst 90-1eruro co aus poxaenusi b.B. bokyrs)
9-11 HosOps 2016 r.

I'omean, besapycs

Kondepenuus mnocesimiena 90-neruto  co nHs poxaenus b.B. bokyrs —
BbIAOIIErOCcs  Oenmopycckoro (us3mka ©  opraHu3aTopa HayKd, akaJeMuKa
AH BCCP, pekrtopa [OMEIbCKOTO  TrOCYJapCTBEHHOTO  YHUBEPCUTETA
(1973-1989 roxwi), maypeata ['ocymapctBennorr npemun CCCP, aBTOopa Ooiee
200 HayuHbIX padboT, B TOM unciie 3 MoHorpaduii u 20 uzodperenuii. Konpepenuus
paboTana 1Mo HampabJIeHHsIM, B pa3BuTHe KOTOphIX b.B. BokyTh BHEC cyliecTBeH-
HBIM BKJIaJ: HEJMHEWHAsl ONTHKA, KPUCTAJUIOONTHKA, aKyCTOONTHKA, (PU3HKa Jia3e-
POB, TEOPUS AIEKTPOMArHETU3MA, JIA3EPHBIE TEXHOJIOTUU.



IMPOI'PAMMHBIA KOMUTET

. PoraueB Anekcannp BiaguMupoBuy, 4ieH-KOPPECHOHACHT (TIpeaceaaTeb)
. CeparoxoB Anaronuii HukonaeBuy, 4ieH-KOPPECHIOHICHT (3aM. MpeceaTesl)
. AnanaceBuu [laBen AngpeeBuy, akageMuK

. AdanacbeB AHatonuii AJIEKCaHIPOBUY, YICH-KOPPECIIOHCHT

. benpiii Bimagumup HukostaeBuy, 4ieH-KOPPECTIOHIEHT

. Bopomnaii Esrennii CemenoBuu, mpodgeccop

. 'onuapenko AHnpenr MapkoBrd, akaeMUK

. Jloctanko Anaronuii [laBnoBuy, akageMuKk

. Kazak Hukonait CtaHucnaBoBUY, akageMUK

10. KoncrantunoBa Anuca ®enoposHa, mpodeccop (Poccusi)

11. Makcumenko Hukouait BacunbeBuy, mpodeccop

12. Mkl Hukonaii KonctaHTHHOBHY, aKkaJeMUK

13. OpsnioBuy BanieHTH AHTOHOBHY, aKaJEMHUK

14. I'anonenko Cepreil BacuiibeBrY,akaeMUK

15. Cemuenko Urops BanentunoBuu, npodeccop

16. CuxBomna Apu, nmpodeccop (PuHITHIUA)

17. TperpaxoB Cepreit AnatosibeBud, npodeccop (PUHIAHINA)

18. CtpaxxeB Bacwimit iBanoBuy, mpodeccop

19. Crpenk Becnag, noxrop (ITonbia)

20. Mutropuu I'eopruii CemenoBu4, nmpodeccop

OO NO OIS WDN P

OPI'AHU3AIIMOHHBINA KOMUTET

1. XaxomoB Cepreit AnatonbeBud, pekTop YO «(ITY um. ®@. CxopuHb»
(npencenarenb)

2. Jlemunenko Omner MuxalioBUY, NOPOPEKTOP MO HAYYHOU paboTe
YO «ITY um. ®@. CkopuHbl» (3aM. IpeaceaaTens)

3. Huxutioxk HOpuii BanepbeBuy, OpopeKkTop NO BOCHUTATENBHOM paboTe
YO «ITY um. ®@. Ckopunbd (3aM. MpeiceIaTes)

4. Komanenko Jmutpuii JleonumoBuu, nexkan ¢usnueckoro ¢akyibTera
YO «ITY um. ®. Ckopunbd (3aM. MpeicenaTes)

5. JeproxxkkoBa Oxcana MuxaiiioBHA, 3aMeCTHUTENIb JileKaHa (U3UUYECKOTO
dakynprera YO «I'TY um. @. Ckopusbl» M0 Hayke (yUEHBIH CEKpeTaph)

6. CamodanoB Amnzapeit JleoHumoBud, 3aMEeCTUTEIb JeKaHa (PU3UYECKOTO
dakynpTeta YO «I'TY um. @. Ckopusb» (CEKpeTaph)

7. AnemkeBnuy Huxounaii AnexcaHapoBu4, 3aBenyroldid Kadeapoll ONTUKH
YO I TVY um. ®@. Ckopusb



8. AmnnmpeeB Buktop BacunbeBmu, 3aBemyrommii kKadeapoill TEOpPETHIECKON
busuku YO «I'TY um. ®. CkopuHbD

9. Jleuyk Buktop JmutpueBud, 3aBenytoummii kapeapoit ACOU YO «(ITY
uM. @. CKOpUHBI»

10. Memukoser; Bukrop Huxonaesuu, 3aBeayomuid kadenpoit paarnopusuku u
eKTpOHUKU YO «['TY um. ®. CKopuHbD)

11. IlepmneB Eprenunii bopucosuu, 3aBenyrommii kadeapoil ooOmei (Gpusuku
YO «ITY um. @.CKopUHB»

12. IMlanynaeB Cepreii BukeHTbeBuY, J0IEHT Kadeapbl oOuen ¢(u3nku
YO «ITY um. ®. CKkopuHbDY

CEKIIM KOH®EPEHIIUHN

1. «OnTHKa K AaKyCTHKAa KPUCTAJJIOB OHAHM30TPONHBIX CTPYKTYP»
(HeNMHENHAsI ONTUKA, TUPOTPOIHS B ONITUKE U aKYCTUKE KPUCTAJIIIOB)
IIpencenarenu:

CeparokoB Anaronui HukonaeBud, 4ieH-KOpP.

[IeneneBnuy Bacunuit BacunseBud, mpodeccop

2. «Teopus pyHaameHTAJIbHBIX B3aUMOACHCTBHID)

(a71eKTpOoCiiadble CBOMCTBA MUKPOYACTHII, SJEKTPOJIUHAMUYECKUE U aJPOHHbBIC
MPOLECCHI B3aUMOJEHUCTBUS, TPABUTALIMS)

IIpencenarenu:

Tumomun Cepreit MiBanoBuy, mpodeccop

Makcumenko Hukonait BacunbseBuu, mpodeccop

3. «HoBble MaTepHAJIbI U TEXHOJIOTUH»

(¢u3uka mazepoB M Ja3epHbIC TEXHOJIOTHUH, MOHHO-TY4YEBbIE U TUIA3MEHHBIE TEX-
HOJIOTHUH, (POPMUPOBAHKE CTPYKTYPhI U CBOMCTBA TOKPHITUIA)

IIpencenarenu:

PoraueB Anekcanap BnagumupoBud, 4iieH-KOPP.

Bopomaii Eprenuii CemenoBu4, nmpodeccop

4. «KABTOMATH3ALMS HAYYHBIX MCCJIEI0BAHUIN»

(MHCTpYMEHTBI ¥ METOJbl  aBTOMATH3allMM  HAy4YHBIX  MCCJICJOBAHUM,
MOJICIIUPOBAHUE CUCTEM U TIPOIIECCOB, MOJICTUPOBAHNE U 00pabOTKa N300paKEeHUH,
cTpaterusi GOpMUPOBAHUST 00Pa30BaTEIHbHO-HAYYHOU HH(HOCPEIHI)

IIpencenarenu:

Hemunenko Oner MuxainoBuy, npodeccop

JleBuyk Bukrop JImutpreBnud, 1OLEHT



MECTA PABOTbhI CEKIIUA

1. OnTuka 1 aKyCcTUKa KPUCTAIIIOB OMaHU30TPOITHBIX CTPYKTYP
10 HOs10ps 2016 1., KOpMIyC 5, yi1. CoBerckas, 102, ayn. 4-27.

2. Teopust hyHIaMEHTAIBHBIX B3aUMOICHCTBUN
10 HOs10ps1 2016 1., KOpIyC 5, yi1. CoBerckas, 102, ayn. 3-7.

3. HoBble MaTepualibl ¥ TEXHOJIOTUH
10 HOs10ps 2016 1., KOpMIyC 5, yi1. CoBerckas, 102, aym. 2-11.

4. ABTOomMaTH3alys HAyYHbIX UCCIIECIOBAHUIM
10 HOs10ps 2016 1., KOpIYC 5, yi1. CoBerckas, 102, ayn. 4-10.

PETJIAMEHT
JloxJianpl Ha TIJIEHAPHOM 3aceJaHuU — 10 20 MUHYT
Jloknaabl 1 COOOIIEHMS Ha CEKIMAX — 10 10 munyT
VYyactre B ITUCKYCCHSIX — 710 5 MHHYT

HOPAJAOK PABOTbHI KOH®EPEHIINHU

9 Hos10pst 2016 T.

9% 13% _ perucrparus y4acTHUKOB
(ITY um. ®@. Cxopunsl, yi. Coserckas, 102, kopiryc Ne5, doiie 1 ataxa).
14% _ gozoxkenue LIBETOB K MeMOpHaIbHOU A0CKe b.B.bokyTs
(ITY um. ®. Cropunsl, yi. CoBerckas, 102, koprmyc Ne5).
OTKpbITHE AyIUTOPUU UMEHU akaaemMuka bokyts b.B.
(ITY um. ®@. Cropunsl, yi1. CoBerckas, 102, kopmyc Ne5, ayna. 4-27).
15% — 17% — otkpbITHE KOHDEPEHIHH, TIICHAPHOE 3aCEIAHHE
(ITY um. ®@. Cxopusnsl, yi. Coerckas, 104, kopryc Ne4, untanbHblil 3a1).
17%° — xoudepenrmonnsrii yxu (yi. [lecuna, 4).



10 HOs16ps 2016 T.

9% 12% _ paGota cexmmii
Ceknusa «OnNTHKA U aKYCTHKA KPUCTAJIOB OUAHU30TPOIMHBIX CTPYKTYP»
Ayn. 4-27, xopnyc 5, yn. CoBerckas, 102.
Ceknus «Teopust pyHaaMeHTAIBbHBIX B3aUMO/IECTBUIT»
Ayn. 3-7, kopnyc 5, yn. CoBerckasi, 102.
Cexknusa «HoBble MaTepuaJIbl M TEXHOJIOTHID)
Ayn. 2-11, xopnyc 5, yin. Coserckas, 102.
Ceknusi KABTOMATH3AIUSA HAYYHBIX UCCJICIOBAHU I
Ayn. 4-10, xopryce 5, yn. Coserckas, 102.
12%° —13% _ crenmoBbie mOKIAIBI
(BeicraBounstii 3a, koprryc Ne 4, I['TY um. @. CkopuHbl).
13% — 14% — oGenenHblit mepepoIs.
14% — 15% — pa6ora cexuuii
Cexknnst «OnTuKa M aKyCTHKA KPUCTAJIOB OMAHU30TPOIHBIX CTPYKTYP»
Ayn. 4-27, xopnyc 5, yn. CoBerckas, 102.
Ceknus «Teopust pyHaaMeHTAIbHBIX B3AUMO/IECTBUIT»
Ayn. 3-7, kopmyc 5, yi. Coserckas, 102.
Cexuns «HoBble MaTepuaJIbl M TEXHOJIOT UMW
Ayn. 2-11, xopnyc 5, yin. Coserckas, 102.
Cexkunsi KABTOMATH3AIUS HAYYHBIX HCCJIE0BAHUIN
Ayn. 4-10, kopnyc 5, yn. Coserckas, 102.
15% — 16% — o6cyxaenne pe3yIbTaToB KOHMDEPCHIIHHL.
16% — sKcKypens B ABOPIIOBO-MIAPKOBEIH aHcaMOiIb PymstHIeBbix i [lackeBuueii
(Coop y koprryca Ne 5, I'TY um. ®@. Cxopunsl, yi. Coerckas,102).

11 nosi6pst 2016 T,

12 - 13 ®_ nocemenne naboparopuii Gusuueckoro haxympTeTa
(I'TY um. ®@. Crxopunsl, yi. CoBerckas, 104,102, kopryca Ne4, Ne5).

WWW crpanuna: http://gsu.by/physfac/index.php/2010-02-04-14-08-07/2010-02-
04-14-08-32/1014.html



http://gsu.by/physfac/index.php/2010-02-04-14-08-07/2010-02-04-14-08-32/1014.html
http://gsu.by/physfac/index.php/2010-02-04-14-08-07/2010-02-04-14-08-32/1014.html

IJIEHAPHOE 3ACEJAHUE

1. C.A. XaxomoB, Pextop YO «l'oMenbCkHil rOCyIapCTBEHHbI YHHUBEPCUTET
uMeH Opanicka CKOPUHBY.
OTkpbITHE KOH(DEPEHIIUH.

2. C.A. XaxomoB, U.B. Cemuenko, YO «I'omenbCkuii TOCyAapCTBEHHBIN YHU-
BepcureT uMeHn @pannucka Ckopunel», ['omens, benapycs.
MeramaTtepuaisl 11 CBEPXBbICOKOYACTOTHOTO U TEPArepuoBOro IHANa30HOB.

3. B.H. bensiit, H.C. Kazak, THY «WuctutyT Qpusuku umenu b.U. Cremanosa»
HAH benapycu, MuHck, benapyce.
Mertamarepuaibl B ONTHYECKON 00JIaCTH CIIEKTpa: CBOMCTBA U IPUMEHEHUE.

4. A.®. Koncrautunona, T.I'. I'onosuna, K.K. Koncrantunos, E.A. EBnuien-
ko, Muctutyt xpuctamiorpapuu mmenn A.B. IllyOnuxoa, ®HUL] «Kpucramio-
rpadus u poronunka» PAH, Mocksa, Poccus.

HeoObruHbie cityyau MpOSIBJICHUSI ONTHUYECKOW aKTUBHOCTH B OJIHOOCHBIX KPHU-
CTaJuIax.




Conep:xanue

OnTuka M aKyCTHKA KPUCTAJJIOB
OMaHU30TPONHBIX CTPYKTYP

Belyi V.N., Kazak N.S., Stepanov B.l. Metamaterials in optical spectral

region: properties and perspectives of application.....................oooiiinl, 12
T'upzens C.C. AccumeTpuyHBIC BOJTHOBEIC MO beccens HenmpepbIBHOTO mopsaka... 18
T'upzens C.C. Accumetpuunsie myuku beccensi-I"aycca HempepbIBHOTO TIopsiaka.... 24
I'puweukun 10.A., Kanwan B.H. Bo30yxnenue 0u-u30TporHoi chepuyeckoi ya-

CTHITHI TATIOTBHBIM F3ITYUATEIICM . ... v e ustenteenneeneeenteeneeenseenneeanssenneeanneannens 32

Koucmanmunoea A.@., I'onosuna T.I'., Koncmanmunos K.K., E¢ouwenxo E.A.
HeoOpr4HbIE ClTydan MPOSIBIICHUS ONTHIECKON aKTHBHOCTH B OJTHOOCHBIX KpUCTADIAX.. 37
Kynax I'.B., Kpox I'.B., Huxonaenko T.B. IIpomexyTounblii pexxuM audpakimu oec-
CEJIEBBIX CBETOBBIX ITyYKOB HA yJIbTPA3ByKE B THPOTPOITHBIX KPUCTAILIAX. ... .......... 41
Kynax I.B., Kpox I'.B., Huxonaenko T.B., Ponom A.Il. HexonnuneapHas Opar-
roBCcKass AU(pakus OECCeIeBhIX CBETOBBIX ITyYKOB BBICIIUX IMOPSAKOB B KyOnde-
CKHUX TUPOTPOITHBIX KPHCTATIIIAX . .+« vveneeeenteennaeanaaenneennaeenneenneeanneenneeanneenns 45
Maxkapesuu A.B., Illenenesuu B.B., Illanoapoé C.M. IKClIepUMEHTAJIbHOE U3Y-
YCHUE 3aBUCHMOCTH BBIXOJHBIX XapPAKTEPUCTHK CMEIIAHHBIX TOJIOTPAMM OT TOJIIIIH-
HbI poTopedpakTuBHOTO Tbe3okpucTaiia BTO................ooi i, 50
Mumiwpuu I'.C., Jlebeoesa E.B., Céeupuoosa B.B., Ceporwkoe A.H. ®OTOAKYCTH-
YecKkoe npeoOpa3oBaHue 0ECCENIEBBIX CBETOBBIX IMYYKOB B CJIO€ XUPAJIbHBIX YTJIe-
POJTHBIX HAHOTPYOOK. ...\ uttttt et ettt et ettt e et e et e et e et e et e et e eaeeaneeaneens 55
Mummwpuu I'.C., Xuno II.A., Ceporokoe A.H. ®oTonedaeKIMOHHBIN OTKJIHK OT
MIEPUOIMYCCKH MOJISIPU30BAHHOTO HEJTMHEHHOTO KpHCTauia, o0iydaeMoro oeccerne-
BBIM CBETOBBIM ITYIKOM. . ... ve et eneeseese et et e et et et et et e e e e e e e e e e eeeneene e, 60
Cemuenko MH.B., Xaxomoe C.A., TIonuapenxko AM., Cunuuyvin I.B.,
Camogpanoe AJL, Ilooanoe M.A. MonenupoBaHue TMOKHUX METAUIMOJUMEPHBIX
BBICOKOTIOTJIONMIAIOIINX HEOTPAKAIOIINX TMOKPHITUH HAa OCHOBE TPEXMEPHBIX dJie-
MEHTOB IS TT L] IAAITABOHA. . ... vttt ettt 69
Cemuenko MH.B., Xaxomoe C.A., Ionuapenxko A.M., Cunuyvin I.B.,
Camodgpanoe A.JI., Ilooanoe M.A. DPpdekTuBHBIE TEH30PHI TUIICKTPUICCKON U
MarHUTHOHM TMPOHHUIIAEMOCTEH MeTaMareprajja Ha OCHOBE OMETa-3JIEMEHTOB IPSIMO-
YTOJIBHOW (POPMBI C ONITUMATBHBIMU TMAPAMETPAMU . .+ eveeeveenteeenaeenneennneenneennnnns 74
Tuxosea E.JI., Konopamenxo B.H. IlpeoOpazoBanrne WH(POPMAIIMOHHOTO ITydKa

B 1 (010 ()Y o) (=T S 79
Xomuenko A.B., Ilpumax H.Y., Bacunenxo A.H. Ilonspuzanuonnas uarepdepomer-
pHsl HEOTHOPOTHBIX TIOJIEH MEXaHUYECKUX HAIIPSDKEHUH B 3aKAJICHHOM CTEKJIE........ 83



HIamvina A.A., Kanwan B.H. Bnvsnyue opueHTalMy 3JUIUIICA MOJAPU3AIUA T1aj1a-
FOIIEr0 M3JIYYECHHUSI HA TEHEPALMIO BTOPOM TaPMOHHUKH OT MOBEPXHOCTH KOHEUYHOTO

1107031710501 {0 F: DRSSP 88
Illanosanoe II.C. Onucanue B3aMMOJECHCTBHS JIA3€PHBIX ITyYKOB B HEJIMHEWHBIX
40151 -5 GO T 93

Teopust pyHaaMeHTAJBHBIX B3aUMOJACCTBUI

Aesakan E.3., Aeakan C.JI., 3a0oposcuiok M.B. AnpoHHBIE B3aMMOJCUCTBUS TS-

(S0 () WO ) (<) 11 o) £ 97
Anopeeé B.B., baouu K.C., /lopoxoe A.E. CtpykTypHBIE pensiTuBUcTCKUE I dek-

TBHI BBICHTUX TTOPSIIKOB JIJII BOJIOPOJAOTIOIOOHBIX CHCTEM. . uvveennreeennrseannneeannnnss 102
Anopeee B.B., Kpymoeé A.®. Yriabl CMEIIMBAaHUSA W3 PACMaJOB BEKTOPHBIX

Y (e 1012 10 F00U P 108
Axpamenxo H.A. I'paBUTalnOHHBIN 1e()EKT MACCHBHOIO IHAPA. .. ..uveerenrenranrensn.. 116

Bakynuna E.B., Makcumenko H.B. CIHHOBBIE NOJIIPU3YEMOCTH M XapaKTEPUCTH-
KM aJpOHOB CMHA | CBA3aHHBIE C HECOXPAHEHHWEM YETHOCTH B popMmanusme Jlad-
GHHA-KEMMEPA-TIETBIO .....\vit ittt e e e, 120
I'aspuws B.IO., Andpees B.B. Pacnan ¢—ne'e” B TOUeuHOH (hopme IyaHKape-

VHBAPUAHTHOU KBAHTOBOM MEXAHUKH . . . . ettt eennteteeeeaiteeeeannneeeeenns 126
Jeemapeea E.A., Tumowun C.H. 11o1yMHKITIO3UBHOE TITYOOKOHEYIIPYTOe pacces-
HUE MOJISIPU30BAHHBIX JIENTOHOB HA MOJSPU30BAHHBIX TEUTPOHAX. .. ueeeueeennannnn.. 131
Heit E.A. PacueT CBOWCTB ME30HOB HAa OCHOBE YMCJIEHHOI'O PELICHUS] CUCTEMBI UH-
TETPATbHBIX YPABHEHUM COIMMUTEPA. . .veeenntteentteetteeeteeaiteeaieeeanneeeannns 136
/et E.A. 3bdexTuBHOCTh METOAa KOHEUHBIX PA3HOCTEH MPHU PEUICHUU JIBYMEPHO-
ro craimoHapHOro ypaBHEHUS LlpenrHrepa. ... 141

Kenoukuna T.I1., Jlykawmeeuu C.A., Axoseenxo B.H. Metoapl cTaTucTudecKkon u-
3UKHA B COBPEMEHHOM KYPCE OOIICH (PUBHKH. ....vveennteeetee ettt eaineeeaieeeennaniinnens
Kanwan B.H., @uanxa C.H. Cynepno3unius d-IMIOTSHIIMAIOB B 3a/1a4€ O PACCETHUM
PEMATUBUCTCKUX YACTUI] CO CIMHAMM O M1 V.. .o,
Maxkcumenxo H.B., /lepiosckosa O.M., Anopeee B.B. CrinHOBBIE IOJISIPU3YEMOCTH
aJpOHOB CIIMHA 72 B KOBAPUAHTHOM T€OPETUKO-TIOTEBOM MOJTXOMEC . .vveernneennnnnn.

Oscuwk E.M., Boiinosa A.A., Peovkoeé B.M. PenaruBructckas 4yacTuiia cO CIMHOM
0 B 3JIEKTPUYECKOM TOJIC. L. ..o e
Oscurwk E.M., Boiitnosa A.A., Peovkoe B.M. PenatuBucTcKas 4yacTHIla CO CITMHOM
0 B amekTpuueckoM IOJIC. ... . o

Pankov A.A., Tsytrinov A.V. Probing and identifying new physics scenarios at ILC
with polarized beams. ...

Pycanoecxkaa A.H., Twomenkos I'.FO., IlImpomobepz /I.A. Monenvuble (QpyHKIIUU
MJIOTHOCTH TSI TUTAHET 3E€MHOM TPYIIIIBL. . . et eueveeenteeeneeeeaeeeeneeeenaeeannaeenns

146

151

156

163

168

173

177

10



Poiorcuii M.C. T'paBUTAllUOHHO-PE30HAHCHAsI KoopauHamus (aganrtauus) (yHma-
MEHTAJIbHBIX B3aUMOJCHCTBHUM U MOTyuYeHUE CUCTEMHOTO d((exTa Ha MOBEPXHOCTU
Cepowkosa M.A. Briusnue (HOHOBOTO MOJII TEMHOM SHEPIUM Ha XapaKTep pacraja
noaroxkuBYIUX U30TOTMOB U-238 1 Th-232..... .o
Tumowiun E.C., Tumowun C.H. KBapkoBble BKJIaJbl B CIIMH HYKJIOHA U3 COBMECT-
HOTO aHaju3a riIyOOKOHEYNPYTroro JIENTOH-HYKJIOHHOTO PACCEsIHUS ¢ 3apsHKEeHHBIM
15003 (53700 0 1M 029031 B (0) (<2 1LY 0 (P

Tumowun E.C., Tumowun C.H. I'myOOKOHEYNPYroe JICNTOH-HYKJIOHHOE paccesi-
HUE C HEUTpaJIbHBIM TOKOM NpPH MOJSpU3aLMA OAHOM M JBYX HayaJbHBIX Ya-
Twmenkoeg I'.1O., Ilecenxo A.1Q., bozoanoeuu /[.A. O HOBBIX NEPUOJIUUECKUX OP-
OuTax TPOMHBIX CUCTEM C HBIOTOHOBCKUM T'PABUTAIIMOHHBIM B3aUMOJEHCTBHUEM. ......

11

182

186

190

196



OnTrka u aKyCTHKAa KPUCTAJLJIOB
OMAHM30TPONHBIX CTPYKTYP

IIpencenarenu — CeparokoB A.H., [llenenesuu B.B.

V.N. Belyi, N.S. Kazak

B.1. Stepanov Institute of Physics, National Academy of Sciences of Belarus,
Minsk, Belarus

METAMATERIALS IN OPTICAL SPECTRAL REGION:
PROPERTIES AND PERSPECTIVES OF APPLICATION

Introduction

The past ten years have seen the emergence of metamaterials in optical spectral
region characterized by extraordinary properties. Their ability to manipulate parame-
ters of light radiation in new ways led to many novel applications. Examples include
super resolution imaging, negative refraction, optical cloaking, enhance nonlinear
interaction and others. Metamaterials are engineered composite materials containing
sub-wavelength inclusions (meta “atoms”) that allow for custom-tailored electro-
magnetic response of the medium. This easily brings novel and unique features
which are not available in natural materials. The sizes of meta “atoms” and distances
between them are much smaller than the radiation wavelength. That is why the ra-
diation “sees” the arrays of such meta “atoms” as a continuous medium with definite
values of efficient permittivity and permeability.

The history of metamaterials begins with the publication of Russian physicist
Viktor Veselago in 1968 [1]. In his seminal paper the possibility of existing of a ma-
terial with negative refraction index was discussed. The immense flow of the re-
search in electromagnetic metamaterials, observed since the beginning of the 21-st
century, has been widely popularized (see, for example, [2-5]). At the 5th Interna-
tional Conference on Metamaterials, Photonic Crystals and Plasmonics (META’14 —
Singapore) it was mentioned that during the last decade a number of publications in-
creases exponentially. Here the plot of this dependence coincides with the exponen-
tial curve of the growth of a number of publications on quantum electronics and la-
ser physics of 1960-70. In this report, the state of art have been analyzed in the theo-
ry and practice of light propagation and transformation (amplitude, polarization, di-
rectivity) in optical metamaterials having different structures and echnologies of
fabrication and possessing a potential for broadband manipulation of the density of
photonic states and subwavelight confinement.
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1. The methods of fabrication of optical metamaterials

Some methods of optical metamaterials fabrication exist, among of them ones
based on using: i) nanoporous dielectric matrices with pores filled with metal; ii)
nanosized metal-dielectric structures, iii) self-assembled and oriented metal nano-
particles. At the Institute of Physics of National Academy of Sciences of Belarus
(NASB) there were developed new technological methods for creation of metamate-
rials. First of them is based on using the porous anodic aluminum oxide template
with implemented metal nanorods [6, 7] (figure 1).
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Figure 1 — SEM-photo of periodic nanoporous alumina structure obtained in various types
of electrolyte: a) sulfuric acid; b) oxalic acid; c¢) phosphor acid

The manufactured samples of anodic aluminum oxide with nanopores with sizes
from 40 up to 80 nm filled with silver and gold are characterized by negative refrac-
tion. It is proposed and patented the original construction of a hyperbolic metamate-
rial used for the work in a wide optical range of wavelengths and consisting of na-
noporous aluminum-oxide ceramics with the system of alternating nanoholes with
the diameter from 30 up to 50 nm filled with silver [8].

The second approach to creating the hyperbolic metamaterials in the Institute of
Physics of NASB is based on realizing the structure of alternating layers of metal
nanoparticles with those of semiconductor quantum dots, which also serve as emit-
ting centers [9].

At the B.I. Stepanov Institute of Physics of NASB the perspectives have been
considered of creation of metamaterials with small losses on the basis of semicon-
ducting structures: alloyed AlGaN/GaN supergratings, heterostructures with differ-
ent conductivity.

It should be noted the investigations conducted in collaboration with French sci-
entists. It is suggested the method of self-assembled nanoparticles templates as a
technique for manufacturing fishnet type metamaterials [10, 11]. Self-organized na-
noparticles template is a structure of closely packed spheres where voids between
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them are used for introducing metal and polymer layers. By varying spacing be-
tween the spheres, their diameter and concentration of metal one can get different
types of ordered structures (figure 2). This technology allows to manufacture homo-

geneous metamaterials covering relatively large area up to several cm2 being cheap
and simple in comparison to lithography of nano-sized structures. Besides this, fish-
net metamaterials, which are produced naturally with this technology, are capable of
achieving properties on negative and near-zero index materials over a tunable wave-
length range. It was demonstrated that self-organized nanoparticle templates could
be used for fabricating fishnet structures with negative effective refractive index.
The simulation of the optical properties of gold-polymer multilayer film in nanopar-
ticles template has performed. Variation of number of metal layers and other geo-
metrical parameters shows different cases of design when either maximum magni-
tude of negative refractive index or minimal absorption and maximal transparency
are observed.
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Figure 2 — Different types of metal skeletons that could be constructed
with the technology of self-assembled nanoparticles templates

Some perspective technologies are developed at the Institute of Chemistry of
New Materials of NASB [12-15]. This technologies are based on the creation of or-
dered structures of metal (or semiconducting) nanoparticles in polymer materials,
alternate thin films of polymer-metal, mono- and multimolecular films of Lang-
muire-Blodgett containing metal nanoparticles, net polymer structures with metal
filling of cells.

2. Plasmon-polaritons in metamaterials

A number of research works have been attributed to plasmon-polaritons in met-
amaterials. There have been investigated the peculiarities of excitation and proper-
ties of new types of plasmon-polaritons, so called Bessel plasmon-polariton, pos-
sessing the property of (quasi) nondiffraction. Particularly, singular radiative Bessel
plasmon-polariton in epsilon-near-zero (ENZ) has been predicted. This new type of
surface plasmonic field is cylindrically symmetric interference structure with phase
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singularity in its center and amplitude exponentially decaying into metamaterial and
radiative into free space.

For the first time there was discovered and studied a new type of surface
plasmonic field localized near the boundary of metamaterial — Bessel multi-
plasmon (figure 3). This type of oscillation is characterized by a distinct, sym-
metrically arranged in near-axial region super narrow intensity maxima, retain
their spatial structure away from the boundary. The Bessel multi-plasmon has
prospects for creating a new type of virtual optical quasi nondiffracting tips for
near-field microscopy.

11

Figure 3 — 3D and 2D pattern of intensity distribution of Bessel multi-plasmon

3. Superlenses on the basis of metamaterials

At the B.l. Stepanov Institute of Physics of NASB, on the basis of the fabricated
hyperbolic metamaterials there have been proposed and realized new configurations
of flat lenses (so called superlenses) of near and far field in a spectral region from
ultraviolet up to infrared radiation (figures 4, 5). The developed superlenses of near
field provide spatial resolution below the diffraction limit and allow achieving high
local amplification of intensity (for example, at the wavelength of A = 365 nm the
resolution is A/5 and the amplification is 30). There has been determined and proved
experimentally the light focusing criterion, namely, the presence of negative curva-
ture of flat lens phase characteristic. For the first time it has been established that for
the incident on a superlens light filed with radial polarization the regime of focusing
is realized and with the azimuthal polarization — regime of channeling, i.e. the for-
mation of narrow nondivergent light beam.

New ways have been proposed of application of near-field lens for formation of
two-scale light field, for resonance-amplified nanolithography and so on.
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Figure 4 — Novel construction of flat Figure 5 — Dependence of phase shift AQ

superler_ls based on hype_rbolic_metamaterial and optical path difference Ap of superlens
— multilayer metal — dielectric structure: based on polymer with gold nanoparticles

1 —incident light beam, N
2 — beam at the output from lens (focused) on light incident angle §;

4. Development of optical schemes and devices for characterization of some
properties of metamaterials

New methods are developed and devices are created for characterization of opti-
cal properties of metamaterials [16—19]. It should be noted the high-sensitive inter-
ferometry method and device for measurement of phase shift between two linearly
polarized beams passing the absorbing layer of metamaterial. They allow measuring
the optical constants of the created metamaterials.

Conclusions

In the Institute of Physics of NASB intensive investigations are carried out of
new advanced materials — metamaterials. A number of technologies are developed.
Prospects for new scientific directions are determined. Among of them there are in-
vestigations of fish-net metamaterials possessing optical magnetism, optical met-
amaterials with extremal parameters (particularly, with very small dielectric permit-
tivity). Some interesting effects are discovered in these media: tunneling radiation
through super narrow channel, formation of narrowband light beams, amplifying of
optical nonlinearities.

The demonstration of the superlens operation is one of the most forecasting
property of materials with negative refraction index and this is the sign of quick
progress in this developing area. The magic of metamaterials and negative refraction
should be “converted” into an applied technology. This step needs improvement of
the construction of metamaterials and their production on a reasonable price.
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C.C. I'mpreasn
YO «'omenbCkuil TOCYJapCTBEHHBIN YHUBEPCUTET
uMenu @pannucka Cxkopunb», ['omens, benapych

ACUMMETPHUYHBIE BOJTHOBBIE I1OJISA BECCEJIA
HEITPEPBIBHOI'O ITOPSA KA

BBenenue

B nHacrosiiiee Bpemsi mpojoiKaeTcs OyM B MOMCKE U MCCIECIOBAHUU HOBBIX TH-
OB CBETOBBIX IMy4KoB [1—4]. BonbIoi naTepec mpuBiiekarT myuku beccens [5-9].
Jypuaun [4] BriepBbIe 00paTHJI BHUMaHUE HA TO, UTO IMy4yku beccens ob6nanaoT yHU-
KaJIbHBIM CBOMCTBOM 0€31u(PaKIIMOHHOCTH, U SKCIIEPUMEHTATILHO TTOATBEPIUI ATO.
Bnpouewm, eme Ctpatron [10] B 1948 rony onucan pemienus ypaBHeHus [enbm-
roJipIla, coaepskamue GyHkiun beccens nemounciaennoro nmopsaka. Hemasro, Tao u
np. [3] BBenu HENMpEephIBHBIA WHIAEKC v IS My4YKOB beccens W omuchIBamu Tak
Ha3bBaeMbIe GpakimonHbie (fractional) myuku beccens. B mamux padorax [11-14]
UCCIEIOBAIIMCH MOJISIPU3AIMOHHBIE U DHEPTETUYECKUE XapPaKTEPUCTUKH BEKTOPHBIX
nyuykoB beccenss. CoBcem HemaBHO, KoBaneB m Kotnsip [6—8] BBenm ckanspHbIe
acuMMeTpuuHbie MOl beccenst (aB-Mop1) 11€7104MCIIEHHOTO UHACKCA, Y KOTOPBIX
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MOTEpEYHbIe KOOPAMHATHI X M Y UMEIOT JOMOJIHUTENbHbIE CABUTU (BEIIECTBEHHBIE
WJIU KOMIUICKCHBIC).

B nHacrosien pabote pe3ynbrarsl [6—9] 000011at0TCS 1 BMECTO LENOYUCIEHHO-
ro MopsJika BBOAMTCS HENPEPHIBHBIA HEOTPULATENbHBINA MOPAIOK v >0. U 00CyX-
JIAIOTCSl HOBBIN TUI TTyYKOB — (DPAKIIMOHHBIE aCUMMETPUYHBIE BOJIHOBBIE 10 bec-
CeJlsl HeTIPEPBIBHOTO MOPSIKA.

1. BoanoBnblie nmojia beccesisg v ux 00001eHus

s MOHOXpOMATUYECKOTo0 M3nydeHUs (E ~ exp(—iwt)) BOTHOBBIE IOJISI OIUCHI-

BAIOTCSl YpaBHEHHEM [ eJIbMroJjiblia, KOTOPOE, B YaCTHOCTH, MMEET KJIACCHYECKOE
pemenue [1, 2, 10]

E = Aexpli(zvk® - a® +ng)1J, (ap), 1)
BbIpaXKarolIMecs yepe3 uuiuuapuieckue Gpynkuauu 1 pona — pynkuuu beccens J, .

C ¢usnueckoil TOUKHU 3peHUs CTAaHAAPTHBINA My4oK beccens mpeacTaBiseT cymnepro-
3ULUI0 TUIOCKUX MOHOXPOMATHYECKUX BOJIH, BOJHOBBIE BEKTOPHI KaXKJI0W U3 KOTO-
PBIX PaCMOJIOKEHBI IO KPYTOBOMY KOHYCY BOKPYT ocu Z. Iy pusnyeckux mpuiio-
KEHUH B TEOPUU TUIAHAPHBIX U [UIMHAPUYECKUX BOJIHOBOJOB MPUMEHSIOTCS TAKKE
U MWIMHAPUYECKUE GYHKIIUUA TPETHEro poaa — QyHKIMU XaHKens H,.

Koganes u Kotnsap [6—8] BBenu Oosiee obime acuMMeTpudHbie MOkl beccens
(aB-MO/1b1) LIETOYMCIEHHOTO UHAEKCA, Y KOTOPBIX MONEPEYHbIE KOOPJIUHATHI X U Y

HUMCEIOT OOIMOJHUTCEIBbHBIC CABUT'U
n

E, (X, y,z):Aexp(iz\/kz—az)- % Jn(aw/x12+y12). (2)
1tV
rae X =X—Xy, Y1 =Y—VYo. KoHCTaHTBI X;, Yy — MPOW3BOJIbHBIC KOMILJIEKCHBIC Ta-
paMeTpbl KOMIUIEKCHBIX CMEIICHHUN IMOINEpedYHbIX KoopauHat X u Y. Llunuaaprye-
CKas CHUCTeMa KOOPAMHAT XOpOIIO MpucnocoOsaeHa i pu3nyeckux 00beKToB, 00-
JAJA0IIMX BPALIATEIbHOW CUMMETPUEH, HAIPUMED, I CTaHAApTHBIX noJse becce-
15 (1). OgHako oHa CTAHOBUTCS HE COBCEM YJIOOHOM Il aCUMMETPUYHBIX MTyYKOB, Y
KOTOPBIX IWIMHAPUYECKAs] CHMMETpHUsl Hapyuiaercs. [lo-BuaumMomMy, nmostomy B pa-
ootax [6-9] oOcyxnatoTcs yactHble ciydan aB-moa. [IpakTuuecku aBTOpbI MpUMe-

HSJI BELECTBEHHBIM X, CABUT IO X U YUCTO MHUMBIM CHIBUTL IO Y, T. €. Y, =—iXy,

4YTOOBI YIPOCTUTH MOJIYYAIOUIUECs BBIPAXKEHUS B LUJIMHIPUYECKON CHUCTEME KOOp-
nuHaT. B nonepeunom ceuennu aB-mop (mpu onpeneeHHOM COOTHOIIEHUN MEXIY
napameTpamu) pacipeesieHie MHTEHCMBHOCTU UMEET BUJ noiymecsia [7, 8]. Dkc-
NEPUMEHTAIbHO HAOMI0AIN OCTPYI0 (POKYCHPOBKY aB-MO7 ¢ MOMOIIBIO KUAKO-
KPUCTAJUTMYECKOTO JAUCIUICS] U 30HHOM IMJIACTUHKH (CM. TaK)Ke HEJIaBHIOIO dKCIEPH-
MEHTaJIbHYIO padoty [9]).
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CHauana [6—7] aBTOpBl NOJy4YWIH aB-moabl myTeM Cynepno3uuuyd OOBIYHBIX
MoJ beccens. [To3ke onu 3ameTumnu [8], uTo BeIpaxkeHus miisg aB-Moa MOXKHO Takke
NOJIYYUTh MYTEM KOMIUIEKCHBIX CMEIIECHUN MONEpPEeYHbIX KoopauHat X u Y. ABTo-

bl OTMCTUIIMA, YTO KOI'Ia X2+ 2 —)0 B 2 TOr4a OJHOBPCEMCHHO M aAPI'YMCHT
s 1 1 )

dbynkiuu beccenst ctpeMUTCs K HYJII0 U HEONIPEACIEHHOCTh PACKPBIBACTCSL.

Crnenyer 3aMeTUTh, YTO MPUEM 3alUCU HaOera KOMIUIEKCHOHM ¢asbl B (2), uc-
TONB3yIomuii opMmyy arctg(t) = (—i/2) In[(L+it)/(1—it)], He HOB M mMcHonB30BaNCA
paHee B pabote [4] s omucanys BOJHOBOTO nakeTa 2-D X-poin beccerns.

BolpaxkeHust 111 aCHMMETPUYHBIX BOJHOBBIX mosieil beccens (1) MoxHO 0000-
IIMTh, €CJIM BMECTO IEJIIOYUCICHHOTO WHACKCA [ B3STh HENMPEpPHIBHBIA MHACKC V .
Tak xak dyHKIMS Beccens nMeeT 0cOGEHHOCTB IPU X + Y7 — 0, TO OTCIONA CIIEAyeT,

YTO UHJEKC V JIOJKEH OBbITh HEOTPULIATEIbHBIM, T.€. v >0. B uTore nomyyaem nstu-
napamMeTpu4ecKue aCUMMETPHUUYHbIE 0e3n(PpaKIMOHHbIE HEeNapaKCUAbHbIE BOJIHO-
BbIE 110151 beccenst HenpeppIBHOTO MOPsIKa.

14
E,(XY,2)= Ae><p(iz\/k2 —a? ) % Jv(a\/xf +y2 ) (3)
VX Y1

Kakne orpanmdeHus ciemayer HajJoXUTh Ha CBOoOOHBIC mapameTpsl B (3)? M3-
BECTHO, UTO, C MaTEeMaTUYECKON TOUKHU 3pEHUs, B 00IIeM ciaydae, coriacHo [14], y
dbynkuun beccenst 1 poga apryMeHT U ¥ MOPSAIOK (MK UHAEKC) V MOTYT OBITh TIPO-
U3BOJIbHBIMU KOMILJIEKCHBIMU yuciaMu. OHAKO MbI UIlleM (U3UYECKH TTPUEMIIEMbIC
pemenns. Torma ¢ynkuus E,(X,Y,z) momkHa ObITh PEryIsIpHON (PYHKIIHEH KOM-

IUICKCHOM IepeMEHHOMI (aw/ X + Yi ) NssectHo [15], uto mpu (ukcupoBaHHOM V
dynkuus J,(u) sBasercst aHanmuTHdeckoil. Ui MPOM3BOJNBHBIX V  mpH |u[— 0
5= (/2" (u/2)"+2

OTr(v+1) 1I'(v+2)
Kak 1moKas3bIBalOT aHaIu3 ¥ rpaguyecKko MOJEIMPOBAHUE, HATMYME MHUMOM 4acTH

nopsiika vV MPUBOIUT K pa3pbiBaM B rpadrkax WHTEHCHUBHOCTH, YTO HEIOIYCTHUMO.
MTak, MO>KHO HMCIOJIB30BaTh v >0 ACHUMITOTHYECKOE 3HadeHHe J,(u) mpu |u|— oo

+...., IO3TOMY J, (U) orpaHuuyeHa TOJAbKO npu Re(u)>0.

2 VL T
J, (u)= ECOS u Y +..., arg(u) < 7. IloCKOJIbKY MHAEKC V MOXET IMPHUHU-

MaTh HENpEpHIBHbIE 3HAYEHUS, TO (aza MpU MOJTHOM O0OPOTE BOKPYT OCH Iy4Ka
TaK)Ke SBISICTCS HEMPEPBIBHOW M HE 00s13aHa ObITh paBHOU 27m. [lyuku, xapakTepu-
3yeMble HEeIIeJIbIMU MHACKCAaMu V , Ha3bIBaloTCs (pakimonubiMu [2], [3], [15]. Tlo-
TOMY 00CYXIaeMble HAMH ITyYKHU SBIISIOTCS TaKke (PPaKIMOHHBIMU ¥ UMEIOT CITH-
paibHBIN BOJIHOBOW (DPOHT.
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Pucynok 1 — 3D rpaduxu nuarencusnoctu aB-mon mpu v =15; x, =0;a =10;
ciesa a) Y, = 0,05I, cupaBa b) Y, = 0,2i

dpakunonnpie aB-MobI 3aBHCAT OT TpeX MepeMeHHbIX (X,Y,Z) U IATH mapa-
metpoB (K, &, Xy, Yo.v). Hamu Obu10 TIpOBeACHO rpaduueckoe MOJCIUPOBAHUE HH-
TEHCUBHOCTH aB-MOJi HEICIOUYHMCICHHBIX TOPSIKOB. B KkauecTBe mpuMepa Ha
pucyHkax 1 u 2 coorBercTBeHHO M300pakeHsl 3D u 2D rpaduku MHTEHCUBHOCTH
aB-mon mpu v =15. Vcnonb3oBanuck Oe3pa3mMepHbIe apaMeTpbl 1 KOOPIUHATHI.
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a) b)
Pucynok 2 — 2D rpaduku uarencusHocTn aB-mox npu v =15; X, =0; 0 =10;
cieBad) Yo = 0,05i, cupaBa b) Y, = 0,2i
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2. O06cy:kaeHue pe3yabTaToB

OCHOBHBIM PE3yJIbTATOM HACTOAIIEH paboThl siBNsAeTCs BhipaxkeHue (2). Hempe-

PBIBHBIN MOPSIIOK V 1a€T OCHOBAHKE MOJIyYeHHbIE MyYKH (2) TpaKTOBaTh, Kak (pax-
[IMOHHBIE aCUMMETPUYHBIE BOJIHOBBIE MO beccens, KoTopeie 001a1a0T Criupaib-
HBIM BOJIHOBBIM ()pOHTOM. B yacTHBIX ciyuasix, KOrjja HEOTPULIATEIbHBIA HHICKC
(mopsiIoK) v (PaKIIMOHHBIX IMYYKOB (2) CTAaHOBUTCS IEJBIM YHUCIIOM, HAIIIM BBIpaXKe-
Hus (2) SKBUBaJICHTHBI BRIpasKeHUsIM 1 aB-mo1, 00cykaaembix B padorax [6-9].
B naBueit pabotre Bamnpona [16] ucnonp3oBanzack HEOPTOTOHANIbHAS CHUpaIbHAS
(UIMHApPUYECKasl Bpamjaromascsa) cucrema koopauHat. [Ins ypaBHenus ['enbM-
roJiblia MOJYYEHO PEIICHHE B BUJIE CIUPAIbHBIX BOJTHOBBIX nosieit beccens. B otnu-
yue OT OOBIYHBIX CBETOBBIX MOJeH beccenst uHACKC (MOPSAI0K) V TaKUX IOJEH He
00s13aH OBITh IIEJIBIM YKCIIOM, & MOKET MPOOEraTh HEMPEPHIBHBIA CIIEKTP 3HAYCHUMN:
v > 0. Cornacuo untepnperanun OBepdensT [17] B Takux ciiydasx HEMpPEepPbIBHBIN
WHJICKC V CBSI3aH HE TOJBKO C YTIIOBOHM (a3oi, HO TakKe sBJseTcs GyHKIHUEH 1iara
CIUpaJId BOJTHOBOTO (hpOHTA M MPOJ0JIbHON (Da30BOI CKOpOCTU BOJIHEI beccerns.

N3 pucyHkoB 1 1 2 BUAHO, YTO KOMIUIEKCHOE CMEUIEHNE KOOPAWHATHI Y IPUBO-
JIUAT K HAPYLUICHUIO TWIHHAPUYECKON CUMMETPHUM BOJHOBBIX noJsiel beccens u BO3-
HUKHOBEHUIO aCHMMETPUH UHTEHCUBHOCTU. [Ipy yBeIMUeHNN TapaMeTpa CMENIECHUS
Yo UK MHTEHCUBHOCTU OTHOCUTEIHHO YBEIUYMBACTCA M KAPTHHA KAaYECTBEHHO BU-
JIOU3MEHSIETCS (PUCYHKH CIIPaBa).

3aKJII0UYeHue

B nannoit paboTe BBOAMTCS HOBBIM THUIM MYYKOB (AaCUMMETPHUYHBIC BOJHOBBIC
nojisi beccens HeMpepbIBHOTO MOPSIIKA), HAMICHBI YCIOBHS UX (PU3UUYECKON peatu-
3yeMocTu. OHHM XapaKTEpHU3yIOTCS MATHIO CBOOOIHBIMU HEMPEPHIBHBIMU MapaMeT-
paMu: TpeMs BEIIECTBCHHBIMU HemnpepbiBHBIME (K, &, V) W IByMsI KOMIUIEKCHBIMH
napameTpaMu ( Xy, Yp). TIpu LENOYHMCICHHBIX 3HAYCHUSAX IOPSIKA V BBEICHHBIC
31ech MOJbI cBonATC K aB-momam Kotisipa m Kosanesa [6—8]. Iloka3aHo, aro dhu-
3UYECKHU MpUEeMIIEM HENpepbIBHBINA MHACKC vV > 0. DT aB-monp! sBistoTes dhpakiu-
OHHBIMH BOJIHOBBIMU TOJISIMU HEMPEPHIBHOTO MOPSIKA, 00JIaJal0MIUMH CITUPATEHBIM
BOJTHOBBIM ()POHTOM.

BapbupoBanne HOBBIX CBOOOJHBIX MapaMETPOB TAKUX IYYKOB, HECOMHEHHO,
paclMpsieT U MPEIOCTABIAECT HOBBIE JOMOJIHUTEIBHBIE BO3MOKHOCTU CO3JaHUS U
VICCIICIOBAHHUS ITYYKOB C 33IaHHBIMHU CBOWCTBAMU I MOCHEAYIOMINX MTPAKTUYECKHUX
MIPYMEHCHUM.

[TpoBenennoe rpadudeckoe MOJEIMPOBaHNE MHTEHCUBHOCTH aB-mMon Heremounc-
JIEHHBIX MOPSAKOB TMOKA3aJ0 PE3KYK0 aCUMMETPHUIO TAKUX MOJ, KOTOpasi CUJIbHO BO3-
pacTaeT npy yBEIMYCHUN KOMIIEKCHOTO CMELIEHHUS TTONIEPEUYHBIX KOOP/INHAT.

JI71s1 SKCIIEpUMEHTAILHOTO MOJYyYEeHHUsT CriupaibHbIX 00001eHHbx [1bIT moryT,
B IIPUHITUIIE, OBITh UCIIOJIB30BAHBI MOCIIE MOJICPHU3AIMN HEKOTOPHIE METOIUKHU TIO-
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Jy4eHUsl CTaHJIapTHBIX MO beccenst u gppakimoHHbIx myukoB. Tak, B pabotax Tao
U Jp. pACCMAaTPUBAINUCH BO3MOXKHOCTH IKCIEPUMEHTAIBHOTO IOJYYEHHUS] U U3yUe-
HUS QpakIMOHHBIX MydkoB beccens (cm., Hanpumep, [3]).

B nacTosiiem cooliieHnu 00Cy>KIanich CKaIIpHbIe aCUHMMETpUYHbIe aB-MOIbI.
Hec105)kHO mepenTy K COOTBETCTBYIOIIUM BEKTOPHBIM ITyYKaM € IIPOU3BOJIBLHOMU I10-
JsIpU3allieit, UCIob3ysl, Hanpumep, popmManusm, npeaioxeHHbiil Hamu B [19, 20].
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C.C. I'mprean
YO «I'omenbCckuil rocyJapCTBEHHbIN YHUBEPCUTET
uMeHu @pannucka Ckopunb», ['omens, bemapyce

ACUMMETPHUYHBIE IYUYKHU BECCEJISA-TAYCCA
HEITPEPBIBHOI'O ITIOPAIKA

Bsenenne

B nocnennee BpeMs MpOU3BOIUTCS MOUCK U UCCIIEIOBAHUSI HOBBIX TUIIOB CBETO-
BbIX NTy4YKOB [1—5]. bonbiioil uHTEpec mpuBiekatoT myuku beccens u nmyuku becce-
nsa-Taycca (IIBIN) [5-11]. Kak xopomio u3BectHo [6], myuku beccenst obmamgaroT
YHUKaJIBHBIM CBOMCTBOM Oe31u(pakiinoHHOCTH. BMecTe ¢ TeM, OHM TiepeHocsT Oec-
KOHEUHYI0 MOIIIHOCTh U HE MOTYT ObITh peajin3oBaHbl MpakTtuuecku. Mcnonb3oBa-
HUE rayCcCOBOM amoju3anuu QpyHKIui beccenst mo3BoJseT NepeiTH K CKasIpHbIM
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[IBI" [7], xOoTOpBIE MEPEHOCSAT KOHEUHYI) MOIIHOCTh U MOTYT OBITh pEAIM30BaAHbI
MPaKTUYECKH, XOTS CBOMCTBO 0Oe3Au(paklMOHHOCTH, CTPOTO TOBOPS, MPU ITOM
Hapymaercs. CoiictBa BekTopHbIX IIBIT wmccnegoBammcs wamm B [12], [13].
OpakurorHsie 00061eHHbIe [IBI ObTi BBeieHbI HamMu B [14] u HalICHBI YCIOBUS
uX (PU3NUECKON peaan3yeMOCTH.

Henaeno, B 2014-2016 ronax, B [15—18] OblIM BBECHBI U 3KCIIEPUMEHTAIBLHO
nosrydeHsl acummerpudabie [1bIT (aBG-mozwr). B HacTosteit paboTe mpou3BoaUTCS
ob0o0mieHne pe3yiabTatoB [14—16]. HalifieH HOBBIM THI MMyYKOB — aCUMMETPHYHBIX
0000mmenHbix [IBI" HenmpepbIBHOrO MOpsiiKa, cPOPpMyIHPOBAHBI YCIOBUS UX (PU3H-
YECKOM peain3yeMOCTU U 00CYKIaroTcs ux (PU3nYecKue CBOMCTBA.

1. HoBblit THI acuMMeTpu4HbIX 000011eHHBIX [IBI" HenpepbIBHOIO OpsAKA

Ucxons n3 3D mnapabosinueckoro ypaBHeHUs [1], ONMHMCHIBAIOUIETO CKaIspPHBIC
IIapaKCUaJIbHbIE MOHOXPOMATHYECKUE CBETOBBIC IYYKH, PACHpPOCTPaHAIOLIUECH B
HAIMpPaBJICHUU OCU Z U MEPEUIS K NUINHAPUIECKON CUCTEME KOOPAUHAT HaMu B [14]
OBbLIO MOJyYE€HO BBIPAXKEHHE

2 .
f =£exp [ LS p’ —(&j exp(ivcp)Jv(mj, (1)
q 29 k q
onuchiBaroiiee o0obmennsie [1BI" HempepsiBHOrO mopsaka v. 3aech U nanee ¢azo-
BbIi  MHOXHUTENIb exp(ikz—iwt) onyckaercs. CrangapTHbie 0003HAUYCHUS:
p’ =x*+Yy*, asumyTaneueii yron @=arctg(y/x); J, — ¢dynxumn Beccens | poma
[19]. TlocTostnubIe pa3znenenus nepeMeHHbiX v U K B (1) sBisitoTCst CBOOOHBIMU TTa-
pamerpamu. B ciayuae kimaccuueckux I1BIN [7] K=k, , roe k, — BeliecTBeHHas Io-
IIEpeYHasi COCTABIIAIOLIAsA BOJIHOBOIO BeKTOpa K=K, +K, U, KpomMe TOro, nopsiaok
(uHIekc) vV spisgercs nenouncieHabiM. Amrumatyaa f IIBIC B (1) comepxkut rayccu-
an G :lexp ”;—pz , KOMIUIEKCHBIA mapaMmeTp mnyyka ( =Z —(y. Benuuunsr Wy u

q

Zg = kV\é /2 — xapakTepHble pasmepsl myuka Baodb oceii OX u OZ cooTBer-

CTBEHHO.

YToObl MOJIYyYUTh BhIpaXKeHUs, XapakTepusytoiue acummeTpuunbie [1BI" nenpe-
PBIBHOTO TNOpsiiKa v, nepeieM B (1) K HOBBIM NONEPEYHBIM NEPEMEHHBIM COOTHO-
HIEHUSAMMU:

_ _ 2 2 2

X1 =X=Xg:, Y1=Y—VYo, " =X +V1, (2)

1€ KOHCTAHTHI Xo, yo — HpOI/ISBOJ'IBHBIe KOMIIJICKCHBIC HapaMeTpBI CMeH_IeHI/Iﬁ I10-
HepeUHbIX KoopauHat X u Y. ITomydaem
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1 | k| » (Kz ? x+iyv —iKn z
f="exp|i| —| =] =2 AT g | I % |
qpoql(kj {n}v(QJ )

3nech HaOer KOMIUIEKCHOU (a3bl exXp(ive) mpeacrasiieH B Apyrou gopme, ueM B (1),
WCTIONIB3YIONIEH M3BeCTHYIO ¢opmyny arctg(t)=(—i/2) In[(1+ it)/ (1— it)], KOTOpas
npuMeHsach HeaaBHO (u3ukamu B [11], [15—18] nnsa onmcanus acHMMETPUYHBIX

MoJ 1 paHee B padote [20] ms onmcanms 2-D BomHOBOTO makera X-BonH beccerns.
Acummerpuunsie T1BI" (3) 3aBucsT OT Tpex nmepeMeHHbIX (X,Y, Z) U CeMH Iapa-

metpoB (K, K, zy,0g,Xg, Yo, V)- UHCTI0 HE3aBUCUMBIX CBOOOJHBIX MMapaMETPOB MOKHO

YMEHBIINTD, €CIIA MIEPEHTH K 0e3pa3MepHbIM BEIIMYMHAM COOTHOIIICHUSMHU:

BBenewm Ttaxxke 6e3pa3zMepHbIi mapameTp nmydka Q=q/z,=Z —Q,.

Teneps acummerpuunbie 00001eHHbIe [IBI" 3aBUCAT OT Tpex Ge3pa3MepHbIX I1e-
peMeHHbix (X,Y,Z), matu Oe3pa3MEepHBIX CBOOOJHBIX TMapamMeTpoB (X,, Y,

Qo K{, v) ¥ OIUCHIBAKOTCS BBIPAKEHUEM

- 2 . 14 i
= Lop L(Rf—KlJ {X1+IY1:| 3[R 5)

Q |Q 4 Ry Q

2. YciaoBust Gpu3nN4ecKOi peajin3yeMOCTH HOBBIX ACMMMETPUYHbIX
0000menHbIX IIBI" HempepbIBHOTO MOpAAKA

[lygok Oyaem cuuTaTh (PU3MYECKH PEATU3YEMBIM, €CJIM €r0 KOMIUIEKCHas aM-
IJTUTYAa SBJISIETCS KOHEUYHOM BO BCEM MPOCTPAHCTBE, a IEPEHOCUMASI UM MOITHOCTh
yepes J1000e ceueHue, MepreHaNKyIIpHOE OCH My4yKa, TAKXKE SIBJISETCS KOHEYHOM.
Ot TpeOoBaHUs CBOJSTCS K HEMPEPHIBHOCTU U KBAJAPATUYHON WHTETPUPYEMOCTHU
(KW) xoMIIIeKCHOM aMITTUTY b MTyYKa.

[Ipoananu3zupyem ycinoBusi (pU3MYECKON PEaTu3yeMOCTH HOBBIX aCUMMETPUY-
HbIX 00001eHHbIX [IBI" HenpepriBHOTO TIOpsiaka (5).

OcHosnoit Briag B KU IIBI' (5) BHocut rayccuan G. [ns crangaptHoro G
ycaoBue KU [1]: Im(Q,) >0. MHOXUTENB X (—in /(4Q)) B (5) HE 3aBUCHT OT IIOIIE-
peunbix koopauHaT v He Biusier Ha KW. HecioxxHo mokaszaTh, 4TO KOMIUJIEKCHBIC
cMmenieHust X, u Y, Takxe He BausoT Ha KU rayccuana, a jnuiinb OIpUBOJSAT K €0
nenentpoBke. [Ipu Z — o« rayccnan G —0.

KommiekcHocTh Macirabupyroriero napamerpa K, He Hapymaer KM ammiury-
Ibl yuka f u3-3a rayccuana, mosToMy Ha mapamerp K, HE HaKJIaJbIBAIOTCS HUKAKHE
OTPAHUYCHHS U OH MOKET OBITh TPOU3BOJbHBIM KOMILIEKCHBIM YHCIIOM.
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[pu |u > dyHKIHS Jv(u)%\/zucos(u_%_%}“' [19]. ITosToMy GyHKIMS
TC

J, (u) He HapyiIaeT focTatoyHoro yciaoBus Im(Q,) >0 KU rayccuana B (5).
ABTopel B pabore [11] 3amerwnimn, 4yto kKorma r, B (a3oBoM (PyHKIUHU

[(x, +iy;)/r]” B BBIpaxkenun Tuna (3) obpamiaercs B Hyjb, TOIJA OJHOBPEMEHHO U

aprymeHT (pyHKIMU beccens ctpeMurcs K Hy/lt0 U HeonpeaeneHHocts Buaa 0/0 pac-
KpBIBAeTCs.
Tax kak ¢ynkuus beccens umeer 0COOEHHOCTL py U — 0 TO OTCIOAA ClENyeT

HeoOxoaumocTh Re(v) >0. Kak moka3piBaloT aHalu3 U rpaduyeckoe MojieupoBa-

HUE, HAJTM4YKe MHUMOM YacTH MOPsIKa v MPUBOJUT K pa3pbiBaM B rpadukax UHTECH-
cuBHoctH st pynkiuu f(X,Y,Z), yto Hegonyctumo. OTcroAa cieayer, 4To MH-
JIEKC V JI0JDKEH OBITh BELIECTBEHHLIM M HEOTPHUUATENbHEIM, T.€. V >0,

Utak, obmue ycioBus (PU3MYECKOW peau3yeMOCTH HOBBIX aCUMMETPUUYHBIX
[IBI" (5):

Q>0 m v>0. (6)
[TockoJIbKY WHJEKC V MOXET MPUHUMATh HEMPEPhIBHBbIE 3HAYEHUsA, TO (aza npu
MOJITHOM 000pOTE BOKPYT OCH IMy4yKa TaKKe SIBISICTCA HENMPEPHIBHOW M HE 00s3aHa
ObITh paBHOM 27. ITyuku, 00nagaromMe TAKMM CBOMCTBOM, HA3bIBAIOTCSA (paKIiy-
oHHbIMU [2-5], [21]. TloaTomy oOcyxmaembie Hamu HOBbIe TIBI sBiIsITOTCS Takxke
(pakLIMOHHBIMU U UMEIOT CIUPAJIbHBINA BOJTHOBOU (PPOHT.

B naBueii pabote Banapona [22] ucnonp3oBaiack HEOPTOTOHANbHAS CIUPATb-
Has (LWIMHIPUYECKAs Bpalllalomiascs) cucteMa koopauHart. s ypaBHenus ['enbm-
roJiblla MOJYYE€HO PEUICHUE B BUAE CIIMPAIbHBIX BOJIHOBBIX MoJie beccerns. B otiu-
yye OT OOBIYHBIX CBETOBBIX MoJed beccenst uHaeke (MOPSI0K) vV TaKUX MOJEH He
00s13aH OBITh IIEJIBIM YKCIIOM, & MOXKET MPOOETaTh HEMPEPHIBHBIM CIIEKTP 3HAYCHUN:
v 20. CornacHo unrepnperanuun OBepdensT [23] B TakuX ciaydyasx HEMPEPHIBHBIN
WHJICKC V CBSI3aH HE TOJBKO C YTIIOBOHM (a3oi, HO TakKe sBJseTcs GyHKIHUEH 1iara

CHUpaJId BOJHOBOTO (hpOHTA U MPOJ0JIbHOU (Pa30BOI cKkOpocTH BOJIHEI beccens.
OCHOBHBIMU pe3yJbTaTaMU HACTOSIIEH paOOThI SBISIOTCS Bhipakenus (5) u (6).
HenpepbiBHBIN TOPSIOK V Ja€T OCHOBAHUE MOJyYEHHbIE MYUYKH (5) TpaKTOBaTh, Kak
dbpakuronHnpie acumMeTpudHbie 0000meHHbIe 1B, KoTOpBEIEe 00MamarOT cMpaTb-
HBIM BOJIHOBBIM ()pOHTOM. B yacTHBIX ciyuasix, KOrja HEOTpULIATENbHBIA HHIEKC
(mopsinok) v dpaknuoHHBIX 0000meHHbXx [IBIT (6) cTaHOBUTCS LENBIM YHCIOM U
Xo =Yy =0, Hamm BeIpakeHUs (5) 3KBUBAJCHTHBI BBIPAKCHUSIM JIJIsi 0000IIEHHBIX

[1BI", paccmarpuBaembix B pabotax [8—10]. 3amernm, ogHAKO, YTO HaIIU Oojiee 00-
e GopMyibl (5) UMEIOT B TO e Bpems Oojiee MpocTyro (popmy, 4eM COOTBET-
crByromue hopmyssl B [8—10].
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3. O0cyxaeHue pe3yjbTaToB

N3BectHO [7], yTo mia cranpaptHeixX [IBI° KapTMHA MHTEHCUBHOCTH COCTOWT W3
CBETJIBIX KOJIELl, aMIUIMTYJla KOTOPBIX MOCTENEHHO YOBIBAaET OT OCH Myuka. Bere-
CTBEHHBIE YaCTU MapamMeTpoB X, U Y, NPUBOLAT JUILIb K CMELICHUIO IIy4YKa Iapa-
nenbHO ocu OZ, 06e3 u3MeHeHus ero (opmbl, MOATOMY HaMH HE PacCMaTPUBAIOTCS.
MHuMBIE XK€ 4YacTu IMapamerpoB X, U Y, NPUBOIAT K CUIBHOMY HCKAXKECHUIO
npoctpancTBeHHOU (opmbl IIBI" u nx acummerpuu. [lpu HENpepbIBHOM U3MEHEHUH
MHJEKCA V aMIUIUTYJa MyYKOB (5) U UX UHTEHCUBHOCTU U3MEHAIOTCS TaKXKe Hempe-
PBIBHO U IIJIABHO.

Hamu npoBoauiioch KOMIIBIOTEPHOE MOJEIMPOBAHUE WHTEHCUBHOCTH B IIOIE-
PEUYHBIX CEUYECHMSIX acCUMMETpUUYHbIX 0000meHHbIX [IBI" HenmpepsIBHOrO mopsaka B
3aBUCUMOCTH OT HECKOJBKHX CBOOOJHBIX MapaMeTpoB. B kauecTtBe mpumepoB Ha
pucynkax 1 u 2 uzobpaxensl 3D rpadmkun HHTEHCUBHOCTH aCUMMETPUYHBIX 0000-
mieHHbIX [IBI" HempepbIBHOTO MOpsIKa B IONEPEYHOM CEUEHHH C OOLIMMU MMapaMeT-
pamu: v=15; X,=0; Y,=005i.TIlonaraem Bo Bcex ciayyasix Q,=i, 4TO COOTBET-
CTBYET OOBIYHO HOPMUPOBKE rayccHaHa.

NHTEHCUBHOCTh My4YKa B KaXXJIOW TOYKE IIONEPEYHOTO CEYEHHUs IPOIOPLHUO-
HaJbHA OpAMHATE MPOCTPAHCTBEHHOU (urypsl. Tak kak v >1, TO BCe MyYKH — IO-
able. Ha pucynkax 1 momaraem Re(K;)=10, 4TO COOTBETCTBYET MpPe0OJIaJaHUIO
BKkiaaa ¢Gyukuuu beccens nan Bkiaagom pynkuuu [Maycca. Ha pucynke 1,a BugHoO,
yto [1BI" ¢ HelenbiM NOPSIAKOM BEAET ceOsl KaueCTBEHHO, KaK CTaHJAapTHBIN acuM-
metpuunblii [1BI" Ha pucynkax 1,a u 1,b BuanO, uro usmenenune Im(K;) mpuUBOIUT K
CYILLIECTBEHHOMY HM3MeHeHuto 3D kapTtunbl uHTEeHCUBHOCTH. Pucynku 1l,a u 1,C xa-
paKkTepHU3yIOT BIMsSHUE pocTa paccrosiuus Z. Pucynku 2,f; 2,e; 1,b u 2,d winroctpu-
PYIOT IIPUTOJAHOCTh BEUIECTBEHHBIX OTPUUATEIBHBIX, YACTO MHHUMBIX U KOMILJIEKC-
HBIX ITapaMeTpoB K.

Pucynox 1 — 3D rpaduku MHTEHCUBHOCTH aCUMMETPUYHBIX 0000IIEHHBIX
nyuykoB beccens-I"aycca HenmpepbIBHOTO MOpsAKa C OOIUMHU NTapaMeTpaMu:
Q, =i; v=15, X, =0, Y, =0,05i
Bapuantsr: a) K, =10, Z =0; b) K, =10-2i,Z2=0; c) K, =10, Z=0,2
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Pucynok 2 — 3D rpaduku HHTEHCUBHOCTH aCUMMETPHUYHBIX 0000IIICHHBIX
nyuykoB beccens-I"aycca HenmpepbIBHOTO MOPsAKA C OOIUMHU MTapaMeTpaMu:
Q, =i; v=15; X,=0; Y, =0,05i; Z=0,2.

BapuanTsr: d) K; =10-1i; €) K, =—i; f) K, =—4

Kak u cnenoBano oxunars, Ipyu KOMIUIEKCHBIX K;, X, U Y, U HELENBIX V KapTHU-
Hbl MHTCHCHUBHOCTH CYIIECTBEHHO YCIOXHAKOTCA. Hampumep, ¢ yBennueHueMm
Im(K;) 1 pocToM paccTosiHUsl Z KOJblla KapTHUHBI, 00yCIOBJIEHHbIE PyHKIIMENH bec-
CeJlsl, MOCTENIEHHO MCYE3aloT; C POCTOM MHHUMOTrO cMeleHus Im(Y,) MUK UHTEHCUB-
HOCTH BO3PacCTaer.

3aKjI4YeHue

BriBeieHBI BBIpAKEHUS, OMUMCHIBAIOIINE HOBBIM THUIl IIyYKOB — ACHMMETPUYHBIC
o0o6mennsie [1BI" HenpepbIBHOTO MopsiAKa, 00Jagarolre CupaIbHbIM BOJIHOBBIM
¢ponTOM. OHU XapaKTepU3YIOTCS MATHIO CBOOOIHBIMU MapaMeTpaMu: OJHUM Belle-
CTBEHHBIM HEINPEPBIBHBIM V W  YETBHIPbMS KOMIUIEKCHBIMH  IapaMeTPpaMu
(Xo: Yo, Qp, K;). HacTHbIMM Ciy4dasiMH BBEACHHBIX 31ECh IYYKOB SBIISIIOTCS W3-

BecTHbIe 0000meHHbie [IBIT ¢ JUCKpPETHBIMU IETOYUCICHHBIMU  WHJIEKCAMH V,
dbpakunonnpie Tydkud beccens co chupandbHBIM BOJHOBBIM (PPOHTOM, a TaKke
acummetpuunble [1bI" Kotisapa n KoBanesa.

Haiinens! ycnoBus Qpu3nyueckoil peaan3yeMOCTH HOBBIX THIIOB ITyYKOB BO BCEM
npocTpancTBe: Qy >0 u v >0. OZHOBPEMEHHBIN MEPEXO] OT AUCKPETHBIX 3HAUE-
HUM V K HENPEPHIBHOMY CIIEKTPY, & TAKKE OT BEIIECTBEHHBIX K KOMILJICKCHBIM 3Ha-
yeHUsIM K, CHJIBHO PacCIIUPSIET KJIACC U3BECTHBIX B HACTOSIIEE BPEMSI AaCHMMETPUY-

Heix [IBI". BapbpupoBaHue HOBBIX CBOOOJHBIX IMApaMETPOB TAKUX ITYyYKOB, HECO-
MHEHHO, pacClIMpsET U MPENOCTABIAET HOBBIC JOTOJIHUTEIBHBIE BO3MOXKHOCTH CO-
3MaHUS W MCCIEIOBAHUS IYYKOB C 3aJlaHHBIMM CBOMCTBAMM JJIsl MOCJIEAYHOIIHNX
MIPAKTUYECKUX MPUMECHEHUM.
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[IpoBeneHo rpaguyueckoe MOJAEIUPOBAHNE MHTEHCUBHOCTU TaKMX ITYYKOB, KO-
TOPOE MOJATBEPKIAE€T OCHOBHBIE AaHAJTUTUUECKHUE PE3YIIbTATHI.

JU1sl SKCIEpUMEHTAIBHOTO MOJIYYEHHUs CIUPATIbHBIX 000OIIEHHBIX ACUMMETPUY-
HeIX [IBI" MoryT, B mpuHIMIE, OBITH HCIONIB30BAaHbl HEKOTOPHIE METOJAUKH TMOTyYe-
HUS aCUMMETPUYHBIX [ 15—18] 1 PpakunoHHBIX [S] My4YKOB.

B nacrosiem cooOmeHnn 00CyXIaIUCh CKASIPHBIE aCHMMETPUYHBIC (hpaKIU-
oHHble 0000meHHbIe [IBI". HecnoxxHo mepeiTu K COOTBETCTBYIOIIMM BEKTOPHBIM
Iy4KaM C IMPOU3BOJILHOM MOJISIPU3ALNEN, UCTIONb3Ysl, HApUMep, HopManusm, npe-
JIOKEHHBIN HaMu B [23], [24].
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IO.A. I'pumeuxkun, B.H. Kanmai

YO «'omenbCKkuil TOCYJapCTBEHHBIN YHUBEPCUTET
nMmenn @pannucka Ckopune», ['omens, benapych

BO3BYKJIEHUE BU-U30TPOITHOM CO®EPUYECKON YACTHUIIBI
JAUITOJIBHBIM U3JIYYATEJIEM

BBenenune

PaccMoTpuM 3a1auy 0 BO30YXACHUM CEepUUECKON YacTUIIbl pajnyca a U3 OMH30-
TPOITHOTO MaTepuajia BHEUTHUM JUMOIbHBIM HCTOYHUKOM 3JIEKTPOMArHUTHOTO U3IYy-
YEeHUsS, OPUCHTHPOBAHHBIM ITPOU3BOJIBHBIM 00Pa30M OTHOCHTEIBHO YaCTHIlBL. Perenue
ITOM 3a/1a4l B YACTHOM OCECHMMMETPUYHOM CIIydae pacCMOTpeHO B padore [1]. Mare-
pHaIbHBIC YPAaBHEHUS B CITydac OMM30TPOITHOM Cpe/ibl HMEIOT BHI [2—5]

D=gE+Z&H; B=uH+S&E; E=y+ia, (1)
rae &, M, — DIEKTpUYecKas U MarHUTHasI IPOHULIAEMOCTb, y — napaMerp Teiere-

HAa, @ — KAPaJIbHBIN apameTp. JUmnoapHbINM UCTOYHHUK Y YaCTHUIA TIOMEIIEHBI B 0e3-
ITPAHUYHYIO CPENy C AMDJICKTPUYECKOM M MArHUTHOM NPOHULIAEMOCTAMU &,, A, .

OrpaHnyuMcs UCClieI0BaHUEM MOHOXPOMATUYECKUX MOJIEN

E(F,t) = E(F)exp(-iat), p(F,t) = p(F)exp(-iat), j(F,t)=j(F)exp(-iat),

T'AC BbIpAXCHHUA JIA INIOTHOCTH 3apsada W INIOTHOCTH TOKa MOHOXPOMATHYCCKOI'O

—

JAUIIOJIBHOI'O M3J1y4aTc/IsA, HMCIOLICTO I[PIHOJ'II)HI)Iﬁ MoMeHT d. u PaCIIOJIOKCHHOI'O B

0
TOo4YKe I OTHOCHTENIBHO IIEHTPa OMM30TPOITHOTO IIapa, UMEIOT PopMy

p(F) =—(d, - ¥)s® (F = 77); J(F) = —iewd 57 (F ). )

Cuctema umeer chEpUUYECKYI0 CUMMETPUIO, TIOATOMY BBIPAKEHHSI JUIS TIOJIEH Iiere-
co00pa3HO MPEICTAaBUTh B BHJIC PA3JIOKEHUS 10 APOBBIM BeKTOpam [6]

Yo' (8.0) =1+ DT (Y)Y, (9,0); Y, (3,0) =F/1Y,. (3, 0); 3)
Yo (% @) = =il + DI [F x VIV, (3,9),
rae Y, (%, @) — chepuueckue rapmonuku [7]. B manpHelinmeM Mbl He OyJeM MHCATh
aprymMeHThl QyHKIui (3).
1. IosryyeHne BbIpaKeHUH 1JIA MOJIEH

[Tosie BIIEKTPHUUECKOIO JUIIOJIS B HEOTPAHHYCHHOM IIPOCTPAHCTBE It (PUKCHPO-
BaHHBIX 3HaueHuil |, M mpusBeaém B cienyromem Buae [8]:
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g =B _j oy + 2o _WDygo p JDyes @
|(| ) \/|(|+1) r r

G _ —kef Qi j|'(kzr)y(1>+aﬂ jl(kzr)Y_l'r(nfl) |

Im

Y (©
Im \/ﬁ |( 2 ) Im \/m r Im 14, r

rae Ko3pQUIHUeHTsl a

b, uMeroT popmy
8y, = ik i, (6P, - LYy (2, @)1 ; (5)
L ”2{2(d L) —d, -[L < VI3V, () 0)h (k,r"); L = —i[F x V] .

&5
BrIpakeHus AJIs pacCesIHHBIX Ha IIape BOJIH MPUBEAEM B clieayromeM Buje [9]:
E@ _ ke, h (k,F)Y.© + b h/(k,r) YO 4 p@ hy (K, r)Y( 1) . (6)
SN TSI N T T Yim
T2 _ k 52b|(nf) 1 aﬁ) h (k I’) (1) alm h (k r)

Im h(Z)I(O) Im
NI 2\,’|(|+1) r o r

a BBIPKEHUS JUTsI 1TOJIs B 11ape — B opme [10]

E(l)Za,m{ (k, r)Y(°)+|vJ( YO +iy \/I(ITJ'(k r)Y(l)] (7)

—+1
o5 g K —ivkd {_, Vi, r)Y(°)+ Y(l) mh(k r)Y(l)}

Im Im
v=%1 k0/11

Im ?

Y(l)

V

B Bepaxkenusx (4)—(7) K, — BoJHOBOE 4MCIIO, CBSI3aHHOE C YaCTOTOH @ Kak

k, = a)/C’ k, =k,n,, n, = @’ k, =kon, = ko(’\/(c"lll’ll - 1" +va), Ji(X) — chepnue-
ckue pynkimu beccens, h (X) — chepuueckue hynkimun Xankens mepsoro poxaa [7],
L) =xXj,(x) u ﬁl (x)=xh(x) — cpepuueckue ¢pynkuuu Pukartu-beccens n Pukar-
TH-XaHKENS NEPBOTO PoAa, COOTBETCTBEHHO, j,’(x) : ﬁ{(x) — MPOU3BOAHBIC ChepH-
yeckux (pyHkuui Pukarrtu-beccenss m Pukarru-XaHkens mepBoro poja, COOTBET-
CTBEHHO, Bemuuubl &>, b a’ — HeusBeCTHHL.

Im ? Im !

BrinosHeHne rpaHUYHBIX YCIOBHUM 11 TAHT€HIUAIBHBIX KOMIIOHEHT JJICKTPU-
YECKOT'0 U MAarHUTHOTO TOJIS1 HA TIOBEPXHOCTH CHEPUIECKON JACTHIIBI

(B +EQ-EN. =0 [Fx(HF+HAS-ADLL =0 (@)

NPUBOJUT K JMHEHHOM CHCTEME YETHIPEX anreOpaudecKuX ypaBHEHHH JUId HEM3-
BECTHBIX BenmuuH a2, b®  a’ . Pemienue 910l CHCTEMBI PEICTABUM KaK

Im ? Im ?
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-1 A—l A+l A+1
©)

JA VR
al:: :a|m_ll_|b|mi; a'l;wl =4a, Ib
A| A| | A|
a? =g Ba"ha_jp Bu. po_ —ia,_ Ba p Bo =y
Im Im AI Im A 1 Im AI Im AI ’
rac
A| _ hlzﬁlrz( D)o + Jio JI+] 1+ & (n+1 — Ié: )(n—l + |§ ) _ (10)
n, n,, Hy &,

l [ lu lu A .
_(n+1+n1)( I (hIZ) +—— 2/ - I (h|2)2j ,
2 n,n,

1

v k -0 2, _1 2, nV—Vi - « g l) .
Ay = === ]j,,h, = 1.0, 1| = J.h, _—§J|vh|2} :

I(1+2) n, LLE,
v vK sy 21 I ] Hny —Vie —VI “r .
A2| ZI(I—_(:_]_)[Jmhlz_lehlz] leh|2 ‘Zj A 5 Ji h|2:| )
,Ll ,Ll 1 N . .
:(n+1+ n—l)[ 2/ - J|2h|2J|+J| J|2h|21|+J|—J )
Ll &,
i1 il n,, —i&)(n +i ,
A, _(J:h " J|nJ|+J[%( 41 it)l((c,. 5 ) J|2h|2+h|21|2) :
-1 +1 2

-0y 2, n +i i = _I
A, :%[lehm_hzhw]{ln—g Jihio— n L Ji- JIJ’

-1 +1

1 - 2, +1 n _i i Y .
A5|:ﬂl—g[]|zh|2_l|zhlz]{ 0 g J|_J|+ 1n_1§ J|+J|—}1

2 +1

0 o\ e (n —iED (N, +i .
A6|:(J| J +J| Ji \](_2( 1 68)( §)J|2h|2+h|2]|2]-

n, n Hy &y
B Beipaxenusx (10) mcmomesyroress obo3nauenus |, = j,(k,a), h, =h(k,a),
j. = j(k,a), h, =h(k,a), ji, = §i(a) . K, =R(ka) , j.=j(ka) . Ormerum, uto
dbopmynsl (10) HE 3aBUCAT OT TUIIA U3TydYaTelIs.

+1

2. Pe3oHaHCHI B MAJIBIX YaCTHIAX

PaccMoTpuM ycioBue TMOSIBIICHHSI PE30HAHCOB MPU PACCESHUM DJICKTPOMArHHUT-
HBIX BOJIH Ha ceprudecKor OMM30TpOIHON "actuile. B qanHO# paboTe MbI OrpaHu-
YUMCSl MCCJICIOBAHMEM PE30HAHCOB B CiIydae, KOT/a pajnyC YacTHI[bI MHOTO MEHb-
IIIe JUTMHBI BOJIHBI M3ny4eHust ak, <<1. YcioBueM CyliecTBOBaHHS PE30HAHCOB JUIS
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(dbukcHpoBaHHOTO 3HAYeHUs yucia | sBiseTcss oOpalieHre B HOJIb 3HAMEHATES BbI-
paxenuii (9) A,. IloncranoBka B ypaBHeHue A, =0 acUMNTOTUYECKUX BBIPAKEHUMN

st ceprudecknx QyHKIUN MPU MalbIX 3HAYCHUSAX aprymeHTa [11] u yuér B momy-
YEHHOM PABEHCTBE TOJIKO CIIAraeMbIX, COJCPIKAIIMX HAaUMEHBIIYIO CTeleHb K a

(KkBa3uCTaTUYECKOE MPUOIMIKEHHE ), MPUBOAUT K CIETYIONIEMY YPAaBHEHUIO!

M| Ny, +2iad +(E) N I +1+ n,n, |
m LE, I n: 1+1

2

1+ =0. (11)

Perrerne ypaBHenus (11) OTHOCHTEILHO BETMUKHBI &, /&, UMEET BH

g _ M +Due, +(1+D)n 17| &

—= 12
g, I°.e, +1(1 +)n; (12)
B wactHoctu, s | =1,2 Beipakenue (12) npuHUMAaET CICAYOIIYIO GopMy:
i__2ﬂ182+4n22_|§|2. i__6/u152+9n22_4|§|2 (13)
g, we, +2n g, A, +6n; '

W3 npuBeneHHBIX BBIPAKEHUN BHUJIHO, YTO B KBa3MCTAaTUYECKOM MPUOIMKEHUN
HAJIMYME PE30HAHCOB B OMU3OTPOITHOM YACTHIIE BO3MOXKHO KaK MPHU MOJOKUTEIbHBIX,
TaKk U MPU OTPUIATEIHLHBIX 3HAYCHUSIX JUAJIEKTPUUECKOM MpoHUIaeMoctu. B ciyyae
BO30YXKICHUS TUAIIEKTPUUECKON CHEpUUYECKO YaCTHIIbI, PagMyC KOTOPOW MHOTO
MEHBIIIE IJTUHBI BOJHBI 3JIEKTPOMArHUTHOTO U3TyYEHHUs, CYIIIECTBOBAHHUE PE30HAHCOB B
KBa3WCTATHUYECKOM TPUOJIMKEHUA BO3MOXKHO JIMIIh TPY OTPUIATEIHHBIX 3HAUYCHUSX
TuRJIeKTprudeckor nponutiaemoctu [8]. 13 dopmynst (12) Takxke ciemayer, 4To ¢ yBe-
nmuveHueM | 3HaueHWe MUAIEKTPUYECKOM MPOHUIIAEMOCTH &, , IPU KOTOPOH BO3MOXKHO

CYILIECTBOBAHUE PE30OHAHCOB, CTPEMUTCS K CIICAYIOIIEMY MPEICITy:

i
1-— 15 14
&, (1 + 1) (4

& =—¢,

Otmertum, uto nipu & =0 ypaBHenue A, =0 u Boipaskenus (12)—(14) coBnagaer

C YPaBHECHHEM MU COOTBETCTBYIOIIMMH BBIPAXKCHHUSIMH, TIOJYUYCHHBIMH B Cydae JH-
JIEKTPUYCCKOM cepruueckoit yactuiis [8].

3aKkJaoYeHue

B pabote nosty4eHbl TOYHBIE PELICHUS 3aa4H O PACCESIHUU dJIEKTPOMAarHUTHOIO
U3ITy4YEeHUs TUIIOJS Ha cpepuueckoil OMu30TponHoi yactuue. Junons pacnosioxeHn
IIPOM3BOJILHBIM 00pa30M OTHOCUTENBHO 4YacTullbl. [IpoBeneH aHalin3 MOIy4eHHBIX
pEIIEHUH Ha BO3MOYKHOCTb PE30HAHCHOT'O PAacCEsiHMs B Cilydae, KOTJa paguyc 4da-
CTHLbl MHOTO MEHBLIE JJIMHBI BOJIHBI PACCEMBAEMOr0 U3nyueHus. HaliieHnsl ycnoBus
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CYIIIECTBOBAHUSI PE30HAHCOB B KBA3UCTATUUYECKOM MpUOIMxKeHUHu. B nanpHeimem
MBI TJIAHUPYEM MPOBECTH UCCIEAOBAHUE BO3MOKHOCTH MOSIBJIICHHUSI PE30HAHCOB B
cityyae OMM30TPOITHOM YaCTUIIbI IPOU3BOJIBHOTO paguyca.
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A.®. Koncrantunona, T.I'. I'os1oBuHA,
K.K. KoncranTunos, E.A. EBaninenko

HNuctutyT kpucramiorpapuu uM. A.B. [llyOHukoBa,
OHULL «Kpucrtamtorpadus u horonuka» PAH, Mocksa, Poccus

HEOBBIYHBIE CJOYYAMU ITPOSABJIEHUSA
OINTUYECKON AKTUBHOCTHU B OJJHOOCHBIX KPUCTAJLJIAX

BBenenue

HecMoTps Ha TO, 4TO onTHYECKasi aKkTUBHOCTh B OJJHOOCHBIX KPUCTAJIaX XOPO-
110 UCCJEeI0BaHa U M0 3TOM TEeME €CTh MHOTO Pa3jIMYHbIX padoT, BCE paBHO OCTaOT-
Csl HepelIeHHbIE BOMpPOCHL. [IpeacTaBistoT nHTEpEC OCOOCHHOCTHA MPOSIBICHUS OII-
TUYECKONM AKTHMBHOCTH B OJHOOCHBIX KPHUCTaJUIaX Pa3HBIX KJIACCOB, CBSI3aHHBIE C
pa3JIMYHBIM BUIOM TEH30pa rupauuu [1].

Bo-nepBeiX, 3TO0 KpUCTaUibl MPUMUTUBHBIX 3, 4, 6 (TEH30p THpAIUU HUMEET
CUMMETPUYHYIO U aHTUCUMMETPUUYHYIO YacTH), akCHaJIbHbIX 32, 422, 622 (TeH30p
TUPAIM CHMMETPUYEH) U TUIAHAJBHBIX KJaccoB 3m, 4mm, 6mm (TeH30p rupaiuu
AHTUCUMMETPUYEH, @ ONTUYECKAsA aKTUBHOCTD MPOSIBISETCA TOIBKO MPU HAKIOHHOM
naJicHuu cBeta Ha kpucrtami [1-3]).

Bo-BTOpBIX, B KpUCTAIaX KIaccoB 42m u 4 onTHdeckas aKTUBHOCTbH IIPOSIB-
JISIETCS. HEOOBIUHBIM 00pa30M, a B HAMPABJICHUH ONTHYECKON OCH BpallleHUE TI0C-
KOCTH MOJIIPU3AINU OTCYTCTBYET.

B nacrosieit pabote pacCMOTPEHBI a3UMYTHI TIOJISIPU3AIUH ¥ ¥ SJUIMIITHYHOCTH
k oTpaxkennoro () u npomezirero (t) cBera.

1. BiusiHue aHTHCUMMETPUYHOM YACTU TEH30Pa TMPaAlluN
HAa XaPAKTEPUCTUKHU OTPAKEHHOI0 U MPOILIeIIIero cBera
B KpHCTaJ/L1axX KJjaccoB 3, 4, 6, 32, 422, 622 u 3m, 4mm, 6mm

[TpoBeaem pacueT a3uMyTa MOJSPHU3ALMU Yy ¥ SJUIMINTHYHOCTH K, OTpaskeHHOTro
CBETa U CPaBHUM MOJYYECHHBIE PE3yJIbTaThl JIJI1 IPUMUTUBHBIX, aKCUAJIbHBIX U T1J1a-
HAJIbHBIX KPUCTAUTOB. BemnuuHb! ¥, ¥ K, MOXKHO paccuuTath 1o popmymnam [1]:

_ 2Imic, 2Rex
(K )ps =197V, SIN2y o =——7, 1R )ps=—"T17, (1)
l+‘1<p,s

1—‘prs

TI1€ NHACKCHI p, S COOTBGTCTBYIOT p‘ n S-HOJI}IpI/BaHI/II/I magaromiero CBETa,
- . 2 172 2
c = Eps _ 2i nm; (a,n; sine + (o, + O‘33)(“0 _ne)no /(ne - no) + 0‘11110)
p 2 2
Epp (T]e +ni)(noni - ni no)
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c = Esp _ 2i nym; (o, Sin(P"‘(all"'ase,)(nsne _gfno)/(nez —”§)+aseﬂo)
E. (Me —m)(gn; +n°n,)

' (2)

Ni = Ni COSQ, MNoe = \/ng,e - r]i2 sin? O.

3n1ech (¢ — yroia najaeHus CBeTa, No, Ne — TJIaBHBIE MIOKA3ATENN IPEIOMIIEHUS OJI-
HOOCHOTO KpUCTalIa, N — IIOKa3aTesb IPEIOMIICHUS BHEIIHEN cpenbl, Eqp, Eps 1 Egp,
Ess — KOMIIOHEHTBI SJIEKTPUYECKOTO MOJII OTPAKEHHOW BOJIHBI, MIEPBbIE UHACKCHI -
Y S- O3HAYAIOT MOJIIPU3ALMIO TAJIA0IIEN BOJIHBI, BTOPbIE — OTpakeHHOU. DopMmyIibl
MOJIy4eHbl 0€3 ydeTa MHOTOKPATHBIX OTPAa)KCHUU W MPUBENCHBI JJIs Clly4asi, KOorja
ONTUYECKAS OCh KpHCTaJIa apajliesibHa IJIOCKOCTH TJIACTUHKU U MEPIEHAUKYIISP-
Ha TUIOCKOCTH MaJICHHSI CBETA.

Tak kak BEeTWYHMHBI )y U K, MPOMOPLMOHAIBHBI 0jj, B OOJBIIMHCTBE CIIy4acB
| << 1, |k| << 1. Ho BemmuumHEI ¥, 1 Ky MOTYT IpUHUMATH OOJIBIITUE 3HAYCHUS, CCITH
3HaMeHaTtelb (2) OJIM30K K HYJI0. DTO BO3MOXHO IIPH P-TIOISPU3ANHN T1aIaF0IIETO
CBeTa, eclIi yroJ majeHust 030K K yriay Bprocrepa ¢ (t0°ps = &4/ni). Takoke 3Ha-
MeHaTesb (2) MOXET ObITh MaJIbIM MPU JIOOOM @, €CIIM MOKa3aTeNb MPETOMIICHUS
BHEIIIHEN cpebl Nj OJM30K K MOKA3aTeNsIM IPEIOMIICHUST KpUCTaJLIA.

Ha pricyHke 1 nokasaHbl 3aBUCUMOCTH Y{(@) U K.(¢) mpu p- (pucynku 1,au 1,0) u s-
noJsipu3anusax (pucyHku 1,B u 1,r) magaroiiero cBera mpu €ro najieHuu 13 Cpesl C mo-
kazareneM (N = 2,265), OIU3KUM K TOKa3aTessiM MpeloMIIeHUsT Kpuctauia. J{is mia-
HAJIbHBIX KpUCTALIOB (KpuBbie 1) 3aBrcumoctH K(¢@) u ¥ (¢) anTHCUMMETPUYIHBI (Y (—
®) =~ (@), Ke(—p) = —k(@)), 115 akcHaNnbHBIX (KPUBBIC 2) CAMMETPHUYHBI (-
®) = %{(®), ki(—0) = ke(9)), a 11 npuMUTHBHBIX (KpuBble 3) HecuMMeTpUYHBI ([)(—@)| #

()], [Ke(=0)| # [ke(p)]). D10 Taroke BHAHO M3 popmy (1), (2).
Jliis mpo3paunoro kpucramia (@) = 0, a MakcuManbHble 3HaueHus K.(¢) paBHbBI

+1 B OKPECTHOCTAX TOYEK (¢ = (g TSI P-TIOJSIPU3AIMH MAAI0IIETO CBETA; IPU ITOM
ke(£=p5) = 0 [4]. I moriomiaroIiero Kpucramuia MaKCUMyMbl 1 MUHUMYMBI K.(Q)
yke He 1oxoaat 10 +1 (pucynok 1,0); y(¢) # 0 (pucynku 1,a u 1,B).

PaccMoTprM 3aBUCMMOCTH a3uMyTa MOJIIPU3ALAH Y MPOIIEAIIETO CBETA OT JUTHHBI
BOJTHBI A IPY HATMYIMH U30TPOITHON TOYKH TI0 IBYIPEIIOMIICHHIO (PUCYHOK 2). PacdeTsr
IIPOBEICHBI C YYETOM MHOTOKPATHBIX OTpakeHHM. [|j1si KpucTaIioB KiaccoB 3, 4, 6
u 32,422, 622 B U30TPOIMHOM TOUYKE BUIHO BPAIlIEHUE TIIOCKOCTHU MOJsipru3anuu (pu-
CYHOK 2,a), p = m(01; + 0z3)/A. B kpuctamiax 3m, 4mm, 6mm BpalieHue mioCKOCTU
TOJISIPU3AIIUN OTCYTCTBYET (PUCYHOK 2,0).
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Xr.rpan

e;rpan @,rpan

.
*
o®

Pucynok 1 — 3aBucumocTH i, 1 K, OT yria najaeHus ¢;
a, 6 — p-moyisIpu3anus, B, T — S-MOJIApU3aIUs MaJaloIIero CBETa;
n, = 2,2597 +10,001, n, = 2,4125 + 10,0012, n; = 2,265;
1-011=0a33=0, a12#0; 2 — a1, azgz3 # 0, a2 = 0; 3 — 011, 033, 012 # 0;
011=1,9-10°+i-10° a33=-5,7-10°—i1,5-10° 0;,=-3,5- 10°-i2-10°

X Y X f
0.003
0.002
0.001

10

)

AMKM
—0.001 -3
—0.002
—0.003

i A,MKM
8

Pucynox 2 — 3aBucumoctu () Mpu HATUYUKA U30TPOITHON TOUYKH;
a— xjaccel 3,4, 6 u 32,422, 622; 6 —-3m, 4mm, 6mm;
cBeT magaet moa yriaom @ =30°%,d=0,1 mm, Ny=1,n=1, 013, =19 104,
o33 =-5,7 107, 03, =-3,5-10"

2. Oco0eHHOCTH MPOSIBJIEHUS ONTHYECKOI AKTUBHOCTH
B KPHCTAJLIAX KJIACCOB 42m u 4

B kpucramiax kmaccoB 42m u 4 TEH30p I'Mpaldd UMEET HEOOLIYHBIA B

((122 = —0l11, O33 — O, 0o = (112) [1] I[J'I?I KJiacca 42m BCIIMYHUHA Q12 = 0, €CJIn OCHu
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koopauHat X, Y HampaBlieHBI BJIOJH Ooceil 2-ro mopsiaka (pucyHok 3,a). Ecmu X, Y
BBIOpAHbI KaK MEPHIEHANKYIISIPHI K IIIOCKOCTSM CUMMETPUH, TO g1 = 0, a 02 # 0.
Paccunran azumyT monspuszanuM y; CBETA, MPOLICAIIET0 4Yepe3 IUIACTUHKY KpH-
cramia 42m. IlnacTvHKa BBIPE3aHa MAPAILIENLHO ONTHIECKON OCH, IIIOCKOCTh MAIEHUs
CBETa MEPIEHIUKYISIPHA ONTUYECKOM ocu. Ho mpu 3TOM BO3MOKHA pa3Hasi OpUEHTa-
1S [JTACTUHKY OTHOCUTEIBHO OCEW 2-TO MOpsiiKa M TUIOCKocTel cuMmMmeTpun. Ha pu-
cyHke 3,0 MoKa3aHa BEeIWYMHA Yy TIPH Pa3HBIX OpUEHTANUSAX (YTOJl ) OCH 2-TO TIOPsIIKA.
[Tpu v = 0 (ock 2-ro mopsiKa napajiesibHa MOBEPXHOCTHU IJIACTUHKHU, TUIOCKOCTH CHUM-

METPHUU PACTIONIOKEHBI TIOJ] YTIIOM 45° K Heil) momydaeM xy(—p) = y(9); npu Y=
45° (06e ocu 2-ro MOpsiKa PacHoJIOKEHbI MO yIiioM 45° K MOBEPXHOCTH, OJHA U3
IUTOCKOCTEH CHMMETPHM TapajuleibHa MOBEPXHOCTH) Y(—P) = —y(¢). B ocrambHbIx

ciydasx x(—) # x(¢), 4To MoKa3aHo Ha pucyHke 3, B s y = 30°.
B kpucraiie kinacca 4 eCTh TOJBKO OCh 4, a 3aBUCHMOCTH Y(() B 00IIEM BHUIE
HECUMMETPUYHBI (PUCYHOK 3,B).

X

-20 1] 20 40
o

Pucynok 3 — CedeHue MOBEPXHOCTH TUpaluu kpucraaaa 42m (a);
3aBHCHMOCTB ¥; OT YIJIa NaJCHUsI @ U yIJla OTKJIOHEHHS | OCH 2-TO NOpsIKa
OT MOBEPXHOCTH IJIACTUHKHU (0); 3aBUCUMOCTB ¥(¢) ripu y = 30° (B)

3akjIrouyeHue

PaccMoTpeHo BIMsSIHME aHTUCUMMETPUYHOW YaCTH TEH30pa TMpallvu O, HA a3u-
MYTBI TOJIIPU3ALMN ), U DJUIMNTHYHOCTH U K, OTpaskeHHOro cBeTa B KpHCTaJIax
KJ1accoB 3m, 4mm, 6mm, u TpOBEJICHO CpaBHEHUE KPUCTAIIOB KjaccoB 3, 4, 6 u 32,
422, 622. IlokazaHo, 4TO MPH 012 7 0 BEJTUYUHBI ), M K, IPH MMOJTOKUTESIBHBIX U OT-
pULIATENIBHBIX yTJIAaX MaJCHUs Pa3audHbl (IPH YUCTO AaHTUCUMMETPUYHOM TEH30pE
rupayy OHU MPOTUBOIOJO0XKHBEI). [loka3zaHo, 4TO BeIMUMHA 01, HE OKa3bIBACT BIIUSI-
HUS Ha a3UMYT MOJISIPU3AIUH ; B U30TPOITHOM TOYKE.

JIJIsl KpUCTAIIOB KJIAacCOB 42M TIOKA3aHO, YTO 3aBUCHMMOCTH ); OT yIJia MajcHUs
JUISl TIOJIOXKUTENIbHBIX M OTPUIIATEBHBIX YIJVIOB MAJICHUS UMEIOT MPUHITUITUAIBHO
pa3HbIi BUJI TPU PA3HOW OPUEHTAIMU OCEN 2-T0 MOPSIAKA U INIOCKOCTEW CUMMETPUU
OTHOCHUTEJIbHO TMTOBEPXHOCTH IIACTUHKHU.
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YO «Mo3bIpcKui rOCY1apCTBEHHBIN MTEIArOrMYeCKU YHUBEPCUTET
umenu W.11. llamaxunay, Mo3bips, benapych

IMPOMEXYTOYHBIN PEXKUM JIUOPPAKIIUA
BECCEJIEBBIX CBETOBBIX ITYYKOB HA YJIBTPA3BYKE
B I'MPOTPOIIHBIX KPUCTAJIJIAX

B Hacrosiee Bpemsi 3HAUUTENbHBIN UHTEPEC 11 ONTUYECKUX TEXHOJIOTHUM MPE.I-
CTaBJISIOT KBa3nOe3Au(PaKIMOHHBIE CBETOBBIE IMOJISl, KOTOPHIE COOTBETCTBYIOT CBE-
TOBBIM IyYKaM C COXPaHSIONIMMCS B IPOLIECCE PACIPOCTPAHEHUSI IMONEPEYHBIM
pacripesieyieHieM aMIuMTyabl nossi. Hambosiee M3BECTHBIM KJIacCOM KBa3zMOE3H-
(bpaKIMOHHBIX TOJIeH sBIstOTC OecceneBnl cBeToBbie yuku (BCII) [1]. Jlmsa msro-
TOBJICHHUs akycToonTuyeckux (AQO) ycTpoicTB 00pabOoTKH MHpOpMAIUU (MOIYJIs-
TOPOB, AehICKTOPOB, (PUIBTPOB, MPOIECCOPOB, JATYMKOB H T. [I.) IUPOKOE MPUME-
HEHUE HAXOJST KPUCTAILIBI, 00JIaal0IINe XOPOITUMU (POTOYNPYTrUMU CBONCTBAMU U
rupotponuei. K Takum kpucramiaMm B NEPBYIO OYEPEAb OTHOCSTCS MapaTeslypuT
(TeO,), Temnyp (Te), repmanar u cunukaT BucmyTa (BijyGeOy, Big,SiO4), kBapir (a-
SiOy) 1 1ip. B ¢cBsI3M ¢ 3THIM aKTyaylbHA 331a4a UCCIICAOBAHUS Pa3IHIHBIX PEKUMOB AO
B3aumojieiicTBusi bCII B Takux kpuctamuiax [2]. IIpu 3ToMm ciemyer yduThiBaTh, YTO
HAWIYYIIMMUA XapakTepucTukamMu o0aanaroT AQO ycTpoilcTBa B MPOMEKYTOYHOM pe-
xxume nudpakiuu [2]. B HacTosieit paboTe ¢ UCnojib30BaHUEM MaTepUaIbHBIX YpaB-
HEHUW JJI1 TUPOTPOITHOTO IUAJIEKTPUKA [3] M MEeTOJa MEIJIEHHO-U3MEHSIOIIUXCS aM-
wmmtya (MMA) uccrienoBad poMmexxytounbiid pesxkxum AO nudpakiuu bCII vyneBo-
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ro TIOPSIAKA B TUPOTPOITHBIX KPHUCTAIIAX KBapIla, MapaTeurypuTa U TepMaHaTa BHC-
MyTa.

PaccmorpuMm HekommmaeapHoe AO B3aMMOJCHCTBHE CBETOBBIX BOJIH, PacIpo-
CTPaHSIOMINXCS BOJMU3M ONTHYECKONH OCH OJHOOCHOTO THPOTPOIHOTO KPUCTAJIA C
yIbTpa3BykoBol (Y3) BOJHOH, KOTOpas BOo30yxkaaeTcs Baoiab ocu OX (ocs OY op-
TOTOHAJIbHA TIJIOCKOCTU AUQPAKIIUU, CM. PUCYHOK 1). Bynem cuurate, 4To yrpyras
BonHa ¢ BekTopoM cmemenus U =Uyexp[i(Kx — Qt)] (K =Q/ v, Q = 2nf — nuxm-
qyecKas 94acToTa, L — Ga3oBasi CKOPOCTh Y3 BOJIHBI) 3aHUMAET MIPOCTPAHCTBO MEXKITY

mockocTsamu Z = 0 u Z = |. Y3 BonHa MEIYIUPYET IIEPUOANYECKYIO B IIPOCTPAHCTBE
1 BpEMEHH peIIeTKy IUBIEKTPUYECKOH IPOHMIAEMOCTH:
&(r,t) =£° + Aécos(KF —wt) , rme £° — TEH30p AMDIEKTPUYECKOM MPOHUIIAEMOCTH

0.0
HEBO3MYILICHHOTO Kpuctamna, A&y =—&€j PjmUmns Pijmn — KOMIIOHEHTBI TCH30pa

doToynpyrux nocTossHHbIX, U .- — KOMIIOHEHTHI TeH30pa AedopMalHii.

X
8)
F©) ;' k..
— — — — A
I?DKK———/"—‘ kL
0__"'6_‘\‘: _:K 7
- — — 1k
I S
jk_l
8,

—

PucyHnok 1 — Cxema pacroioxeHus: BOTHOBBIX BEKTOPOB yibTpa3Byka K,
aJIaronien |Z0 1 Tu(parupoBaHHBIX |Zm (m=0,%1 +2 ) CBETOBBIX BOJIH
IpU IPOMEKYTOYHOM pexkume AO B3auMOJeNHCTBHS, OJIM3KOM K Op3rTOBCKOMY
(6, — mapameTp OTCTPOUKH)

[Ipu pacnpocTpaHeHuu cBeTa BOJIM3U ONTHYECKOM OCHU OJHOOCHOTO TMPOTPOTI-
HOTO KpucTauia (AJi1 KyOM4ecKOro KpucTajia TUPOTPOIHUS MPOSBISIETCS IS JO-
ObIX HarpaBJeHuM B Kpuctamie) pexum AO nudpakuuu onpeaensercs BOJIHOBBIM

o 2 2
napamerpoMm Kieitna-Kyka Q = A f “1/nv”, rme n — mokasartens mpenoMieHUs B

HaNpaBJICHUH PAaCIpPOCTPaHEHHS MMaaarolieii cBeToBOW BOJHBI, | — mmuHa obnacth
AO B3aumonelcTBUs, Ay — JUIMHA CBETOBOM BOJHBI B BakyyMme. bparroBckuii pe-

xuM nudpakiuu HaOmogaeTcs npu Q =15, paman-naroBckuii mpu Q <0,6. Ipo-
MeXyTOUHBIN pexkxum AO B3zaumojeiictBus umeetr mecto npu 0,6 < Q < 1,5. B no-
CIETHEM CJy4yae IS CBETOBOM BOJIHBI, TAJaromied Moj yrioM bparra
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05 = Mo f /2nv, cnenyer yuntsiBaTh deThipe (1 Oojee) AUPPAKIIMOHHBIX MOPSIKA

(BMeCTO JIBYX ISl Op3TTOBCKOTO PeXUMa TU(PPAKIIAH).
a 0

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
I, Bl ex’ I,.Bm/em®

Pucynok 2 — 3aBucumoctb 3 (PpeKTUBHOCTU TUDPAKIIUN B HETHIPEX
nudpakmoHHbIX mopsakax p: —1 (1), 0 (2), +1 (3),+2 (4) OT HHTEHCUBHOCTH
yastpassyka |, (Q = 1,2; Rg = 1 MM — paamyc BCII, yo = 0,5° — yron kouycroctu BCII,
ho= 0,63 mxMm, | = 0,2 cm; ciBuroBas Y3 BosiHa B kKpuctaiie 7eO, (a);
nponoabsHas Y3 BoaHa B kpuctaiuie BijpGeOoq (0))

PaccmoTtpum Hekotopeie reomerpun AO B3auMOAEHCTBHS B KyOWUYECKUX U
OJTHOOCHBIX KpucTaiuiax: 1) qudpakius cBeTa Ha MEJICHHON CABUTOBOM Y3 BOJHE
B kpuctamie 7TeO,, korga Y3 BojiHa pacnpocTpansercs Baoab ocu [110] u momnsipu-
30BaHA BJIOJIb HaIpaBICHUS [T 10]; 2) nudpakius cBeTa Ha CABUTOBOW Y3 BOJHE B
kpuctaiwie o — SiO,, korma Y3 BosHa pacnpoctpansiercs Baoyib ocu [110] u mons-

pU30BaHa BJOJIb HaIpaBJICHUS [I 10]; 3) audpakius cBeTa Ha MNPOAOIbLHOH Y3
BOJHE B Kpuctamie Bij,GeO,, pacnpocTpanstomieticss Bnoab ocu [110], u nanaro-
11eii CBETOBOI BOJHBI, pacmpocTpansionieiics Bomsu ocu [001]. Ipu atom 2ddex-
TUBHOCTh JU(pakuuu Ha cABUrOBOM Y3 BOJHE B KpHUCTajulaX KBaplia Maja Io
CpaBHEHUIO C 3P (PEKTUBHOCTHIO AU(PPAKIMN HA CABUTOBOM Y3 BOJIHE B KpUCTAJI-
Jax mapaTe/ulypuTa U Ha IpoJaoJbHOW Y3 BOJHE B KpHUCTalaX repMaHaTa BHC-
myTa. Ha pucynke 2 npeacraBieHa 3aBUCUMOCTb 3P(HEKTUBHOCTU JU(DPAKLIINU B —
1, 0, +1 u +2-M gudpakmmOHHOM TOPSIKE OT MHTEHCUBHOCTH YJIbTpa3Byka |, B
IPOMEXKYTOUHOM pEeXHME TUPPAKIHH, OTU3KOM K OpPITTOBCKOMY, IJIsi KPUCTaJ-
noB TeO, (a) )51 BilzGeOQQ (6)

U3 pucynka 2,a cnemnyer, uto npu nudpakmun BCII HyneBoro nmopsaka B Kpucta-
ae TeO, sddexkTrnBHOCTD nudpakmun B +1-M 1 -1-M THQPAKITMOHHBIX TOPSIKAX MPaK-
THUYECKU COBIAAAIOT. DTO CBSI3aHO CO 3HAYUTEIIHHBIM YJICILHBIM BpaIllCHUEM KPUCTaJI-
Ja B pacCMaTpUBacMOM JIMAINla30HE ONTUYECKOro crekrpa. s kpuctamma BijoGeOy

(puCyHOK 2,0) OTHOCUTENIbHbIE UHTEHCUBHOCTU B +1-M 1 —1-M audpakinoHHbIX MO-

43



pAZKaX 3HAYUTENILHO pa3inyaroTcs. Maible 3Ha4eHHs] OTHOCUTENIbHBIX MHTEHCHUBHO-
CTe BO +2-M JIu(PaKIMOHHOM IOPSJIKE CBS3aHBI CO 3HAYMTENILHON (ha30BOM pac-
CTPOMKOI BEKTOPHOIO CHHXPOHM3Ma 01 (cM. pucyHok 1) [2]. DddexTuBHOCTD 1u-
¢pakumu Ha ciBuroBoit Y3 BomHe B Kprctaimie o — SiO,, korga Y3 BomHa pacmpo-

cTpansieTcst BJoJib ocH [110] u nonsipu3oBaHa BAOIb HAPABICHUS [1 10], 3HAYUTEIILHO
HIDKe yeM B kpuctamiax TeO; u BijyGeOy. D10 cBsA3aH0 ¢ Masoi 3G peKTHBHOI POTO-

YIPYIOH IOCTOSTHHOM I TOT'0 KPUCTAILIA.
a 0
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Pucynok 3 — 3aBucumoctb 3¢ (HeKTUBHOCTH AUPPAKITUH 1)+1 OT MHTEHCUBHOCTH yJIbTpa-
3ByKa |, ipu paznuunbix mmHax AO B3aumopaencTus |
1-0, 2, 2-0, 4, 3-0,5 cM Ha caBuroBas Y3 BosHa, kpucrtamie 7e0, (a);
3aBUCUMOCTh 3P (HEKTUBHOCTU AUDPAKLIHUH 1)+ OT HHTEHCUBHOCTH YJbTpa3ByKa |,
npu pasandnbix mHax AO B3aumoneiictsus |: 1-0, 2, 2-0, 4, 3-0,5 cm
Ha npoponbHoi Y3 BojHe B kpuctaiuie Bi,GeO,,(0)

Ha pucynke 3,a npeacraBieHa 3aBUCUMOCTh 3(ppekTuBHOCTH AUdpakuuu B +1-M au-
(GpaKIIMOHHOM TOPSAKE OT MHTEHCHUBHOCTH MEJJICHHOW CIBHTOBOM Y3 BOJIHBI, pacipo-
cTpansionieics BnoJib ocu [110] u moasipu30BaHHON BIOJIb HAITPABICHHS [1 10] KpUCTaJI-
Ja mapareJutypuTa Nnpu paznuyHbix juimHax AO B3aumonaeicTBus. 3aBUCUMOCTD 3P dhek-
TUBHOCTU AU pakiuu B +1-M qudpakiimOHHOM MOPSAJIKE OT UHTEHCUBHOCTU MPOJ0JILHON
VY3 BouHBI, pactpocTpanstonieiics Baoiab ocu [110] kpucraiia repmanaTa BUCMYTa MPU
paznuuHbIX JymHaX AO B3aUMOJCIHCTBUS MPECTaBIIeHa HA PUCYHKE 3,0.

3akjIrouYeHue

Ha ocHOBe mosTydyeHHBIX PEe3yJbTaTOB MOTYT OBITh CO3/1aHbI AKyCTOONTHYECKHUE
YCTPOMCTBA, paboTa KOTOPHIX OCHOBAaHA HAa MPOMEKYTOYHOU MU(paKIMKU CBETa Ha
yibTpa3Byke. Takue yCcTpoHCTBa Ha OCHOBE O€CCENIeBhIX CBETOBBIX MYYKOB (MOIY-
JSTOPBI, Ae(hIACKTOPHI) MEPCICKTUBHBI ISl TPUMEHEHUN B Ja3€PHBIX TEXHOJIOTHUS
(J1a3epHast pe3ka, CBapKa U JIp.).
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HEKOJIUVIMHEAPHASA BPOI'TOBCKASA ITUPPAKLIUA
BECCEJIEBBIX CBETOBBIX IIYUKOB BbBICIHIHUX ITOPAAKOB
HA YJbTPA3BYKE B KYBUYECKHUX
I'MPOTPOIIHBIX KPUCTAJIVIAX

Axycroontudeckas (AQO) nudpakiys CBETOBBIX BOJH B MJIOCKOBOJTHOBOM MPH-
OJIM’KEHWH M TayCCOBBIX CBETOBBIX IYYKOB JOBOJBHO XOpomio wusydena [l].
B HacTosiee Bpemst uMeeTcss Majio paboT Mo npeoOpa3oBaHUIO0 OecCceNeBbIX CBETO-
Bbix mmyukoB (BCII) [2, 3].

B nacTosiiieit paboTe ¢ UCHOIB30BaHUEM METOJIa MHTETPAJIOB MEPEKPHITHS pac-
CMOTpeHO HeKkoJuiMHeapHoe AQO B3auMOJIeCTBHUE OeCcCeNeBhIX CBETOBBIX ITYYKOB
BBICOKHMX MOPSAJIKOB MPH MOMYTHOM PaclpOCTPAHEHUH B TUPOTPOIHBIX KyOHMUECKHX
kpucramiax. [Ipu sTom B kauecTBe npumepa paccmoTperHa AO nudpakuus azumy-
TanbHO-HeoJHOpoAHBIX BCII HyneBoro mopsiaka (M = 0) m mepBoro mnopsiaka
(m = 1). Kpome o0br4HOTO MIpoaoiasHOr0 (hasoBoro cornmacoBanus BCIT nomkHBI
yIOBJETBOPATH YCIOBUSIM TOMEpeyHOro (pazoBoro coriacoBaHus. Takoe coriaco-
BaHue cBs3aHo ¢ TeM, yTo BCII ¢ pazauuHbIMU yriiaMu KOHYCHOCTH UMEIOT pa3iny-
HYIO IIPOCTPAHCTBEHHYIO CTPYKTYpPY U, KaK CIEACTBUE, PA3IUYHbIC BEIUYUHBI HHTE-
IpajioB MEPEKPhITUS NUPparupoBaHHBIX MyYKOB. PaccMoTpeHre MHTErpajioB mnepe-
KPBITHS TO3BOJISET HAWTU UX MaKCUMAJIbHbIEC 3HAUYCHHUS.

[Ipeanonaraercsi, YTO UUPKYISIPHO-MOJISIPU30BAHHBIMN CBETOBOM IMYy4YOK MaJaeT
nox yriaom bparra k pponTy Y3 BOJTHBI U HCHIBITHIBAET AU(PPAKIIUIO HA YIBTPa3BYKE.
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Jns AO B3auMoAEHCTBUS BOJH C OJMHAKOBBIMU MOJSPU3AIUAMH (M30TPOIHAS JTH-
bpakuusi) ycinoBusi bparra BeIOIHSIOTCS OJHOBPEMEHHO IIPU OJTHOM U TOM K€ yTJIe
naganus 0, =arcsin(h,/2nA), rae Ag 1 A — AJIMHA CBETOBOM U 3BYKOBOM BOJIH CO-

OTBETCTBEHHO; N — IMOKa3aTesb MPEeIoMIICHUs KpUcTauia 6e3 yuera rupoTponuu. B
Cilyyae B3aMMOJCHCTBUSI BOJIH C PA3JIMUHBIMU MOJISIPU3ALUSAMU (AaHU30TPOIHAS JU-
¢paxuus) yrisl bparra ornuyarorcs ot 0 Ha BenmuuuHy 60 =12y /(nsin20,), rae vy

— mapametp rupotponun. [Ipu cobmronenun ycmosus y >> An, (An, — rayouna mo-

OyJALIUMA TOKa3aTessl MPeIOMJICHUSI aKyCTUHYECKON BOJIHOW), BO3MOXKHO HE3aBHCH-
MOE PAacCMOTPEHHE BCEX YETbIpeX AU(PPAKIHMOHHBIX IPOLIECCOB B THPOTPOIHBIX
cpenax. JlaHHoe yclIOBHE BBITIOJIHSIETCS JUIsl OOJIBIIMHCTBA TUPOTPOMHBIX CPEI MC-
TIOJIb3yEeMBIX B akyctoonTuke [1].

[Ipennonaraercs, 4yto Ha rpanuue odnactu AO B3auMOJEHCTBUS (POPMUPYIOTCS
uzouparenbHo BCII ¢ npaBoit uiau JaeBOM AUIMNTHYECKON moJisipu3anueii. B Takom
CJIydyae BapbUpPOBAHUEM YACTOTHI YJIBTPA3BYKa BO3MOXHO JTOCTHUKEHHE Pa3IMYHBIX
TUIIOB MPe0Opa30BaHus AIUTUINITUYECKU-TIOIPU30BAHHBIX BOJIH.

Paccmotpum pacnpoctpanenne bCII BOm3u ocu Z kpuctaiia, Toraa BIoJIb OCH
X, coBNajarolel ¢ KpUcTaiorpauueckoil ocbl0 BTOPOTO, TPETHEr0 MM YETBEP-
TOTO MOPSIIKA, PACIIPOCTPAHAETCS IPOIOJIbHAS WM CIBUTOBAs Y3 BOJIHA.

Cucrema ypaBHEHHI CBSI3AHHBIX BOJIH UMEET BUJ:

2r Ry
j j (87A&E, )rd¢dr

L dA,
2|k2i dz k2 027: Rg Aﬁ’

j j|e; ? rdodr

0

f f(e Ag€E, )rd¢dr
2ik . A —k2 L A 1)

dz = R

[ [l rdodr
0 0

rae A€ — TEH30p BO3MYILIECHUHN AUAJIEKTPUUECKON MPOHUIIAEMOCTH, BHI3BAHHBIX Y3

BOJIHOM,

€, =¢e.6 +¢,6,,6 =¢_

e, = iPJm(qr)(ncosm - Jmﬂ(qr)cosn}
qr

r =70
e¢+ |: m+l(qr)__‘] (qr)(l+COSY+):|
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e, =—{£Jm(qf)(1—005¥_)+Jm+1(qr)005v_}

e, =| ~Jp..(ar)+ =3, (r)(L—cosy ) |,
¢ qr

npuieM € ,€,,€, — eIMHAYHBIC BEKTOPbI B LIMIMHAPUYECKAX KOOpAUHATAX I, ¢, Z; 31eCh
k, =k £ p, mpuuem p=ak,/cos(y,) — ymenbHOe BpamieHue KPUCTAIIA, Yo — IapaMerp
KOHYCHOCTH MPEJIOMJICHHOT'O CBETOBOTO IyCcKa 0€3 ydeTa TUpOTPOIHH, Ol — MapaMeTp T'-
poTponuu, M — uenoe umciao, M0S(y,) =ﬁOS(y0)[li(0L/ n)tg(yo)], Jn(X) — QyHKIMH
becceus.

Pemienne cuctembl ypaBHEHHI CBS3aHHBIX BOJH (1) HIlleM € HCMOJb30BAaHUEM
cnenyromux rpannunbix yeaosun: A (0)=A, A,(0)=0. Toraa pemenue umeer BUA:

AOJ_r,J_r(Z) = ACOS(l Xi,ilzgi,iz)’ Ai,i = IASIH(l Xi,ilzgi,iz) | (2)

rae g, ; — MHTErpajsl NEpeKphITUs AU(PparupoBaHHbBIX BOJIH,

2 Tfns(p11+ P12) |21,
|XJ_rJ_r| = 3

, 47\.0 GUL

rne P11, P12 — PoTOynpyrue nocTosiHHbIC, |, — MHTEHCUBHOCTD Y3 BOJIHBI, G — IJIOT-
HOCTb KpUCTaJlIa, L. — (a30Basi CKOPOCTb MPo10bHON Y3 BonHbl. [Ipu nudpakuun
Ha CIIBUroBbIX Y3 BoiHax ¥4 + =0, To ecth AO nmpeoOpa3oBaHue OecceneBbIX My4-

KOB HE pEAIN3yeTCS.
Ha pucynke | mpencraBiieHBl 3aBUCUMOCTH MHTETPAJIOB NEPEKPBITUS (4 4 OT

napamerpa (,=0/qo s audpakimuu OSCCeIeBOro CBETOBOTO My4Ka HYJEBOIO IO-
psanka (a) u mepBoro nopska (0).

N3 pucynka 1,a cienyer, 4To UHTETpalibl IEPEKPHITUSI OCHOBHOM MOJIbI Oeccere-
BOr'0 CBETOBOro nmyudka (M=0) 1oCTUraroT MakCUMaIbHOI'O 3HAYEHUSI MPH BBIMOJIHE-
HUU MONEPEYHOTro (Ha30BOr0 CUHXPOHU3MA, TO €cTh pu (,=0. [Ipu 3TOM MHTErpabI
MEPEKPHITHUS JUIsl aHU30TPONHON audpakiuu (KpuBas 2) BBIIIE, Y€M JJIS U30TPOTI-
Hoi mudpaxiuu (kpusas 1). [Ipu 3ToM 3(PhHEKTUBHOCTH BCEX BO3MOMKHBIX THUIIOB
AHU30TPOITHOM M M30TPOITHON AUMPAKIIUHA OTMHAKOBEI.

B cnydae azumyrtanbHo-HeomHOpoAHBIX BCII ¢ asumyTtanpHbIM umciom M = 1
(pucynox 1,0), apdbexTuBHOCTH Ardpakind BceX BO3MOXKHBIX BHI0B AO mpeobpa-
30BaHUs OTJWYAIOTCS MO BEJIMYMHE JUIs OOJIbIIMX 3HAueHU mapamerpa (, > 0,1.
[Ipn manbix 3HaueHUsAX (, < 0,1 MHTErpaBI NEPEKPHITUA YAOBIECTBOPSIOT COOTHO-
wenusam: g, , =9, u g__=¢g_,. [Ipu 370M MaKCUMabHOE 3HAYEHHE MHTETPAIA

NEPEKPHITUS 17151 AUPPAKIUUA TPABONOJISIPU30BAHHON CBETOBOUM BOJIHBI B JIEBOMOJIS-
PU30BAaHHYIO U MPABONOJISIPU30BAHHOM BOJIHBI B ITPABOIIOJISAPU30BAHHYIO JOCTUTAIOT

47



MaKCHMAaJbHOTO 3HAYCHHUS IPH OTIUYHOM OT HYJISA paccTpoedyHoM mapamerpe (Jy, #
0).
a 0

1 I
0 01 02 03 04 05 06 07 0

a/q,

Urﬁi‘q/‘q {U)‘E
Pucynok 1 — 3aBHCMMOCTb MHTETpaa MEPEKPBITHA {4 + OT mapameTpa g,=0/Jo
st nudpaxiuu BCIT nyneBoro nopsiaka (a) u neporo nopska (0);

a) m3otponHas qudpakius (kpusas 1), aruzorpornHas qudpaxius (kpusas 2) s m = 0;
0) nudpakius TPaBONOJIIPHU30BAHHOM BOJIHBI B JICBOIIOJSPU30BaHHAIO (KpUBas 1),
JICBOIOJISIPU30BAHHOM B MPABOMOJISIPU30BAHHYIO (KpUBas 2), MpaBOMOJISIPU30BAHHOMN
B [IPaBOMNOJISIPU30BAHHYIO (KpuBas 3), JIEBOMOISIPU30BAHHON B JICBOMOJISPU30BAHHYIO
(xkpuBas 4) (paccmotpeH kpuctamt Bi;,GeOyo, mpononsHas Y3 BoiHa,

K || [100], yo=0,5°, p = 22 rpag/mm, R,=1 Mm)

Ha pucynke 2,a mpencraBieHa 3aBUCUMOCTh 3PPEKTUBHOCTH AUPPAKIUUA 7| B
nepBoM TU(PPaKIIMOHHOM MOpsiake mpu OparroBckoit AO mudpakiyu a3uMyTaibHO-
oxHopoanoro BCIT (m=0) B kpuctamie Bi;;GeOyy 0T MHTEHCUBHOCTH YJIbTpa3ByKa |y
IpY MaKCUMaJbHOM 3HAUYCHHH WMHTErpaja MepeKphITus gy (prcyHok 1,a). DddexTrr-
HOCTb aHU30TPOIMHON AU(PPAKIINHU BBIILE, YEM U30TPOITHOM.

3aBUCUMOCTh 3(P(EKTUBHOCTU AUPPAKUIUU T A3UMYTaIbHO-HEOJHOPOIHOTO
BCII (m =1) OT UHTEHCUBHOCTH yIbTPa3BYyKa |, 1Sl pa3IMUHBIX COCTOSTHUN MOJISIPU-
3alMM Tafaromero u AudparupoBaHHOrO CBETAa NPEACTaBICHA Ha PHUCYHKE 2,0.
HaubGonpmas s>¢dextuBHOCT nudpakiun mocturaercs misi AO mpeobpasoBaHus
JIEBOTIOJIAPU30BAaHHON CBETOBOM BOJHBI B MPABOMOJSPU30BAHHYIO M HECKOJBKO
MeHnbIas npu AO npeoOpa3zoBaHUM MPABONOJISIPU30BAHHON BOJIHBI B MPABOIOJISIPU-
3o0BaHHy10. Takasi ocoOeHHocth nudpaknuu bCII onpexnensercs BeTUYUHOU
UHTETpaa MepeKkphITHs COOTBETCTBYIONIETO AU(PPAKIIMOHHOTO mpolecca U 3 dek-
TUBHOU (POTOYNPYroil MOCTOSSHHOM.
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Pucynox 2 — 3aBucumoctb 3¢ PeKTUBHOCTU JU(DPAKIIMU 1| OT UHTEHCUBHOCTH
ynbTpa3Byka ais magaromero bCII nyneBoro nopsiaka (a) u nmeporo mopsaka (0);

a) nzorponHas qudpakuus (1), anuzorponHas nudpaxuus (2); 0) audpakuus
MIPaBOMNOJIIPU30BAHHOM BOJIHBI B JIEBOMOJSPU30BAHHYIO (1), I€BOMONIAPHU30BAaHHOM
B JICBOIOJISIPU30BAHHYIO (2), TPaBOIMOISPU30BAaHHON B MPABOMOJISIPU30BAHHYIO (3),

JICBOITOJIAPU30BAHHOM B MPAaBOMOJIAPH30BaHHYIO (4) (kpuctait Bij,GeO,, npoaobHast
V3 Bonra, K || [100], m=0 (a), m=1 (6), v5=0,5°, p=22 rpag/mm, R,=1 mm, |=5 cm;
MHTETpanbl Iepekpeitus: g, , =g =053, 9, =g, =0,98 (a);

MHTETPasbl MEPEKPhITH: §_, =g__ =093, g, =g, , =0,76 (0))

[IuprHa Moaockl IpOIyCcKaHUsi MOAyJsiTopa-nediekTopa mpu uzorponHoin AO
mudpakiuu BCIT mynaeBoro nmopsaka cocrapiseT Afy, = 10 MI'y (AO npeoOpazosa-
HUE C M3MEHEHHEM MoJiApu3aluuu (aHU30TpomHas AUdpakius) HE MpPeACTaBisIeT
3HAYUTEIBHOTO WHTEpeca BCJeICTBUE Majio 3¢ ¢dekTuBHOCTH mudpakmuu). [Ipu
mudpakuuun BCII ¢ a3uMyTallbHO-HEOHOPOIAHBIM PACHPECICHUEM AMILTUTY IbI
(m = 1) HauOOJBIIMI MHTEpEC MPEACTaBIACT AUPPAKIUSA JICBOMOISAPU30BAHHON
CBETOBOM BOJIHBI B IIPABNOJISAPU30BAHHYIO. [Ipy 3TOM mIMpHHA MOI0CH IPOITYCKaHUs
moaysitopa-nediexkropa cocrarisier Afy,=12 MI'm.

3aKkJaoYeHue

[Toka3zaHo, 9YTO B THPOTPONMHBIX KyOMYECKHX KpHCTaUIaxX peaausyercs 3¢ dek-
TUBHOE HEKOJUIMHEApHOE akycToonTudeckoe mnpeodpazoBanue BCII Beicmux mo-
PSIAKOB Ha MPOJIOJbHBIX YIBTPA3BYKOBBIX BOJHAX MPH U30TPOMHON U AaHU30TPOITHOU
TUPPaKIuK  AIUTMNTAYSCKUIIONAPU30BaHHBIX BOJH. [Ipw 3TOM mMpHHA ITOJIOCHI
amruiuTyaHoro AO moaynsTopa-aediexkTopa il a3uMyTadbHO-OJIHOPOJIHOTO CBE-
TOBOTO Itydka coctariseT 10 MI'm u gist a3umyTtanbHO-HEoqHOpoaHOro BCII nep-
BOro nopsijaka 12 Ml .
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IKCIIEPUMEHTAJIBHOE U3YYEHHUE 3ABUCUMOCTH BBIXOIHBIX
XAPAKTEPUCTUK CMEIIAHHBIX I'OJIOTPAMM OT TOJIHIWHbI
OOTOPE®PAKTUBHOI'O IIBE3OKPUCTAJIJIA BTO

BBenenue

dotopedpakTHUBHBIE KpHUCTALIBI ceMmeiicTBa cmuieHuTa BipSiOyn (BSO),
Bi, TiOy (BTO) u Bi;GeO, (BGO) Hanum npuMeHEeHHE B TOJI0rpapuIecKoi HH-
tepdepomerpun [1], yCUIIEHUM ONTHUYECKUX H300pakKeHUU [2] U APYTUX BaKHBIX
rojiorpadUuecKuX MPUIOXKEHUAX (CM., Harpumep, [3, 4]). IIpu 3ToM U3BECTHO, YTO
JUTsl pallMOHANBHOTO HUCTIOJIB30BAHMS KPUCTAIJIOB IAHHOTO TUIIA HEOOXOJIUMO OINTH-
MU3UPOBATH BBIXOJHBIC XapaKTEPUCTUKU 3aMMCAHHBIX B HUX rojorpamm. K Takum
XapaKTEPUCTUKAaM OTHOCSITCS OudpakiuoHHas 3(PPEeKTUBHOCTh rOJIOrpaMMBbl U KO-
3¢ PUIMEHT yCUleHHs NPEIMETHON CBETOBOM BOJIHBI.

Opnako BOmpoc 00 ONTHUMU3AIMK MPOIECCA CUUTHIBAHUS TOJIOTPA(UUECKUX pe-
meTok B kpuctauie BTO 10 HemaBHero BpeMeHu ocTaBajcs cjiabo M3ydeHHbIM. Be-
POSITHO, 3TO OBUIO CBSI3aHO ¢ (DOPMHUPOBAHHWEM B 3TOM MPEJICTABUTENE CHUILICHUTOB
cmeuiantbix (aMIUTUTYAHO-(a30BbIX) TOJIOrPaMM, KOTOPbIE€ ObUIM 3KCIEPUMEHTAIBHO
1 TEOPETUYECKH MCCIIE0BaHbl B HeAaBHEH paboTe [5]. Ha ocHOBaHWHU MOJTy4YE€HHBIX
B [5] pesyapTaroB ontumuzanus AUGpakimoHHONW 3G(PEKTUBHOCTH TOJOTpaMM B
kpucramie BTO cpesa (110) 6bu1a BbimonHeHa B [6] 1 0606meHa B [7] Ha cirydai

IMPONU3BOJILHOT'O CpE3a 3TOIro0 KpucTaJuia. HGKOTOpBIe HpO6H€MBI OIITUMU3AIINHA IIPO-
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1ecca CUMTBIBAHUSA yucmo ¢hazosvix ronorpamMm B kpuctammiax BSO m BGO pac-
CMaTpUBAJINCh paHee, HarpuMep, B [8, 9] u [10] cOOTBETCTBEHHO.

CrnenyeT OTMETUTh, UTO TEOPUS cMeulanHbix roorpamMm B kpucrtamie BTO wuc-
[I0JIb30BAJIaCh HaMU B [5—7] TOJBKO JJIs1 TEOPETUYECKOTO OMHUCAHUS AUPPaKIUOH-
HOU 3(pPEeKTUBHOCTH roJIOrpaMM, a KO3(PPUUHUEHT YCUIIEHNUS IPEIMETHON CBETOBOU
BOJIHBI paHee He u3ydaics. [loaToMy ero paccMoTpeHuo OyneT yJaeleHO BHUMaHUE
B paMKax JaHHOU paOoThI.

Taxxe, HACKOJIBKO HaM H3BECTHO, O HACTOALIETO BPEMEHU HE MPOBOJUIHCH
HKCIIEPUMEHTAJIbHBIE UCCIIEIOBAHUS 3aBUCUMOCTH TUPPAKINOHHON 3P (HEKTUBHOCTH
rojorpaMM OT TONIIMHBI KpucTaia BTO, X0TS cOOTBETCTBYIOIIEE TEOPETUUECKOE
U3Yy4YEHUE, OCHOBAHHOE HA MOJEIH YuUCmo (a306vlx TOIOTPAMM B 3TOM KpPHUCTAJLIE,
MOXHO HaiTu B [11]. OnHako B 3TOM padOTe paccMaTpUBAIUCH TOJBKO Takue MPo-
CTPaHCTBEHHBIE OPUEHTALMN KPUCTAJIA, IPU KOTOPBIX OTKPBITHIA B 1986 rogy mo-
MOJIHUTENIbHBIA BKJIaa B (oTOpedpaKTHUBHBIN OTKJIHMK, OOYCIOBICHHBIH OOpAaTHBIM
be303JeKTpuYeckuM 3ddexktoM u (oroynpyrocteio [12] (manee cokpailleHHO

«be30oddex»), e npossisercs (K||[001], rze K — Bextop romorpaduueckoil

pereTkn) 1160 ero BIUsHIEM MOXHO nperebpeus (K L [001]) [8, 9].

Takum oOpaszoM, B HacTosIel paboTe MBI JEMOHCTPUPYEM BO3MOKHOCTH DKC-
MEPUMEHTAIBHOTO M3YyYEHUS 3aBUCUMOCTH BBIXOJHBIX XAPAKTEPUCTHUK TOJOTPAMM
oT TonmuHbl Kpuctaiia BTO u gaem MxX TEOPEeTHUECKYIO MHTEPIPETAIUIO C OJHO-
BPEMEHHBIM YUYE€TOM aMIUIUTYAHON COCTABIISIONICH TOJOTPaMMBbI U TThe303¢deKTa.

1. 'eomeTpusi 1 METOAUKA NMPOBEIECHUS UCCIEI0BAHUN

Jlyist periieHust MOCTaBIEHHBIX SKCIIEPUMEHTAIBHBIX 3a/1ad UCIOJIb30BajIach Tpa-
NIEIMEeBHUIHAS. TCOMETPHUS B3aMMOJICHCTBUS B KPHUCTAJUIE CBETOBBIX ITyYKOB C IIJIOC-
KUM BOJIHOBBIM (PPOHTOM, MpeioKeHHas B padborax [13—15] npu u3ydenun 3aBu-
CUMOCTEH K03 (UIIMEHTa YCUJICHHUS TPEIMETHOW CBETOBOW BOJIHBI OT TOJIIWHBI
kpuctamuioB BSO, BGO u BTO cpesza {110}. Cnexyer oTMETUTh, YTO JaHHAs I'eO-
METpPHS SBISICTCS YHUKAIBLHOH, MTOCKOJBKY €€ MCIOJIb30BaHUE HE TpeOyeT JJIS BhI-
MOJIHEHHS YKa3aHHBIX DKCIIEPUMEHTOB Habopa 00pa3iioB pa3nuuHor ToamuHbL. Of-
HAKO M3YyYCHHE MEePEKauyKh dHEPIHHM CBETOBBIX BOJH B ATHUX paboTax OCYIIECTBIIS-
JIOCh TIPU MPOCTPAHCTBEHHBIX OPUEHTAIMAX KPUCTAIIA, KOT/IAa TThe303()PEKT MOKET
OBITh UCKIIFOUYEH U3 TEOPETUUECKUX pacyeToB (CM., Hatp., [9]).

31ech MBI HE IPUBOJIUM TOIPOOHOTO OMHUCAHUS METOJUKH YKCTIEPUMEHTATHHBIX
WCCJICIOBAaHUI 3aBUCUMOCTH KO3 PUIMEHTa YCHJICHUS TPEAMETHOW CBETOBOU
BOJIHBI OT TOJIIMHBI (OTOpePpPaKTUBHOTO KPHCTAUIA, KOTOpas JOCTATOYHO IIO-
npobHo paccMmoTrpeHa B [14]. TlomoOHble cBeneHHS NJi aHAJOTMYHOTO HU3y4CHUS
mudpakinoHHON 3(PPEKTHBHOCTH TOJI0OTpaMM OBLIN TIPEACTABICHBI paHee B [16].
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2. Pe3yJbTaThbl U HX 00CYKIEHHE

DKCHEPUMEHT TPOBOJIWICS MO clienyromend cxeme. CBETOBOW IMy4YOK Telnii-
HeoHoBoro Jazepa JITH-207A paznensiicss Ha onopHbId R U npeaMeTHbIN S mydKH,
koTopbie popmupoBanu B kpuctaimie BTO cpesa (110) ¢ ¢puxcupoBaHHOM TOJIITH-

HOU Oo, paBHOW 7,7 MM, HEHAKJIOHHYIO MPOIMYCKAIOIIYI0 roJIorpaMMmy. 3a KpHCTa-
JIOM Ha MYTH PacHpOCTPaHEHUs MpeaMeTHOro myuka pacrnonaranack CCD-kamepa,
KOTOpasi HEMoCPpeCTBEHHO (UKCcHupoBaja Tpedbyembie 3aBucUMOCTH (cM. [14, 16]).
BpeMms 3anucu rojgorpaMMbl B KPUCTAJIJIE COCTABISIO 3 MUH, @ €r0 OpHEHTAI[MOH-
HbI yros 6 Obu1 paBeH 200°, mpuueM HarpaBieHUE oTcuera yria 0 oT Kpucrauio-

—

rpaduueckoro HampanieHus [001] k BekTopy roygorpadudeckoit pemerku K coot-
BETCTBOBAJIO [5, 9]. Ciienyer OTMETHUTB, YTO MPU TAHHOM OPHUEHTALMOHHOM YTJIE, B
OTJIMYUE OT UCTONIB30BaHHBIX opueHTanui B [11, 13—15], nbe303ddexT nposiBrser-
cs cymectBeHHo. [Ipu uccnenoBannu nuppakiuinoHHON 3(hPEeKTUBHOCTH OTHOILICHUE

WHTEHCUBHOCTEN OIMIOPHOIO U IMPEAMETHOIO CBETOBBIX IIyUYKOB Ig / I% 110 BXOXKJICHUS

B KPUCTAJI COCTABIISLIO NpuOu3utTensHo 0,5, a mpu uzydeHuu kodpuiimeHra ycu-
JeHus npeaMeTHor cBeToBoM BOJHBI — 0,24, Pa3nuyHbie OTHOIIEHUS! UHTEHCUBHO-
CT€l CBETOBBIX IMYYKOB JOCTUTAJIUCh MyTEM YCTAHOBKHU OCIAOUTENEH MHTEHCUBHO-
CTH JIA3€pHOT0 U3JIYUYCHHS HA MYTH BXOXIEHHUS B KPUCTAUI MydKa S, MPUMEHEHUE
KOTOPBIX OBLJIO 00yCIIOBIIEHO HE0OX0AUMOCThIO paboThl CCD-kamepsl Npu CHATUU
AKCIEPUMEHTAJIHBIX JAHHBIX B JUHEHMHOM peKuMe. YTos Mexy nmydkamu R u S B
BO3yXe cocTaBisit S0°.

[Tomy4yeHHbIE SKCMIEPUMEHTATIBHBIE U TEOPETUUECKUE 3aBUCUMOCTH AU paKIIH-
OHHOU 3(P(HEKTUBHOCTU 1| TOJIOTPaMM U KOd(PPUIIMEHTa YCUIIEHUS Y MPEAMETHON
CBCTOBOM BOJIHBI OT TONIMHBI 0 Mcmonbp30oBaHHOTO KpucTtamwia BTO ams a3umyToB
JMHEHHOUN Toyisipu3aiuu cBeToBbIX myukoB Yo = 0, 45°, 90° u 135° mpencraBneHsbI
HWKE HA pUCYHKE 1.

BeprukanpbHOM IMTPUXOBOW JIMHUEH OTMEUEHA «TPAaHMIA» MEXKIY OOJacThiO, B
KOTOpo# (hopMupoBaHue royiorpauuecKor pereTky MPOUCX0aUI0 MPU Pa3IunIHbIX
3 (GEKTUBHBIX TOJIIMHAX KpUCTauia O, mpuHamIexammx HHTEepBasy or 0 10
7,7 MM, 1 00JIaCThIO, B KOTOPOH (hOPMHUPOBAHKE ITOTO IMyUYKa OCYIIECTBIISIIOCH TIPU
MIOCTOSTHHOM ToNIKHE KpucTaia do, paBHo#t 7,7 MM (cM. [16]).

Kak BUIHO U3 Mpe/ICTaBIEHHOTO PUCYHKA MOJENb CMEUAHHbIX TOJIOTPAMM T03-
BOJIMJIA YAOBJIETBOPUTEILHO UHTEPIPETUPOBATh MOJTYUYECHHbIE SKCIIEPUMEHTAIbHbBIC
JaHHBIC Kak B ciaydae 3aBucumocteii 1(d) (pucyHok 1,a), Tak U B cilydae 3aBHCHMO-
creit y(d) (pucyHok 1,6), 4To omnpeAcisieT BO3MOXKHOCTb HMCIIOJIb30BAHUS JAaHHOM
MOJIEH ISl TEOPETUYECKOM ONMTUMHU3AIIUM TPOIIecCa JBYXBOJIHOBOIO CMEIIMBAHUS
B kpuctamie BTO.
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Pucynok 1 — 3aBucumoctu qudpakiinoHHON 3P (HEKTHBHOCTH 1) ToJIorpamM (a)
1 K03 (HUIIMEHTA YCUIICHHS Y TIPEAMETHOM CBETOBOM BOJIHBI (6) OT TONIIUHBI d

kpucramia BTO cpesa (110)

CrnenyeTr OTMETHUTb, YTO HAWIy4lllasi KOPPEALUSI TEOPUU C IKCIIEPUMEHTAIIbHbI-
MU JaHHBIMH ObLIAa JIOCTUTHYTA IPU aMIUIUTYyJ€ HANpPSHKEHHOCTH MOJS PEUIETKU
POCTPaHCTBEHHOTO 3apsaa Esc, paBHoil Ha pucynke 1,a 3,053 kB/cMm, a Ha pucyHke
1,6 — 1,301 xB/cm. IIpu 3TOM «BBIKIIOUEHHUE» B TEOPETUUYECKUX pacyeTax mbe3odd-
(dexTa 1 aMITUTYTHOM TOJ0rpaMMbl HE MO3BOJISIIO BHIOPATh BeMYUHY Esc, mpu Ko-
TOPOW TEOPUS U SKCIIEPUMEHT UMeIIU Obl yA0BIETBOPUTEIBLHOE COTrJIaCOBAHUE. DTOT
IKCIIEPUMEHTANIbHBIN (DaKT elle pa3 MOATBEPKAAeT HEOOXOJUMOCTh yuyeTa nbe-
303¢hhekma U pacCMOTPEHUSI CMeUlaHHbIX TOJIOTPAMM IIPU TEOPETUUYECKOM ONuUCa-
HUM TIPOIIECCOB B3aUMOJICHCTBHUS CBETOBBIX BOJIH B Kpuctauie BTO.

OTtMeTuM, 4yTO HAOIIOAAEMBIM Pa30pPOC MONTYUYEHHBIX SKCIEPUMEHTAIBHBIX JaH-
HBIX OTHOCHUTEJIbHO TE€OPETHUUECKUX 3aBUCUMOCTEH MOXHO OOBSACHUTH HEKOTOPBIMU
ONTHUYECKUMU HEOJITHOPOJHOCTSMH MCIOJIb30BAHHOTO 00paslia KpUCTalia, a TaKkKe
BO3MOXXHBIMU Jie()eKTaMU B3aMMOJICHCTBYIOIINX B HEM CBETOBBIX ITy4koB R 1 S, uTo
Takke oTMeuanock B [13-15].

Pacyer noBepUTENbHBIX MHTEPBAJIOB KCIEPUMEHTAIBHBIX JAHHBIX MPOBOJUIICS
IIPY 3HAYEHUU JOBEPUTEIBHONU BEPOATHOCTH, paBHOM 0,95,

3aKJaoYeHue

Takum 00pa3oM, BBIIIOJIHEHO SKCIIEPUMEHTAIBHOE HUCCIIEI0BAaHNE 3aBUCUMOCTU
mudpakiimoHHOW 3G(HEKTUBHOCTU U KOA(DPUIIMEHTa YCUJIEHUSI MPEIMETHOM CBETO-
BOI BOJHBI OT TommHbl kprctamia BTO cpesa (110) mpu ero GpUKCHPOBaHHOM
OpPUEHTAIIMOHHOM YTJIe JIJisl YEThIPEX Pa3iMuYHbIX a3UMYTOB JIMHEHMHON MOJIIpU3aLUU
CBETOBBIX ITy4KOB. J[aHa TeopeTHueckas MHTEPIPETALUs MOJIYyYEHHbBIX 3KCIEPUMEH-
TaJbHBIX JAHHBIX C YYETOM Ib303()eKTa U aMIUIUTYAHON COCTABJISIOLIEH cmeuanHou
rojorpaguyeckor pemerku. [lomyueHHble pe3yibTaThl MOTYT MO3BOJHUTH MPOBECTU
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IKCIIEPUMEHTAIILHO OOOCHOBAHHYIO TEOPETHYECKYIO ONTHUMHU3AINIO BBIXOJIHBIX Xa-
PaKTEPUCTUK ToJorpaduuecKuX pemeTok, copmMupoBaHHbIX B Kpuctamie BTO.
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I'.C. Mutiopuy, E.B. JleoeneBa, B.B. CBupunosa, A.H.Cepaokos

YO «I'oMenbCckuil rocyJapCTBEHHBIN YHUBEPCUTET
nMenn @panuucka Ckopunb», ['omens, benapyce

POTOAKYCTUYECKOE ITPEOBPA3OBAHUE BECCEJIEBBIX
CBETOBBIX ITYYKOB B CJIOE XUPAJIBHBIX
YIVIEPOAHbBIX HAHOTPYBOK

BBenenue

B nazepHbIX (hOTOAKyCTUYECKMX METOJaX AUATHOCTUKU CTPYKTYPHI PA3IUYHBIX
o0pa3I0B B KaUeCTBE UCTOYHUKA BO30YKICHUS 3BYKa HAXOMAT MPUMEHEHHUE U ITUPOKO
ucnoin3yrorcsa OecceneBbl cBeToBbie mydku (BCII) [1-4]. B wactHOCTH, TpUMeHEHHUE
OecceeBbIX CBETOBBIX MyYKOB B ONTUKO-aKyCTHUECKONW MUKPOCKOMHH MO3BOJISIET (-
(EeKTUBHO yBEMUYMBATH (POKYCHYIO TITyOMHY MOTy4aeMoro (POToaKyCTHUECKOTO n300-
paXXeHUs TI0 CPABHEHHUIO ¢ OOBIYHBIM TayCCOBBIM CBETOBBIM MyukoM. Mcmoiib3oBa-
HUE Pa3IMYHBIX BUJOB noJisipu3zaiiioHHbIX Mod BCII oObscusercs tem, uto BCII
00JIaIatOT PSIZIOM YHUKAJIBHBIX CBOWCTB, Hampumep, 0e3audpaKkiMOHHOCTBIO TPHU
pacupoCTpaHEHUU B IPOCTPAHCTBE.

[lepcrieKTUBHBIM MaTEpPUAIOM B Pa3JIMUHBIX OOJACTSAX HAYKH U TEXHUKHU SIBJIS-
forcs yraepoansie HaHOTPYOknM (YHT). OmamM W3 THaBHBIX JOCTOMHCTB ASTHX
CTPYKTYp SIBJISIETCSI BO3MOXKHOCTH YIPABJIICHUS CBOMCTBAMM CO3JaBAEMBIX CJIOCB
YHT nytem u3MeHeHUs T€OMETPUYECKUX Pa3MEPOB M KOH(PUTYpaIllMd HAHOOOBEK-
ToB. Kilaccuueckasi Teopusi JIEKTPOJUHAMHUKHA HE BCETrJa MOXKET OBITh MPUMEHEHA
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JUIsl OMIMCAHUsI HAHOTPYOOK U, CJI€0BATEIbHO, TPEOYETCs MOMCK HOBBIX KBa3WKJIAC-
CUYECKUX TEOPETUUYECKUX MOJXO0JI0OB U HCCIEAOBaHUM, KOTOPBIE MO3BOJISIIN ObI pe-
maTh 3aJayd MUKPO- U MaKpPOCKOIHUYECKOHN AJIEKTPOJIUHAMUKH [5], Jexalue B oc-
HOBE TEOPETUUECKOM 0a3bl COBPEMEHHOM (hOTOAKYCTHUECKON CIIEKTPOCKOIHH.

JlanHast paboTa OCBsIIIIeHa MOCTPOEHUIO MOJIETU (POTOAKYCTUUECKOTO Mpeodpa-
3oBanusi MoJi bCII B croe XxupallbHBIX YIJIEPOAHBIX HAHOTPYOOK ISl Cliydast Mbe30-
IEKTPUUECKOIN pETUCTpaluU PE3yJIbTHPYIOLIErO CUTHAA.

1. IlpoBOAMMOCTH XMPAJBHBIX YIJIEPOIHBIX HAHOTPYOOK

[IpoBogumocTs xupaibHbiXx YHT B HUIMHAPUUYECKUX KOOPAMHATAX OMPENCIIS-
€TCsl, IO AHAJIOTUU C [5], COOTHOIIEHUEM (CKOPOCTh JIEKTPOHOB Ve << ¢, ¢ — CKO-
pPOCTb CBETA):

. 2 m
Gzz(m):_ 2Role 1- ZU%(pZ,S)ﬁ,
widn? + nm+m? (@ +iv)sa O¢
I7I€ BBIPAKEHUE JIJI MPOCKIIMU CKOPOCTH

u(p,) = + /3yoalmsin (y; — v, )—nsin(y; +y,)—(n+m)sin 2y, |
Z )
h\/n2+nm+m2(1+4coswlcost+4cossz)
1 3mq(n +m J3a(n-m
vi(p,)= > > 7th( )2+ ( )pz
Vn2 +nm+m2  24n? +nm+m 4n |
1 n—m J3a(n+m
AR E—— . L) UL
\/n +nm+m 2\/n +nm+m 4h

BripaxkeHue aJisi IpOEKIIUU BEKTOPA CKOPOCTH JIEKTPOHA HA OCh Z TOJYYEHO C
ydqeToM (popMyIIbl U(pz ) = as(p)/ Op, [6] 1 cOOTHOLICHHS TS pacTIpeeTICHHS YHEP-

TUU B paMKax MPHUOJIMKEHUS CUIBHOW CBSI3HM, KOTOPOE YUYHTHIBACT B3aUMOJICHCTBHEC
JIUIITH ONMMKANIITNX COCETHUX aTOMOB B T'eéKCaroHaJIBHOM CTPYKType [5].

2. Inceunanus 3Hepruu deccesieBbIX CBETOBBIX IIYYKOB B CJI0€
XHPAJIBHBIX YIJIEPOJIHbIX HAHOTPYOOK

Bo3spaelictBue OecceneBoro CBETOBOro Mydka Ha TMOTJIOMIAIOIIMKI CJIOW XUpaslb-
HBIX HAaHOTPYOOK MPUBOJUT K MEPUOJUYECKOMY HU3MEHEHUIO TEMIIEPATYPHOIO MO-
JIsiI, KOTOPOC MOXKCET OBITH OITMCAHO YPAaBHCHUCM TCHJ’IOHpOBO)IHOCTI/I:

14T 1
VAT - -

A Qlu+e') (1)

rae K.,— kodhGULIIHEHT TENIONPOBOIHOCTH.
cn
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B ypaBuennn (1) Q — oO6beMHas TJIOTHOCTH TEIUIOBBIX MCTOYHHUKOB, KOTOpAS
OTIPEIEISETCS BEIPAXKCHUEM

Q=o.,E", ()
rie |oq,| = 2n|o,,|/A— npoBoaumocts ciost YHT. Ioacrasus B popmyiy (2) coort-
HOIICHHUE, ONHUCHIBAIONIEE MHTEHCUBHOCTh BONMHBI | =1/2 nm \E\z, JIETKO TI0-
JTy4UTh CKOPOCTH AUCCHIIAIIMU SHEPTUM:

2012 20¢n

= O
C\/ggo 0

Hcxonst n3 reoMeTpuu XUpaIbHBIX YIIEPOIHBIX HAHOTPYOOK, B ypaBHeHUH (1)
ormepaTop V2 = A 1enecoo0pasHoO 3aIicaTh B WIMHIPHIECKON CHCTEME KOOPIHHAT.
Koadduirent nornomieHus: BXOAAIMMN B (3) onpeaensercs: CIeAYIOINMM 00pa3oM:

Q =20l g el 3)

_0) 8” _038”

°TeJe cen’

[IpoBOAMMOCTB CB3aHAa C MHMMOWM YAaCTHIO JUANEKTPUYECKON MPOHULIAEMOCTH
opmynoit e =¢'—ig", &"=0c/weq (g = 8,85-10" d/m).

Takum oOpazoM, B IUTUHAPUYECKUX KOOPAMHATAX CKOPOCTh JUCCHUTIAIIUU DHEP-
ruu 6ecceneBbix cBeTOBbIX my4ykoB (BCII) B croe moriomarmmmux yriaepoaHbIX XH-
paTbHBIX HAHOTPYOOK MOYKHO MPEICTABUTH CICIYIONUM 00pa3oMm:

a

2locnlg € m? ,
QTE:%EKO%(WZ”% o In(an)+ 3 (ar) jexp(-oe 2), (4)
0

(ap)

rae o = 2K,,.
3. Pac4yer pe3yabTupyroumero GoroakycTu4ecKoro CurHajiaa

OnpenenuM ammuTyay (OTOAKyCTUYECKOTO CUTHANA, BOHUKAIOIIETO B CJIOE XHU-
panbHbix YHT nipu 06myuenun TE-monoit BCII, ocHOBBIBasich Ha UCIIOJIb30BAaHUU TbE-
303JIEKTPUYECKOTO METO/Ia PETUCTPALIUY CUTHAIA B COOTBETCTBUM CO CXEMOM, NpH-
BEJICHHOW Ha pucyHke 1.

Cuutass  rpaHMIBbl  CHCTEMBl  «0Opa3el-NIbE30JAETEKTOP»  CBOOOJHBIMM:
o(D=0)=0,5(l, =0)=0, a Takxe HCMOTB3Ys METOANKY, ONUCAHHYIO B [7], HaiizeMm
BBIpAYKEHHUE JJIs HANPSDKEHHs XoocToro xoaa V'™ Ha mpe3ompeodpasoBaTene

TE € ( )_ € TE
V _S—S Up\zzll—Up\zzO _S_SZR . (5)
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Pucynok 1 — Cxema peructpanuu GoToaKyCTUYECKOrO0 CUTHANA,;
1 — cio¥i yriaepoaHbIX HAHOTPYOOK; 2 — MbE303JIEKTPUUECKUM TETEKTOP;
3 — akcuKOH; 4 — MOAYATODP; 5 — OGecceneB CBETOBOU ITy9OK

B cootHotiennu (5) MHOXKHUTEINb

~ sin?(k,Al / 2)
Mg sin ky Al cos k1 + cos ky Al sin K

(6)

OIKCBHIBAET YUCTO aKyCTHYECKHE CBOWMCTBA CHUCTEMBI «CIOH YIIIEPOAHBIX HAHOTPY-
00K — IIbE30AETEKTOP», @ MHOKUTEIb R™

TE _ E" Bk 14y + 5 +pj
() + 20 Ks20tgs | (L+11y)- [+ 13 )- L+ 1)

OTIpeACIIAeT AUCCUITATUBHBIC, AUAICKTPUICCKUE, TEIIOPU3NUSCKAE U TEPMOYIPY-
THE CBOMCTBA HCCIEAyeMOro oOpasiia, a TakKe IMOJISPU3AUOHHBIE W dHEpPreTHYC-
ckue napamerpsl bCII.

B Beipaskenusix (5)—(7) BBenens! ciaenyromue odo3nauenus: U(z), Uy(z) — ynpy-
rue cmenieHns B cioe YHT u nbe3onpeoOpa3oBaTene; ey, Up — CKOPOCTU YIPYIHX
MPOIONBHBIX BOIH, By — 00BbeMHBIH MOIy/Ib yIPYrocTH, C' = Ay + 2/3 p, A, [ — Ko-
sppunmenTer Jlamd, ap — K03hPuUIMEHT 00BEMHOTO TEIUIOBOTO pPaCIIUPEHUS,
6 — ynpyrue HanpspkeHus, os = (1 —i)as, as = (Q/2Ben)"? — sddexrusblit K03QPU-
IMeHT Tepmudeckon nuddysun odpasua, Pe, — 3G dhekTuBHBIN KOdPPUIIUEHT Temre-
pPaTypONpPOBOAHOCTH 00pasma, Ly = Oe/Cs, Lo = K/os, Hg = K/oerr , Ki = Qfv, — BomHO-
BOC YHMCJIO YNPYTOoH BOJIHBI B Mbe3onpeodpasonarene, K = Q/v,, — BOITHOBOE YHCIIO
3BYKOBOH BOJHBI B 06paste, My = (k,cP)/(kc'), ¢® = cF (1 + e*/e°c%), ¢& — koadurm-
CHT JKECTKOCTH IIbE30TICKTPHKA, € — IbE30MOIYIIb, £ — AUIICKTPUIECKAs IPOHHIIA-
E€MOCTh ITbE€30KpHCTAILIA!

(7)
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—TE
E'" =na o ET, E™ = AT /(a% —c2) ®)
ATE _ 2ol Cc m”
ce'ey 4m (ap)”
J;n(Qp): 0 Jm(qp)/ 0 p — mpousBojHas OT ¢yHKIHMH beccens mo paguaabHON KOOP-

JHATe p.
AHanu3 BeIpaxkeHud (5) A aMIUIUTYAbl (POTOAKYCTUYECKOrO0 CHTHajla MoKa3all
HaJIMYUE PE30HAHCHBIX MMKOB B 00JIACTH TUrarepleBbIX YacTOT (PUCYHOK 2).

/

kot (02 + 2 2(an+32@r)l @)

y

VZE. OTH. eq.
(=3
T

Q. 510 T

Q. 510°Tq

PucyHnok 2 — 3aBUCHUMOCTb aMILTUTY Il (POTOAKYCTHUECKOTO CUTHAJIA
OT paguajibHON KOOPJAUHATHI p U YacToThl Moy sitiuu BCIT Q;
a — yron korycroct BCII o = 1°% 6 — yron xonycrnoctn BCIT o = 2°

N3 pucyHka 2 Takke BUJIHO, 4TO yBenuueHue yria konycHoctu bCII Bnusier Ha
YaCTOTYy THPOSIBJIEHUSI PE30OHAHCHBIX IMHUKOB B 3aBUCUMOCTH OT paJuajbHOU
KOOPAUHATHI p. YIPaBICHUE aMIUIUTYJ0M pe3yJbTUPYIOUIEr0 CUTHala, BOZHUKAIO-
IETO BCJIEICTBUE MOYJUPOBAHHOTO TOTJIOIMICHHS] CBETOBOTO IMy4Ka, MOXKET OBITh
peanr30BaHO IMyTEM HMCIIOJIb30BAaHUSI CXEM peryirpoBaHus yria konycHoctu BCII,
JIEHCTBYIOIINX HA OCHOBE 3JieKTpoonTuieckoro sddekra [Tokkennca [8, 9].

Takum oOpa3zoM, B paboTe MoCTpoeHa MOJAENIb (POTOAKYCTHUECKOTO TTPeoOpa3o-
BaHUSI B CJIO€ XUPATBHBIX yTIEPOIHBIX HAHOTPYOOK, 00mydaembix TE-Momoit Gecce-
JIEBOTO CBETOBOI'O ITyYKa.
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I.C. MnTmpnql, I1.A. Xn.noz, A.H. Cepz[mKOB1

YO «"omenbekuit roCy1apCTBEHHBI YHHUBEPCUTET
uMenu @pannucka Cxkopunb», ['omens, benapych
°YO «IoMerbCKuit rOCyAapCTBEHHBIA TEXHUYECKAN YHUBEPCUTET
nmenu [1.0. Cyxoro», ['omens, bemapych

®OTOJE®JEKIIMOHHBINA OTKJIUK OT NEPHOIMYECKH
MOJISIPU30BAHHOTI'O HEJIMHEMHOTI'O KPUCTAJLIA,
OBJYYAEMOI'O BECCEJIEBBIM CBETOBBIM ITYYKOM

Bo3neiicTBre MOITHOTO JTa3€PHOIO U3IYyUYEHUs] HA KPUCTALTUYECKHUE CPEbI O3~
BOJISIET CYIIECTBEHHO PACIIMPUTH O00JACTh MPUMEHEHUs (OTOAKYCTHUECKUX METO-
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OB HcclenoBaHusl BeniectBa [1—4]. PaccMOTpeHHMIO HEJIMHEMHBIX PEKHMOB HM-
MyJIbCHOW TeHepaliy 3ByKa MOCBSIIEHO JOCTATOYHO OOJBIIOE YHMCIIO MyOJHUKalUi
[5-10], omHako MHTEpEC K MPaKTHUYECKUM BOIPOCAM HEJIMHEHHON (DOTOAKYCTHKU HE
ociabeBaer.

HenuneriHoe B3aMMOJIEMCTBUE CBETOBBIX BOJH B MEPUOAUYECKU MOJISPU30BAH-
HBIX CTPYKTypax, kak orMedaeTcs B [11, 12], oGnagaeT G0ibITUMU TOTEHIIUAIBHBI-
MU BO3MOXKHOCTAMHU JJ1 3P(HEKTUBHON TeHEPAIIMN BTOPO TapMOHUKHU, a TAKXe JIJIs
peanu3anuu napaMmeTpuyeckux 3(pQPeKToB reHepanryd BOJIH CyMMapHOM M pa3HOCT-
HOI yacToT. PazpaboTke mapamMeTprueckoro reHeparopa CBeTa Ha OCHOBE BEEPHBIX
NEePUOIUYECKH TOJISIPU30BAHHBIX CTPYKTYp HMOOATa JUTHUS C ITUIABHOM IMepecTpoil-
KO JJTMHBI BOJHBI U3Ty4eHHUs MocBsiieHa padora [13]. 3aeck ke paccMOoTpeHa BO3-
MOHOCTh HCHOJIb30BAHUSI T€HEpPATOpa CBETA B JIA3€PHOM ONTHUKO-aKyCTHYECKOM
ra30aHaJIn3aTOPE MEIUIIMHCKOTO HA3HAYCHUSI.

Ilenpro HacTOSIICH PaObOTHI SBISAETCS M3yYCHHE OCOOCHHOCTEH (hOoTOTECpMHUE-
ckoromnpeodpazoBanus OecceneBbiXx cBeTOBBIX MydkoB (BCII) B HeTMHEHHBIX Mepu-
OJIMYECKU TOJISIPU30BAHHBIX KPHUCTANIAX M YCTAHOBJIICHUE 3aBHCUMOCTH BEJIWYHUHbI
yrioB ¢oToaedrIeKkIuu oT TeIoGU3NIECKUX U JUCCUTIATUBHBIX MapaMeTPOB HEJIH-
HEWHOW CpeJibl U TPOCTPAHCTBEHHOTO PACIIPEIETIEHUS] CBETOBOT'O MOJIS.

PaccmoTpuM HOpMalIbHOE NAJIEHUE AMILTUTYHO-MOYJIMPOBAHHOTO HA YAaCTOTE
() GecceneBoro CBETOBOTO My4YKa HA MEPUOJUUYCCKU TOJISIPU30BAHHBIN HETMHEWHBIN
KpHUCTaJUI, BBIPE3aHHBIN NMEPHNEHIUKYISIPHO ocHu TpeTbero nopsaka [111]. B coot-
BEeTCTBUM C [14] BIIOJIH OCH TPETHETO MOPSIIKA KPUCTAIUIOB KyOHMUECKON CUMMETpUU
MOXET BO3HHUKATh T€HEpAIUsl BTOPO rapMOHUKHU. ABTOpoM [15] nccienoBansl oco-
OCHHOCTH YJBOEHUS YaCTOTHI OECCENIEBBIX CBETOBBIX MYUYKOB MPU KBA3UCUHXPOHHOM
B3aMMO/JICUCTBUU CBETOBBIX MYYKOB B MEPHOJUYECKU MOJISIPU30BAHHBIX KpUCTA-
nax. by paccMOTpeHbl KpUCTANIMYECKHe 00pasiibl C HACaTbHON TEPHOIAYECKOM
CTPYKTYpPOM, COCTOSIEN U3 MPOTUBOIMOJIOKHO MOJIPU3OBAHHBIX JOMEHOB, TOJIIIHU-
HBbl KOTOPBIX PaBHBI KOT€PEHTHOW uiHHE, a 3P deKTUBHbIE KOAIDPHUIIUEHTH HEIH-
HEHWHOM CBSI3M MEHSIIOT 3HAaK IMPHU TMEpexoe OT OJHOM obiacTu k Apyroi. B Hamem
cllydae MpeAroiaraeTcsi, 4TO BOJIHA OCHOBHOM YacCTOTHI pacIpOCTpaHsieTcs: B 00Ja-
CTH MPO3PAYHOCTH KPUCTAILIA, 4 aMIUIUTYIHO-MOIYJIUPOBAHHOE M3JIIYYEHHE BTOPOU
FapMOHUKU HWHTEHCUBHO mnorjoiaercs. CuTyanusi, peanusyrollas, Hanmpumep, B
KpUCTaJUIaX TUIMA CUJUICHUTOB, T€PMAHATE€ BUCMYTA, CHJIMKATE BUCMYTa, KOTOpbIC
MpO3payHbl JJIs U3IIydeHus pyomHoBoro masepa (A = 0,694 MKM), HO HUHTCHCHUBHO
MOIJIONIAIOT M3JIyYCHUE Ha 4acTOTe€ BTOpOM rapmMoHuku [16]. Ciemyer OTMETHUTB,
YTO peanu3anus yciaoBuil (a30BOro CHHXPOHU3MA B TUPOTPOITHBIX KpHCTAIIAX Ky-
OMYecKol CMMMETPUU BO3MOXHA, KaK MOKa3aHo B [14], Oiarogaps sIBICHHUIO €CTe-
CTBEHHOW WM BBIHYXKIeHHOU (3¢dexT Dapanes) ONTUYECKOW AKTHBHOCTH KpH-
ctajuia. Hauuue, kpoMe 3TOro, B HEJIMHEWHBIX KPUCTAIIAX MEPUOJAYECKON J10-
MEHHOM CTPYKTYPBI TMO3BOJISIET PEAM30BaTh PEXKUM KBA3UCUHXpOHU3MA [15], uro
BeJZleT K 9P PEKTUBHOM reHepaluy n3Iy4eHus Ha YIBOSGHHON 9acToTe.
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Takum o0Opazom, (HOTOAKYCTMYECKHII CHUTHAJ BO3HUKAET B KPUCTALUIMYECKOU
MPOCTPAHCTBEHHO TOJSPU30BAHHOM IUIACTUHKE BCJICACTBHUE MOTJIOIICHUS MOIYJIH-
POBAHHOTO MO aMIUIUTYJIe OECCEIEBOr0 CBETOBOTO MydkKa Ha 4acTOTE BTOPOM rap-
MoHuKH. [lox Bo3aeicTBHEM ITydka CBETa HCCIEIyeMbId HEOJIHOPOIHBIN 00pasell
NEPUOJUYECKN HArpeBaeTCsi MOAYJIUPOBAHHBIM M3JIYYEHUEM, YTO MPHUBOJUT K BO3-
OYXXKJICHHIO TEePMOAKyCTHYECKHX KOJeOaHUM MOBEPXHOCTH, OCBEIIAEMOM MOJIIpU3a-
roHHbIMU MojiaMu BCII. DTo nmpuBOAUT K OTKJIIOHEHHIO 30HIUPYIONIETO MyYKa Ha
yrod neduekuuu (paccMaTpuBaeTCs Ciydaid TpaHCBEPCATbHOU T€OMETPHH B3aWMO-
JNEUCTBUS BO30YK/IAIOIIETO U 30HIUPYIOUIETO My4YKOB (PUCYHOK 1)), BelMYMHaA KO-
TOPOTO 3aBUCUT OT TEPMOYNPYTHX, HEJIUHEHHBIX, ONTUYECKUX M JIUXPOUYHBIX
CBOMCTB UCCIETYEMOT0 00pasiia, a TakXe MOJISPU3AIMOHHBIX U SHEPTEeTUYECKUX Ta-
paMeTpoB OECCEIIEBBIX CBETOBBIX ITyYKOB.

Pucynox 1 — Cxema peructpaiuu ¢hoTone(IeKImOHHOTO CUTHAIA;
1 — mopynsatop; 2 — akcukoH; 3 — BCII; 4 — «repMuueckas JuH3a;
5 —30HIUPYIOIIHM JTy4d; 6 — MO3UITMOHHO-UYYBCTBUTEIBHBIN (POTOIETEKTOP;
[ — HENTMHEWHBIN MePUOANYECKU MOJISIPU30BAHHBIN KPUCTAILT; § — MOJJI0KKa

ITycts momabiii BCIT 0CHOBHOM 4acTOTHI PacpOCTPAHEHUS BAOJIb OCU TPEThE-
ro mopsaka [111], coBmamaromieir ¢ ochto OZ , 3MEKTpHUUYECKOE ITOJE KOTOPOTO
Ei(p, 2) 3amaeTcst COOTHOIIICHHEM

ik
Ea(p, Z): Al(Z)Jo(CIrP)eI 2 (1)
rae Jo(ay,p) — Gynxims Beccens mepeoro poja Hynesoro nopsika, g, =k, siny — mo-

—

nepeyHasa COCTaBJArOIIasA BOJHOBOI'O BCKTOpaA kl Ha OCHOBHOH HacToTEC, ¥ — YIroJ
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koHycHOCTH BCII (10JIOBHHHBINA yroJl IPU BEPUIMHE KOHYCa BOJIHOBBIX BEKTOPOB),
Ky, = Jk? —g? — mpoI0TbHAS KOMIIOHEHTa BOJIHOBOTO BeKTOpa. M3-3a KBajpaTHu-

HOM NEePUOJINYECKON HEIIMHEMHOCTH B KpUCTalle (OpMHUpPYETCs 00JIacTh HEJIUHEH-
HOW MOJIIPU3YEMOCTH HAa YacTOTE BTOPOW FAPMOHUKHU 2@, MPUYEM HA YJIBOCHHOU
4acTOTE MMPOUCXOAUT UHTEHCUBHOE ITOTJIOLICHHUE.

DJIEKTPOMAarHuTHOE IOJIE BTOPOM TApMOHMKH MPEICTAaBUM B BUJE psiga Pypbe-
beccens

£.(p.2)=3 A, (2)0,(a, B @)

e g, — MOIepeYHas KOMIIOHEHTa BOIHOBOTO BEKTOpa k, Ha 4aCTOTE BTOPOM Tap-
MOHUKH, K, — BOJIHOBOC YMCJIO BOJIHBI yJBOCHHOW rapMOHUKH, M =1, 2,3 ..., M,
M — obmiee 4nCIO TeHepUPYEMBIX MO, A, (z)— aMILIMTya MOMs HA yABOEHHOM ya-
ctore. B cooTHomennn (2) BBeieHbl HOpMHUpOBaHHbBIE QyHKIMU beccens

Jo(sz ,P)

jo(sz ,p)= \/ERzm Jl(qu Rg
0,mpu p > Rg.

),Hpn p<Rg, 3)

Ilpu p=Rg u 0, Rg =(m-0,25)r dynkums beccens obpamaercs B Hylb, TO
ectb cormacHo (2), (3) mone E,(p,z) nmpeacraBiseT coGOi pasioKeHUe MO MOJAaM
HUIMHAPUYECKON 00nacT paanycom Rg.

B (3) Jl(qzm : RB) — ¢yukuusa beccens nmepBoro nopsiaka, Rg :(mn—n/4)q2‘i—

pazuyc JIOKATM30BaHHOTO U3JIyUYeHHs OecceneBoro cBeToBoro myuka. M3 (3) takke
CJIeTyeT YCIOBUE HOPMHUPOBKHU

Rg 5
2n (j) J§ (qzm ,p)pdp =1 (4)

Y 106cTBO HOPMUPOBKHU (4) COCTOUT, B YaCTHOCTH, B BO3MOXXHOCTH OMHCAHUSI
HEJIMHENHOT0 B3aMMOJECHCTBUS B KpPHUCTAJUIaX €IWHBIM HHTETPAJIOM IEPEKPBITUS
B3aumoerctryromux moa bCII.

IIponecc renepanuyu BTOPOM TapMOHMKH B HOTJIOUIAIOIINMX KPHUCTAJLUIAX MOXKET
OBITh OITMCAH CUCTEMOM YKOPOUYEHHBIX ypaBHEHUH (CM., Hanpumep, [15, 17])

%p’z) _ iGl Ez(p, Z)EI(D, Z)eiAkzz 1
Z

5)
CLEALL) Eé(zp’ Z) +8, Ez(

p.z)=ic, EZ(p,z)e™* 7,
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rae 0, — KO3(p(QUUUEHT JHMHEHHOro MOIJIOMICHUs BOJHBI BTOPOW TapMOHUKH,
Gy, =2ndg / (Any,) — Koo uImenT HeMMHelHOH CBA3H BOMH, dq = 2d /(ms) — me-
PEHOPMHUPOBAHHBIN MMAPAMETP KBAAPATUYHON HEJIIMHEMHOCTH, S — MOPAIOK KBa3UCUH-
XPOHM3MA JII Cpell, 00IaIaIONINX MEPHOIMYHOCTBIO (B HammeM ciydae S = 1), Jer —
3HaYeHHE O(P(HEKTUBHON KBAJAPATHICCKOW HENMHCHHOCTH, AK, =K, —k; —sK—

dazoBas paccTpoiKa BOJIHBI JJII MPOJOILHBIX KOMIIOHEHT O€CCENIeBhIX CBETOBBIX
nyukoB, K =2n/A, A — nepnoa TOMEHHON CTPYKTYPBHI.

[Ipencrapmsis mosist mocpeAcTBOM psiaoB Dypbe, HECIOKHO PE0Opa30BaTh CUCTEMY
ypaBHEHU (5) AJIs1 aMIUTATY /1 B3aUMO/ICHCTBYIOIIUX BOJIH B CJIETYIOIIEM BU/IE:

d N i

d_A1 =101 A quAZmelAkZZ d
z m

dA,,

dz

: 2 —iAk (©)
+8, Ao, =00, ACe 7,

Rg
rae Q=27 | J5(9,p)o (0o, p)pdp— HHTErPAT HepeKpbITHS B3aMMOACHCTBYOLINX
0

Moj. Pelienuie cucrembl ypaBHEHUM (6) BBINIOJIHUM B NPUOIMKEHUU 3aJlaHHON WH-
TEHCUBHOCTH, I10Jaras, 4ro \Al\z =const [16]. B aTom city4yae s aMITUTYAbI IO
BTOPOW FTAPMOHUKHU MOKHO MOJIYUUTh CIEAyloliee Boipaxkenue[ 18]:

i K i Ak, z

Ao (2)= gm\Al\ze 2%t sin Pz, (7)

rie p=+0,25q2 +b?, b2 = 26,0,|A* > 2.
m

Kak cnenyer u3 (7), HHTEHCUBHOCTb 3JIEKTPUYECKOTO IMOJISl HA YAaCTOTE BTOPOM

2
TapMOHHKH J,, ~|Ayy|”, BO30YKIEHHAs GECCENeBBIM CBETOBBIM ITydKOM, OIpeIes-

€TCS WHTerpajamMu TEPEKpPbITUS (|, NapIUAIbHBIX CBETOBBIX IyYKOB HAKadKH,
a Tarke obmum yucioMm M reHepupyembix moa. Kpome Toro, amrminTyaa moss
YABOEHHOU TapMOHUKHU Ay MOXKET JOCTATOYHO CUJIBLHO 3aTyXaTh, YMEHBIIASCH IO
OKCIIOHEHTE TPHU YBEIWYEeHUHU KOd(PPUIMEeHTa MOTIOMIECHHS 0,, YTO IKCICPUMEH-
TaJIbHO HAOJI01AJIOCh B padoTe [16] 715 KpUCTAIOB TUIA CUIIIICHUTOB.

MonynupoBaHHOE BO3AECHUCTBUE M3JIYUYECHUS BTOPOW TaPMOHHMKHM HA MOTJIOMIA0-
1A, B JAHHOM YaCTOTHOM JHWaIa30He, KPUCTAILUI C PEryJISipHOM JOMEHHOM CTPYK-
Typou OyAeT MPUBOJIUTH K BOSHUKHOBEHHIO MEPUOIMUECKON COCTABIISIIONICH TEMIIE-
paTypHOTro MoJisi, U3BMEHEHUE KOTOPOTO OIMUCHIBACTCS HEOAHOPOAHBIM YPABHECHUEM
TEIUIONPOBOAHOCTH, CM., Harpumep, [19]:
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var- Ol o, [eeit) ®)

rae Ko3Q(GUIMEHT TeMIIepaTypOIPOBOJIHOCTU s CBsI3aH ¢ KO3(P(PUIIMEHTOM TEILIO-
TIIPOBOJIHOCTH COOTHOIEHHEM Bg = ks /(0,C), po — MWIOTHOCTB, C — yjIenbHas TEMmIoeM-

KOCTh, Qy, — CKOPOCTH JAVICCHIIAITMH SHEPTUU OECCEIeBOTO CBETOBOTO ITy4YKa Ha y/IBO-
CHHOM YacToTe. BrIpakeHue /11 CKOPOCTH JUCCUMAIMK dHEPTUH Q, HaWIEM UCXOJIs
U3 MaTepUAIIbHBIX YPaBHEHUM JJ1 U30TPOITHOM norsomatonien cpensl D = eE, B = uH,
uw=1, ¢ =¢'+ ig", odmero coornomenus ;i1 Q B snekTpoauHamuke [20] 1 coOT-
HouieHuu (2), (7). bynem umers:

g Z ‘AZ(:J‘ O(QZmaP)JS(%@aP)e_Zkz“Z’ 9)

87[ m=

Q2co

re AY, = P 16,01 exp(—8,2/2),lp — HHTEHCUBHOCTH MAMAKOLIEN BOJHBL.

Kak cnenyer u3 (9), moydeHHOE BBIPAKEHUE COJACPIKHUT CIOKHYIO 3aBUCUMOCTh
aAMILTUTYBI TIOJISl OT MIPOCTPAHCTBEHHOM KOOPJMHATHI Z U UHTETPATIOB MEPEKPHITHUS
B3aUMOJIecTBYIOIUX MoA. [Ipu 3TOM, ypaBHEHHE TEILUIONPOBOAHOCTHU (8) MpPUHHU-
MaeT TpaHCIEeHIeHTHYI0 Gopmy. OmHAKO, B TOM Cily4ae, KOTia TojiuHa oopasna d

YIOBJIETBOPSIET YCIOBHUIO:
) \—1/2

T o)

d=+—nlb%-=2 . n=123...,
2 4

a TaKXe peaan3oBaHo ycioBue (azoBoro cunxponusma Ak, = 0, Torma Sin p,=1 u

BbIpakeHue (7) ympollaercs, YTO AAeT BO3MOXHOCTh IMOJYYEHUS aHATUTUYECKHX

pelIeHni ypaBHEHHUS TEIJIONPOBOIHOCTH. B 3TOM cimydae BennunHa 11 Q,, MpUMeT

BUJI.

AZQ) exp( A’ ) (10)

@®
o’ Z 0? qm 1,07 (qu,,D), 0= 2(82 + Ka) — KOBDHULIMEHT onTHYECKOTO
m=1

MOIJIONIEHUS HA YaCTOTE BTOPOM TapMOHHUKH.

N3 pucyHka 2 BUAHO, 4TO CKOpocTh auccunanuu 3Heprun bCII ocumupyet u
yOBIBA€T ¢ POCTOM 3HAUCHHS PaTUaIbHOW KOOPAMHATHI, YTO CBA3AHO C MOJYJIUPY-
fomuM aeiictBueM (yHkiun beccers.

rie Ay, =
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Q. OTH. er.

0 5107° 1x107° p, M 15x107 2x107°
PucyHok 2 — 3aBUCHMOCTb CKOPOCTH JAMCCUIIALIMU SHEPTHH OT PAIHAIIBHOM KOOPIHHATHI;
1-—nmnaA=0,7mxMm; 2 —A=0,6 MKM

Peiienne ypaBHEHHs] TEIJIONPOBOMHOCTH (&) BBIMOJHUM METOJAOM (YHKIUU
['puna [19]. ony4yum crnenyroiee BeIpakeHue ajs yriaa ¢hoToaediekuu:

!Xz-i-y2 ’

mwy A U (1+cosQt)x o WE+8ps(t-7)
4neff dT 0 I:Wg n 8BS (t _ T)F/Z

rae Q,, ompenenserca BoipaxkeHueM (10), ng — 3¢ dexTuBHBIN MOKa3aTens mnpe-

—Oﬂgmﬁs (t_T)d

e 7, (11)

D(p,2,t)=

JIOMJIEHUS CPEIbl HA YaCTOTE BTOPOM rapMOHUKH, t Bpems BozaercTeus bCII.

Boipaxkenue (11) nokassiBaeT, 4TO MPOCTPAHCTBEHHOE paCIIPE/IETICHUE TEMIIEpPa-
TYPHOTO MOJI U aMIUTUTY/IbI (POTOIEPICKIIMOHHOTO OTKJIMKA B HEJIMHEWHBIX Cpe/iax
CJIOHBIM 00pa30M 3aBUCHUT OT JMCCUIIATUBHBIX, TECOMETPUUYECKUX U TEIIoPU3nUe-
CKHX MapaMeTPOB CPEJIbl, a TAKIKE FHEPTreTUUECKU-BPEMEHHBIX U MOJIIPU3AIUOHHBIX
CBOWCTB 3JICKTPOMAarHUTHOW BOJIHBI.
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PucyHok 3 — 3aBUCHMMOCTb KBaJpaTa MHTErpana nepekphitus g’
oT HOMepa Mokl M gyHkuuu beccens
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KBagpaT uHTErpaja IMEepPEKPLITUS (2 MMEET JBa MaKCUMyMa npu M =m; =1 u
m = m; = (29;Rem)/m, KaK BUJHO M3 PUCYHKA 3. DTO O3HAYAET, YTO HAUOOJIBIIUN
BKJIaJl B 9(PPEKTUBHOCTh T€HEpAIIMU BTOPON TaPMOHHMKU BHOCST JBE TPYMIBLI MO,
JIOKaJIM30BaHHBIE B OKPECTHOCTH 0003HAYCHHBIX MaKCUMyMOB. BOIHM3M yKka3aHHBIX
M; © M, TPOUCXOIUT HAMOOJBIIIEE BBHIJCICHUE TEIUIOBOM SHEPTUU U TeHEpaIus
TEPMOYIIPYTHUX BOJH, TPHU 3TOM aMIUTUTyaAa GoToAe(IeKIIMOHHOTO CUTHANIA JOCTH-
raeT CBOEro MakCHUMaJIbHOI'O 3HAYEHUS.
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MOIJEJIUPOBAHUE N'MBKUX METAJIJINTIOJUMEPHDBIX
BbICOKONOIJIOIIAIOIIUX HEOTPAXKAIOIIMUX MOKPBITUI
HA OCHOBE TPEXMEPHBIX 2JIEMEHTOB JUJIA TT'Ll AUAITA3OHA

DKCNEPUMEHTAJIbHBIE UCCIIEOBAHUSI CBOMCTB METAMaTEpUAIOB MPOBOAUIUCH B
ocHOBHOM B MI'11 u [ T’ nuanazonax, rjie pe3oHaHCHBIE JJIIEMEHThl METaMaTepuala
JOJDKHBI MMETh MWUIMMETPOBBIE M CAaHTUMETPOBBIE pa3Mepbl, U (popMHUpoBaHUE
TPEXMEPHBIX BJIEMEHTOB, & TAKXKE UX PACIIOJI0KEHUE B BUAEC TPEXMEPHBIX MACCUBOB
HE MpPEACTaBISET 3HAYUTEIBHON CIOXHOCTH. B Hacrosiiee BpeMsa HaOmromaercs
TEHJCHUMS K CO3JaHUI0 M UCCIEAOBAHUIO MeramarepuanoB s TI'n auamasona,
IOCKOJIbKY TexHuKa TI'1| nuama3oHa akTUBHO PAa3BUBAETCA U BMECTE C TEM acCOp-
THUMEHT 3JICKTPOMAarHUTHBIX CBOMCTB CYIIECTBYIOIIMX MAaTE€pHaTOB B 3TOM Juaria-
30H€ O4YeHb HeOoraT, HalpuMep, OTCYTCTBYIOT MaTepHuaibl ¢ 3HPEKTUBHBIMU HEJIU-
HEWHBIMU, KUPAIBHBIMHA U Jp. CBOMCTBAMH, IIMPOKO HUCIOJIB3YEMBIE B ONTUYECKOM
nuarna3one. [loaToMy KOHIENIMsS MeTaMaTepualioB 0COOEHHO BocTpeboBaHa B T
JAana3oHe.

Jlns MeTamareprualioB TEPAreproBOTO JHAaNa30HA MCKYCCTBEHHBIE DJIEMEHTHI-
PE30HATOPBI JOJKHBI MMETh XapaKTEPHBIE pa3MeEpPbl MOpSAKa E€OUHHI-ICCITKOB
MUKPOMETPOB, UTOOBI OCTAaBaThCA CYIIECTBEHHO MEHBIIMMU JJIMHBI BOJHBI AJICK-
TPOMArHUTHOTO W3JIy4YeHUs. /[ MOJIydyeHHsI COTIaCOBAHHOTO OTKJIMKA BCE PE30HA-
TOPHl OIPOMHOTO MAaCCHUBa JOJKHBI ObITh OYEHb TOYHO HACTPOEHBI. M3 mIMpoko
PUMEHSEMBIX TEXHOJIOTHI TpeOyeMbie pa3Mephl U TOYHOCTh 00ECTICYMBAET TOIBKO
TpaauIIMOHHAs TUIaHApHAs TEXHOJIOTHUSI, KOTOpasl MO3BOJIsIeT (HOPMUPOBATH TIOCKUE
3JeMEHThl U uX ciion. CBOMCTBa TaKOro MeTamarepualia M3 IUIOCKHUX 3JIEMEHTOB
MPUHIMIINAIBLHO HEBO3MOXKHO 3aJlaBaTh BO BCEX Tpex u3aMmepeHusix. Kpome Toro,
B OOJBIITMHCTBE IKCIIEPUMEHTOB UCCIIEIOBATEIISIM MTPUXOIUTCS OTPAHUINBATHCS OJ1-
HUM CJIO€M 3JIEMEHTOB (T. €. MOHOCJIOEM MeTaMarepuaia) u3-3a OrpaHuyYeHul Iia-
HApHOM TEXHOJIOTMU, YTO 3aTPYAHSET U3YYECHHE OOBEMHBIX AJIEKTPOMATHUTHBIX
CBOMCTB. B TO ke Bpemsi, MPakTUYECKU BCE BOCTPEOOBAHHBIC MPUMEHEHHUS MEeTama-
TEpUaAJIOB TPEOYIOT 0OBEMHBIX METAMATEPHUAIOB C TPEXMEPHBIMU 3aJJaHHBIMU HJIEK-
TPOMArHUTHBIMU CBOMCTBAMMU.
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[IpyHIMNIMaIbHAasE HOBU3HA M HAyYHOE 3HAYEHUE CO3JIaHUS METAMATEPHAIIOB W3
TPEXMEPHBIX 000J104eK, (OPMUPYEMBIX U3 HAMPSHKEHHBIX HAHOIUICHOK [1-2], 3akimro-
4aeTcs B NEPEXO0IE OT ABYMEPHBIX JJIEMEHTOB-PE30HATOPOB K TPEXMEPHBIM, MPEU3HU-
OHHOCTU Pa3MEpPOB PE30HATOPOB (BIUIOTH IO aTOMAPHOIO YPOBHS) C XapaKTEPHBIMU
pasMepaMu OT MUKPOMETPOB 10 HAHOMETPOB, pa3HOOOPA3HH BO3MOKHBIX (POpPM U Ma-
TEPUATIOB 3JIEMEHTOB-PE30HATOPOB (JIMANEKTPUKH, METAIUIBL, OIyIPOBOAHUKH). C MO-
MOILBIO TPEXMEPHBIX KOHCTPYKLUHMH 000JI0YEK-PE30HATOPOB 3JIEKTPOMArHUTHBIA OT-
KIIMK METaMaTepralia 3aJJaeTcsl BO BCEX TPEX M3MEPEHUSIX, YTO SIBIIIETCS HOBBIM IIIATOM
B o0yactu Metamarepuanos Juid TI'1 Auana3oHa v Mo3BOJIAET CO3/1aBaTh METaMaTepua-
JIbI C MPUHIMITMAIBHO HOBBIMH CBOMCTBAMU.

JlaHHasi TEXHOJOTMS B HACTOAILEE BpPEMS MOXKET O0ECHeYUTh MAacCOBOE
dopmupoBanne TI-mMeramarepuaqoB Ha OCHOBE TIJQJKUX  PE30HAHCHBIX
TPEXMEPHBIX CIUPAJIECH, B TOM YUCIIE 00BEMHBIX METAMATEPUAIIOB.

[ToMrMO TIIAIKUX PE30HAHCHBIX TPEXMEPHBIX CIUPAJIEH, B KAYECTBE CTPYKTYP-
HOTO 3JIEMEHTAa OMaHU30TPOIHOM Cpellbl MOTYT BBICTYNaTh, HAIPUMED, DJIEMEHTHI B
BUJIE TpeyecKor OYKBBI «omera». CTpyKTypa ¢ MapHBIMH OMEra- 3JIEMEHTaMH J0-
BOJIBHO CJIOKHA JJIs pean3allii, TakK Kak M3-3a 0COOEHHOCTEW TEXHOJOTUHU Mpea-
IOYTUTENIbHEE M3TOTOBJICHHE METAIIIMYECKUX 3JIEMEHTOB Ha penbede 0e3 moBepx-
HOCTEH C 0OpaTHBIM HAKIOHOM.

C 1enpi0 yIOBIETBOPEHUSI TPEOOBAHUSAM TEXHOJIOTUH MOXHO MPOBECTH aHAJIO-
TUIO UCIIOJIB3yEMOT0 3JIEMEHTa C IPeuecKoil OyKBOW «OMeray NpsiMOyroJibHOU ¢Gop-
MBI, 1100 ¢ hopmoit, 6mm3kol kK OykBe «II1». M0OXHO U3rOTOBUTH U Pa3MECTUTh Ue-
peayrolmecs: ¥ MOBEPHYThIE TO BBEPX, TO BHU3 AJEMEHTHI B BUjie OYKBBI «II», u
yTOOBI CcOaTaHCHPOBATh BO3ZHUKAIONIME B HUX DJICKTPUYCCKUNA M MATHUTHBIA JH-
NOJIbHbIE MOMEHTBI, HEOOXOAUMO OYyJIeT MEHSTh HapaMeTpPhl JJIEMEHTA.

Jlpyroil BapuaHT — HaKJIOHHBIE OMETa-3JIEMEHTHI MPSIMOYTOJILHOW (POpMBI, TOrAa
TOKE HET O0JIACTH OTPHIIATEIBHOTO HaKJIOHa. MOXXHO M3TOTOBUTH, HAPUMEpP, TPEX-
TPaHHYIO MOJIMMEPHYIO MUPAMUIY, @ Ha KaKIOW OOKOBOHM rpaHH pa3MECcCTUTh IO Me-
TALTMIYECKOMY OMETa-3JIeMEHTY MPsMOYToJIbHOW Gopmbl (pucyHok 1). MoxHO u3ro-
TOBUTh TMPABWIbHBIA TETPa’Ap, METAUIMUYECKUE OMEra-3JIeMEHThl OPUEHTUPOBATh
Ha Ka)XJ0i rpaHu ¢ moBopotroM Ha 60 rpaaycoB. Mcnosib3yst JONOTHUTEIbHBIN CIIOW
U ONTHUYECKOE COBMEIIECHUE, MOXKHO PA3MECTUTh METAJUIMYECKUN OMETa-3JIEMEHT U
Ha OCHOBAaHWU MUPAMUbI, OJTHAKO B 3TOM Cllydae He0OOXOJAUMO U3TOTOBJIEHUE A0PO-
TOCTOSIIIUX KBapILIEBBIX IIA0JIOHOB I UMIIPUHTA W KCIOJIb30BAHME TEXHOJIOTUU
HITAMITOBKH.

Hamu npennokena miockas CTpyKTypa s CO3JaHUs WI€ATbHOTO MOTJIOTUTENS
B T1'11 nuamna3oHe. 1€MEHTOM TAKOW CTPYKTYPHI SBJISETCS TIJIOCKUHN 3JIEMEHT B BUJIC
rpeyeckoi OyKBbI OMera npsMOyTroiabHON (GOopMbI (PUCYHOK 2).
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Pucynok 2 — Omera-
AIIEMEHT MPSIMOYTOJILHOM

bopMbI

Pucynoxk 1 — Tpexrpannas
MOJIMMEpPHas MupaMuaa

XapaKTepUCTUKHU 3JIEKTPOMAarHUTHOTO M3JIy4Y€HHUs, PACCEIHHOrO0 Ha TaKOM JJie-
MEHTE, 3aBHCAT OT COOTHOIICHHS TIeOMETpPHUYECKUX mapamerpoBa a, b, d, h
(pucyHOK 2) ¥ IJIMHBI BOJHBI A. Hamu paccMoTpeH ciydaid, Korjia JUHEHHBIE T€0-
METPHUYECKUE DPa3MEPBl OMEra-d3JIEMEHTa 3HAYUTENIBHO YCTYIIAlOT IO BEJIUYUHE
JUTMHE BOJIHBI MAJAOIIETr0 U3JIYyYEHHUs], YTO MO3BOJIAET MPUMEHUTD JTUMOJBHOE MPHU-
OJIMKEHUE TEOPUU U3NydeHus. [ 3TOro ciaydas HailJieH 3JeKTPUYECKU TUMOIb-
HbIi U MAarHUTHBIA MOMEHTBI, BO3HHUKAIOIINE B OMETA-3JIEMEHTE IOJ JIEUCTBUEM
MAJAX0IIEN JJIEKTPOMATHUTHOM BOJIHBI.

OnHOBpPEMEHHOE BO3HMKHOBEHHE B AJIEMEHTE HE TOJIBKO AJIEKTPUYECKOTO JH-
MOJIBHOTO, HO U MarHUTHOT'O MOMEHTOB, CBA3aHHBIX MEXAY COO0N U MHAYLIMPOBAH-
HbIX BHEIIHUM IOJIEM, SIBISIETCS TJIABHBIM YCJIOBUEM MPOSBICHUS CBOMCTB TaKOW
CTpYKTypbl. Paccmotpen ciydvait npu b = d, To ecth opma 3memMeHTa OU3Ka K
KBagpaTy. B aToM ciiyyae miomaab, OorpaHMYE€HHAsl 3JIEMEHTOM, OTHOCUTEIBHO Be-
JIMKa, ¥ BOSHUKAIOIIUM MarHUTHBIM MOMEHT MMEET 3HAYUTEIbHYI0 Bennuuny. [lpu
3TOM MBI CYMTAEM TOJIIMHY MOJIOCKH h mpeHeOpe:KuMOo Malioi MO0 CPaBHEHUIO C
mHOM ctopoH b u d (pucynok 2). Micnionb3yst yCIIOBUE TIIaBHOTO YaCTOTHOTO PE30-
HAHCa U YHUBEPCAIBHOE COOTHOIICHHUE ISl KOMIIOHEHT 3JIEKTPUYECKOr0 JUITOJIBHO-
r0 ¥ MarHUTHOIO MOMEHTOB, TMOJIy4eHHOE€ HaMu B paboTe [3], MOKHO BBIYUCIHUTD
napaMeTpbl oMera-sjieMeHTa a u b:

A A
a=-—0,03632, b =_-—1,035009.
471 2m
Ha ocHOBaHMM NMPUBEICHHBIX BRIPAKCHUI HAWCHBI YUCIICHHBIC 3HaYeHue b, d u
mieda a OMera-3JieMeHTa MpAMOYroidpHOM ¢dopmbel ans yactotel 1 Tl
(A=300 mkm): b=d=49,49 mxm; a=0,8675 MKM.

Tak Kak TEXHOJIOTUSI HAHECEHUsI TPOBOISIIETO MaTepraia Ha JUIJIEKTPUUECKYIO
MOJ/JIOKKY JI0pOra u TpyJoeMKa, HE0OOXOAMMO MPOBECTU TUIATEIHHOE MOJIEIUPOBa-
HUE TOTJIOMIAOIINX CBOMCTB CTPYKTYPBI, COCTOSIIIEA U3 OMETa-3JIEMEHTOB IPSMO-
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YTOJIbHOW (pOPMBI C pacCUMTaHHBIMU MapaMmeTpamu. Hanbonee moaxojsiieit mpo-
IrpaMMOM I MPOBEJICHUSI TAKOTO MOJEIUPOBAHUS SIBISETCS MPOTpaMma 3JIEKTPO-
nuHamMudeckoro moaenmupoBanus Ansoft HFSS 13 sepcun [4].

B nporpamme Ansoft HFSS co3man mpoeKT MorjIomiaromiei CTPyKTyphI, COCTOSIIEH
U3 MPOBOJSIIMX OMEra-3JIEMEHTOB MPSMOYTOJIbHOM (POPMBI C PaCCUMTAHHBIMU Mapa-
MeTpamu (pucyHoK 3). B mpoekTe peann3zoBaHa BO3MOXKHOCTh U3MEHEHUS CIICTYIOIIUX
napaMeTpoB CTPYKTYpPbl (PUCYHOK 3): S XapakTepHU3yeT PacCTOSHHUE MEXIy OMera-
3JICMEHTAMH B «STUeiKey; | XapakTepu3yeT pacCTOSHHE MEKIY «IUeHKaMn» B MacCHUBE.
Taxxe peann3oBaHa BO3MOKHOCTb M3MEHEHHsI HAIPaBJICHHs IUIEY OMEra-3JIEMEHTOB
(BHYTpb WJIM HAPYKy) U TOJIIMHBI POBOISIIETO cios .

N3 pucyHKa 2 BUJIHO, 4TO CKOpOCTh auccunanuu 3Heprur bClI ocumunpyer u
yOBIBa€T C POCTOM 3HAYCHHS PaAMATIbHONW KOOPIAMHATHI, UTO CBSI3aHO C MOAYJUPY-
I01MM JieficTBrueM QpyHKuuu beccens.

4

7 1N
b

\ / 2s
a- L -
I; 100 200 (um)

a 0
Pucynok 3 — CtpyKTypHBIil 35IeMEHT noriiomaronieit cpeast B TT' quamnazone,
COCTOSAIIEH U3 MAPHBIX OMEra-3JIEMEHTOB MPSAMOYTOIBHON POPMBI
(a — Bux cBepxy, 6 — Bua B 3D)

[Ipu penieHuu MOCTaBIEHHOM 3a/laud paccMaTpUBallaCh HOPMAJIBHO MaJAroIIas
MJI0CKasi BOJIHA. B HameM cityyae Mbl UMEEM JIBE JTUHEUHO MO PU30BAHHBIE BOJIHBI
CO B3aWMHO TMEPIECHAUKYISIPHBIMUA TOJSIPU3ANUSIMUA. B TEpMUHOJIOTUU, MPUHSATOMN
B HFSS, >t a1Be BomHbI 0003HaueHb! kKak Mokl TM (marautHas) u TE (amexTpude-
ckass). C 1enpl0 TOMCKAa ONTUMAIbHBIX IMApPAMETPOB PACIOJIOKEHUS OMera-
AJIEMEHTOB B SUEHWKE U SYEEK B CTPYKTYPHOM MACCHUBE MPOBEACHO MOJACIUPOBAHUE
CBOMCTB MOTJIOMIAIONIETO CIa00 OTpa)karolllero ABYMEPHOTr0 MAacCHBa MPHU pPa3iiny-
HBIX 3HaueHUsAX S U |. JlomoaHUTEIbHO HCCeTI0BaHbI TIOTJIONIAOIINE CBOMCTBA Mac-
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CHBa JUIsl Pa3IM4YHbIX MAaTEPUATIOB OMEra-3J1€MEHTOB (HUXPOM, M€/lb, 30JI0TO) U MPHU
Pa3IMYHOM TOJIIMHE MPOBOISAIIETO CIIOSI.

Ha pucynke 4 npuBeneH rpauk 4acTOTHOM 3aBUCHUMOCTH KO3(puuueHrta mno-
riomenus (Moaa TE) aiekTpoMarHMTHON BOJIHBI ISl Pa3JIMYHBIX 3Ha4YeHUH |, mpu
KOTOPBIX HAOJIFOAAJICA MAKCUMYM NOTJIOIIECHHS.

0.20

1

o

o

o
|

L]

o

3

=]
1

1

Absorption (mode TE)
1

1

o

o

a
|

— - ' | - B . —r Py e —r B — i . B - .
880.00 890.00 900.00 910.00 920.00 930.00 940.
Freq [GHz]

Pucynok 4 — YacToTHast 3aBHCUMOCTh K03 duitueHTa moromenus (moaa TE)
9JICKTPOMArHUTHOM BOJIHBI [T pa3indHbIX 3HaueHMi | (oT 147 10 155 MKM ¢ 1miarom
B 2 MKM) TipH s = 40 MKM (MakcHMallbHOE 3HaUYeHHE K03 dunmenTta mornomieHus 0,8 896
HaOromaercs Ha yactote 0,91 T ipu | = 149 mkm)

CrnemyeT OTMETHTBD, 9TO I MoabI | M MakcuManbHOE 3HaYeHUs KOdpuineHTa
norioniexust (0,889) mosiydeHo mpu TakuX K€ mapamerpax CTPYKTYpPbI, Kak U IS
MoJibl TE, 4To cornacyercs ¢ CHMMETPUEH CTPYKTYPHI.

[Ipy M3MEeHEHWM TOJIIUHBI CEYCHUS TIPOBOJSIIETO Closi N (KBaJpaTHOE CeueHHe)
HAOI0ATIOCh CMEIIEHNE YaCTOThHI MTMKOBOTO MOTJIONICHHMS (MPH YMEHBIIICHUN CEUCHHUS
YaCcTOTa MMKOBOIO TOIJIOIIEHUS! YBEIUYMBAIIACh, U, HAO0OPOT), MPU 3TOM HU3MEHSIIOCH
U MakCHMaJbHOE 3HadyeHue koddduimeHTta mnornomeHus. ONTUMaIbHBIM OKa3aiach
TOJIIIIUHA CEUEHUS IPOBOJIAIIETO cJiosl, paBHasi 4 MkM. [Ipy cpaBHEHUM pa3IMYHBIX Ma-
TE€pUaJIOB MPOBOJHUKA (HUXPOM, MEJb, 30JI0TO) HAWITYUIIHI Pe3yiabTaT ObLI MOIY-
YeH JJ1s1 HUXpoMa.

Pabota BeimonHeHa npu momnepxke bemopycckoro pecmybnukanckoro (onna
byHaameHTanbHbIX MccieaoBanuit 10roBop ¢ BPODU Nedd15C0O-047 ot 20.07.2015.
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H.B. CqueHK()l, C.A. XaXOMOBl, A.M. FOH‘{apeHKOZ, I'.B. CuHunbIn’,
A.JL Camodaios’, M.A. IToganos’

VO «omenbckuii rOCy1apCTBEHHBI YHUBEPCUTET
nMenn @pannucka Ckopunb», ['omens, benapyce
’THY «MuctutyT dusuxu nmern b.1. Cremanosa» HAH Bemapycu,
Munck, benapych

3®OEKTUBHBIE TEH30PHI JIUDJIEKTPUUECKOU U MATHUTHOM
MNPOHULAEMOCTEN METAMATEPUAJIA HA OCHOBE
OMET'A-2JIEMEHTOB IIPSIMOYTI'OJIbHOM ®OPMbI
C OIITUMAJIBHBIMHU TAPAMETPAMMU

B pab6ote [1] Ha mpuMepe oOpasia, pa3pabOTaHHOTO aBTOPCKUM KOJUIEKTHUBOM
u3 Wucrtutyra Qusuku momympoBogHukoB Cubupckoro otaenenuss PAH, Obuio
MPOBEJICHO YHUCJIEHHOE MOJCIUPOBAHUE KHUPAIBbHBIX CBOWCTB HWCKYCCTBEHHOU
aHU30TPOIMHOM CTPYKTYPbI, 00pa3oBaHHOW MUKpocnupansiMu. [lokazano, 4To Takas
MCKYCCTBEHHAsl MEPUOJNYECKAasi CTPYKTypa MOXKET MPOSBIATh 3HAYUTEIbHBIC KH-
panbHbie cBoMcTBa B TI'1 amamazone. [lomy4eHbl aHATUTUYECKUE BBIPAXKCHUS IJIsS
JIUDJIEKTPUUECKOM, MATHUTHOW U KUPAIBHOM BOCIPUUMYMBOCTEN CTPYKTYPHI IPHU
YCJIOBUM CUJIBHBIX TUPOTPOITHBIX CBOMCTB.

B nannoit pabote HaMu IpeAJIOKEHA CTPYKTYypa JUIsl CO3JIaHUs UACaTbHOTO T10-
rnotutens B Tl nuanazone u mo aHajmoruu ¢ padortoi [1] mpoBeaeH pacuer 3¢-
(EeKTUBHBIX TEH30POB AUAJICKTPUUECKON M MAarHUTHOW MPOHUIIAEMOCTEHN ISl MeTa-
MaTepuana, MPEICTaBIAIONIETO COOOM MAacCHB HMCKYCCTBEHHBIX OMaHW30TPOITHBIX
AJIEMEHTOB CJIOKHOU (POPMBI C ONTUMAIILHBIMY TTapaMeTpaMu. Takol MeTaMaTepuat
COCTOUT M3 IUIOCKHUX 3JIEMEHTOB B BHJIE€ I'PEUYECKON OYKBBI OMera MmpsiMOyTrOJbHOU
dbopmbl (pucyHok 1). Ilpumep meTtamarepuaia moka3zan Ha pucyHke 2. Takoi meTa-
Marepuasg COCTOUT U3 MapPHBIX AJIEMEHTOB, JJII KOTOPBIX BBINTYKIIBIC YACTH HANpaB-
JIEHBI HABCTPEUy APYT JAPYTry, MOITOMY JiJis 000U SUEeMKHU MeTamarepralia MarHu-
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TOJJIEKTPUYECKUE CBOMCTBA KOMIICHCUPOBAHBL. DTO O3HAYAET, YTO JJIEKTPUYECKOE
I10JI€ HE CO31a€T MAarHUTHBI MOMEHT B SYEHKE, @ MArHUTHOE I10JI€, B CBOIO OYEPEb,
HE UHAYLUPYET B TYEHKE DJIEKTPUUYECKUN TUITOIBHBIN MOMEHT.

X
b,
E
d -
on k
¥ z §
g" v
b
r "
Pucynoxk 1

XapaKkTEPUCTUKH 3JIEKTPOMATHUTHOTO HU3JIYyYEHUSI, PACCESIHHOTO HA TaKOM 3Jie-
MEHTE, 3aBUCAT OT COOTHOIICHHS F€OMETPUUYCCKUX MapamMeTpoB a, b, d, h u auHeI
BOJIHBI.

Hcnonbs3yem mMoAenp KBa3UCTAIMOHAPHOTO TOKA, B 3TOM CJIy4ae TOK SIBJISIETCS
OJIHOPOJHBIM U CWJIa TOKA HE 3aBUCUT OT KOOPAMHATHI B Mpeneiiax 3jeMenTa. [lpu
OPUEHTALUHU B IPOCTPAHCTBE BEKTOPOB INAJAIOIIEH 3JIEKTPOMATHUTHON BOJHEI, KaK
noka3zaHo Ha pucyHke 1 (Bektop E mapasieneH ocu 0x), 2JIEKTPUUECKUN TUMOJIb-
HbIi MOMEHT, BOSHUKAIOIIUKM B 3JIEeMEHTE, OyJIeT UMETh OTJIMYHYIO OT HYJIS COCTaB-
JISIFOUTLYIO TOJIBKO MO OCH OX:

p, =q(2a+d), (1)
rae ( — 2JEKTPUUECKUHN 3apsi, COCPENOTOYEHHBIN HA KPAIO JIEMEHTA.

Jlns pacdyera 3(pPEKTUBHOTO TEH30pa AMIICKTPUUECKON MPOHUIIAEMOCTH HC-
MOJIb3YEeM TEOPETHYECKHUI METOJI, OCHOBAHHBIN Ha PEIICHUH YPABHEHUS JBHXKCHUS
AJIEKTPOHA T10 33JITAaHHOW TPACKTOPUHU, PACCMOTPEHHBI HaMmu B padote [1]. CMmere-
HUE 3JICKTPOHA TPOBOJMMOCTH BJIOJIb TJIEY 3JIEMEHTA OMUCHIBACTCS] YPABHEHUEM

m,§ =—-ks—3—erE, (2)

I7le S — CMEIIEHUE IEKTPOHA; $ — CKOPOCTb JBUYKEHUS DJIEKTPOHA; §— YCKOPEHHUE;
m, — Macca 3JIeKTPOHa; - — 3aps IeKTpoHa; K — addekTuBHbI KOdDdUIUECHT,
OMKCHIBAIOUIUI KBa3UYIIPYTYIO CUITY, IEUCTBYIOIIYIO Ha 3JIEKTPOHBI B HAIIPABICHUH,
IPOTUBOMOJIOKHOM HX CMEIICHHIO; ¥ — 3(DPEeKTUBHBIN KO3PPULHUEHT, XapaKTepH-
3YIOIIMNA CHJIBI PACCEMBAHMS, 3aMEIJISIOIINE ABUKEHUE IEKTPOHOB; T — KO3 HUIIM-
CHT OcJIabJICHMSI ITOJIsE BHYTPHU MeTasuia [2].
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Pucynok 2 — M30TponHbIii MeTamaTepuai ¢ KOMIIEHCUPOBAHHOM
MarHUTORJIEKTPUIECKOU CBSI3bI0, 00pa30BaHHBIN MAPHBIMU OMaHU3OTPOITHBIMU
MPSIMOYTOJIbHBIMUA OMEra-o0pa3HbIMU AJIEMEHTaMU, U €To sueiika

[Tox BIMsiHMEM MaAarOUIEH AJIEKTPOMArHUTHOW BOJIHBI 3JIEKTPOHBI TPOBOJAUMO-

CTH COBEpPILAIOT TapMOHNYECKHE KoebaHus. [loaToMy cripaBeisIuBO COOTHOIICHUE
2.2
k=maf =T 3)
L

I7I€ Wy — PE30HAHCHAs YacToTa KoJie0aHui, C — CKOPOCTh CBETA B Bakyyme, L —innna
anemenTa (L=2a+d). B aTom BeIpakeHHH MBI IPUHAMAEM BO BHUMAaHHE, 4TO MPH
YCIIOBUH TJIABHOT'O PE30HAHCA MOJIHAS JIJTMHA 3JIEMEHTa IPHOIM3UTEIBHO paBHa Aof2,
re Ag — JJTMHA BOJIHBI 3JICKTPOMArHUTHOTO TOJISI B CBOOOJHOM IIPOCTPAHCTBE.

MOIIHOCTh AUCCUNATUBHBIX CUJI TIPU 3aMEIJICHUU 3JIEKTPOHOB MPOBOJAMMOCTHU
MOXET OBITh BBIUMCIICHA C MOMOIIBIO 3akoHa J[oyms-JIenna. Ha aTom ocHOBaHuu
MBI MTOJTy4aeM CIICAYIOIIEE BhIPAKEHUE:

2 2
y=pe Neff:pe N0N51 (4)
T7Ie p — YACIbHOE COMPOTUBICHHE METalljla, U3 KOTOPOTO M3TOTOBJIEH JJIEMEHT,
No — KOHLEHTpaLus 3JEKTPOHOB MPOBOAUMOCTH B MeTaie, N =NoN, — apdek-

2A
THUBHasd KOHLOCHTPAOUA JJICKTPOHOB IPOBOIMMOCTH B MCTAJIC, Ns =—— — HO0JIA

2p
Ho®

CKHH-CJIOSI B 00beMe MTPOBOHUKA, O — TOJIIIMHA MPOBOJISIIETO CIOs, A =

TOJIIIIMHA CKUH-CT104 [ 3, 4].
Koaddurment yp, xapakTepusyromuid IHCCUIIATHBHYIO CHITy, BBIYHMCICH Kak
CpemHee 3HaYeHUE TSl BCEX JIEKTPOHOB MPOBOJANMOCTH B 00beMe npoBogHuka. Ko-
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raa CKuUH-3(MPEeKT uMeeT OoJbIIoe 3HAuYeHHE, KOAI(PQPUIIMEHT ocrnabieHus MnoJis
BHYTpHU METaJlJIa T MOXKET OBITh MIPEJICTABIICH B cieayrolieit hopme [3, 4]:

E. )
r=2 = 1+ ) 26000, 5)
0

riae Eins 1 Eg — KOMIUIEKCHBIE aMIUIMTY/IBI TIOJIEH BHYTPHU U CHAPYKHU METalIa.

CootHouieHue (5) sBISETCS MPUOIMAKEHHBIM U HMMEET TaKOW K€ BUJ, KaK JyIs
IJIOCKOM TOBEPXHOCTH METaJlIa, YTO SIBJISETCS OMNpaBJaHHBIM B ciydae A << 0.
B cnydae paccmaTpuBaeMOro KOHEUHOIO 3J€MEHTa HEOOXOAMMO UCIOIb30BaTh He-
kotopoe 3 dexkTuBHOE 3HAUeHHE K03 PuimenTa ociadaeHus moJisl, KOTOPOE MOX-
HO OIPEEIUTh U3 CPABHEHUS C PE3YJIbTaTaMH IKCIIEPUMEHTA.

CwmerieHue 3JeKTpOHA MPOBOJIMMOCTH U HAMPSHKEHHOCTH OIS MaJarolieil BoJ-
HBI 337aIUM YPABHCHUSIMU:

S=S,e, E=Ee!=E
[loacraBuB B ypaBHEHHUE (2) MEPBYIO U BTOPYIO MPOU3BOJHYIO OT S, MOITYUYUM:

X"

—etE NN e
S : 12 . rge =2 —F0NE (6)
me(ooo -0+ jcoF) m, m,
Haitnem anmekTprudeckuit 3apsii, COCpEAOTOUEHHBIM HA KPAtO0 OJTHOTO AJIEMEHTA!

[ToncraBuB ypaBHenus (6) u (7) B ypaBHeHue (1), HaliileM x-KOMIIOHEHTY Ju-
MOJIbHOTO MOMEHTA ISl OJTHOTO 3JIEMEHTA!

o - e’cEN,; sh(2a+d)

me(a)g —o’ + ja)F) (®)

[TockoabKy KaXAbld 3JEMEHT SABJISIETCS OMaHU3O0TPOMHBIM, JIJII HETO0 MOKHO
BBECTHU JIMAJICKTPUUYECKYIO, MATHUTHYIO U KUPaJIbHYIO BocipurumMuyuBoctu. CrenoBa-
TEJIbHO, €r0 MOBEJAEHUE B AJEKTPOMArHUTHOM II0JI€ MOXHO OIHUCATHh C MOMOIIBIO
ypaBHEHUH CBsi3u [1]:

—

p = 8OoceeE - J 8O"’lO OLemH ! (9)
Mm=a, H+j | 2a,,E. (10)
Ho

3nech a,, U &, — TEH30PbI AUDJICKTPUUECKON U MATHUTHON BOCIIPUUMYHNBOCTH,
Qe — MArHUTODJIEKTPUYECKAS BOCIPUMMYHMBOCTD, C,, = q,., — IICEBIOTEH30p, Xa-
pPaKTEepU3YIONIMN KHpaJbHBIE CBOMCTBA AJIEMEHTA, CUMBOJI T O3HayaeT TPaHCIIOHU-
pOBaHUeE, &, U [, — DIEKTPUUYECKasi U MarHUTHAs IOCTOSIHHBIE.

Cornacuo ypaBHeHusiM (9) u (10), kaXaplii oMera-3ieMeHT 001a1aeT MarHUuTO-
AIEKTPUYESCKUMHU CBONCTBAMM, KOTOPHIE OMHCHIBAIOTCA B ATHX ypaBHEHUSX Iepe-
KpECTHBIMM ujieHamMu. OIHaKO MeTaMaTeprall B [IEJI0OM COCTOUT M3 MapHBIX JIEMEH-
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TOB, JIJI1 KOTOPBIX BBIMYKJIbIE YACTH OPUEHTHPOBAHBI BO BCTPEUYHBIX HAMNPABICHUSX,
NO3TOMY JJIA JIH00O0M SYEWKM MeTamaTepuala MarHUTOJJIEKTPUYECKUE CBOMCTBA
KOMIIEHCUPOBAHBI (CM. PUCYHOK 2).

Cunras k03pPuIMeHT ocnadiieHus] AeMCTBUTEIIBHON BEIUMYMHOM, NOIYyYaeM KOM-
HNOHEHTY 3((PEKTUBHOIO TEH30pa IUAIEKTPUUECKOM MPOHUIIAEMOCTH MEeTaMaTepuaa;

o _q, e’tN,, Ny 3h(2a+d)(0f — o — jor)
r Some(((og—(ﬂz)z'F(DZFZ)

rac Nh — KOHHOCHTpAauA BCCX 3JICMCHTOB, ININICYM KOTOPBIX HAIIPABJICHBI BAOJIb OCH
0X.

€

, (11)

Teneps BeruucaINM 3(PPEKTUBHBIN TEH30p MAarHUTHOM TTPOHUIIAEMOCTH ISl Mac-
CHBa UCKYCCTBEHHBIX OMAHU3OTPOIHBIX JIEMEHTOB CJIOKHOW (DOPMBI C ONTUMATb-
HBIMH TTapaAMETPaMHU, I 3TOTO HAWJIEM MAarHUTHBIM MOMEHT, BOZHUKAIOLINN B OMeE-
ra-3JIEMEHTE MPSMOYTOIbHON (POPMBI:

m,=-1-b-d, (12)
rae b-d— mnomane mNIOCKOro 3J€eMEHTa B BUE IPEUecKo OYKBBI omera mpsiMo-
. d .
yTroabHON (opMbI (CM. pUCYHOK 1), | = d—?— CUJIa TOKA, ( — DJIEKTPUYECKUU 3apsl,

COCPEIOTOUYCHHBIN Ha Kparo OHOT0 dyieMeHTa (7).
MOXHO YCTaHOBUTH CBSI3b MEXAY HAIPSIKEHHOCTBIO SJIEKTPUYECKOr0 U Mar-
HUTHOTO OJIsI (PUCYHOK 1, 2):
jro-po-H,-b-d
X (2-a+d) '
[ToncraBuB ypaBHenust (6) u (13) B ypaBHenue (12), HaiiieM MarHUTHBIN MOMEHT:
e’ 1 Ny - -8-h-p,- H, -(b-d)?
my = 2 2 2, '
(2-a+d)"-m, -(ooo -0 + ] -oo-F)

(13)

OddexkTuBHBIN MapaMeTp OTHOCUTEIbHOW MAarHUTHOW MPOHUIIAEMOCTH CPEIIbI
ONPEAECTUM KaK:
2 2 2 .

=1+ N, ) =1+p,- : 14

Ky A mms My Mo me <@§—m2)2+@2F2 ( )
e B = o-b-d
(2-a+d)

Takum oOpazom, BeipaxkeHus (11) u (14) onuceiBatoT 3PppeKTUBHBIE TapaMETPhI
JTUAJIEKTPUYECKON M MarHMTHOM MPOHUIIAEMOCTH M30TPOMHOr0 MeTamarepuala C
KOMIICHCUPOBAHHOW MAarHUTO3JIEKTPUUYECKON CBS3bI0, 00pPa30BaHHOIO MapHbIMU OU-
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AHU30TPOMHBIMH MPSMOYTOJIBHBIMU OMEra-o0pa3HbIMH 3JIeMEHTaMHU. JlM3jeKTprye-
CKH€ M MAarHUTHBIE CBOMCTBA MAacCHBA 3JIEMEHTOB 3aBUCST OT YaCTOThI JIEKTPOMAT-
HUTHBIX BOJIH, TEOMETPUUYECKUX XAPAKTEPUCTUK 3JIEMEHTOB, UX KOHILICHTPALMHU WU
BEILECTBA, U3 KOTOPOI0 M3rOTOBJIEHBI 3JIEMEHTHI. 1loilydeHHbIe BBIpaXKEHUS MOTYT
ObITh YTOUHEHBI B PE3yJbTaTE MOJEIUPOBAHUS U IKCIIEPUMEHTA IyTEM BBEICHUS
HOIPABOYHBIX KO (PUIIMEHTOB.

Pabota BeInOJIHEHA npu noaaepxkke benopycckoro pecrmyOnukaHckoro (onaa
(dyHaamMeHTanbHBIX HccienoBaHuii JgoroBop ¢  BPOOU  Ned15CO-047 ot
20.07.2015.
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YO «'omenbCkuil TOCYJapCTBEHHBIN YHUBEPCUTET
uMmenn @pannucka Cxkopunb», ['omens, benapyce

IHPEOBPASOBAHUE UHOOPMALMOHHOI'O ITYUKA
B IIVIOCKOM CJIOE

[IpoxoxaeHue 3JIeKTPOMArHUTHON BOJIHBI YEPE3 IUIOCKUHN CIIOM BBI3BIBAET MHTE-
pec HE TOJBKO C TOYKHU 3PEHUS ONPEACICHUS] IHEPreTUYECKUX NMapaMeTPOB, HO U C
TOYKH 3peHUsi mpeoOpa3zoBaHusi UH(POpMAIMKU, TaK KaK 3TO OJUH U3 HamboJee pac-
MPOCTPAHEHHBIX AJIEMEHTOB ONTUYECKUX JIMHUM Tiepenadur. Kpome Toro, mpuMeHe-
HHUE METAJUIOIUSIICKTPUYECKUX BOJHOBOAHBIX cucTteM B anekTpoHnke CBY u KBY
HAKJIQIbIBAET CBOM OCOOCHHOCTH U OTPAHUYCHUS HAa NMPUMEHEHHUE TUIOCKUX CJIOEB.
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Jns korepeHTHOUW BOJIHBI 3(P(HEKTUBHBIN KO3PDUIIMEHT Mepeadd IUIocKonapa-
JICIbHOM MJIACTUHKHU MOKET OBITh MPEJICTABIICH B BUJIE
P t1atz €'’
b — T 7 i
® 1 - RZel®
‘a 2mnH

—_— a f— .
Avn2—sin2a ’ ¢ Acosf

rne @ =

3necb H — TonmiMHA CJosi, 00 — YroJl MajeHus, 3 — yrojl nmpeaoMyIeHus, A — JJIMHA
BOJIHBI U3JIyY€HHMs, N — MOKa3aTeab MpeIoMIIeHUs cpelibl (KoddduimenT ykopoue-
HUS BOJHBI), 11p 1 1 — kKo dunmentser Openens s mepexoja BOJHBI U3 TEPBOU
CpeIlbl BO BTOPYIO U B OOpaTHOM HANpPAaBIICHHUH.

Boinensisi B OTACNIBHOCTH aMIUTUTYIHYIO M (Da30BYIO0 XapaKTEPUCTUKH, MOCIEI-
Hee BBIPAKECHHE MOYKHO IIPEJICTaBUTH B BHJIC
Liztay ol

Hadp —

I'
\ 1-2RZ, cos(2¢@cos? B)+R3,

sing+RZ,sin(@cos2f) )

raey = arctg (cosgr—ﬁ%lcos{gmoszﬁ}

Breipaxkenue s adgdexktuBHOro KOdh(PUIMEHTa Mepeaayu Mo CyTU SBISETCA
YaCTOTHOM XapaKTEPUCTUKOM IUIOCKOTO CJIOS MPU PACCMOTPEHUU €r0 B KadyeCTBE
aneMeHTa HHGOPMAIIMOHHOW CUCTEeMBI. [[eCTBUTEIbHO, 3aIIMChIBas BEIPAKEHUE JIJIs
@ W ¢ 4Yepe3 HMKIMYECKYIO YaCTOTY (0, MOKHO TTOJTYYUTh

L2021
J1— 2R3, cos(2nHwcosf/c) + R%,

PRI | aMHHHTYI[HO-qaCTOTHOﬁ XapaKTCPUCTHUKHU, U

Sm( nHw ) + RZ,sin (anosZﬁ m)

Al(w) =

A c cosf c cosf
¥(w) = arctg nHo \ oo nHcos2f w
cos\c cosf 216085\ cosfs

1U1s1 pa30BO-YaCTOTHOM XapaKTEPUCTUKH DJIEMEHTA.

YacToTHas XxapakTEpUCTUKA AJIEMEHTA MEPUOJANYHA 10 YaCTOTE, YTO MPEAIOa-
raeT JAUCKPETHBIA XapaKTep €€ CIEKTpa, T.e. B BUiae psaga dypwe. JercTBUTENBHO,
3anmuchiBas KOA(DPUIIMEHT Mepeayrl B BUIEC T€OMETPUICCKON MPOTPECCUU, MBI MO-

JKEM IIOJIYUYUTD IJIsA YacCTOTHOM XAPaAKTCPUCTUKH €C ITPCACTABJIICHUC B A
oo

W(w) = A@)eV@ = ty;ty; ) RE o Ho@]
k=0
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NMnyibCHBIN OTKIIMK TAKOTO 3JIEMEHTA MPEJICTABIsET cO00M oOpaTHOE MpeoOd-
pazoBanne Oypbe OT YACTOTHOU XapaKTEPUCTHUKH.

o0

+ oo
h(t) = 2202 g—imrz R2E il0(@)+,$(@)] gy —
'\-'2.'.]'1' —co k=0
L1262
- R3Y 6{t — (ty — kD],
V2 =
rae to = C:fﬁ, = M, a 6{t — (ty — kt)} — nempra-dpyukiws {upaka.

[TpoxoxaeHne WHGOPMAITMOHHOTO CHTHAJA Yepe3 WHPOPMAIMOHHYIO CHCTEMY
MO>KHO TMPEJICTAaBUTh B BUJE CBEPTKH UCXOHOTO CUTHAJNIA C UMITYJIBCHBIM OTKIUKOM
cucteMbl. [1OoCKOIBKY CBEpPTKA C 0 — UMITYJIbCOM IMPUBOJIUT K CMEIICHHUIO BIOJb
BpEMEHHON ocu 0e3 M3MeHeHHusi PopMbl UMIYJbCA, TO MPEOoOpa3syeMblii HUMITYJIbC
OyJeT MOBTOPATHCS C OcIabieHueM MO aMIUTUTY I U C 3ala3/IbIBaHueM M0 BPEMEHH.
B coBpeMeHHBIX HH(DOPMAIIMOHHBIX CUCTEMaX Mpu HUGPPOBOIM nepenaye u oopadoke
nH(OpMaIlMd B OCHOBHOM MPHUMEHSIOTCS CHTHAJIBI, TOJydaeMble TTOCPEICTBOM MO-
TyJAIAA HECYIIeH rapMOHMYECKOW BOJHBI [1-00pa3HbIM UMITYJIECOM JITTUTEIHHOCTH
T. Taxoii curnan umeet Bun S(t)=I1(t)cosQt, tae £ —yacToTa HECyIIeH BOJIHEI, a

1 mpu —T/2=t=T/2
[(t) = :
Omput<-T/2ut=>T/2

[TapameTtp t, yKa3pIBaeT Ha OOIIYIO 33JIEPKKY CUTHANA, U MPU PACCMOTPEHHUH
ero mpeoOpa3oBaHMs MHTEPECA HE MPEACTABISET, a IOITOMY B JaibHElIeM Oyner
u3 paccMoTpeHus uckimroueH. CBeptka curHana Buma S(t)=I1(t)cosQt ¢ ummysbc-
HBIM OTKIIMKOM h(t) mpuBOIUT MpeoOpa3oBaHHBIN CUTHAII ¢ TOYHOCTHIO JI0 HECYIIIC-
CTBEHHOTO IMOCTOSIHHOI'O MHOYKHUTENS K BUITY

S'(t)~ Z R2¥cos 0(t — k1) [sgnf{(t —kt) +T/2} — sgn{(t —kr) —T/2}].
k=0

TakuM 00pazoM, IPOUCXOTUT YITUPEHUE UMITYJIbCA 32 CUET HAIOKCHHMSI 3aria3bl-
BAIOIIUX 3XO-CUTHAIOB. OJTHAKO XapaKTep YIIUPEHUS B 3aBUCUMOCTH OT YIJIa MaJCHUS
BEJICT ceOs HEe BITOJIHE TaK, KaK 3TO CIIEAOBAJIO M3 MHTYUTHUBHBIX cooOpakeHmid. OO1ee
3amna3jbIBaHue CUTHaja, €CTECTBEHHO, YBEIIMUMBACTCS MPH YBEJIMYCHUU YTJja IMaje-
HUS, W, CJIEJOBATENILHO, yIJIa MPEIOMJICHUS, © MaKCUMaJIbHO MPHU CKOJB3SIIEM I1a-
JICHUHW Ha TpaHully pazzaena cpeda. OaHaKo yIIMpeHUe CUTrHajda mpu 3TOM JOCTUTraeT
CBOETO0 MUHUMYMa, ONPEACIIEMOro yriioM IOJHOI0 OTPaKEHHUsI BHYTpH Ciosi. AHa-
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JOTUYHBIM 00pa3oM BeAeT ceds U OoTpakeHHbIM curHai. I[loatomy paccmorpenue
€ro B paMKax JaHHOU pabOThI HEleIeco00pa3Ho.

OcoOblli MHTEpEC MPENICTABISIET PACHPOCTPAHEHUE CHUTHAJa B 3aMKHYTHIX CH-
CcTeMaxX, KOTOpble 00pa3yloT METALIUYECKUE BOJHOBOABI C JUAICKTPUUYECKUM I10-
KPBITUEM, MPUMEHAEMBIC U1 NIepeaayn curHaiioB B auanazone KBY. B stom ciy-
yae, cuuTas MOAYJb Kod(p(dUIMeHTa OTPaKEHUSI OT METALIUYECKON MOBEPXHOCTU
OMM3KUM K eauHuIle, a pa3zy paBHOU 7, 11 KOd(PUIIMEHTA OTPAKECHUS HETPYIHO
MOJIYYUTh BBIPAXKEHHE B BUJIE!

flzleﬁzlei'ﬂm}

1 - Rz]_gi.t,{m:}

OjHaKko B JJaHHOM ciy4ae (ha3oBasi XapaKTEPUCTHKA 3aBHCUT OT COOTHOIICHUS
MEXy YaCTOTOW H3JIydYeHHS M IapamMeTpaMH BOJHOBOJHOH CHCTEMBI, MOCKOJBKY
TpeOOBaHHE PaBEHCTBA HYJIIO HAMPSHKCHHOCTH 3JICKTPUYCCKOW KOMITOHEHTHI Ha rpa-
HuIe Metauia (yciaoBus JICOHTOBHYA) HAKIIABIBACT ONPEACICHHbIC OTPAHMYHUS Ha
yroJl aJIcHUs ¥, COOTBETCTBEHHO, YTOJI IPEJIOMJICHHS BOJIHBI.

[TockombKy CIeKTp onmucaHHOro nH(GopmarronHoro curaaia S(t)

sin(Q + w)T/2 sin( —w)T/2
N+ w N—w

ﬁadp = Rq3 —

Glw) =2

HEOTPAHUYEH, TO PA3JIMUYHBIM CIHEKTPAIbHBIM COCTaBJISIIOIIMM OYJIyT COOTBET-
CTBBATh PA3JIMYHBIC YTJIbI IPEIOMIICHUS ff

411?11';(:05,8 = ZHH\/(&}/C)E — (m/na)?,
37ech yuuThIBaeTcs, uto cosa = /1 — (1/2a)?, a — pasMep MMPOKOH CTEHKH
BOJIHOBOAA. [1omoOHBIN XapakTep 3aBUCMMOCTH MPUBOAMUT K TOMY, UTO BOJIHA C 4Ya-
CTOTOM HUXE KPUTHUUYECKON B BOJHOBO/JIE 3aTyXa€T, U CIEKTP NMPUOOPETAET OTPaHU-
YeHHBI B HU3KOYACTOTHOM 00JIaCTH XapaKTep, TEPsIsl CBOIO MEPUOAUYHOCTD.
CrnenoBaTenbHO, BO BpEMEHHOM 00J1aCTH UMITYJIbCHBIA OTKJIMK CUCTEMBbI IIPHOO-
peTaeT BUJ HENpepbIBHON (DYHKLUMHU, YTO MPUBOAUT K Pa3MBITHUIO OTAEIBHOTO 3XO0-
umiyibca. Kpome TOro, 4aCcTOTHyr0 3aBUCHMOCTb MPUOOPETAOT KO3P(HUIIMEHTHI
OTPaXXEHUS U MPOXOKACHUS, YTO CYIIECTBEHHO 3aTPYAHSET MPOBEACHUE aHAJIUTHU-
YEeCKOM OIEHKH M3MEHEHMS MapaMeTpoB MH(POPMATUBHOTO CUTHAIA BO BPEMEHHOMU
o0nacTu BBUIY AOCTATOYHOTO CIOXKHOM 3aBUCUMOCTH K03 puieHToB dpenens ot
yria nageHus. Cieayer OTMETUTh TaKXke, YTO MPU PacpOCTPAaHEHUU B BOJIHOBOJIE
CUTHAJI UCBITHIBAET MHOTOKPATHBIE MIEPEOTPAKEHHUS, UTO MPUBOJNUT K HAKOTUICHUIO

ahdexkra.

d(w) =
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A.B. Xomuenko, 1.Y. lIlpumak, A.H. Bacuiienko

['Y BIIO «benopyccko-poccuiiCKkuil yHUBEpCcUTET», Moruies, bemapyce

MOJISIPUBAIIMOHHASI UHTEP®EPOMETPUS HEOJJHOPOHBIX
MOJIEM MEXAHUUYECKHUX HAIIPSI)KEHUN
B 3AKAJIEHHOM CTEK.JIE

BBenenune

Oco0EHHOCTBIO MPOU3BOJICTBA 3aKAJICHHBIX CTEKOJ SBISIOTCS HAJIMYKUE B HUX
OCTAaTOYHBIX, TaK HA3bIBAEMBIX, 3aKAJIOUHBIX HAMPSHKEHUM, OT KOTOPHIX 3aBUCST OC-
HOBHBIC CBOMCTBA 3aKAJICHHOTO CTEKJA. /[MarHoCTUKa HANPSIKEHUM, a TaKXKe yIpaB-
JIEHWE UMU NPHU COOTBETCTBYIOLIEH OpraHMW3aldyd TEXHOJOTMYECKOro IMpolecca siB-
JSIIOTCSL HEOTHhEMIIEMOM YacThiO MTPOM3BOJCTBA 3aKAJIEHHOIO cTekia. M3BecTeH psia
pa3pylIaIIMX U HEPA3pyUIAIOMIUX METOJ0B U3MEPEHUSI HANIPSIKEHUN B CTEKJIIE, KO-
TOPbIE OCHOBBIBAIOTCSI HA U3MEPEHUU OOYCJIOBJICHHON 3TUMHU HANPSHKCHUSMHU aHU-
30TPOINUHU ONTHYECKUX XapaKTEPUCTUK MaTepHraa.

1. Honsspu3anuoHHas HHTep(PepoMeTpHs 3aKAJTEHHOI0 CTEKJIA

[TpuHIMNHaTEHAS ONTHYECKAs CXeMa YCTAaHOBKHU, UCIIOJIb3YEMO JIJIsl M3MEpPEHUS
pacnpeeneHus pa3HocTH (a3 Mpu JUHEHHOM JBYJIYUETIPEIOMIICHUH B 3aKaJI€HHOM
CTekJie, nmpenactanieHa B [1]. JInHelHO MONsprU30BaHHBINA CBET, MPOWIS Yepe3 uccie-
IyeMO€e CTEKJI0, B KOTOPOM MPUCYTCTBYIOT MEXAHUUYECKUE HAMPSIKEHUS, MEHSET CO-
CTOSIHUE TIOJIIPU3AIIMU, TTPOXOJUT YEpe3 aHAIM3aToOp | momnagaet B GOTOPETUCTpu-
pyrolee yCTpOoHCTBO. Perucrpupyemas MHTEHCHMBHOCTH cBeTa  I(X)y) sBiseTcs
dbyHkuuet nByx koopauHat (pucyHok 1). OOGpadartbiBast pacnpenenenus |(X,Y),
MOYXHO BOCCTAHOBHTB Pa3HOCTh (a3 & (X,y) B KaxIIOi TOYKE CTEKJIa M, YUUTHIBAs €€
B3aMMOCBSI3b C HaNpPSHKECHUSIMU, BOCIIPOM3BECTH ToJe HanpspkeHuil. st onpenene-
HUS 0 Ha Ha4YaJbHOM 3Tale PEerucTpUpyeTcsl pachpeneseHue npu HeKOTOpoM (uK-
CUPOBAHHOM (HO MPOMU3BOJILHO BRIOPAHHOM) YIJIE @ M CKPEILIEHHBIX aHaJu3aTope U
nosspusarope (y =90°):

I(x,y)=lf):IpTlsinZZa-sinZ%, (1)
rae Ty, = T(a, y = 90°), I,= 1,(X,y) — MHTEHCUBHOCTb CBETa Ha BBIXOJE U3 MOJISIPH-
3aTtopa, 1=T1(X,y) — KO3hGUIUEHT YYUTHIBAIONINI OTPAKECHUE CBETA OT MOBEPXHO-
CTel cTekina, o =ca(X,Y)— yroa MexXay ONTHYCCKOW OChI 00pasiia M IUIOCKOCTHIO
IPOIYCKaHUs MOsipu3aTopa, o =0(X,Y) — pa3HOCTh (a3 MexXay OOBIKHOBEHHOM U
HEOOBIKHOBEHHOU BOJIHAMU. 3aT€M OPUEHTHUPYS aHAIU3ATOP TAaKUM 00pa3oM, 4TOObI
¥ =90°, peructpupyrot
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1(x,y) =1, =1 T,(1-sin? 20.-sin* g). (2)

W3mepenHbie pacnpeeieHus] HHTCHCUBHOCTH MTO3BOJIIOT OMPEACIUTh IPOU3BE-
neHue QyHKIUH
in2 in2 —1® @ @
sin“2¢ -sin“(0.5ko) =117 /(177 +17). (3)

Jlanee mociie MOBOpOTa MOJISIPU3aTOpa HA yroj paBHbIN 45° (T.e. uMeeM o+45°)
Y OpPHUEHTALMU aHaJM3aTopa MoJ yriioM y = 90° HHTEHCUBHOCTH CBETA, ITPOLIEALIIE-

ro uepe3 o0paserl, onpeneseTcs KaK
1(x,y)=1? =1T, cos’ 20 -sin* g, T, =T(a+45% y=90° (4)

Ha nocnennem stane u3MepeHue pacrpeaesieHus HHTEHCUBHOCTU OCYIIECTBIIS-
€TCsl MPU OPUEHTALMM TOJISIPU3aTOPa OTHOCUTEIBHO MCCIEAYyeMOro o0pasia Mojy
yriiamMu ¢+45° u y = 0°:

1(x,y) =12 =1.T,(1—cos’ 2a-sin2§), (5)

O6paboTKa 3TUX U3MEPEHHI MO3BOJISIET ONPEIACIUTH BETUUUHY TTPOU3BEICHMUS
cos” 2 -sin?(0.5k8) = 12/ (122 + 1), (6)

[Ipennaraembiii MOAXO0J MO3BOJSET YHUTH OT aOCONIOTHBIX M3MEPEHUN HHTEH-
CUBHOCTH CB€Ta U M30aBUTHCSI OT U3OKJIUH, KOTOPHIE UCKAKAOT KAPTUHY BU3YaJIU-
3allMU HAMPSOKEHUN U HE MOTYT OBITh MCKIIFOUEHBI JJIsI IIUPOKOGOPMATHBIX CTEKOJI C
nomoleio. Pacnpenenenne paznoctu $asz 6(X,y), moiaydaeMoe Ha OCHOBE 00paboT-
KU pacrpe/ieiCHHss HHTCHCUBHOCTH C y4eToM Beipakenuii (3) u (6), B o011eM ciayyae

AMEET BUJ
d/2

5(x,y)=(kC/cos2a) [ (ox(xy,z)-oy(XY,2)dz (7)
-d/2

rie oy U o, — HanpsbkeHus HopManbHble m1ockocTsiM OYZ u OXZ cooTBeTCTBEH-
HO, C—OTHOCHUTCIIbHBIA ONTHYCCKHA KOI(PPHUIMEHT HampspkeHus, d — ToJmuHa
CTEKJIa. YUYHUTHIBAsi B3aUMOCBS3b (Pa3bl BOJHBI C HANPSDKCHUSMU MOYKHO BOCITPOM3-
BECTH M0JI€ MEXAaHUYECKUX HAMPSIHKEHUM.

MetonaMu NMOJSIPUMETPUN UCCIEAOBAHBI 00pa3Ibl 3aKAJIEHHOTO CTEKJIA Pa3iny-
HOU TOJIMHBI, U3TOTOBJICHHBIE MPU PA3IMYHBIX pEKUMaXxX 3aKkaiku. M3amepenus: mexa-
HUYECKUX HANPSHKEHUN NPOBOAMIMCH HA CO3JaHHOM 3KCIEPUMEHTAIBHON YCTAHOBKE
TOJISIPUCKOTIA OOJIBITIOTO TOJIST ¢ MCMOJIB30BAaHUEM pa3pabOTAaHHOTO METO/a, a TaKKe
npu niomonm nossipuckona-nousipumerpa [IKC-250. Ha pucynke 1 mpencrasieHo
pacnpe/ieNieHie MHTEHCUBHOCTH TMOJISIPU30BAHHOTO cBeTa (4 = 532 HM), mpolieaero
yepe3 crekino pazmepom 300 x 300 mm, TonmmuHoM 6 MMm. Pacnipenenenue mexanu-
YECKUX HAIPSHKECHUA M ONTHYECKOM PAa3HOCTH XOJa Ha ydyacTKe A-A, MOJyYCHHbBIE
JIBYMSI METOJAAMH MPEACTABICHO HA PUCYHKE 2.
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Ao, ] A BE™m
MIIa 1 200
1 100
~ 0
200 |
150 |
50 ¢ A
0 1 2 3 4 5 6 7A881 9 =xcMm
Pucynok 1 — Peructpupyemas Pucynok 2 — Pacnipeienenne MeXaHMIECKHUX
MHTEHCUBHOCTD CBETA, IIPOLLIEAIIAs HANPSKEHUN G U ONTUYECKOM pa3HOCTH Xoaa A

yepes UCCIelyeMOe CTEKIIO B INIOCKOCTH CTEKJIA;
o 1 A — nannnle [IKC 250

2. Perucrpanus paccesiHHOIO CBeTa JJIs U3MepPeHUs
npopuiist MEXaHUYEeCKUX HANPSAKEHU N

OlnieHKa MOBEPXHOCTHBIX HANPSKEHUM TpeOyeT MpelBapUTEIbHOTO MU3MEPEHUS
LHEHTPAIbHOTO HAMNPSHKEHUS, YTO BO3MOXKHO, HAIIPUMEP, HA OCHOBE aHaju3a pacces-
HUS CBETa HA HEOJHOPOJHOCTSX paclpeleseHusl IMoKa3aTelas MpeoMIICHUs
B crtekie. HaOmrogeHne Takoro paccesHus MO3BOJSET BU3YaTU3HPOBATH PaCIpo-
CTpaHEHHE CBETa B aHM30TPOINHOM crekiie. [Ipu 3Tom, aHanu3upys pacnpeneneHus
WHTEHCUBHOCTH PACCESIHHOTO CBETa MOYKHO NMPAKTHUYECKHU JOKAJIbHO HCCIEAOBAThH
aAHU3O0TPOIMIO MOKA3aTelsl MPEJIOMJICHHUS U HaIpsDKeHUs: B cTekie [2]. PaccmoTpum
OpOLEAYPY U3MEPEHHUS], UCTIONb3YyEMYIO B 3TUX MeToaax. CxeMa u3MepeHuil npea-
CTaBJICHA HA PUCYHKE 3.

M4
23
|
1 Ilz A
L
A

Pucynok 3 — Cxema uzmepenusi: 1-uCTOUHUK CBETa, 2-MOJISIpU3aTop, 3-JIMH3A,
4-rccrnemyemMoe CTeKIIo, S-(poToperucTpupyroliee yCTpoucTBO
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JIvHENHO MOJIIPU30BaHHBIM CBET HOPMAJIBHO MAJAaET HA TOpEl CTeKiua 4 u mpo-
XOJIUT yepe3 Hero. PaccesHHBIN CBET perucTpupyercs B IUIOCKOCTH TEPIIECHIUKY-
JSIPHOM HAIMPABICHUIO PACIPOCTPAHEHUS (HOTOPETUCTPUPYIOMUM YCTPOUCTBOM
6 (dboTompueMHHK WM MaTpuiia (HOTONMPHUEMHUKOB). NHTEHCUBHOCTh PACCEIHHOTO
CBETa OIpeIeseTCs KakK

)
1(z,x) = 1,sin*(0,5k,Co(z)x), (8)
CCJIM HaIIpaBJICHUC Ha6J'IIOI[eHI/I$I pacCCIHHOI0 CBCTAa COBIIAAACT C HAIIPpaBJIICHUCM
MOJISIPU3ALIMY T1aJIAI0IIET0 Ha CTEKJIO CBETa U B BUJE

1(z,x) = I, cos? (0,5k,Co(z)x), (9)
€CJIM HampaBJeHHE HAOIIOJICHUS PACCETHHOIO CBETa IMEPICHAUKYJISIPHO HaIpaBiie-
HUIO MTOJIIPU3AIMH 1aaf0IIEro Ha CTEKIO CBeTa. 31eCh |, —HEKOTOpas IMOCTOSIHHAI,
k, —BOJHOBO€ 4HCJIO Bakyyma, C — KOHCTaHTa (OTOYNPYTOCTH, o(z) — (YHKIHS

OIMCHIBAOINAS PACTIPE/ICIICHUE HAMIPSHKCHUS B CTEKIIC.
Ha mpaktuke pacmpenencHHe HaMpsDKEHUH MO TONIIUHE CTEKIA OIMMCHIBAIOT
dyHkmel Buaa [2]
_ _ 2
oc=0,1-12(z/d) )’ (10)

rae d — TommMHA CTEKNIA, ¢, — HanpsikeHue Ipu Z=0 (UeHTpalbHOE HANPSKEHUE

pacTsKEHUS).
AHaJN3 PErUCTPUPYEMBIX 3aBUCUMOCTEHN |(Z,X) TMOCTPOCHHBIX MPU CKAaHUPOBA-

HUU ITyYKOM CBETa NapajuieJbHO ocu 0Z MO3BOJISIET MOIYYaTh OLIEHKH 3aBUCUMOCTEN
HanpspkeHuit o(z). Takoe onpeneneHre BO3MOXKHO, €CJIU ITPOoaHaIu3upoBaTh pacce-

SHHUE CBETa B CITydae ero pacnpocTpaHeHHUs BIOJb ocu obpasma (T.e. mpu Z = 0, cm.
pucyHok 3). OneHka o, MOJy4YaeTcst Ha OCHOBE METO/Ja HAMMEHBIIUX KBAJPATOB, B

KOTOpPOM MHUHHUMHU3HUPYETCSI CyMMa KBagpaTOB HEBSI30K
n
S(AAL0,) =2 (1 -1'(x A A0,))
1=

Tac |ie — U3MCPCHHOC 3HAYCHUC MHTCHCUBHOCTH PAaCCCAHHOI0 CBETA JJIsI KOOpAWHA-

(11)

2
’

Tl X, (i=1n), I'- TeopeTnueckas MOJENb PacCesHHs CBETa, KoTopas ¢ yueToMm (8)
3aIUIIETCS KaK
1'(%, A, A, 0,) = A —0,5A cos(k,o,Cx;), (12)
a B ciydae (9)
1'(x, Ay, A, 0,) = A +0,5A, cos(k,0,Cx.), (13)

B aTux Mozensax A ONUCHIBACT HEKOTOPYIO MOCTOSIHHYIO COCTABJISIONIYIO [2].

Ha pucynke 4 mnpencTtaBiieHbl pe3yJibTaThl HCCIACAOBAHUS PACCESHHUS CBETa
¢ mmHOU BoyHBI 0,533 MKM, 00pa3lioM CTEKJIa TOJIIMHON 6 MM, IIMPUHA W JTMHA
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KOTOpOro cooTBeTcTBeHHO paBHbl 100 u 140 MMm. OOpaboTka MOTYyYEHHOU 3KCIie-
pUMEHTaIBHO 3aBUCHUMOCTH |(X) ¢ ucrmonb3oBanueM (12) nana cleayrouryro OIeHKY
o, = 40,2 MIla (cornacuo (10) mosepxHocTHOE HanpspkeHue crekna 80,4 Mlla).
Kak cnenyer u3 pucyHka 4 3aBUCUMOCTD |(x) He sIBIsIeTCS B CTPOTrOM NMOHMMAaHHH
NePUOINYECKON (paccTOsSTHUE MEXIy MHUHHMyMamH 3aBucuMmoctd |l(x) He Besme
onuHakoBoe). [IpuemiieMoe coBnajieHue ¢ PElICHUEM 3aa4d MUHUMU3ALNN (PYyHK-
nuonana (11) mabaromaercs nuiib B 06gacty ot 50 MM 10 110 MM. DTO MOKHO 00b-
ACHHUTH TEM, YTO HANPSIKEHUs 0, HE BE3JIE B CTEKJIE MPU z =0 MOCTOSHHBIL, THOO CBe-
TOBBIC JIYYH PACIIPOCTPAHSIOTCS HE BJIOJb OcU oOpasna (T. €. z=0), 4TO NPUBOJUT K
UX UCKPUBJIEHUIO (3(PPEeKT OTpUIaTENbHOM JINH3BI).

:% 44 | G. . - .
2 | .
.; 40 . - -
g’ L:_".' . - . - .
g ‘z-! 1 . * "
5 V 1”“ W ‘ _ © 36 . .
z ‘ ‘ M ! il 'll l
8 1 | |
5 ' lI'.- ' ”t' "\l 32
= T T d T T T ' — ! ' ' ' !
0 40 80 120 0 40 80 120
[, Mm [ MM
Pucynok 4 — Perucrpupyemast 3aBUCUMOCTD Pucynok 5 — Pacnipenenenue
WHTEHCHBHOCTH paccessHHoro certa |(x) mpu HaIpPsKEHUS BJIOJIb
Z =0 (B xauecTBe pPEeruCTPUPYIOLIETO YCTPOIi- CBETOBOIO ITy4Ka
CTBa 6 MCNOJB30BAJIACH MAaTpULIA
(OTONPHUEMHHUKOB)

Bce 3710 B cBOIO 0ouepenb 03HAYAET, UTO CBET PACIPOCTPAHSIETCS B 00JIACTAX, T
HaIpsDKEHUE He OCTOsIHHO. Kpome Toro, cieayer OTMETUTh, YTO BOJIM3U KpaeB JIK-
cra crekia (X ~ d ) HanpsokeHuss He onMchiBaroTcs Mozenbio (10). YuuteiBas Bce

BBIIIIE CKa3aHHOE MOXHO TOJYYUTh OIIEHKHM O BJIOJb PACIpPOCTPaHECHUs Tydka l.
Jlist aTOrO OYyaeM mojarath, 4TO B Mpeenax MEexKIy MUHUMyMaMH 3aBucuMocTH 1(1)
HanpsokeHus o () mocTOsSHHBI.

Ha pucynke 5 pe3ynpTaThl TaKOro MOJEPUPOBAHUS TMPEICTABICHBI TOYKAMU
(HeTmpephIBHAS JIMHUS — paHee HaWIEeHHOE IPH PEIICHWH 3aJa4ll MUHUMH3AIUU
dbynkunonana (11) 3nauenue nanpsixenus 40,2 Mlla).

AHamu3upyst pUCYHKH 4 M 5 MOXKHO CHACNATh BBIBOJ, YTO HANPSDKCHHE HA MYTH
pacrnpoCTpaHEeHHs CBETa BO3PACTaeT. ITO O3HAYAET, YTO IJIaBHASI MPUYMHA OTKJIOHE-
HUS DKCTIEPUMEHTAJIbHBIX JTAHHBIX OT MOJIeIbHOT0 onucanus (8), (9) cBsg3aHa UMeH-
HO C U3MEHEHUEM LEHTPAILHOTO HANPSIKEHUS O, .
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3akaoueHue

IIpencraBieHHbIE PE3YyJIBTATHl UCCIECIOBAHNUS ONTUYECKUX CBOMCTB 3aKAJICHHBIX
CTEKOJI TO3BOJISIIOT CHIeJIaTh BBIBOJI, UYTO MPEJIOKEHHBIM MOJAXO0J IO3BOJSET KOP-
PEKTHO OLICHUBATh PACHPEICICHUE BEIUYNHBI HANIPSKECHUNA B AaHU30TPOMHBIX HEO-
HOPOJHBIX OOBEKTax OOJBINON IIIOIaAu. BhIMOMIHEH cpaBHUTEILHBINM aHAIN3 pac-
npejeeHus HapsHKEHU B o0pasliax 3aKajieHHBIX CTEKOJ Pa3uyHON TOJIIUHBI U
PA3JIMYHOM CTEIICHU 3aKaJIKU.

JIuteparypa

1. Wsmepenue pacnpeneneHuss pasHocTd (a3 0Opu  JIMHEWHOM JIBYyJIy4e-
IPEJIOMJIEHUU B TBEPIBIX TeJaX ¢ BHYTpEHHUMHU HampspkeHusmu / A.B. XomueHko
[u mp.] // Uzectust ITY um ®. Ckopunbl. Ect. Hayku. — 2016. — Ne 3 (96). —
C. 124-131.

2. Scattered laser light fringe patterns for stress profile measurement in tempered
glass plates / S. Hodemann [et al.] // Glass Technology. — 2014. — Vol. 55. — Ne 3. —
P. 90-95.

A.A. lllambina, B.H. Kammuaii

YO «I'oMenbCckuil rocyJapCTBEHHBIN YHUBEPCUTET
nMenn @panuucka Ckopunb», ['omens, benapyce

BJIMAHUE OPUEHTAIINUA JJIJIMIICA TOJIAPU3AIINA
MMAJAIOIINEI'O U3JIYYEHUA HA TEHEPALIMIO
BTOPOM TAPMOHHMKH OT MOBEPXHOCTHU KOHEYHOI'O IIUWJIMH/IPA

BBenenue

Tewma reneparuu Bropoit rapmonuku (I'BI') B 00bEMe KpUCTAIITOB yKe XOPOIIO
M3y4eHa U JOCTATOYHO XOPOIIO OCBelleHa. B mocnegnee Bpems 3aKOHOMEPHO MPH-
Biekaer BHUMaHue ['BI' ot aBymepHbIXx 00bEKTOB. B wacTHOCTH, Takoe siBIeHUE
MOXET HaOII0/IaThCsl B TOHKOM CJIO€ ONTUYECKU HEJTMHEWMHOTO BEIleCTBa, HAHECEH-
HOTO Ha JIUAJIEKTPUYECKYIO YACTHUILY B IUDJICKTPUKE. DKCIIEPUMEHTAIBHO JI0Ka3aHo,
YTO AUIOJbHAs MOJIeNb Xopoino onuckiBaeT I BI' oT Tonkux cinoés [1]. CornacHo e
B IIEHTPOCUMMETPUYHBIX Cpelax HeluHeWHble 3((EKTh BTOPOro MOpsaKa 3ampe-
mieHbl [2]. OnHaKoO B TOHKOM HEJIMHEHHOM CJIO€ IIEHTPOCUMMETPUYHOCTh Hapylila-
€TCs1, 94TO Mo3BoJigeT HabmoaaTh I'BI' 1 rerepanuio cyMMapHOH 9acTOTBI. ITO MO3-
BOJISICT TIOJIyYaTh CUTHAJI yABOEHHOW YacCTOThl MCKJIIOUHUTEIHHO OT HEJIWHEHMHOTO
cJIos1 M M30eraTh €ro MCKa)XEHUs CHUTHAJIOM KaK OT 00bhEMa 4YacTHUIlbl, HA KOTOPYIO
HAHECEH CJIOW, TaK U OT OKPYKAIOIIEH CPebl.
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I'BI" ye akcnnepruMEeHTaJIbHO UCCIIENOBAaHA OT IOBEPXHOCTH HAHOYACTUIl B pac-
TBOpax, AUAJIEKTPUUYECKUX YACTUI] B KPUCTAUIMHOBOM CJIOE€, BOJSHBIX Kallellb, a
TaKXe OMOJIOTUYECKUX KIJIETOK. DTO SIBJIEHWE MOXKHO HMCIOJIb30BaTh JJIsl Opeieie-
HUS paclipeiesieHUs IOTHOCTH aJcoOpOMpOBaHHOTO HEJIMHEMHOTO BEIlleCTBA Ha I10-
BEPXHOCTU YaCTHUIIbI, TOBEPXHOCTHOTO MOTEHIINANa, CBOOOIHOW SHEPTUU, CTPYKTY-
pbI IOBEPXHOCTH. B KauecTBe HENMHEHHOTO CJ10s1 OBLIM MCITOJIB30BaHbI aJIcCOPOUPO-
BaHHBIC KpacuTelu (MaJlaXUTOBBIM 3€IEHBIN, MUPUIMH), TOBEPXHOCTHO aKTHUBHBIX
BEIIIECTB, OMOMOIMMEPOB. TaKkke ¢ ero MOMOIIBIO CTaJI0 BO3MOYKHBIM MCCIIEIOBAaHNE
KMHETUKU TPAHCIIOPTA yepe3 MeMOpaHsbl JIMIocoM [3].

1. IlocTaHOBKA 3a1a4Yn

Jlist pemienust 3agayuu o ['BIT oT moBepxHOCTH ITUIMHIPA TOHAA00ATCS AEKapTO-
Ba, IWIMHApUYECKas U cepuueckas cucTeMbl koopauHaT. Cxema 3agadyu u3obpa-
YKE€HA Ha pUCYHKE 1.

Pucynok 1 — Cxema 3amaun

Ocp OX mnampasiieHa BrpaBo, a ocb Oz BBepx. Ock Oy mnepneHauKyIspHa UM
oboum. Bekrops! €,,€,,8, — 3TO eIUHUYHBIC OPThI JEKAPTOBO CHCTEMbI KOOP/IH-

HaT, € p,e ez — CIHMHHYHBIC OPTHI HHJ’IPIHI[pH‘-IGCKOﬁ CUCTCMBI KOOpAHMHAT, a4

¢ ’
€,,€,, €, — E€IMHUYHBIE OPTHI CHEPUYECKON CHCTEMBI KOOPIMHAT. B meHTpe cucre-
MBI KOOPJMHAT PaCMoI0XKUM IIMIMHAPUICCKYIO YacTuIly Baosib ocu Oz. I1ycTh BbI-
coTa 4acTUIsl paBHA N, paauyc €€ OCHOBaHMS @, a camMa YacTHUIlA MMOKPhITa HEIH-
HeWHBIM ciioeM Tommebl d, <<a (d <<h).

HYCTB magaroiias B IIJIOCKOCTH Oxz BosHA 3d/laHa YPABHCHUEM
E"(X)=8"E,exp(ik*x—iat). (1)

3necy E, — 310 ammunTyna nagaromieii BomHbl, K — Moayiis €€ BOJIHOBOrO BEKTOpa

0
Ha IIUKJIMYECKOM 9acTOTe @, a BEKTOp €" XapaKTepu3yeT MOJSPU3ALMIO Taaromei
BOJIHBI U 3371aéTCs (POopMyITOH:
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(sing,e, +cosg, (—cosb,e, +sinb,e, )

= +
J1+ o2

io(—cosg,e, +sing, (—cosb,e, +sind,e, ))

in~z

, 2
J1+ o2 @

riae 6, — 3To yroia Mexay HallpaBlIeHHEM Majaromeil BoiaHsl ¥ ocbio Oz, a ¢ — 310

=in

+

YTOJ MEXJy OOJBINCH IMOTYyOChIO 3JIIMIICA TOJSIPU3ANNH M INIOCKOCTHIO IaJICHHS,
—1< o <+1 xapakTepu3yeT AUIUITHIHOCTD MAA0IIeH BOJHBI M PABEH OTHOIICHUIO
MEHBIIIEH MMOYOCH 3JUIUIICA Mosapu3anuu K Oonbinei (o >0 — mpaBast moJispu3a-
s, o <0 — neBas mosspu3amms).

2. Pemienue

B npubnuxenun Panes-I"anca-J/lebas paccessHHast BOJIHA OTCYTCTBYET M TIOJI€ B
OKPECTHOCTH yYacCTKa MOBEPXHOCTH PABHO MO0 MaAarolied BOJHBL. Toraga B Jau-
MOJIbHOM TPHUONIKEHUH TMOJSPHU3allds y4acTKa MOBEPXHOCTH 3aBUCHUT OT Hampsi-
AKEHHOCTH JIEKTPUUECKOT0 TOJIA B 3TOM TOUKE CIEIYIOUM 00pa3oM:

P ()= 2, (DEL (V)E! (%), ®

e MHICKCH |, j,K 0003HAYAOT KOMIOHEHTHI BekTopoB P’ u E", a Temsop

i (7() — 3TO TEH30p HEJIMHEHHOW BOCIPUMMYHMBOCTU TPETHErO0 PAHIa, UMEKOLINN
JJ11 HEKUPAJIBHOTO CJIOS CEAYIOMIMI OOIIUIA BU/I:

Zy (R)=znnn + 7,05, + 7,(n5, +n5,), (4)

rae ¥, , — KoO3pGUIHUEHTbI aHU30TPOIUH, N, N, ,N, — KOMIIOHEHTBI BEKTOPa HOpMAJIHU

K TIOBEPXHOCTH, O,

1104, 0, — nenbTa-cumBosibl Kponekepa. B dpopmyie (3) nonpasy-

MEBAETCSl CYMMHUPOBAHUE T10 MOBTOPSIOIIUMCS UHICKCAM.
[Tosie reHeprpyeMOr BOJIHBI MOXHO BBIYMCINUTH KaK CICAYIOIIMKA WHTErpaj Mo
00BEMY CIIOA:

o0(1 ) (2]
|)—(>| Cz v

rae 4°° — DTO MAarHuTHas HPOHHMIAEMOCTh OKPYKAIOMIEH CpeAbl Ha YacTOTE

exp(ik*”

—x)

R-x]

E(X)=(1-€, ®e,)u™ P*(x)dx', (5)

2m, C — cKOpoCTh cBeTa. B manbHei 30He popmyna (5) ayis 00KOBOIH MOBEPXHOCTH
MATUHAPUYECKON YaCTHUIIBI TTPeo0pa3yeTcs K CIeAYIOIIeMy BUIY:

= 2 in(k“h 0 — 0
E(X)=2ﬁiu2”@doahE§(1_er@er)s'”< (cosd, —&cos o))
¢’ k°h(cos 6, —&cos6)

e £=n°“/n” — »3To ;ucTepcHs OKpY)Kaiomed cpemsl, a f  3amaéres

f.(X), (6)

—

BBIPAKCHHUECM.
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—

fu (0)=7[ (€7) 73, (2) (€767 20, (2) (€767 ) 4 (3, (2)+ 9, () 14 -

o o (7)
~26" (81 ) 1, (2) - 261" (€] ) 11 (3, (2) + 35 (2)) 1 4,
3alMcaHHbIM uepe3 GpyHkuuu beccens J, (Z) 3nech
. (sin @, Sin@ —Cos g, c0sG, cosp —io (Cos g, sing+sing, cosd, cos gp))ep
g = +
V1+o? )

(sin @, COS@+COS @, COSH, Sinp+io(—Cosy,, COSp+sin ¢, cosd, sin (p))eq,
+

1+o0°

— 3TO IPOEKLMS BEKTOPA MOJLSIPU3ALMM ITaJAIOLIEH BOJIHBI Ha IUIOCKOCTbH, NEPIICH-
JTUKYJIIPHYEO OCH LIUINHIPA;

q, =|d.|= 2k“’\fsin2 0, —2&sindsin @, cosp+ E2sin® 0 (9)

— 9TO MOJYJb COCTaBIISAIONICH BEKTOpa paccessHus (= 2k —k?* B miockocTy, nep-
HCHIUKYJISIPHOM OCH LIUIMH/IPA;
o sing,_cosp—£sind)e  —siné,_ sin e
v=qL/|qL|=(_ n g _)” bl (10)
\/smz 0, —2&sin@sin @, cosp + E2sin® @

— 3TO €IUHUYHBIN BEKTOP B HaIlpaBlIeHUU (, .

Wuterpan (5) mociie BBIYUCICHUS IS TOPILOB IHJIUHAPA, UMEIONIHX (opMy
JIVCKOB, IPUHUMAET BUJL

(20) exp(ik2“|>‘<’|)

E(X) = 27ip* > A dya’E¢ sin(k (cosd, —£cosd)h)x w
><(‘Jo (qJ_a)+ JZ (qj_a))(l_er ®er) Fbut (X)’
rje BektopHas GyHkus o, (X) 3amucbiBaeTes Kak
) 2 o
i 7+22)(8%. F + 7, (e"&" }c059+
bet(x): [( 1 3)( ) 2( ) e +
+2,(€", )(ey sin@cosp+e)' sindsing)
) 2 o
(27 (8%, + 4, (76" }sin¢9+
+ [( ' 3)< ) 2( ) e, + (12)

+27,(€"e, )(€l’ cos@cosp+e)' cosdsing)

+27,(€", )(—ey sinp+ey cosp)e,.
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[TonydeHHbIe 3aBUCUMOCTh UMEIOT CJIOKHYIO (hOpMY, TOITOMY MX aHAJIHU3 MPOIIE
MPOBOJUTH IMMOCTPOCHHEM auarpamMMm HampasiaeHHocter (/IH), xapakrepusyrommx
pacrpeeseHrne TeHEpUPYEMON BOJIHBI B IIPOCTPAHCTBE.

3. UncJieHHBIN aHAJIU3

[TocTpouM nuarpaMMbl HAMPABIEHHOCTH JUISl CIEAYIONIUX apaMeTPOB 3a1auH:

£=11a=0,5nh=0,23,0=0,56, =714, 4, =0, x, =0, y, =1. (13)
Ha pucyHkax BBeJeHBI IIBETOBbIE 0003HaueHUs. 3elI€Has CTpeKa — OCh LIUIUHIPA,
CUHSISL CTPEJIKA — HAIPABJICHUE MAAIONIEH BOJHBI, KPACHAS CTPEJIKA — HAIIPABIICHUE
OOJIBIIION TMOJYOCH 3JuIvIica nosisipu3anuu. [[Ber moBepxHoctu JIH o3nHauyaer moss-
pHU3aLMI0 TEHEPUPYEMOTO u3llyueHus. KpacHslil IBET — MPABO HUPKYJISIPHO MOJISIPU-
30BaHHasl BOJIHA, CUHUW I[BET JIEBO LUPKYJISPHO MOJSPU30BAHHAS BOJHA, OEbIN
UBET — JIMHEMHO MOJISIpU30BaHHasA BOJHA. CIUIONIHBIC W IITPUXOBBIC JIMHUUA HA MO-
BepxHocTH JIH — 3TO mpoekumu OOJMbIINX W MEHBIIUX MOJYyOCEH T'€HEPUPYEMOTO
u3nydeHus: Ha noBepxHocTh JIH. Yrael Mexay Oomblieil moayochlo 3IIIUICa TOJIs-

pHU3alMU U IUIOCKOCTHIO MAJCHHMS CJICBA HAIPAaBO:
¢, =00 =74, =712 (14)

0.5

o |

—0.5

O

X

Pucynok 2 — JIH a5t pa3nuyuHbIX OpUEHTALMN JUIUIICA OIS pU3aluu

N3 pucynka 2 BUIHO, YTO OPUEHTAIMSI AJUIATICA TIOJIAPU3AIMU OKAa3bIBAET CaMOe
HerocpeacTBeHHoe BiusiHue Ha ¢dopmy JIH. M3menenue yria HakiioHa OoJblien
MOJTyOCH 3JUTUTICA TIOJISIPU3ANMH K TUIOCKOCTH TMaJIeHUS BEAET K MPOSBICHUIO aCUM-
meTpuu ¢hopmbel [[H 1 n3MeHeHUI0 HarpaBieHNs MPEUMYIIICCTBEHHOTO U3JTyICHUSI.

3aKkJaoYeHue

C nomoinpto aHamuTHueckux opmyi (6)—(12), onuchIBarOIUX MPOCTPAHCTBEHHOE
pacrnpesiesieHle W3My4YeHHsI YABOCHHOM 4YacTOThl, OOHAPYKEHO, YTO OpHUEHTAIUs dJI-
JIUTICA TOJIAPU3ALMU 10 OTHOLICHHUIO K TUIOCKOCTH MAaJICHUS BIIMSECT HA HAINPABICHUE
IJIABHBIX JICMIECTKOB M3TyueHus. CTOUT OTMETUTh, YTO 3TH K€ (OPMYJIbI XapaKTepH-
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3YIOT BIIMSIHUE PA3MEPOB YACTHUILIBI HA MPOCTPAHCTBEHHOE PACHPENIECIICHUE TEHEPUPY-
€MBIX BOJIH, YTO ObUIO paHee MOJIyYEHO IKCIEPUMEHTAIBHO IS ChepruyYecKuX ya-
ctuil. [Tone BTOpoi rapMOHUKH COCTOMT M3 YacCTH, CO3/1aBaeMOi OOKOBOM MOBEPX-
HOCTBHIO LWJIMHJIPA, U YaCTH, CO3JaBa€MOM TopiaMu nwiuHapa. [loatomy nambHeu-
IMe Pacy€Thl MOKAXKYT, YTO YBEIMYEHUE PANyca UUIMH]IPA IO OTHOIIEHUIO K €ro
BBICOTE BEAET K YBEIIMUCHUIO BIUSHHS TOPLUOB Ha pe3yibTupyromywo /IH u nsmene-
HUIO €€ (hOpPMBI.

Jluteparypa
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I1.C. lllanoBaJioB

YO «'oMenbCkHil TOCyJapCTBEHHBIN TEXHUYECKUN YHUBEPCUTET
umenu [1.0. Cyxoro», I'omens, benapych

OINIMCAHUE B3AUMOJENCTBUS JA3EPHBIX ITYUYKOB
B HEJIMHEWHBIX CPEJJAX

Jlis onucanust (PU3HYECKUX HEJTMHEHMHBIX CHUCTEM HCIOJIb3YIOTCS CUCTEMbl HEJU-
HEHHBIX JU(depeHInanbHbIX ypaBHeHUd. Cilydan MHTETPUPYEMBIX CHUCTEM KpaiiHe
penku [1]. HacTo Ay Takux CUCTEM OTCYTCTBYIOT MHTETPAIIbI ABMXKEHHUSI, UYTO YKa3bIBa-
€T Ha HaJIMYMe B TUHAMHKE CJIO’KHBIX (B TOM UYHMCIIE U XaOTHYECKUX) PEXKUMOB. 3a/1aun
VCCIIEIOBAHUSI HEJIMHEWHBIX OCLWLIATOPOB 4YacTO CBOJATCS K cuctemam Epmaxosa,
1151 KOTOpoH cyiectByeT EpmakoB-JIeBuc-Peli-Pelin nnBapuant [2].

B nannoit pabote 3aa4ya B3auMOJECHCTBUS IrayCCOBBIX JIA3€PHBIX MMYYKOB B Cpe-
Iax ¢ KyOM4ecKoW HEIMHEHHOCTHIO C TTOMOIIY BapUallMOHHOTO METO/Ia CBOJIUTCS K
CHUCTEME YpaBHEHUM EpmakoBa, 1isi KOTOPOW HAWJIEH UHTETpasl ABUXKEeHUs. Pacmpo-
CTpaHEHHE B3aUMOJECHUCTBYIOIIMX ITYYKOB CBOJUTCS K CUCTEME HECKOJBKUX HEJIU-
HEHHBIX ypaBHEHUW, UMEKIMUX (GOpPMY U HHBAPUAHT JABUKECHUS, AHAIOTMYHBINA
oObryHOM cucteme EpmakoBa u3 AByX ypaBHeHH. [l03TOMy naHHYIO CUCTEMY MOX-
HO paccMaTpuBaTh Kak 00001IeHne cucreM Epmakona.
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Jlist onucaHusl B3aMMOJEHCTBHS CBETOBBIX ITYYKOB B Cpeie ¢ KyONYeCcKOW Helu-
HEIMHOCThIO M KBAJPAaTUYHOM HEOJHOPOJHOCTHIO OYyJeM UCXOIUTh U3 CUCTEMBI HeE-
JUHEHHBIX NapaOoIMYecKUX ypaBHEHUHN [3], 3alMCAHHBIX B JAEKApTOBOM cUCTEME
KoopauHaT (X, Y, Z). B 1aHHOM cily4yae my4YkH CUMTAIOTCSI HEKOT€PEHTHBIMU MO3TO-

My UHTEPPEPEHIIMOHHOE B3aUMOJICHCTBUE CBETA HE YUUTHIBACTCSI.

o, J*, . oJU
é’x21 + é’y21 —<IKy azl —kia(x® +y*)U, +k12,8(‘U1‘2 +2‘U2‘2)U1

e @
0’7&::2 O;LyJ é,Uz_k22a(x2+y2)U2+k22ﬂ(‘uz‘2+2‘ul‘2)l.J2:O-

3neck 11 j-ro mydka (j=1, 2) U; — KOMIUIEKCHAS aMILTATY/1a 3JIEKTPOMArHUTHOTO
10JIs Ha KPyroBOW 4acToTe Koynebanui o, k | =+/€;®;— BOJHOBOE YHUCIIO, &;— JIU-

HEWHas JURJIEKTpUYEecKasi MPOHUIIAEMOCTh Cpelibl, o — KO3(PPUIIMEHT KBaApaTHy-
HOUM HeoaHopo HocTU cpenbl (o =0 — cpena ogHopoaHas), [ — KOADPUIIMEHT He-
muHerHocTH. Cucrema (1) onuchiBaeT B3aMMOAEHCTBUE JIA3€PHBIX MTyYKOB B Juaria-
30HE YacToT, I'/I€ BpEMEHHAS! AUCTIEPCHSI CPEJIbl MPEHEOPEKUMO Maa.

s cucteMsl ypaBHeHHﬁ (1) 3anumemM uHTErpan AEUCTBUS

L(louf Jou[)_if, U j-2u.), 1(]eu,] [ou,f
J = Idzjwdyjdx \[ox] "oyl | e e [Tk ‘ax‘+ay‘

[ ou, . oU
_k_2[u2 2 -u; azzj+a(x2 + yz)(\Ul\z U )-D(U.f +4u,fU +\u2r‘)}

Pemiast cucremy (1) BapralluOHHBIM METOJOM B KJIACCE€ KPYTOBBIX IayCCOBBIX ITy4-
KOB JUUI KX PAJUyCOB, ITOJTYYUM CUCTEMY ypaBHEHHM [4]:

o'w, :|:4(1_k12M1)W2_ 32,W, /W, } 1
1

oz’ k12W1 (Wl/WZ T W, /Wl )2 waz (2)
azwz + oW, = 4(1_ kzzuz)wl _ 32“1W2 /Wl 1
ra 2 k? ( Y |ww?

z 2 W, Wl/W2+W2/W1 1'%2

rne 1=12, u. =pP / 4rt, P, — MoOmHOCTG i-ro my4yka, W, — paJinyc CBETOBOTO TISITHA

KpyroBoro nyuka. Cucrtema (2) npeacraBisieT cOO0M CUCTEMY YpaBHEHUM ISl IBYX
CBSI3aHHBIX HEJIMHEWHBIX OCIUJUISTOPOB M 3alKcaHa B CTAHJIAPTHOW €PMaKOBCKOM

dopwme [5]:

d+w’a= f(b/a)/a’b, b+w’b=g(a/b)/ab’. (3)
B ciyyae, KOTJla MOIIHOCTH B3aWMOJICUCTBYIOIIMX MYYKOB COBHAAAIOT
(P, =P,, u,=pn,=p), cucrema (2) OTHOCHTCSI K KJIACCy TaMHJITOHOBBIX CHCTEM.
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["amunbTOHMAH JJ1s1 Hee OYJIET PaBEeH:

2 2 2 2 2 2
_ 1[@) +1[%) polw +vi) 20-Kw) 20—k | 16p -,
2\ oz 2\ oz 2 W, W, W, + W,
JlaHHO€ yTBEpKIEHUE JIETKO MPOBEPUTH, NOACTABIISIS (4) B CUCTEMY:
o'w,  oH o'w, oH (5)

oz’ ow, oz’ OW,
YMHOXas IepBO€ ypaBHEHUSI CUCTEMBI (2) Ha |L,, @ BTOPOE YpaBHEHUS Ha [, , TUQ-
dbepeHIMpYS UX 0 Z U CKIIAbIBas, MOJTyYUM COOTHOIIICHUE

d3(1u1W12 +IU2W22)+4ad(IU1W12 +IU2W'§) -0

dz® dz ' ()
Oo1ee pemienue ypaBHeHus (6), B ciydan ogHOpoaHoM cpeabl (o =0), umeeT BU:
u W +u,Ws =C,z° +C,z+C, . (6a)
JI1s kBagpaTUIHO HEOAHOPOIHOM cpefibl (oL # 0) pereHue uMeeT BU/IL:
W2 + W2 =S, sin(2+/az) + S, cos(2+/az) + S, . (60)

B3auMopeicTBiue HECKOIbKHX IYYKOB, MOXHO (hOpMaNbHO CBECTU K pacIpo-
CTPaHEHHIO OJIHOTO IyYkKa B HEIMHEWHOU cpene, dPGEeKTUBHBIN pa3Mep KOTOPOTO
paBeH W, =W, +L,W,, PEalbHbIE My4KH OYAyT OCHMILTUPOBATH BOKPYT 3hdek-
THUBHOTO.

[Ipu B3auMOJEHCTBUU ABYX AJUIMITHYECKUX TayCCOBBIX MyYKOB CHCTEMa ypaB-
HEHMH JUIA IIOJIyOCE CBETOBOTO IIATHA (Wyi, Wyi) UMEET BHLL:

OWa o | MW g 324, 1
azz N k12Wx1 1 \/(1+ sz /Wj1 )3 (l+ W;z /le) Wflwyl ,
o'W, aw 32u 1
+ oW, = LAy, — 2 :
822 ' k12Wy1 1 \/<1+ W)2/2 /W)2/1 )3 (1+ sz /Wfl) WXlW)Z/l (7)
O°W,, 4w, , 32u 1
2 4 oW, = -4, - - !

azz i k?_Zsz i \/(l-i- Wfl/sz )3(1+ W;l/Wf,z) szwyz
62

Wzyz +ow,, = ailE 52ty :

W g .
0z kW, " \/(1+ le/wiz)3(1+ Wfl/wxzz) W, Wy,

Jlnst cucrembl ypaBHeHUM (7/), aHAIOTMYHO KaK U JJIsl CUCTEMbl YpaBHEHU (2),
IPY OJMHAKOBBIX MOLIHOCTSAX MY4YKOB (L, =W, = [L) NOJyYUM MHBAPUAHT 110 (hopme

OJIM3KOM raMuIbTOHHAHY (4).
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+

1(8WX1)2 +l(awy1)2 +1(5WX2 jz +l(awy2 jz + OL(Wil +W>2/1)+ OL(W; +W§2)

2\ 0z 2\ 0z 2\ 0z 2\ 0z 2 2

211 1 2( 1 1 4u 4n 16
tool e Yo | Tvel e T |- - +
k; (le Wyl} K, (sz WyZJ WaWyr  Wio Wy, \/(W§1+sz)(W§1 +W§2)
Cucremy ypaBHeHu# (7) MOXKHO paccMaTpuBaTh Kak 00001ieHue cuctem Epma-
KOBa Ha CITy4ail MHOTOMEPHBIX HETMHEHHBIX OCHIIIATOPOB. Takue CUCTeMBI TOTXK-
HBI TOYHHSTHCS TEM K€ 3aKOHOMEPHOCTSIM, YTO M KJIAaCCUYecKue cuctembl Epma-

KOBAQ, T.€. OHH JIOJKHBI OBITh Pa3pelIUMBI.
YMHOXKas nepBoe BTOpOE ypaBHEHUSI cUCTEMBI (7) Ha |1, @ TPEThE U YETBEPTOE

YpaBHEHHUs Ha W, , IuppepeHuupys ux 1o Z u CKIaablBas, IOJy4YUM COOTHOIIEHHE
d3(pl(W +Wy1)+u2(w + W, )) d(pl(w +Wy1)+u2(w + W, ))

+4al =0. (8)
dz’ dz
Oo1ee pernieHue ypaBHCHI/Iﬂ (8), B cimyuamn oz[HOpOILHOﬁ cpenbl (o =0), umeeT BU:
pl( +Wy1)+},L2(W + W, )—C222+C12+C0. (8a)
JIns1 KBaipaTUYHO HEOTHOPOIHOM cpe;lbl (a # 0) penieHue umMeeT BU:
b (W2 W2 )+, (W2, + W2, )= S, sin(2Jaz) + S cos(2Vaz) +S, . (80)
[TocTosiHHBIE MHTETPUPOBAHUS HAXOIATCS U3 TPAHUYHBIX YCIOBUMA. OCHUILIALINANA
peabHbIX My4YKOB, OTHOCHUTEJILHO 3¢ (peKTUBHOTO pa3mepa

w? =, (W2, +Wy1)—|— (s +W§2), MOHO M3y4UTh C MOMOIIBIO MOCTPOEHUs (aso-

BOW OBEPXHOCTH YPAaBHEHUS.
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Teopus pyHgaMeHTANBbHBIX B3AUMOACUCTBUI

IIpencenarens — Tumomun C.U., Makcumenko H.B.

E.3. ABaksan, C.JI. ABaksan, M.B. 3a10po:kHIOK

YO «'omenbCKkui TOCYapCTBEHHBIN TEXHUYECKUI
yHausepcuteT uMmend 11. O. Cyxoroy, ['omens, benapychb

AJIPOHHBIE B3AUMOJEMCTBUA TAXKEJIOIO JEIITOHA

C MomMmeHTa OTKpBITUS B 1975 rony T-I€NTOH NPECTaBIAET COOOW BayKHEUIINI
UHCTPYMEHT JJIsl IPOBEPKH (PYHIAMEHTAIbHBIX ACTIEKTOB 3JIEKTPOCIa0b0ro B3auMo-
neicTBUs. B yacTHOCTH, B CBSI3U C TEM, YTO Macca T-JIENTOHA BeJIMKa, KHHEMaTHye-
CKH JTOIIyCTHUMBIMM SIBJISIFOTCSI aIpOHHBIE paclajibl, @ UMEHHO, pacnaabl B HECTPaH-
HbI€ U CTpaHHbIE ME30HBL. DTO MO3BOJISET JAOMOJHUTEIBLHO M3y4aTh Kak SIBJICHUS,
CBSI3aHHBIE C CHJIbHBIM B3aUMOJICHCTBUEM, TaK W SIBICHUSI, CBA3aHHBIE CO CJIA0BIM
B3auMoJielicTBUEM. B oTimuue oT Xopomio u3BecTHoro mporecca e'e” —yH (H-

aJApOHbI), KOTOPBIN MO3BOJSIET CYUTh JIUIIb O 3JIEKTPOMAarHUTHOM BEKTOPHOM TOKE,
MOJTYJIENTOHHBIE pacnaibl T-JENTOHA JAIOT BO3MOKHOCTh M3y4aTh KaK BEKTOPHBIE,

TaK ¥ aKCUaJIbHbIE TOKHU.

B Hacrosiiiee Bpemsi SKCEPUMEHTAIBHOE W3YyUEHHUE PACIaoB TSHKEJIOrO JICTITO-
Ha BEJETCS HeCKOIbKUMU rpymmnami [1], [2]. TeopeTnyeckoe nzyueHune B3auMo/iei-
CTBUM T-JIENTOHA MPOBOJIUIIOCH B PA3IMUHBIX MMOJX04aX, 0030p KOTOPHIX UMEETCS B
3], [4]

AHAJIUTUYECKOE BBIpAKECHUE JJIsI IIIUPUHBI paciaja T-JICTOHA B JIETKUE aJIpOHbI
COJICPKUT CHEKTpaldbHbIC (DYHKIMH, SIBHBIH BUJ KOTOPBIX 3aBUCHUT OT BHIOpAHHOMU
MOJIEIHN «CUJIBHBIX» U «CJIA0BIX» B3aWMOJICUCTBUM JIEITOHOB U KBAPKOB. JTO, €CTe-
CTBEHHO, OTKpbIBaeT OOJIbIINE MEPCIEKTUBBI UCCIENOBaHMH 3a pamkamu CTaHmapT-
HOUW Mojenu, 4to ABJISETCA HAa CErOAHSIIIHUMN JIEHb OJHOW U3 aKTYIbHEUIINX 3a7a4
(U3UKN BBICOKUX YHEPTHUH.

OcoO0bIi1 UHTEPEC MPENCTABISET U3YYEHHUE PACajoB, B KOHEYHBIX COCTOSHUSIIX
KOTOPBIX MPUCYTCTBYIOT MCEBIOCKAISIPHBIE ME3OHBI.

N3ydenue moayaipoHHBIX PacIiajioB T-JICITOHA TPEOYeT MPUBICUEHUS JOTIOJI-
HUTEJIbHOW MOJIENId CUJIBHBIX B3aMMOJICUCTBUN MPU HU3KUX SHEPTUAX, HAMPUMED,
pa3IuyHbIe KUpajdbHbIC TOAXO0MBI [S], [6].

B nanHO#t paboTe aapoH-KBApKOBBIC B3aMMOJICHCTBUA OyJIeM OIKMCHIBATH
B pamkax Mozenu Kondarinmupoanusix KBapkos (MKK) [7].
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1. Pacnagel 7 — Pv,

AMIUTMTYa JAHHOTO paciaja OnpeaesieTcs AuarpaMMon, PUBEICHHON HA pU-
CyHke 1.

PucyHnok 1 — Jluarpamma nponecca > PV_
AHQJIUTUYECKA OHA MOKET OBITh 3aIlCaHa B BUJIC:
G _
M :T;fncos &p'd, v(1-Yu._, (1)
— AﬁFP ( U2n>

7’5\12FPP< “2n> | @

Oynkuun Fp (ui) u Fpp (ui) UMEIOT CIIEAYFOITNI BU/I;:

rae f

Fo (X) = Ta(u)du + gjdua(—u 2}\/1— u, (3)
Fpp(X)IIb(u)du+§§dub(—uﬂl_lu_/u2 , (4)

2
m
3nech .= A—Z’“ , a ynkiuu a(u) u b(u) onpenencusl B [7]:

2 2
a(u)=2e™"" ", b(u) =2e7V" 04
[upuna u GpeHuYrHr pacnana t—> 7wV _ UMeeT BHI:

2

2
I'— m):%tGé cos’ Qfﬁmi(l—z”j ,Br( t—> nv) =

(> nv)
’ .

T tot

[Ipy nmony4eHnn MaTpUYHOrO IeMEeHTa pacnaga t—> KV _, HeoO0X0auMo pazanydaTrh

CTpaHHBIA U HECTPaHHbIE KBapKu. B paMkax nMcrnoiab3yeMoi MOAEIH 3TO TPUBOAUT K
MoauUKAIIIU CTPYKTYPHBIX HHTETpaoB (3), (4).
Hlupuna pacnaga T — KV, nonydeHa B BUJE:

m2

T

1 m2 )
F( > KV'):KGIE Sil’l2 QfKZerKI__Kj .
7T
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2. Pacnagpr =W _, —>aVv._

N3yuenue pacnaga T-J€NTOHA B BEKTOPHBIC YACTHUIIBI MPEICTABISAETCS HEOOXO-
JIVMBIM B CBSI3U C TEM, YTO P-ME30HHBIM KaHAJ ABJISECTCS OCHOBHBIM KaHAJIIOM pac-

[maaa TsKEIJI0Iro JICIITOHA. KpOMe TOT'O, BBIYMCJICHUC NIMPHUHEBI pacniaga t—> ,OVr AB-

JSI€TCSL JIOTIOJHUTENBHOM MPOBEPKOM BHIOPAHHOW MOJENIN CHJIBHBIX B3aUMOJECH-
CTBUU, MPETCHAYIONECH Ha aJICKBATHOE ONMCAHUE HMMITYJIbCHOW 3aBUCMMOCTH Mart-
pUYHBIX 3JeMEHTOB. CleayeT MOJYEePKHYTh, YTO BBIUMCIIEHUE AMIUIATY]l JaHHOTO
pacnajza B IpYyrux IMOJXO0Jax, HapuMep, B KUPAIbHBIX [6], CBS3aHO C MCIOJIb30Ba-
HHUEM KOHCTaHTHI pacmaaa o—> Y, KOTOpas, KaKk W3BECTHO, B YKAa3aHHBIX MOJX0aX

BBIYUCIISICTCS IPH HYJIEBBIX UMITYJIbCaX.
Ammntyna pacnaga > V. MOXET OBITb IPEJICTABIICHA B BUJE:

M (= ov)=[g"q"-q"q"'IF_, (9", (5)

rae F._,, (q%) umeer Buz;:

P (@%) = 0050 J_IAH(q) (6)

dopmpaxtop I1, (0%) ToIIyHUeH B CIEIyIOIIEM BUIIE:
1 (% X 7 X
I, (q°) = —| [bu)du+= [dubf —u= W1i-u |. 7
o @)= | Jou s fouf o)

Ammmaryna pacnaga > K'V_ uMeer Bua aHanorudsii (5), (6), oaHako mpu

BbIuuciaeHun GopMdpakTopa (6) HaMH YITECHO OTIUYUE MEXKIY MapaMeTpaMu CTpaH-
HBIX U HECTPAHHBIX KBapKOB.
[IIupuHBl NBYXYAaCTHUYHBIX PACHa OB T-JENTOHA C BEKTOPHBIMU YaCTUIIAMHU

B KOHEYHOM COCTOSIHMH, BBIYHCJICHHBIC II0 CTAHAAPTHBEIM (OopMylaM € Y4ETOM
(5)—(7), umerot BUL:
2 \? 2

Gem® A m 2m,
(> w)=—"F— 161 “cos’ hvmv —mzt 1+m—2T I1,(g®). (8)

N3ydenue pacnanga t-JeNTOHA B aKCUAIbHO-BEKTOPHBIA ME30H MPECTABIISIETCS
KpailHe MHTEPECHBIM KaK C TOYKU 3PECHUS U3ydeHUs (PU3UKU CaMOTO TSIKEJIOro JieT-
TOHA (M3y4eHHUs ero pacnagoB B (2n+1) t-Me30H), TaK U C TOUKH 3PEHUS MPOBEPKHU
U pa3BUTHS UCIOJIB3yeMoi Mojenu. Mcmnonb3yemass MoJiesib T03BOJISIET BHIYUCITUTD
MaTpUYHBIA 3JEMEHT 3TOr0 pacnajaa, He Mmpuleras HU K KaKUM JOMOJHUTEIbHBIM
MPENOIOKEHUSIM U HE BBOJIS (PEHOMEHOJIOTUUECKUX TTapaMeTpPOB.
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3. TpexqaCanHue pacnaabl T-J€ITOHA

_ 0
Pacman > 7 mV_ sBIAETCA OOHUM U3 OCHOBHBIX MOJ pacmana TsKeJIoro 3a-

PSPKEHHOTO JIENTOHA. B CBSI3M ¢ 3TUM BBIUMCIIEHHWE IIMPUHBI 3TOr0 pacnana mpei-
CTaBJIsIETCS. HEOOXOAMMBIM MPU M3YUYEHUHU AJPOHHBIX pacmanoB t-jaentoHa. Kpome

9TOT'0, U3YUYCHHUE YKa3aHHOI'O paclaja JacT BaXKHYIO HHq)opMauI/Ho O CBOMCTBAax He-
CTPAHHBIX BEKTOPHBLIX MC30HOB.

ManHqHHﬁ DJIEMEHT pacmaga t—> 7T 71(:’VT OInpeacsieTCs cyMMoﬁ BKJIaJIOB JJHA-
rpaMM, NPUBEJACHHBIX Ha pUCyHKE 2. Hamu paccMOTpeHbl BKJIAJIbl KaXJI0M U3 Jua-
IrpamMm.

[[IuprHa maHHOTrO pacmnazaa, MOJy4YeHHas C IMOMOIIBI0 CTAaHIAPTHOW MPOLEAYPHI
CYMMHPOBAHHA 110 IIOJEIPHU3AIHAM T-JICIITOHA W HMHTCTPUPOBAHUSA 110 (l)aSOBOMy
061)eMy. HpI/I IMOJIYYCHHH YUCJICHHOI'O 3HAUYCHUA yKaBaHHOﬁ IMKUPHUHBI HAMH HUCIIOJIb-
30BAJIMCh CIICAYIOLIMC 3HAYCHUSI MNapaMETPOB IIPOMEKYTOUHOI'O BEKTOPHOIO  p-
MC30Ha.

m, =7685+0,6MsB, I " =150,7 +1,2M>B.

PrcyHok 2 — JluarpaMmbl mporecca > 7t 7LV .

PaccMoTpuM MaTpHU4YHBIN 3JIEMEHT, ONPENEIIEMbIN TPAMON auarpamMmmont. Hamu
MOJIYYEHO CIAEAYIOIIEE aHATUTHYECKOE BBIPAXKEHUE JIJIST AMIUIUTY JIbIL:

M/ (> m7v) =G, cos h (q,—q,)"F _(s,q’,q;) , )
i€ 0y, 0, — 4-HMITyJIbCh KOHEYHBIX TT-ME30HOB, S = ( p.— pV:)Z .

2 2
[Mony4ueHHOE HAMU aHAJMTUYECKOE BhIpaxenue i popmbaktopa F_(S,q;,05),
UMeEeT BHU/I;

l < S 1 X
F_(5,02,0%) =={[b(u)du+—— dub(—u_}/—1_u+
2 ! 4A2£ 4
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..... +%jd3a8(l—iaij(sala2 +0f o, (L+ o) + e, (L+ 01y) b(—Q)}, (10)

e
2 2
Q- Sy + G + 0203
A2

[TonmyuyeHHble 3HaYEHUSI OPIHUUHTOB MIPUBE/ICHBI B Tabuiie 1.

Tabmuna 1 — IlomydeHHble 3HA4YeHUsT OPIHUYMHTOB AJPOHHBIX PACIA/IOB
TSHKEIJIOrO JISTITOHA

Pacnan [Tomy4yeHHOE 3HaUEHUE DKCIEpUMEHTAIBLHOE 3HAUEHUE
Br % Br ®°% [8]
—> TV, 10,77 10,83 + 0,06
—> KV, 7,28 x 1073 (7,00 +£0,10) x 1073
> O/, 22,5 -
—>K'v, 1,31 1,20 + 0,07
>V, 9,96 —
— 7 AV, 23,7 25,52 + 0,09
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B.B. AaneeBl, K.C. Ba6uu’, A.E. J:[OpOXOBZ

1 ~ (v
YO «I'oMenbCkuii rocyJapCTBEHHBIN YHUBEPCUTET
nMmenn @pannucka Ckopunb», ['omens, benapyce
2 . .
OOBbeMHEHHBIN MHCTUTYT SJIEPHBIX UccieaoBanuid, Jlyona, Poccust

CTPYKTYPHBLIE PEJIATUBUCTCKHUE DOPEKTHI BBICIHIUX
HOPAAKOB I BOAOPOAOIIOAOBHBIX CUCTEM

BBenenue

N3yueHne xapakTEpUCTUK CBSA3aHHBIX CHCTEM SIBISETCS BaXKHEUILIMM HUCTOYHU-
KOM HMH(pOpMAaIMU O CBOMCTBAaX B3aUMOJACHCTBUN 3JEMEHTapHBIX yacTull. B 3toi
CBSI3U, I OOBSICHEHUS SKCIIEPUMEHTAIbHBIX JIaHHBIX B pPaMKax KBaHTOBOIOJIEBBIX
MojieNield He0OOXOAMMO YUUTHIBATh KaK PEISTUBUCTCKUE d(PPeKThl, Tak U 3PPEKThI
BBICIIMX MOPSJKOB MO KOHCTAHTE B3aUMOJCHUCTBHSA. [[JIs1 TAKOTO poOJa BHIYUCICHUN
TPEOYIOTCSI METOAMKH, MO3BOJISIFOLIUE TPOBOIUTH YUCIICHHBIE PACUEThI 3TUX d(PPek-
TOB C BBICOKOM TOYHOCTBIO.

B nannoit paboTe nmpearaercs A onpeaecHus BKiIaga pelsTUBUCTCKUX (-
(eKTOB B CTPYKTYpHBbIEC NOMPABKHU CIIEKTPA BOJOPOAONOJA00HBIX CUCTEM HCIIOJIb30-
BAaThb METOAUKY BBIYMCIICHHM, OCHOBAaHHYIO HA HCMOJIb30BAHUN MUMITYJIBCHOTO MpEa-
CTaBJIEHUS U TOYHOT'O BBIYHCIICHUS CIMHOPHOW YacTH MOTEHIMAIa Takux cucrem. C
MTOMOUIBIO 3TOM METOAMKHN PACCUUTAHBI PENSTUBUCTCKUE BKJIAbI BBICIIUX MOPSIKOB
JUTSL MIOOHHOTO ¥ OOBIYHOTO aTOMa BOJIOPOJia, CBA3AHHBIE COCTOSIHUS KOTOPBIX OMU-
ChIBAIOTCA KalMOpPOBOYHO-MHBAPUAHTHOM MyaHKape-KOBAPUAHTHOM MOJEINbI0, OC-
HOBAaHHOW Ha TO4YeYHOW (opMe myaHKape-WHBAPUAHTHOW KBAHTOBOW MEXaHHKU
(ITMKM).

1.Onucanue CBA3aHHOW ABYXYACTHYHON CHCTEMBbI
B IIyaHKape-KOBAPUAHTHOM MOJe/H

['maBabIM TpeOGoBanuemM [IMKM sBnsieTcs ycioBue COXpaHEHHs ITyaHKape-
WHBAapUAHTHOCTU Kak i1 cuUcTeM 0€3 B3auMOJCWUCTBUSA, TakKk © A
B3aWMO/ICHCTBYFOLINX YACTHIl. B cirydae CHCTeMBI IBYX 4acTHIl C MaccaMu M, u M,

U COOTBETCTBEHHO C 4-UMITyJIbCaMH p1=(a)mq (pl),pl) 151 p2=(a)mQ(p2),p2) 3TO

TpeboBaHUE, B paMKax MrHOBeHHOW u ToueuHod ¢opm IIMKM, npuBoaut k
YPaBHEHHIO [UIsl CBSI3AHHOT'O COCTOSIHMUSI C BOJHOBOW (QyHKumen O’ (k) :

Sl s (K)ol (k)R = (m-me ().
¢,S0
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rae M, = Dr, (k) + @y (k) — sdbdexTuBHAsT Macca CUCTEMbl HEB3AaUMO/ICUCTBYIOIIUX

YacTUI], UMEIOIIUX MMITYJbC OTHOCUTEIBHOTO ABWKEHUS K (k:\k\). PacueTnl

MOMpPABOK MPOBEJAEM JJisi CBSI3aHHBIX CHUCTEM: € p (aroM BOJAOpPOJA) U P
(MIOOHHBIM aTOM BOJOPO/IA).

2. OIIeHKa PECIATUBUCTCKUX BRJIA10B

Kak npaBuio, npy BBIYHCICHUU SHEPTETUYECKUX MOIMPABOK BOJOPOIOINOI00HBIX
CHCTEM HCIIOJB3YETCs pasioxkenue noreHmana: k> /m? (cm. 0630p [1]). Brmouyenue
claraeMbIx 0osiee BBICOKOro mopsaka, dyem O : k°/m®, mpu pasioKeHHH IO
CKOpPOCTAM (PEpPMUOHOB TPUBOAUT K CIOXKHOCTSM, 2 UMEHHO, MPH BBIUMCICHUSAX
PENIATUBUCTCKUX TMOMPABOK TMOSBISIOTCS PACXOMASIIMECS MHTETpalbl 3a CYeT
BbICOKMX creneHell k. I[loaTomy, nnsi uccieqoBaHUsl PEISTUBUCTCKUX BKJIAJ0B
0orsee BBICOKOTO TOPSIIKA, BOCIOJB3YeMCS TOYHBIM BBIPAKCHHEM JJsl  sapa
uHTerpasibHoro ypasHenus (1). Slnapo moreHmmana ObUIO TOMyYeHO B paborax
[2, 3] Oe3 Bcakux momymieHHd OTHOCUTEIBHO CKOPOCTEH (PEPMUOHOB U BEITMYUHBI

qz, a CJICOOBATCIIbHO MABJIACTCA aACKBATHBIM CII0COOOM aHaIu3a PCIAATUBUCTCKUX

BKIIaZI0B 00JIe€ BBICOKOTO TOpsKa, yeM K>/ m* .

JIJIs1 4MCIEHHBIX PAacUYeTOB HUCIONIB3YEM 3HAYCHUS (yHIAMEHTATBHBIX (DPU3HMUECKUX
KOHCTaHT, B3sThle W3 [4]. DOHEpreTMyecKkue TMOMPaBKU  PEISTUBUCTCKOU
BOJIOPOAOIIOI00HOM CUCTEMBI C J =S HaiiieM C TOMOIIBIO BBIPAYKEHUS

AE = TTF?C (K)AV= (kK )RS, (K )k *k’dK dk, (2)
00

n’=0

rae AVJ:S(k,k') — nobaBKka K MOTEHIWANy C TOYEYHBIMH (EPMHOHAMH |
RS (K) npoOHbIe BOJIHOBBIE QYHKIMH

2(n—¢—1)l n* 2%V’ (k/B) ., [n*(k/B) +1)
z(n+0)! ﬂslz(nz(k/ﬂ)2+1)€+2 - nz(k/ﬂ)2+1

¢ nommHomamu [erenbayspa G, (X)u = ua.

©)

Ry (k) =

SAnpo depmuon-bhepMUOHHON cuCTeMBbI B (—S 0a3zuce Uisi MPOU3BOJIBHOTO
MIOJTHOTO YIJIOBOTO MOMEHTa J, IMOCJE TOYHOI'O BBIYMCICHHUS CIMHOPHOM YacTh
METOJ0M Oa3MCHBIX CTUHOPOB, 3AIUIIETCS B BUJIE:

| (2e+1)(20 +1) L / s
V‘?’S’;g,s(k’k):_\/ 5] -(I-l ) Z Clzlé/zzf/uslz Coos Cooa X
T (4)
cuvz 12 s Z_a [ +V(B

, \% ) ’
I 12 29,12 21274 i:;\/ ikl,ﬂkz,ipl,ipz Zp o, /11&:/?1(2
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IJIE COCTaBHBIE YaCTH V/'1k1 A A A (k,k') MPEACTABISAIOT COO0M KOMOMHAIIUIO
LY R )

GyHKIHHI Iié(i)(k,k') u Uy (k',k). OTH (QYHKIUH BBIPAXKAIOTCA B BUJE OJHOMEPHBIX

WHTETPAJIOB:

RO (K k)= j Ki(qz)zpﬂ(x)dx, UP(K,k): j Ki(qz)ﬁ(x)dx

-1 q -1 q
) 3aBUCSLIMMU TOJBKO OT (popMpakTopos. st 0603HaUEHUS

~2

¢ QyHKIUAMH Ki(q

v2 12 S
C

ko3 punuentoB Kiebma-I'oparana ucnonap3yeM BoIpakeHUE BUIA A 12 12202

3. OneHka peJsITHBUCTCKUX BKJIA/I0OB

IIpoBeneM OLEHKY PEIATUBUCTCKUX IONPABOK BBICIIUX MOPSIAKOB, CBI3aHHBIX C
IBUKEHUEM (DEPMUOHOB, a TakkKe d(PPEKTOB BHICOKUX MEPENAHHBIX UMITYJIbCOB IS
CTPYKTYPHBIX BKJIAJOB B 1S M 2S-COCTOSHUN BOJOPOAONONOOHBIX cucTteM. Jlims
BBIJICJICHUS CIAaracMbIX, CBSI3aHHBIX C KOHCYHBIMU pa3MepaMy IIPOTOHA, CAKCOBCKUE
dbopmbakTopsl MPOTOHA MPEICTABUM BUJIE CYMM:

p 2\ — P 2 P(A2) — P2
G} (9°) = 1, + 4G} () GE(0") =1+ AGZ (0?), (4)
p 2\ . 2 2
rze AGM’E(q ) <rp> IIpX MaJIbIX Q°.
Hanee mpousBeAeM BBIYUCIECHHUS TPEX BUIOB INONPaBOK: AE,,,AE . u AE

rel !

MCIIONL3YS PA3INUHbIE TPUOIKEHNS:
* HEpeIATUBHUCTCKOE mpuOmmkenne AE,, (k*/mf , k*/m = 1u g*= m;)

 JIMAUPYIOIMU BKIan AE,. (MCHOIBb3yeTcss TOIBKO NpuOmxenue K°/ mfp,
K*/m; = 1);

* TouHOe BHIUMCICHHE AE, (6e3 pasnoxenus mo mapamerpam k*.k*/mi  u
q*/m?).

[TompaBka AE,, ¢ moTeHnuanom (4) gact pe3ynbTar ¢ y4eTOM PENSITHBHCTCKOTO

JBIDKCHUAS (PSPMHOHOB CHUCTEMBI. J[JIs1 OICHKHM PEISTUBHCTCKUX BKJIAJOB BBICIIHX
HOPSITKOB MCIOJIb3yEeM BEJIHUUHHY:
AHo = AEReI _AELC . (5)
SIBHBII BHJI ClTaracMbIX MOTEHIIMAJIA, KOTOPBIC COECPIKAT HHTEIpasbl BUIA
. 1 AGP q2 . 1 AGP q2
G/ (K k)= I#Pg(x)dx, F;’(k,k):j . 2( ) ~—P,(x)dx  (6)
9 59°(1-g7/(4m)))
Oynet 3aBHCETh OT (GOpPM(DAKTOPOB IIPOTOHA.
Jliis pacuera HOMPABOK HCIIOJIB3YyeM pa3ddYHbIC MapaMeTPU3alUU MPOTOHHBIX
dbopmbakTopoB:

104



¢ CTa”HdapTHas AUIIOJIbHAA IIapaMCTpUu3als

GE(Q") =G, (QY), Gy (Q*)=1,G(QY), (7)
G, (Q°)= [1+ %j , Q% =—q, (8)

D

rae m3 =0,711B’. JlaHHbIi BAPUAHT IapaMETPU3alKu Oy1eM Ha3bIBaTh Kak QuT I;
* BapuaHT napamerpusaiuu [5] Oymem Ha3wiBaTh putom II:

-2
2 12
Gew(Q) = (1+ : j ’ <rEZ*M > - ’ ©
aE,M aE,M
rac
(12} =(0,777£0,013,, £0,009, , 0,005, +0,002,,,, ) D>, (10)
<rEZ >ﬂ2 = (0,879 10,005, 0,004, £0,002,,,, +0,004,,, )(DM ;
* MapaMeTpu3anus [6]
1+aMr
Gp 2 - PP ) = 2/ 4m2 ! 11
w(Q) ﬂp1+b2/"12-p+b2’1'21§+b2/"37i 7, Q™ /( p) (11)
G (Q?
62@) =2 ¢ 10 12)

p

Obuta mpuMeHeHa B [7] s onucaHus moBeAcHHS (GopM(aKTOPOB HPOTOHA C
napameTpamu:

a" =1,53+0,01, b =12,87+0,07, ¢,=1,02+0,0L

bg{'z =29,16£0,25, bg{'3 =41,40+0,33, ¢, =-0,13+0,01.

DTOT BapuaHT napamerpusaiuu ooo3Hauum — ¢ur I11.
B taGaune 1 npeacraBiaeHsl pe3yabTaThl BEIYUCICHUHN ISl aTOMa BOJIOPOIA.

(13)

Tabmmma 1 — TlompaBku ans Bapuanta «ut II», cBs3aHHBIE ¢ BHYTpeHHEU
CTPYKTYpOM NPOTOHA U BKJIAIABI AE,,, AE . U PEIATUBUCTCKHUE MTONIPABKU BBICOKHX

nopsakoB AE., m1s atoma Bopopona (B kI 1)

n AENR AELC AEReI Ao
1208,31 1208,30 1202,52 -5,78
2 151,04 151,04 150,31 0,72

Kak cnenyer m3 faHHBIX Tabmuibsl 1, ydeT BBICOKMX (° IOCPEACTBOM

mapamMeTpru3almn (9) HC BHOCUT CYHICCTBCHHOI'O HW3MCHCHHA II0 CPABHCHHIO
JIMHEUHBIM ITIOBCACHHNCM. A BoT IIOIIPpaBKH, CBA3aHHBIC C PCIATUBUCTCKUM
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IBIKeHUEeM (PePMHUOHOB B IAHHOW CUTYaIlUU JAIOT BUAUMBIN, XOTh U OTHOCUTEIHHO
MaJiblii B IPOIIEHTHOM BhIpakeHUHU ~ 0,48 % 3¢ dexr.

Pacdersl ¢ MCHONB30BaHWEM CTaHIAPTHOW MWIIONLHOW mMapamerpu3aruei (7)
(butr 1) ornuuaroTcs OT JMaHHBIX Tabmumbl 1 3a cueT pa3NMYHOrO IOBEACHUS
Gyuxuuit (7) u (9) npu mameix q°. Tak mig 1S ¥ 2S-COCTOSHUM HMEEM, YTO
AE., =1024,33xI'n u AE., =150,32kI'n coorBeTcTBeHHO. Bemnumna: 178kl u
BenuunHA: 22 k[ I CTPYKTYPHOH MOMPABKU MPEBOCXOAT IKCIIEPUMEHTATBLHYIO
TOYHOCTh SHEPTETUICCKUX MHTEPBAJIOB.

Jlyist GoJjiee MOJHOTO TPEACTABJICHUS O 3aBUCUMOCTU CTPYKTYPHBIX IMOIMPaBOK
Ui BOJOPOAOINOAOOHBIX aTOMOB OT BHJA MapaMeTpHU3allud  PACCMOTPUM
YUCJICHHBIN pacyeT ajisi Bapuanta «put I» (cmotpu Tabnuiry 2).

Tabnuua 2 — [MonpaBku amns Bapuanta napamerpusauun Gut 111 (B xI'n)

n AENR AEl_c AERel Avo
1 1223,15+ 22,36 | 1200,10+ 34,86 | 1194,43+ 33,67 —5,67
2 152,89+ 2,39 150,01+ 4,23 149,30+ 4,21 0,71

PeATuBUCTCKHAE MONPABKU BBICIIUX IOPAIKOB A, —5,67xlnm u 0,71kl
COCTaBIAIOT ~0,47% nnis 1S U 2S-COCTOSIHAUM W MPAKTUYECKH HE OTIMYAIOTCS OT
napamerpuzanuu «put Il», B TO BpeMs, camMu BKJIaJbl OTJIWYAIOTCA 3a CYET
Pa3IMYHOrO TOBEJCHUS Npu Manbix (°. OJHAKO, MHTEPBAILHBIE OLEHKH O0EHX
(UTOB MPAKTUYECKHU COBMAAAIOT.

B nanHOM noaxone uMeeTcsi BO3MOKHOCTb BBIYMCIIUTD BKIIAJ A, , CBI3aHHBIN C
sppextom Jlab" (pazuuna mexay aByms ciaydasmu R (q°)=1 u R(q®)=c,+c0’,
¢, =0,13B?): A, ={-23,42xI'n —2,93k['u} ms 1S U 2S -COCTOSHMIA.

[IpoBeneM aHaNOrWYHBIE BBIIEIPUBEACHHBIM, BBIYHUCIECHUS [JIsI MIOOHHOTO
aToma Bojopoja. MHTepec K 3TOM CHUCTEME CBSI3aH C HEOOBIYHBIMHU CICACTBUSIMH,

BBITCKAIOLIMMU U3 dKcriepuMenTa [8]. BbuuciaeHus a1 MIOOHHOTO aToMa BOJIOpoja
st cutyanun «but 1I» mpeacrasiens! B Tadiuie 3.

Tabmuua 3 — IlompaBku ana Bapuanta «ut II», cBA3aHHBIE C BHYTpEHHEU
CTPYKTYpoil mpoToHa AE,; u AE,.) U ¢ Y4ETOM PEIATUBUCTCKUX BKJIAJOB BHICOKHX

nopsakoB AE., 11 MEOOHHOTO atoma Bojopoza (x4 p cucrema) (B MuiudB)

n AEr AE, . AE., Ao, MITLTHOB
1 32,1261 31,9498 32,0591 0,1093
2 4,0158 3,9937 4,0065 0,0128
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W3 tabaumpl 3 crnemyeTr, YTO B OTJIMYHE OT aTOMa BOJOpPOAA, u—p CHUCTEMA
Oojlee 4YyBCTBUTENIbHAa K ToOBeAeHHI0 (opmdbakTopa TPOTOHA U MEHEe
YyBCTBUTEIbHA K PEIATHBUCTCKAM 3(d(EKTaM BBICOKHX IMOPSAKOB. ITO
OOBSICHSIETCSI TEM, UTO MepBasi O0pOBCKas OpOMTA ITOM CUCTEMBI OJIMKE K SJIPY, YEM
B aTOME BOJI0pO/Ia.

YucneHHbIE OICHKU ITOKa3bIBAIOT, YTO peisSTHBUCTCKUE 3 dekTs (~0,38%)

60JIbIIIE HEOOXOAUMOM TOUHOCTH JI TOHKOM CTPYKTYphl: 107 MummsB 1 mostomy
UX TaKXke HE0OXOAMMO YUUTHIBATh.

Kak u B ciywyae aroMa BOAOPOJA, pPACUEThl C MCIOJIb30BAHWEM CTaHAAPTHOU
aunoiapHoi mapamerpusaiueii (7) (but I) oTiMyaroTcs OT JaHHBIX TaOIUIBI 1.
Janubiii 3¢d@dext ycunuBaercs, MOCKOJIbKY g P-CHCTEMa UyBCTBUTENIbHA K

noseacHNI0 GOpM(PAKTOPOB B 3aBHCUMOCTH OT (° M cocTaBiseT nodru 14,7 %.

[ToaTOMy AJis MIOOHHOTO aToMa BOJOpOJa BaXKHEWIIYIO POJIb WTPAacT IOBEICHUE
dbopMmpakTopoB u, CIEIOBATEIBHO, 3aBUCHMOCTh OT IapaMeTpH3aluu 0ojee
CWIbHAsA, 4YeM JJsd aroma BOJOPOAA. Pacuerst mns Bapuanta «dut II»
IpeCTaBIICHBI B TabuIie 4.

Tabmuia 4 — IlompaBku s Bapuanta «put IlI», cBs3anHbIE ¢ BHYTpeHHEU
CTPYKTYpO# npoToHa AE., U AE . ¥ C y4eTOM PEIATUBUCTCKUX BKJIAI0B BBICOKHX

nopsinkoB AE.,, s MIOOHHOTO aroMa BoJopoJa (4 p cucrema) (B MILIUAB)

n AE g AE, . AE,, Ao, MUIIIDB
1 32,5205 31,7717 31,8929 0,1212
2 4,0651 3,9715 3,9866 0,0152

Jlanubie 13 Tabnuil 3 ¥ 4 MOKa3bIBAIOT, YTO JUIsl MIOOHHOTO BOJIOPOJa 3P (HeKThI
BBICOKUX (|° KOMIIEHCHPYIOTCS PEISTUBUCTCKUMH d(P(PEKTaMu, CBI3aHHBIX C

TBIKCHUEM (PEPMUOHOB B OTIINYHE OT OOBIYHOTO aTOMa BOJOPO/IA.

Taxxe OLICHUM JIONOJIHUTEIIbHBIN BKJIaJ, CBSI3aHHBIN s dekTom,
oOHapyxeHHBIM Ha Jlab. IToCKOIBbKY OH BHIOW3MEHSET IOBEICHHE 3apsIOBOTO
dbopmpakTopa mnpoTroHa, TO CIEAYET OXKHUAATh OOJbIIEeH YYBCTBUTEIBHOCTH
MIOOHHOTO aroMa Bojaopoaa K 3tuMm sddexram. JleicTButenpHo, mist 1S- U 2S-
COCTOSIHUN aToMa BOJOPOa 3TOT 3PDEKT AaeT JOMOJIHUTEIbHBIE MONPABKUA PaBHbIE
—0,6158 mmwummB n —0,0770 mwuimd»B cOOTBETCTBEHHO.

3ak/jIrouYeHue

Kak cnemyer w3 pacueroB, TpeanaracMas METOAWMKA  BBIYHMCICHUH,
UCIIOJB3YIOIasl MPEeCTaBICHUE MOTEHIMAaNa B3aUMOJEUCTBUSL (PEPMUOHOB B BUJIE
(4), sBAsSCTCS MHCTPYMEHTOM, ITO3BOJISIONIUM OIICHUTHh PEISTUBHUCTCKHE BKJIAIbI
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BBICOKHX, 4eM K’ /m® crnaraembIx. PacdyeThl MOKa3bIBAIOT YTO, TAKUE IIONMPABKH
Jexar B IpeJenax YyBCTBUTEIBHOCTH COBPEMEHHBIX OKCIIEPUMEHTOB IO
U3MEPEHUIO DHEPTETUYECKUX XapaKTEPUCTUK TAKUX CUCTEM.

Pabora  BeimosHeHa  mpu  (puHAHCOBOM  momuepkke  bemopycckoro
PecnyOnvkanckoro @onga @ynaamentanbhbix MecnenoBanuii (r. Munck, benapycs).
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B.B. Anapees™’, A.®. Kpyros®

VO «"omenbcKuii TOCy1apCTBEHHbIH YHHBEPCHTET
uMenu @pannucka Ckopunb», ['omens, benapyce
“CaMapCKHii HAIMOHABHBIN HCCIIEI0BATEILCKIH YHHBEPCHTET
umenu akanemuka C.11. Koponépa, Camapa, Poccus

YI'JIbl CMEHINBAHUS U3 PACITAZIOB BEKTOPHBIX ME3OHOB

BBenenue
3HA4YCHUS YTJIOB CMEUIMBAHUA ¢—@ U 77—77' 00CyXJaJduch MHOTO pa3 3a
MOCIEIHUE MAThAECAT JeT. MHTepec K Takoll TEeMaTHUKE CBSI3aH C HapyUICHUEM
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SU@B) cummerpun [ TPOLECCOB C  YKa3aHHbBIMM  afgpoHamu. FKmerorcs
MHOTOYHUCJICHHBIE MCCIIEIOBAHUS 10 U3BJICYCHUIO 3HAUYCHHS YTJIOB CMEIIMBAHUS Ha
OCHOBE Pa3IMYHBIX AKCIIEPUMEHTAIBHBIX JAaHHBIX (CM., Hanpumep, [1-4]).

Ba)xHbIM MOMEHTOM B TIPOLIEAYPE U3BJICUCHHS YTIIOB CMEIIMBAHUS U3 PACIIaIOB
JIETKUX ME30HOB SIBJISIFOTCSI IOCTPOEHUSI MATPUUYHBIX 3JIEMEHTOB JIAHHBIX MPOIECCOB.
OTO0 Aenaercs ¢ MCMOIb30BAHUEM TE€X WJIM MHBIX MOJENE (MOJENbHbIE KUpaIbHbIC
JarpaH>Xuansl [4], penaTHBHCTCKUE KBAPKOBBIC Mojaenu [S5] u T. 1.), BKIItoUas JTaxe
IIPEIITOJIOKCHHS O Maccax KBapkoB [1].

B nmannoit pabore mnpemsiaraeTcsi MPOBECTH MPOLEAYPY HW3BICUYEHUS YIJIOB
CMEIIMBAaHUS U3 PACMHaJoB ICEBIOCKAIAPHBIX P M BEKTOPHBIX ME30HOB V THIIA
V > ¢ (" (pactian B nentoHHywo napy ¢ (") u V—>Py, P—>Vy (paauanvoHHbIE
pacrnajibl) ¢ UCMOJb30BAHUEM TOJIBKO CTPYKTYPbl MATPUUYHBIX 3JIEMEHTOB B paMKax
IyaHKape-WHBapUaHTHOW KBaHTOBOW Mexanuku [6, 7] (ITMKM). Ilpu stom He
VCIIOJIB3YETCSl HUKAKUX MPEANONI0KEHUN O TapaMeTPax PEIATUBACTCKON KBAPKOBOU
Mojenu Ha ocHoBe [IMKM: kBapkoBble Macchl, MmapaMeTpbl MOTEHIMAlA
B3aumojeicTBuss u JAp. OCHOBHOE TpeOOBaHME BBIUMCICHUNW COCTOUT B
COOTBETCTBUU MOJICIbHBIX PACYETOB IKCIEPUMEHTATBHBIX JaHHBIM, B3IThIX U3 PDG

[8].
1. Onpenesienus
[Ipocrenmas cxema cmemuBanus SU (3) -CUHIJIETHBIX U OKTETHBIX COCTOSIHUHN

|z//8>=%{\uu>+‘da>—2\s§>}, |w1>:%{\uﬁ>+‘da>+\s§>}, )

IPUBOIMT K QPU3MIECKMMH COCTOSHHAM @—@ W 1]—1] ME3OHOB:

| @) =sinq, |yy) +C0SE, |y,), |#)=C0sq, |wg)—SsinG, |y,), (2)
|77) =sind, |wg) +cosb, |w,), |n)=cos, |yg) —sind; [y,), (3)

rac (9\/ nu HP YIiibl CMCIONUMBAHUWA JIs1 BCKTOPHBIX M IICCBAOCKAJLIPHBIX MC30HOB
COOTBCTCTBCHHO.

IIpenmomnaras OpPTOTOHANBHOCTE (M3MYECKMX COCTOSHMH ¢—@ H 1n—1
COCTOSSHUH W OTCYTCTBHE CMCIIMBAHMS C  JPYTUMH  BEKTOPHBIMH U
TICEBIOCKAIIPHBIMKM ME30HaMH COOTHOIICHHS (2) 1 (3) MOKHO 3arucaTth B BUJIE:

| @) =SING, |77ys) +COSS, [775), | #) =COSS, |1s) —SING, | 77), (4)
|77,>:Sin5P|77NS>+COS5P|US>1 |77>:COS5P|77NS>_Sin5P|nS>’ (5)
rae | ys) =| UU"'da)/\/E  |15) =|sS).

@Oyukuuu ot yrnoB 6, (a=V wnu a=P) cBA3aHBI ¢ yrllaMU CMEIIUBaHUs 0,
COOTHOIICHUSIMU:
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sing, = \/gcosea +isin 6,, CoSS, = icos¢9a —\/Zsin o, (6)
3 J3 J3 3
2. BekTOpHBIE pacnajabl Me30HOB
Peakums pacnaga me3ona h B mentonnyro napy /., £,
h—?¢ +10, (7)
XapakTepU3yeTcs: S -MaTPUYHBIM 3JIEMEHTOM
M (h = £,0,) =g (01, 05]S =1 W o s.)- (8)
31eCh BEKTOP
Vo) 9)

OIpeleNsieT COCTOssHWE Me30Ha cruHa J, Maccel M u umnyinsca Q B
npenacrasiacHuu [ eiizenoepra [9].
Me3oH h Kak pelITUBUCTCKYIO COCTABHYIO CHCTEMY KBapka Q W aHTHUKBapka {

pacCMOTPUM B paMKax IyaHKape-MHBapHMAHTHOH KBaHTOBoW Mexanwku [7, 10].
[lyankape-uHBapraHTHas KBaHTOBAas MEXAaHUKA JTAa€T BO3MOKHOCThb CBSI3aTh BEKTOP
cocrosiHust Me30Ha (9) ¢ BeKTOpaMHu COCTOSIHHMM, BXOJSIIMX B HEro KBapKOB Ha
OCHOBe mpexactaBieHuil rpymnmbl [lyankape. ['maBHeIM TpeOoBaHHEM ITyaHKape-
WHBapUaHTHONW KBAHTOBOW MEXAaHUKHU SIBIIAETCS YCJIOBUE COXPAHEHUsS IyaHKape-
WHBAPDUAHTHOCTH KaKk JJs cuUcTeM 0Oe3 B3aMMOJEHCTBUS, Tak W A
B3aMMO/ICUCTBYIOIIUX YaCTHII.

Cxema penieHus TOCTaBICHHOW 3aJlaud COCTOMT B CIEAYIOIIEM: Ha IEPBOM
JTare CTPOUTCS Oa3uc NPSIMOTO TPOM3BEACHUS JIBYX YacTuil 0e3 ydera
B3aUMOJICHCTBHA. B ciydae cucrembl IByX dacTl] ¢ MaccaMd M, H M, |

COOTBETCTBEHHO C 4-UMITyJIbCaMU P, = (a)mq (p.), pl) up,= (a)mQ (p,) ,pz) ATOT Oa3mcC

P4 P2s %) =[Pss A1 A2) (10)
onpenesieT NpUBOAUMOE TpecTaBieHue rpymnmnsl [lyankape.
Ha BropoMm »arTame c¢ mnomoipio pasznoxeHuss Knebma-I'opmana s rpynmsl
[Tyankape (cm., Hanpumep, [11, 12]) crpourtcs 06a3uc HENPUBOAMMOIO
MpPECTaBIICHNS, KOTOPBIN XapaKTepU3yeT CUCTEeMY IEeIUKOM. Jljs 3Toro BBeaeM
MTOJTHBIM UMITYJIbC
P=p,+p, (11)
M OTHOCHUTEIBHBIM wuMIyJdbc K  1aByx w4actun. basuc AByX4acTHUHOTO
HETIPUBOJAUMOTO TIPEACTABIICHUS OIPEEseTCs] KBAHTOBBIMH UYMCJIAMH TOJHOTO
umnyibca (11), mosHOTO yriioBoro MomMeHTa J, ero mpoekuuen u, 3hHEeKTUBHOM

MacCoi HEB3aUMOIENCTBYIOIIUX YACTHUI]
|V|0=a)Q(k)+a)m (k), @, (k)=vk*+m?*. (12)

m q m
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wm Kk =1k|,

a TAaKXKC IBYMs JOIIOJHUTCIIBHBIMHM 4YHCJIaMH, KOTOPbLIC CHHMAIOT

BBIPO’K/ICHUE JaHHOTO Oa3uca.

B 3aBucumocTH OT BRIOOp 4YHICEN, CHUMAIOIIUX BBIPOXKIACHUE, PA3IUYarOT JBE
cxeMmbl: cxeMa ¢ «L-S» CBA3bI0 ¢ KBAaHTOBBIMH YHCIaMH OPOUTAIIPHOTO MOMEHTA
OTHOCUTEJIBHOIO JBMJKEHHS ¢ W IOJHOTO CIMHOBOIO MOMEHTa S M CXeMma
«CIAPAJIBHOCTR» C ITyaHKape-WHBAPUAHTHBIMH CIUPATBHOCTSIMHU /Tliz [12].

~

B cucreme uentpa uHepuuu (PZO) yucia A, M A, COBHAZalOT C OOBIYHBIMUA

CIUPAILHOCTAMHU (DEPMHOHOB.
B cxeme «cnupanbHOCTRY) paznoxkeHue Knebma-I'opgana rpynmer Ilyankape
umeeT Bua [12]:

|P.K,J, 1,4y, A,) =

p
Jony (K)at (P) -

«/2‘” [45KD2, (4.6~ [Pur i 1),

c A= /11 ﬂ? DOyHKIUA ﬂ ﬂ g/)k,ek, g/)k) 3aJaeT MaTpulbl HEOPUBOIUMOIO

npeacrasieHus rpynmnsr SU (2) uHaekca J. SBHbINM Bua matpulbl D ompenensiercs
yepes chepuueckue YIJIbI BEKTOpA OTHOCHUTEIBHOI'O JIBHOKCHMUS

A

k ={sing, cosg,,sing, sing,,cos b, } .

Ha Tperbem oTame oT cHCTeMBl 0O€3 B3aUMOJCHCTBUS MEPEXOIAT K
OJIHOYACTUYHOMY 0a3uCy CBS3aHHOW CHUCTEMBbI, MyTeM A00aBJCHUS B OJUH U3
OIepaTopoB MmoJiHoro Habopa Oasuca (13) oneparopa B3auMoaericTBus. TpeboBaHue
COXpaHCHUS MyaHKape-UHBAPUAHTHOCTH B paMKaxX TOYEUYHOM U MTHOBEHHOU (opm
[TNKM npuBOoAMT K TOSIBJICHUIO BOTHOBOM GyHKIMH (BD) cBsizanHOM cuctembl O :

(P,k,J ',,u',/ﬂ,/@ ‘\PQ,M”]UH> =o(P _Q)éJ,J'5u,y’q)i~l,iz (k) y (14)

Hopmuposka B ¢ yyerom uucia LBETOB KBapkoB N_, KOoTOpas clenyer U3
HOPMHUPOBKH BEKTOPOB COCTOSIHUNA UMEET BUJL

Nchk k2! (k)| =1. (15)
0

Hcnonp30BaHKMe CBSA3M MEXKIy BEKTOPaMH COCTOSIHHI B cxeMe ¢ «L-S» B cxeme
«CTIUPATLHOCTHY MPUBOJIUT K CieayroniemMy pesynbraty [12, 13]:
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|V >:Tdk k2D’ (k) wml(pl)a)mz(pz)Mo 2€+f|.><
Paum? =) 05 N (k)a)m2 (k)a),\,,0 (P)N 4z (16)

chlz/f 2/228/1 Cég; _[d kD ¢k’9k’ —O ‘pp% P,, A >,

— KoaqacpnuHeHTm Knebma-I'opnana,

C1/2 2 S

A M A
[Mocrosunas f, menronnoro pacmama V(QG) — ¢+ ¢ 1 BEKTOPHOTO Me30HA

rae

V(QQ) maccel M,, , 0OBIUHO ONpeeNsieTcs CAEAYIOIHNM COOTHOILIEHUEM:
a2 efM, 1,

<03/ (0)¥Y >=i(1/2
‘ v( )‘ P.AMy ( 7[) ZO)MV (P)

(17)

C BCKTOPOM IIOJIApHU3alIuU 6‘//; BCKTOPHOI'O MC30HA.

B pamkax IIMKM, mpomecc pacmaga V(QF)—/¢+ /¢ o00ycioBieH
ANEKTPOMArHUTHBIM B3aUMOJEHCTBUEM KBAapKOB, BXOMSIIUX B ME30H h, mo3tomy B
cllydae JISTKMX Me30HOB ToK Jy'(0) 3amuiuercs B BUJE:

J“(0)=e,0y"u+e,dy“d +eSy"s. (18)

[lInpuna pacnana V (QQ) — ¢ + ¢ 3a1aeTcs BEIPaKEHAEM

2 2 2
T, = Ama’ £2] 1+ 2m24 1— 4 m2€ ’ (19)
3M, M M.

r7le a — MOCTOSHHAsI TOHKOM CTPYKTYPBHI.
Hcnons3ys cootHomenus (16)—(18) u ypaBHenue (4), MOIYyYUM, YTO KOHCTAHTHI
p°, ¢ 1 ®-ME30HOB B PAMKAX UMIIYJILCHOTO IPUOIMKEHNUS 3aIMIIYTCSA B BUJIE

v _ 9(U)(e, —(1+A)e,)
p \/E ,
v _ 9(u)(e, +(1+A)e, )coss,
f, = 5

v _ g(u)(e, +(1+A)e,)sing,
fo = N7 +e,g(s)cosd, . (20)

f

—e.g(s)sing, ,

B coornomennn (20) mpeamonaraercs «ciaboe» HapylmieHWE HW30TOIMHYECKON
WHBAapPUAHTHOCTU MEXJIy U u d KBapkaMM 3a CUYeT MaJioro IapaMerpa
A=0,01+0,02. ®yHkuus ¢ HpeI[CTaBJBIeT uHTerpan suaa [ 14, 15]:

_ K
0@ =" jdk(kz e (KA. (21)
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Takum oOpaszom B pamkax I[IMKM, Ha ocHOBe TpeOOBaHUS COOTBETCTBUS
MOJICTIBHBIX PACUETOB AKCIEPUMEHTAIBHBIM JIAHHBIM TOSIBISETCS BO3MOKHOCTH
ONPENCIIUTh YTJIbl CMEIIMBAHUS ¢ — ¥ ME30HOB C MOMOIIBIO CUCTEMbl YPABHECHUM

(20). PesynbTaThl BBIYMCIICHHUS YIVIOB CMCIIMBAHUS TNPEACTaBICHBI B Tabmume 1
B 3aBUCUMOCTH OT IapameTpa A.

Tabmma 1 — Yrom cmemmBaHus 6, B 3aBUCMMOCTH OT mapamerpa A W
DKCIIEPUMEHTAIIbHBIE 3HAYCHHUS JIENTOHHBIX KOHCTAHT

Pacrian fopr 2B A &
»° —e'e” | 0,1564+0,0007 | 0,00 (30,4+0,7)
é—>e'e | 0,0762+0,0012 | 0,01 (3,0+0,7)
w—se'e | 0,0459+0,0008 | 0,02 (3,5+0,7)

3. Paguanuonnbie pacnaabl V —>Py u P —>Vy

Meroarka BbIYMCIIEHUS] KOHCTAHT paaualluoOHHBIX pacnaaoB V —Py u P —>Vy

aHAJOTMYHA pacyeTy pacrnaja BEKTOPHOTO ME30HA B JIENTOHHYIO Napy.
Hcnonb3ys mapaMmeTpu3aldio MaTpUUYHOIO dJIeMEHTa s nepexoja V — Py B
BUJIE!

<Y

QMp

. Ovp &g, (1)PQ
a — ¥ v pXo ’ 22
O ) @

rae gyp, — KOHCTaHTa PAJHallMOHHOIO pacraja MOJy4YuM, YTO IIMPHHA pacraja

3aMUILETCs CAEAYIOMINM 00pa3oM:
_«a mZ —m3 _a mZ —m’
ry _)Py)_ﬂg\fpy(Tp)sv r(p —>V7)—§95py(Pm—P)3- (23)

Hcnonn3yst cootHomienus (16), (18) u (17), a takke dopmyinsl (4) u (5) moxHO
HalTH MHTETpPalbHbIC TPEJCTABICHUS KOHCTAHTBI §\p, JUIS PA3IMYHBIX MEPEXOJ0B

(cmotpu Tabmuiy 2). JIns JErkux Me30HOB KOHCTaHTAa Qp, IPEICTABIIAETCS
JMHENHYI0 KOMOUHALNIO (DYHKIIHIA;

X =gl () +e, ),  Z,=elW)-gld), X,=el(), (24)
rane 1,(g) B pamkax ToueuHoil ¢Gopmbel [IMKM (B oTCyTcTBHE aHOMAaIbHBIX
MarHUTHBIX MOMEHTOB KBapKOB) MOXET OBITh 3amucana B Buje [16]:
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) i k2|, (k. B )|
o, (K)+m, 200, (K)

dxdk. (25)

CoorHOmIEHMs U3 TaOAMUBI 2 MO3BOJAIOT IPOBECTU AaHAIM3 BO3MOMKHBIX
3HAYEHUH YIJIOB CMELIMBAHKS IIyTEM CPABHEHUS C SKCIIEPUMEHTAILHBIMH JAHHBIMH.
Tax u3 pacnagos o ->x'y, ¢ >y un — p°y, p° —ny IMyTeM pelleHns CUCTEMBI
YPaBHEHUM HAXOAUM, UYTO

4, =(31,94+0,30)", 6, =(—14,90£110). (26)
Munumu3zanus QyHKIHOHANA Kak GYyHKIUU OT &, U 6,
2 gezx (n) - gr?qo e (n)
2°(6,.,6,) = " - (27)

n=2 é‘g(-fxp(n)

C HCII0JIb30BaHUEM Bcex pacmnanoB (N =(2-9) B Tabmuie 2) U B IPEANOI0KCHHH, YTO
X, =0,830+0,056 ((n=1 B Tabnuiie 2) gaet, 4T0 y’. AOCTHIAETCS IPU

6, =(3L,94+0,29)", 6, =(-18,83+2,94)". (28)

Tabmuna 2 — MojenbHble TPEACTaBICHUS [JIi KOHCTaHThl pacmnaga V — Py
BMECTE C M3BJICUCHHBIMHU U3 COOTHOMICHHUH (23) SKCIIeprUMEHTaTbHBIMU 3HAYCHUSIMHU

p—>ny | X,C080,C088, +2X SiNJ,sSing, 0,694+ 0,006
d—>ny | XgSiNS,coss, —2X sing, coso, 0,716+0,012
n — p’y Z,SIn3, 1,323+0,025
n >y | 2X,€0S5,C088, + X 48iNd,sing, 0,429+0,025

‘gVP;/‘

n Pacnan | Ilpexncrasnenue g,,, B [IMKM |QVP7 | (exp.), 5B~
1 p° =’y X 0,830+0,056
2 P’ —>ny Z,4C0S3, 1,586 + 0,055
3 w— 1’y Z,,Sing, 2,298+ 0,040
4 w—>ny | X,4SINa, 0SS, —2X sSind, Cos 4, 0,449+ 0,020
5 ¢ — 1y Z,COSJ, 0,133+0,003
6

7

8

9

Yriuel cMemmBaHuS ¢ U @ Me30HOB (26), (28) u B Tabmuie 1 cormacyroTcs ¢
npyroMm mipenenax 0,6°. B pabore [5] Ha ocHOBe aHaiM3a pacmajoB BEKTOPHBIX
ME30HOB IPEIaracTcs HCHOJIb30BaTh 3HAYeHUE o, =—3,3°, YTO C YYETOM
OTPENICJICHUS] YIJIOB CMEIIMBaHUS B JaHHOW paboTe MPUBOJUT K 3HAUYCHUIO
6, =31,96°, uro nmpakTuiecku coBnanaet ¢ (26) u (28).
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YToa cMemmBaHMs TICEBJOCKAIIPHBIX ME30HOB (28) TECHO KOppemupyeT c
3HaueHueM 6, =-18,2°£1,4°, nosyyeHHoe B [l] u 3Hauenmem 6, =-18,5 +1,0°,
UCIOJIb3yEMOE B paMKaxX pEISITUBUCTCKOM KBapKOBOM Mojenu [5] s
paguanoHHbIX pacniagoB V - Py u P—->Vy.

OTMeTHM, 4TO B YaCTHBIX cirydasx (cM. (26)), 3HaueHus 6, MOTYT OTINYATHCS

oT BenuuuHbl (28). AHAIOrMYHBIN BBIBOJ CACNIaH M B paborax [4, 5], rae mokasaHo,
YTO JUIsl Pa3IMYHBIX KOMOWHAIMKA HAOII0JaeMbIX BEJIWYUH ONTHUMAIIbHBIC C TOYKU
3pEHUS HKCIIEPUMEHTANIbHBIX JIaHHBIX 3HAUEHUS €, MOTYT M3MEHSTHCS B Mpejeax

ot —11,0° mo —19,0°.
3akJroueHue

Ha ocHoBe 00111€ii CTpyKTYpbl KOHCTAHT JICITOHHBIX U PaIUallMOHHBIX PACIagoB
JIETKUX ME30HOB, Bo3HUKaromux B [IMKM, npoBeneH aHamn3 yrioB CMENIMBaHUA
s ¢, @ W 1, 1 -ME30HOB. Pe3ynbTaThl COITACYIOTCS B IPEAENax OIIMOOK ¢
paboramu [1, 4, 5].

Pabora  BeimosHeHa  mpu  (QuHAHCOBOM  momuepkke — bemopycckoro
Pecnyonukanckoro ®onma @ynpameHtanbHbix — MccnemoBanuih  (r.MUHCK,
benapych). ABTopsl Takke Omaromapubl Camapckomy yHuBepcuteTy (T.Camapa,
Poccust) 3a mogaepxky.
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H.A. AxpameHnko

YO «benopycckuil TOCyJapCTBEHHBIN YHUBEPCUTET TPAHCIOPTAY,
['omens, benapyce

T'PABUTALIMOHHBIN JE®EKT MACCUBHOI'O LIAPA

BBenenue

B Teopum Tarorenunss HproToHa rpaBUTallMOHHAsE Macca SIBISIETCS. UCTOYHUKOM
rpaBUTAIMOHHOTO ToJs. HampsskKeHHOCTh TPaBUTAIMOHHOTO TMOJISI, MPEACTABISET
co00#l ero cwIOByI0 xapakTepucTuky. Kak um3zBectHo [1-5] B Teopuu TATOTCHUS
HproToHa HAPSYKEHHOCTh CTATUYECKOTO MOJISI TATOTCHUS ONPEACISAETCS BEIMYUHON
CHJIBI, ICUCTBYIOMICH Ha IMMOKOSIIEECs MPOOHOE TEI0 CAMHUIHON MaCCHI.

MHorue HeOecHbIE Teja, B YHUCIIe KOTOPHIX 3BE3bl, TUIAHEThI U CITyTHUKH TIJ1a-
HEeT, UMEIOT (hopMy OJM3KYI0 K mapoBuaHON. C TCUCHHEM BPEMEHH ATH TeJla MOTYT
M3MEHATh KaK pa3Mepbl, TaK U MIOTHOCTh. Hampumep, 3B€3/1a 110 Mepe YIUIOTHEHUS
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BEILECTBA MOXKET MIPEBPATUTHCA B O€IbIl KapilMK ¢ IUIOTHOCTBIO, JOCTUTAIOIIEH TO-
psinka ~10" kr/M° 1M HEHTPOHHYIO 3BE3/y € IIOTHOCTBIO mopsiaka ~10™° kr/m’,

B knaccuyeckoil MEXaHHWKE CUMTAETCs, YTO Macca CUCTEMbI paBHA CyMME Macc
cocTaBsAOIMX ee Ten [1-5]. B penaruBucTCKON MeXaHHMKE Macca MOXKET OBITh
oIpeiesieHa Yepe3 MOJIHYI0 dHepruto Tena E u ummysse p [6]

2
£ p2emi?, (1)
C
IJI€ C — CKOPOCTh CBETA B BaKyyMe.

ITosHas sHEpPrys BKIXOYACT U DHEPTUIO B3aUMOEUCTBUSA YaCTEN CUCTEMBI IPYT C
npyrom. IloaTomMy Macca mpu H3MEHEHMHM KOH(MUTYpallMH CUCTEMBI, U COOTBET-
CTBEHHO SHEPTUU B3aUMOJICHCTBUS, MOXKET U3MEHSThCA. B wacTHOCTH Macca mac-
CUBHOM CEepHUUecKOl MbIJIEBUIHON OO0OJOYKM MOXKET 3aBUCETh OT pajuyca, 4To
paccMmoTpeHo B [7, 8].

B nannoii paboTe onpenensieTcs Macca MaCCUBHOTO TeJia MapOBUAHOU (GOPMBI B
3aBUCUMOCTH OT pajuyca U IJIOTHOCTH. byJem cuuTaTh, 4TO 1Iap Npe/ICTaBIIAET CO-
OOl TBUICBUAHYIO CHCTEMY YacCTHIl, KOTOPbIE B3aMMOJICUCTBYIOT NIPYT C JAPYyTroM

TOJIBKO IMOCPEICTBOM I'PAaBUTAIIMOHHOTO TIOJISL.
1. U3meHeHune Macchl IAPOBOIO CJI0SI IPH YBEJMYEHUH €ro paamyca

[lycte mmeeTcss OJHOPOIHBIA MAacCHUBHBIN miap paauycoM R u maccoir M, npen-
CTABJISIOIINIA COOOM MBUIEBUHYIO CUCTEMY YacCTHIl, B3aUMOJICHCTBYIOIIUX MEXKIY CO-
OO0l TOJBKO MOCPEJICTBOM I'PABUTALIMOHHOTO T0JIs. BhIenM TOHKUI MOBEPXHOCTHBIN
mwapoBor cior. IlomelcTByeM BHENIHMMHM CWJIAMH Ha 3TOT CJIOW B PaJIAAIBHOM
HAIPABJICHUU U PACIIPEICIIUM €ro Ha OECKOHEYHOCTh 0€3 MPUIaHUs €My KUHETUYECKOM
sHepruu. B 3ToM citydae OyzeT coBepilieHa HEKOTopasi paboTa MPOTUB CUJT TATOTEHUSI.
[TprHMMas BO BHUMAHHUE CBSI3b MACCHI C SHEPTUEN MOKHO MOJIOKHUTh, YTO MACCA LIAPO-
BOT'O CJIOSI BO3PACTET COOTBETCTBEHHO 3aTPAavy€HHOM paboTe IMpH MEPEMEILEHUN €ro C
MOBEPXHOCTH 11apa Ha OeckoHeYHOCTh. [locie 3Toro BeIIENUM CIIEAYIOLIUI IapOBOil
CJION U ONSITh, COBEpIIas Pa0OTy BHEITHUMU CUJIAMU MPOTUB CHJI TATOTEHUS, IIepeMe-
CTUM €ro Ha OECKOHEYHOCTh aHAJIOTUYHO MpeAblayieMy ciior. M Tak cioif 3a cioeM
MOYKHO BECH ILIap, MEpEMENIAsi €r0 COCTABIISIIOIINE B PAJIUAIIBHOM HAIPABJICHUU, Pac-
MpeIeanTh 0 OECKOHEUHOCTH. Macca KaXKJIoro IIapoBOTO CJIOS MPU pacipeieIcHUH
ero mno OeckOoHEYHOCTH OyAeT BO3pacTaTh COOTBETCTBEHHO 3aTpaueHHOM padote. B
UTOTe Macca BCEro Iapa Bo3pacteT 10 3HadeHust M.

Benmnunna

AM = My— M (2)
U OyJIeT IPEACTABISITHE COOOH TPAaBUTAITMOHHBINA e(DEKT MACCHI.

Teneps onpeaenuM kKojndecTBeHHO AM. /[ 3TOro BBIACIUM MPOMEKYTOUHBIM

TOHKHWH IIApOBOM cjI0i Maccoit Am (pucyHok 1).
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BuyTpu 3TOTO Ciost cocpenorouena Mmacca m, onpeaensiemast paauycom I. [lpu
IIEPEMEIICHUHN YaCTHUI[ TOI0 CIIOS B paJvalbHOM HampaBjicHuH Ha dr OyaeT coBep-
nieHa paboTa NpoTuB cui TAroteHus. [Ipu sTom OyaemM yuuThIBaTh B3aUMOJECUCTBUE
TOJIBKO YaCTHIl IIapOBOro cjiod Am ¢ Maccoil M. BzaumoaelicTBHEM 4acTUIL CaMOT0
CJIOSI MEXy coOOM mpeHeOpeKeM BBUJlY MAJIOCTH BEIWYUHBI. B 3TOM ciyuae aiie-

MEeHTapHasi paboTa MPOTUB CUJI TSITOTEHUS

on= CmaAm 4 3)

r2

rae G — rpaBUTaIMOHHAS TTOCTOSTHHAS.
Cogepiiaemasi paboTa MPUBOJUT K POCTY MACCHI IIIAPOBOTO CIIOS:

SA=c?d(Am), (4)
rae C— CKOpOCTh CBeTa B Bakyyme. Toraa:
Gmﬁdr =c’d(Am). (5)

r
HNuTerpupys 3T0 BBIpaKEHUE, MOTYYAEM

Am(o0) = Am(r)exp(%), (6)

rae Am(eo) 1 Am(r) — Macca mapoBOro CJIOS PacIpeIeICHHOTO M0 OECKOHESYHOCTH
U B MCXOJIHOM ITOJIO)KEHUH.

Am

v

Pucynok 1 — IlapoBoii cioit maccsl Am
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2. U3MeHeHHne Macchl BCEro mapa

Macca Bcero mapa npu pacrnpe/iefieHUH €ero Mo OECKOHEYHOCTH (CBOOOHAas
Macca) OyJeT ompeieNaTbcss CyMMOW Macc BCEX MIAPOBBIX CIOEB €ro COCTaBIISIO-
MUX. DTO MOXHO, YIUTBIBas BhIpakeHHE (6), BRIPA3UTh Yepe3 UHTETPaT BUIA

i dr, (7)

M, _[ Anr’pexp
¢ IIpUHATO, 4YTO MaccCa MIapoBOro CJI04.
dm = 4npr?dr
Macca BHyTpH IIapOBOIO CJIOA.

m—ﬂn re
3 P

dr — ToJIIIMHA IIAPOBOTO CIIOS.
CiemoBaTenbHO, TPABUTALIMOHHBIN e(EKT MacChl MOYKHO OIPEACIUTh BhIpaXKe-
HUEM

Gpr

AM = J'47rr pexp dr—M. (8)

[Ipeobpa3ys nmocienHee BhIPAKEHUE MMyTEM Pa3IOAKEHUsI SKCIIOHEHTHI B PsiJl, MO-
TY4YUM:

AM =M

2
3GM 3 (GM

~2 T ~2 ' (9)
SA“R 14\ AR
T7Ic Macca BCETO Iapa BhIpaXkeHa 4epe3 MIIOTHOCTh U 00BhEeM:

4
M =Vp= 3 7R’
Torna nepoe npuOIMKEHUE AJIsI TPABUTAIMOHHOTO 1e()eKTa MaCChl COCTABUT:

2
AM = g GRTZ (10)

YTO NPEACTABIAECT COOOW OTHOLICHHE MOMAYJs MOTECHIMAJIbHOW SHEpPruU Ilapa B
. 2
HbIOTOHOBCKOW MEXAaHUKE K BEJIMUHUHE C”.

3aKkJaoYeHue

Takum oOpa3zoMm, ompenesieH rpaBUTAMOHHBIN Ae(heKT MacChl MAaCCUBHOTO IIa-
pa. M3 moyiydeHHOT0 BBIp@)KEHHS B IIEPBOM MPUOIUKEHUM CIEAYET BBIPAXKEHUE ISl
nedekTa Macchl Yyepe3 BEIWYMHY TOTCHIIMAIBHOW SHEPIHH IIapa B KIACCUYECKOU
MEXaHUKE.
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E.B. Balcy.lmnal, H.B. MakcuMeHKo’

'Ounnan bpsiHCKOrO rocy1apCTBEHHOTO YHUBEPCUTETA
nmenn akaaemuka W.I'. [TerpoBckoro, HoBo3bi0koB, Poccus
*YO «IoMeIbCKHii TOCYIapCTBEHHbIH YHHBEPCHTET
uMenu @panuucka Cxkopunb», ['omens, benapych

CIHIUHOBBIE ITOJIAPU3YEMOCTHU U XAPAKTEPUCTUKU AJIPOHOB
CIIMHA 1 CBA3AHHBIE C HECOXPAHEHHUEM YETHOCTH
B ®POPMAJIN3ME JAOPUHA-KEMMEPA-IIETBIO

Ha ocHoBe Hu3KO3HEpreTrueckux Teopem [1, 2] ObLIM yCTaHOBIEHBI AJIEKTPO-
MarHUTHBIC XapPaKTEPUCTUKUA HYKJIOHOB — CIIMHOBBIE MOJISIPU3YEMOCTH, KOTOPHIE OT-
PaXKarT CTPYKTYPHBIE CBOWCTBA B3aMMOJCHUCTBHS 3JIEKTPOMArHUTHOTO MO C af-
poHaMH B 001aCTH HU3KHUX dHEpTuil. C 1eNIbI0 KCIEPUMEHTATLHOTO U TEOpEeTHYe-
CKOTO M3YYCHMS NOJSPU3YEMOCTEN HCHOIB3YETCS AOCTATOYHO IIUPOKHM KJace
SJIEKTPOAMHAMHYCCKHUX ABYX(oToHHBIX mporieccoB [3]. C pa3BUTHEM CTaHAAPTHOM
MOJICNIA JJIEKTPOCIA0bIX B3aWMOJCHCTBUN B TMOCJIEIHEE BpPEMsl BBEICHBI HOBBIC
AJIEKTPOMArHUTHBIE XapPAaKTEPUCTUKHU, CBSA3AHHBIE C HECOXPAHCHUEM YETHOCTH
[4, 5] mogoGHBIe THpanusm [6].
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JI71 COBEpIICHCTBOBAHUSI METOJIOB TMOBBIIIEHUSI TOYHOCTH U3MEPEHUS MOJSPU-
3yeMOCTeH, Tupanuii 1 GUTUPOBAHUS IKCIIEPUMEHTAIBHBIX TAHHBIX IO KOMIITOHOB-
CKOMY pPacCesHHMIO Ha aJpoHaxX B 00JAaCTU HUBKUX M CPEIHUX SHEPTrUil BO3HUKAET
HEOOXOJIMMOCTh PEIATUBUCTCKOTO TEOPETHUKO-TIOJICBOTO OIPEJEICHUS BKJIAJIOB
ATUX XAPAKTEPUCTUK B aMIUIUTYJbl U CEYEHHS AIEKTPOJUHAMUYECKUX MPOLIECCOB
[7, 8]. C »Toii nenpio, B JHaHHON paboTe, mMpeIaracTcsi METOJ PEISTHBUCTCKU-
WHBapUaHTHOTO 3(PGEKTUBHOTO TEH30PHOIO MPEJCTABICHUS Pa3fIOKEHUs JarpaH-
YKWAHOB M aMIUTUTY/l 1BYX(OTOHHOTO B3aUMOJICUCTBHUS C aJIpOHAMHU T10 dHEpruu (o-
TOHOB B pamMkax ¢opmanusma lapduna-Kemmepa-Ilerpro (JAKIT) [9-11].

Ypaeuenue JIKII a5t cBOOOIHOM YaCcTUIIBI CIIMHA €AUHUIIA UMEIOT Bu [12]:

(Bu3, + m)p(x) =0, 1)
lﬁ(x)(ﬁp élu _ m) =0, (2)

rae Y (x) u(x) =P+ (x)n — necarumepupie QyHKIMK YaCTULL, 7] = Z(ﬁfﬂ})z —1I,
CTPENIKH HaJ| MPOU3BOJIHBIMU 0, YKa3bIBAIOT HAIIPABICHHE UX ACHCTBHSA, a YETBIPEX-
MEPHBIM BEKTOP ONPEAENIIETCS KOMIIOHEHTaMH @y, {a,iag}. B ypasuenusx (1) u (2)
By — necatumepHsie MaTpuibl JIKII, KoTophie yAOBIETBOPSAIOT MEPECTaHOBOYHBIM
COOTHOIIICHUSIM:

ﬁ#ﬁvﬁp + ﬁpﬁvﬁp v ,uvﬁp + Spvﬁp-

D¢ dexTUBHBIN JarpaHkuaH B3aWMOJICUCTBUS DJICKTPOMArHUTHOIO TOJISI C 4Ya-
CTULIEH CIIMHA €UHUIIA C YYETOM MOJAPU3YEMOCTEN B PAMKaX TEOPETUKO-TIOJIEBOTO
KOBapHaHTHOro moaxozia umeet By [10]:

L= _iuf_’[ﬁvzvarga + Evaﬁvﬁalwx (3)

— = = -
rae 0, = d; — 0,. B onpenenenun narpamkuana (3) TeH30p L., BeIpakaeTcs depes
MOJISIPU3YEMOCTH U TUPAIUU CIIEIYIONUM 00pa3oMm:

Eva(m XE::VE) — Eva[q) + EVJ(E) + Eva(}’El) + EUG’(XE) + Evﬂ(}iEz ); (4)
EUG’(ISJ XMJ}’M) = EVJ(S) + EVJ(E) + Eva(};j‘-ﬁ) + EV{T(XM) + EvJ(TMz)- (5)

B onpenenenusix (4) u (5) a@ u [ — ckajsgpHbIEe JUIOJIbHbBIC JIEKTPUUECKUE U Mar-
HUTHBIC TIOJAPU3YEMOCTH, & ¥ [ — TEH30pHBIC IOIAPU3YEMOCTH, Vg,,Ve, U
¥M,»¥YM,— CIMHOBBIE TOJIAPU3YEMOCTH, @ Xg U Xy — DJIEKTPUYECKME U MATHUTHBIE
TUpalyu.

C 1enpl0 YCTaHOBJICHUS BIUSHUS MEPEKPECTHON CUMMETPUHU Ha BKJIAJbI CIIMHO-

BBIX MOJISIPU3YEMOCTEH W TUPAIM B AaMIUITUTYy KOMITOHOBCKOTO PAacCesHUS B JTH-
IIOJILHOM TIPEJICTaBICHUH ONpeIeanM B (4) TeH30psI ciaeays padote [10]:
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Eva[q) + Eva(E) - va &pp(a)%ﬂ' + Fvy &pp (E)Fpm (6)
EUJ(:VEl) + EVCT(XE) - FvyEFpJEup,l(}’El) + FVILIEFPJ'EEIH,GA(XE)J (7)
EUG’(};EZ) — (vaékﬁcrp + vaépFak)Eppl(}'Ez)- (8)

[TpousBoanbie B (7)—(8) ACHCTBYIOT TOJIBKO HA TEH30PHI AJICKTPOMArHUTHOTO IOJIS
E‘V = d,A, — d,A,. Tensopsl @"?(a) n a@*(a), a Taxxe Kypz (}*El), Kupa (T'Ez) U
Ky p2 (X 5) IpeaCTaBISIOTCS CIEAYIOMIAM 00pa3oM:

s Y

Qup(a) = aby,, @up(a) = E(M’L
2m

+ W W),

.

p
;Epp,l (}’El) - i};El Spp;{iﬁ’rﬁ: Elup,l (XE) = 5;:;3:{,18;{; fc;cp,l(}’ﬂ'z) = V& We.

B 3Tux ypaBHEHHUSX UCIIOJI30BAHO OINpEEICHHUE KOBAPUAHTHOTO CIMHOBOTO BEK-
TOpa, KOTOPBIH  BBIpakaeTcs  uepe3  Martpumbl [,  cormmacHo  [12]
- i
W, =——
H 41m _
coJiepKallrecs: B ypaBHEHUSX, IEUCTBYIOT Ha BOJIHOBbIC (DYHKIIMH P U .
AmnanornyabiM oOpa3oM onpenersercs Ten3op (5), eciau B (6)—(7) BBeCTH KOH-

i
5;:13,0:7 F;;.g, a

dy xgn}[sn] FH, rae JOM = BsBy — By Bs- Bce mpon3BoaHBIE U ONEPATOPBI

cTauthl 3, f3, Ym, ¥ X, @ TAKKE cpienarh 3ameny Fyy, — Fy, e F’;w =3
BMECTO TCH30pa Ky p3 (}'52) HE0OXO0MMO BBECTH Ky 57 (T'Mz) = Y, Wie-
COuHOBBIE CTPYKTYpPbl aMIUIMTYAbl KOMIITOHOBCKOI'O PAaCcCEsHUS HA YACTHUIIC

CIIMHA €AWHUIIA C YYETOM BKJIAIOB &, 5 W @, [ Ha ocHOBe jarpamxkuana (3) moiy-
yensl B [10].

VuuTBIBas BKJIAABI CIIUMHOBBIX MOJSIPU3YEMOCTEH L(}*El) u L(yMl) B JIarPaHKH-
aH (3) B popmanuzme JIKII, momyunm

, ?I- — —_ - . —
L(}"Elj S _LE}’El SﬁpKﬂFV# a,lecTIP (ﬁka +Wkﬁv)5g¢,

i = . — —
L(?Ml) — _Lﬁyﬂ-ﬁ 5;¢prva3,1%5¢(;8ka +Wkﬁv)aaw-

B cucreme nmokos MuilieHU B HpI/I6J'II/I}K€HI/II/I, KOoraa UMIIYyJIbC OTAAYH YdCTHUIbI paBCH
HYJIIO, 9THU JarpaH>XUHbI OIIPCACIIATOTCA CIICAYIOINM 06pa30M

L(ve,) =4nyg, (S|EE]), Llym,) =4myy, (S|HH]).

[Tonyunm Ternepb CIMHOBBIE CTPYKTYPhI aMILTUTY/ C YU€TOM BKJIaJIOB CITIMHOBBIX
TOJIAPU3YEMOCTEH VE,, ¥y VE,» ¥, » KOTOpPBIE corytacHo pabore [13] cBsa3ansl ¢ 1u-
MOJIbHBIM U KBaJAPYIMOJbHBIM MOMEHTOM aJPOHOB COOTBETCTBEHHO. A TaK)Xe ydTeM
U TUpPALMHU ¥, ¥ -
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M= M(}’EIJTMI) + M(xg,xm) + M(TEZJ’MZ)-
Uctons3yss  cmaraemple  marpamxmana (4) wu (5)  Lys(ym) wm

Lva(TEl)x Lva(?Ez ), LVJ(XE)J ng(}’Ml ), Lva(}’Mz )9 a TaKXXc MCTOAMKY OHPCIACIIC-
HHS BKJIAQJOB B aMILUIUTYXY KOMIITOHOBCKOI'O PAaCCESHMs IMOIAPU3YEMOCTEM, MOIIy-
YUM.

LI
M(}’Eﬂ };Ml) = La (ky + kzj,lgppix {}’El [Fv{j}%%r} - Fvl[pl}ﬁ'o{ciz'}] +

¥, [va} F;{;} - Fv{pﬂ Fﬁ}]}lﬁ&?} (02 [By Wi + Wi B 1 B9 ) (py), 9)
I(S F;;] =k, Hefllj — ki, efﬂ, ﬁj;] = é Oy uses F}f;.:' . B cucrteme mokos MHIIEHU U B

peHeOpeKEHUN OTAa4ei YacTUIIbI MUIIIEHN amIunTy/a (9) mpuHUMaeT BU:

M(TEIJ }JMI) = _‘:]:L?I(fi_}l + Q}z)mlmzj'['rz}” .

{r BT 8] 1, (3 [ T ). o

13 (9) u (10) caenyer, 4TO CIMHOBBIE NMOJAPU3YEMOCTH Vg, U ¥a, BHOCAT BKJIAJ B

aMILTUTYy KOMITOHOBCKOTO PacCesHUs HAa YaCTHUIIE CIIMHA €MHUIIA B TPETHEM I10-
psAIKe MO SHEpruu (HOTOHOB U, MPHU ATOM, BBIMOIHSIIOTCS YCIOBUS MEPEKPECTHOU
CUMMETPHUH U COXPAHEHUE YETHOCTHU OTHOCUTEIILHO UHBEPCUHU MPOCTPAHCTRA.

B pamkax BbIIEIPUBEAEHHOIO MOAXOJA ONPEAECIUM TENEpPb PEISATUBUCTCKU-
WHBApUAHTHBIN JlarapaHXuaH U aMIUTUTYAy, B KOTOPBIX, KaKk ObLJIO MOKAa3aHO B pa-
6ote [13], yuuThIBatoTCS BKJIaAbl CIMHOBBIX MOJSPU3YEMOCTEH, CBSI3aHHBIX C AJICK-
TPUUYECKUM KBAJIPyHOJIbHBIM MOMEHTOM aJIPOHOB

L(}’Ez) ¢ % [(FV,G ék Fﬂ'p + ﬁvpépFark )]J’[SUWI{ ‘I_Wkﬁv]gaw- (11)
Wcnonp3ys narpamxuan (11) S — MaTpUYHBIN 37IEMEHT MOYKHO MPEICTaBUTh CIICTY-
IOIIUM 00pa3oMm:

_16(ky +py— ks _PE)M.

(2m)2,/4w, w,E E;
B »TOoM cooTHOIIIEHUH aMININTya UMCCT BU/I:
Ty — - -
M(ys,) = 22 B2 (0,) [By Wi A Wi By ] (1) - (12)
2
) [‘Sapcx.ﬁ (kEk Fv{s}ch{é} - klka{.ol}FaE;}) + ‘Svmﬁ(kzp Fa{:f}FaEé} - klPFcT{;}Féﬁ})]'

B cucreme mokosi MULIIEHH U B MPEHEOPEKEHUH UMITYJIbCOM OTAAud YaCTHUIIbI, Jia-
rpawkuad (11) npunumaer Bua:

L(’P’Ez) = —4myg, EqHSy, (13)
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a ammumtyaa (12) BEITISIUT CIeIyIOnM 00pa3oMm:
M(ys,) = —4my5, X0 [0, (5602) (892" [k,K,]) + w, (56927 (842 [k;ky)
_w, ( 2?351) (k[602 80]) —w, ( §§2) (ky[69=)" gul}])] D (14)

= £ =
B ypaBuenusax (13) u (14) A"y J0ra) BEKTOPHI TOJISIpH3AIlid KOHCYHOU |
HaYanbHOM dacTuIp, a 6 42)” i 811) — apanorudnsie BexTOph! MOMsIpU3aMK GOTO-
1

HOB, TeH30p Eye = (0;Ex + 0 E,).

OddekTuBHBIN TarpaHkuad AByX(POTOHHOTO B3aUMOJCHCTBUS C YaCTUIICH CITU-
Ha 1 ¢ yuyeTom BKJIa/la CHUHOBOM MOJISIPU3YyEMOCTH, CBA3aHHON C MarHUTHBIM KBaj-
PYHOJIBHBIM MOMEHTOM aJipoHOB [13], B JaHHOM MOAXOJE OMPEACISICTCS CIEeIYIO-
UM 00pa3oM:
_ -HFMZ o g 3 o= T T o =

L(}’Mz) = - [(vaak Fc:rp + Ft.?,r:l a,DFGFP)]w[ﬁka +Wkﬁv]aaw- (15)

Hcnone3ys narpanxkuad (15), HojiyduM aMIUIUTY1y KOMIOTOHOBCKOTO PACCESIHMUS:

M(vy,) = — 22 p 502 () [B, Wi A Wi B, 10T (0)) - (16)

m

2 1 2 1 2 1 2 1
i [51?,0&,8 (kaFc;[ﬁ}Fa{p} - klkFc;[p}ch{,B}) + 5'&”‘-'@3 (kZPFcI{.B}FV{P} - klPFﬁ{.ﬂ}Fﬂgﬁ})]'

2m

Kak cnenyer u3 (15) u (16), B cuctemMe MOKOsS MUILICHH U B NMPEHEOPEKEHUU HUM-
MyJIECOM OTJa4M MUIIEHU, 3)PEKTUBHBIN JIarpaHXKuaH MPUHUMAET BHI:

L('P’Mz) = 41Ty, Hi: Sk Es, (17)
a aMIUTUTY]Ia PACCESTHUS OTIPEIEISICTCS TaK:

M(ys,) = ~4myie, 10" [y (SF2 ) (Ra[6 92" 800]) 4w, (5T ) (R [64"6))
+w, (k@) ( E[EZ guz}“]) w0, (£,8%2") ( §[;;1 é-ul}])] Pi)
Tensop Hy; B (17) nMeer Bi:
Hy; = % (0, H; + 0,Hy.).

AHaJIOTUYHBIM METOJIOM MOCTPOCHHSI KOBAPUAHTHBIX OJI0KOB 3(P(HEKTUBHOTO Jia-
rpaHKHaHa TOJYYUM BBIPAKEHUE IS JArpaHKWaHa C YYETOM DSJIEKTPUYECKOW U
MarHUTHOW TUPAIUX COOTBETCTBEHHO

L(XE )= —%5;:,;::&(&;:31%&@&1&& (18)
L(XM) — _%Sﬁplk (FvyE{Fpa)J"ﬁvgk Eﬂp- (19)

B HepenstuBucTcKOM npuOIMKeHnu 1Jis Beipakenuit (18) u (19) umeem:
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L(xs) = 2nxs (E[VE]D, L(xyn) = 2mxy (H[VAH].

C y4eToM MepeKpecTHON CUMMETPUN M HECOXPAHCHUS YETHOCTH, MOJyYUM cliarae-
MO€ aMILIATY/IbI, KOTOPOE OMPEAEIAeTCS BKJIaJaMH JJICKTPUYCCKOW W MarHUTHOM
ruparusamu [11]:

21l
M(XE:XM) — E (kl + kz),lgptpix{XE [Fvl[;}%{crl} T Fvﬁ;}}%{j}] +

+xulEPEP — EPEPNP P (0)B,9 7 (py). (20)

—3
Ecnu B ypaBHenun (20) Bocnonb3yemcs npubimxenuem P = 0, To ecTs kornaa ya-
CTHUIIa TIOKOUTCS, ¥ MPeHeOpekeM HMIYJIbCOM ee oTaauu, To u3 (20) B 3TOM cirydae
CIIEITy€eT:

M (s, ) = 4mwrwo (A7 A7) (g (ke + k) [€ 22 640] +

+XM(E1 + EE)[EZEI]}’
re 5, = [[,602)], §, = [[,6@0)]

Takum oOpazom, B pamkax ¢opmanmmusma Jlapduna-Kemmepa-Iletbto ycraHoB-
JIeHbl CIMHOBBIE MOJSPU3YEMOCTH YaCTUIl CIMHA 1, KOTOpbIE XapaKTepHbl U IS
anpoHoB crnuHa 1/2. [lokazaHo, 4TO B MPEAJIOKEHHOM KOBApUAHTHOM TOJXOJIE C
Y4ETOM MEPEKPECTHON CUMMETPUU, HUHBEPCUU MIPOCTPAHCTBA U KaTHMOPOBOUYHOM MH-
BApUAHTHOCTH, OIPECIICHHbIC CIIMHOBBIE MOJIAPU3YEMOCTH WU TUPAIMHU YACTHUIIBI
CIHMHA €IMHUIA BHOCAT BKJIAJ B PA3JIOKEHUE aMIUIUTY/bl KOMITOHOBCKOTO pacces-
HUS, HAYMHAs ¢ COOTBETCTBYIOUIMX MOPSIKOB MO PHEPTHH (DOTOHOB B COTJIACHU C
HU3KOIHEPTeTUYECKUMHU TEOpEMaMu JJIsl 3TOTO Mpoliecca.

PaGorta BeimonHeHa mpu noanepkke bemopycckoro pecnybnmkanckoro (oHzaa
(dyHIaMeHTaIbHBIX UCCIIEIOBAHMIA.
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B.JO. T'agpumr’, B.B. Auipees’

VO «I"oMembcKuii ToCy1apCTBEHHbIH TEXHUYECKU
yHusepcuteT uMenu 11.0. Cyxoro», I'omens, benapych
*YO «IOMeIbCKHii TOCYIapCTBEHHbIH YHHBEPCHTET
uMenu @pannucka Ckopunb», ['omens, benapych

PACHAJ ¢—ne'e” B TOYUEYHOUN ®OPME
MMYAHKAPE-UHBAPUAHTHOI KBAHTOBOII MEXAHUKH

Bsenenne

N3ydenne mporeccoB pacmaga aJpoHOB SBISETCA YAOOHBIM CPEICTBOM JIJis
MOHUMAaHUsI MEXaHU3Ma B3anMO/JICCTBUSI KBAPKOB BHYTPHU aApoHOB. OCOObIN MH-
TEpEC B UCCIEAOBAHUAX TAKOI'0 poJa NPEACTaBIAIOT pacnaibl V — Py —> P/ (" Me-
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30HOB JIETKOTO CEKTOpa ( ¢-ME30HOB), MOCKOJbKY SKCIIEPUMEHTAJIbHBIC JTAHHbBIC
MIPOIIECCOB TAKOT'O POjia OBLIM MOJYYEHBI C BBICOKOMW CTENEeHbI0 TOYHOCTH [1].

[ToMuMo HamWM4usg OHKCHEPUMEHTAIBHBIX JaHHBIX, YKa3aHHBIC IIPOIECCHI
yA0OHBI MapamMeTpu3alueid MaTpUIHOTO 3JEMEHTA: pa3eieHUe Ha aJPOHHYIO U
JIENITOHHYIO YaCTH JIA€T BO3MOXKHOCTh U3y4aTh MEXaHU3M B3aUMOJICUCTBUS KBap-
KOB TIOCPEJCTBOM aHaliu3a pas3iuyuHbiX (OpM-(DaKTOpOB, KOTOpHIE SBISETCA
GyHKIMEN nepeaaHHOro UMITyJbea t =q°.

N3yuenue takux mpoueccoB B pamkax KXJI, kak KBAHTOBOW TEOPHUH, JECIACTCA
HEBO3MO>HBIM B CHJIy TPYNIIOBBIX CBOMCTB T€OPHH; TAKKE, TOBEACHUE KOHCTAHTHI
KX o, (q°) npy MajbiX SHEPrHAX JETaeT TEOPHIO BOSMYILEHHH HEPUMEHUMON K

pacuetaM. Hanuuue BbIIIEIEPEUUCIICHHBIX TPYJHOCTEH NPHUBEIO K IOSBICHUIO
HenepTypOatuBHbix KX/[-moaxomos, Takux kak KXJ| na pemierke [2], mpaBuia
cymM [3] u zip. (cMm. 0030p [4]).

B TeopeTuko-rpynmnoBbIX HCCIEIOBAHUSX CBSI3aHHBIX CUCTEM HHTEPEC MpPE.-
CTaBJIIIOT METOJbI, UCTIONB3YIOIIME rpynmy [lyankape, Ha 0a3e KOTOPOM MOCTpOEHA
nyaHKape-MHBapuaHTHas kBaHToBas mexanuka (ITMKM) (cm. 0630p [5]). B Hacto-
aiee BpeMs u3 Tpex hopm ITMKM nns onucanus pensiTUBUCTCKUX CBSI3AHHBIX CH-
CTeM HCIOJIb3yeTCs AMHAMHUKA Ha CBETOBOM (poHTe [6], omHako, B maHHOU (opme
JTUHAMUKH CYIIECTBYET Psii IPUHIMUIHUAIBHBIX TPYIHOCTEH. ABTOPBI MOJIararoT, 4YTO
ToueuHass ¢opMa AMHAMKHU, BCIEJICTBHE PABEHCTBA 4-CKOPOCTEH YACTHI] C B3aUMO-
NeUcTBUEM U 03 HEero, JeNaeT ONUCAHUE PENIATUBUCTCKUX COCTaBHBIX CHUCTEM
HaunOonee HddexktuBHbIM. OcHOBHBIE uepThl ToueuHou Gopmer [IMKM ¢
KXJI-MOTHBHpPOBAHHBIM TOTEHIMAIOM OBLUIM JETATbHO OOCYXXJEHbl B padoTax
[7—9], mosTomMy MBI cpa3y mepeiieM K OMHMCAaHUIO 3JIEKTPOMAarHUTHBIX pacrajioB B
paMKax JaHHOW MOJEIIH.

1. MoaeJib 3JIeKTPOMAarHUTHBIX PacnajaoB

MatrpuuHblii 3JIEMEHT TepexoJa BEKTOPHOro Me30Ha ¢ 4-ummyiabcoM Q
B IICEBIOCKAIIPHBIA ME30H C 4-MMIYyJIbCOM Q' ¢ HCIIyCKaHHEM BHPTYaJIbHOIO
7 -KBaHTa MOKET OBITh MapaMeTPHU30BaH C mMomoIlsio 4-ckopocteit V =Q/M,
uV =Q' /M, cleayomuM BEIPAKEHUEM:

a/4VV’ =~ ~
gvpy*Ka(ﬂ) = (2”)3TOMO ~(Q“1Q), . (1)

avpo

rae BeeneHo obo3Hauenne K*(u)=ie“" g (u)V pV(;. Takas mapameTpu3anys sIBISIET-

Csl €CTECTBEHHOM ISl TOYEUHON (hOPMBI MMyaHKape-MHBAPUAHTHON KBAHTOBOW MeXa-
HUKH.
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B nanHoli pabote OyaemM paccMaTpuBaTh ME30HBI V U P Kak peNISITUBUCTCKYIO
COCTaBHYIO CHCTEMY KBapKa M aHTHKBapKa ¢ KOHCTUTYSHTHBIMH Maccamu M, u M,

B pamkax [IMKM. B Takom moaxojae maHHBIA pacmaj OOYCIIOBJICEH HCITyCKaHHUEM
KBapKaMH " -KBaHTa, BXOASAIMIMMHU B Me30H V . COOTBETCTBYIOIMINN JTaHHOMY TIiepe-
xoay (opm-dakTop B 0000meHHON cucteme bpelita MoxeT ObITh IMPEACTaBICH B
Bune [9]:

k
ZJ‘ J3+4v1 - Vl) ¥ (k) a)mé( 2)d)(k2)x

ey " ax x/ZMM oy @y, (K)o, (k) o, (K,)
(s -K;) .
0 (K»m,)B (0 Q)W Vl(k )Df/vzlﬂvl(ﬁ (k,dg)) +
+ CD(k ) x
(k )
Iy-K . —
e, 6m) S DB )DL, (o |
1€ BEPIIMHA B3aUMOIEHCTBHS (DOTOHA C KBAPKOM OIPEAENIETCS BEIPaKEHUEM
, =0 (ki —K)
F{,z =R )" +iF,(t) 5 —. (3)

a.Q
®opm (hakTOpBI KBAPKOB HOPMHUPOBAHBI B €CTCCTBEHHBIX SAMHHUIIAX MAarHUTHOTO
{4, ¥ aHOMAJLHOTO MarHUTHOTO MOMEHTa KBapKoB x, [9].

Jst uccnenoBanus moBeaeHus g, - (t) npu t =0 BBegeMm dhopMm Paktopsr Cakca

Ge(t)=F({t)+F (t) -y G, (1) =F,(t) + F,(t), 4)
CBSI3b MEXKIY KOTOPBIMH OIPEACIIACTCS COOTHOIIEHHEM (CM., Harpumep, [9]):
G, (t
6. ="2Y 6,0, ©)
q
Breioupas pynaknuro G, (t) B Buae [4,5]
1 a
Gy (t) = , rP=—, 6
o) In@-tr?/6)+1 ° m’ ©)
C Y4ETOM BBIPKEHUI
K=K +Ts((@+Da, (K)+ Jo® —1:|K |cosd), 7)
o, =@ o, (K —‘E‘cos ONw® -1, (8)
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] [K.V] _Q
n21:_ A7 ’V:_’ (9)
e, (K)Hmo—(kV) Qg
MZ+MJ -t
@ = 02M0|\;(; , My =, (K)+a, (k) (10)

mojydaeM g, . Kak (GYHKIMIO TIEpeJaHHOTO UMITyJIbca t M KOHCTUTYCHTHBIX Mace
KBapKkoB M 1 M.
2. YUucienHoe Mo/ie IMPOBAHUE MOBEAEHUSA Oyp, (t)

[Iponenypa mosryueHusi mapaMmeTpoB MOJICNIM, OCHOBAHHOM Ha TOYEUYHOU (opme
[TUKM, nonpobHa Obuta uznoxkeHa B padote [8]. Mcnons3yst HHTErpajibHbIE Mpe-
CTaBJICHUSI JIJI JIENTOHHBIX KOHCTAHT Paclajia MCeBAOCKAIAPHBIX U BEKTOPHBIX MeE-
30HOB C YUETOM JIKCIIEPUMEHTANIbHBIX JTaHHBIX [11], momydaem cienyroiiue orpaHu-
YeHuss  JJIS  MacCc  KBapKOB M TApaMeTpOB  BOJHOBOM  (YHKIIUHU

O(k, §) = 2exp(—k* 1 (255%) )| Y p**3):
m, =0,240+0,002 I'>B, m; =0,244 £ 0,002 I'>B, m, =0,462+0,021 1B,

8, =30,43° +2,00°, 6, =—12,24°+2,00° ,a=0,18, (11)

B = P = B,=0,3287 £ 0,0014 I'B, S, =0,3347 +£0,0062 I'B.
[MoncraBnss 3nadeHus (11) B Beipaxkenue (2) ¢ yuetom cootHotrenui (6)—(10) mo-

e, (1)

a1 pacnaga ¢ —ny —ne'e.
gVF’y (0)

Jly4aeM 3aBHCUMOCTb F . ()=

e -3kcnepumeHT KLOE-2

2,5 — 2 - MUKM Ji

2,0

1,6 4

F (@)

1,0 »

0,5

o+ F—F—7 .
0,00 005 0410 015 020 025 0,30 0,35 0,40 0,45

q, B
2 2 +A—
Pucynok 1 — IToBenenne popm dakropa ‘F et (g )‘ JUIs pacrauag — ne’e
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Ha pucynke 1 npencraBieH CpaBHUTENbHBIN aHAIU3 3KCIIEPUMEHTAIbHbBIX JaH-
HBbIX pa0oThI [1] ¢ TeOpeTUUECKMMH pacueTaMu B paMKax IyaHKape-KOBapUaHTHOMU
KBapKOBOW MOJIeIM, OCHOBaHHOM Ha ToueuHoi Gopme [TMKM (obaacTs 2 momydyeHa
C YY€TOM SKCIIEPUMEHTAIBHBIX U TEOPETUUECKUX HEOIPEICTCHHOCTEH MOIEIIN).

OtMmeruM, uTo BIUIOTH 10 (=0,3512B cpaBHeHHE MOJEIBHBIX U IKCIIEPUMEH-

TaJbHBIX PE3YJbTATOB SIBJISETCS yIOBIETBOpUTENbHBIM. [l obmactu (> 0,35 13B
HaOJII0JIAeTCS HEKOTOPOE OTKJIOHEHHE OT SKCHEPUMEHTAJbHBIX JAHHBIX, OJHAKO

OOJIBIINE 3KCINEPUMEHTAIbHBIE MOTPEIIHOCTH B 3TOW 00JACTU HE IMO3BOJIAIOT CliE-
JaTh OJTHO3HAYHBIX BHIBOJIOB.

3aKJII0UYeHHue

B xone pa®oTel ObUIO MOTYYEHO MHTETPaIbHOE MPEACTABICHUE KOHCTAHThI pac-
naga V — Py" B Toueunout popme [TMKM. CpaBHUTENbHBIA aHAN3 TTOKA3bIBACT,

Gy, (1)
9ve, (0)

HO OJIM3KO K AKCIEPUMEHTAIbHBIM JaHHBIM, MOJTYYEHHBIM B pabote [1], 4ro maer
BO3MO>XHOCTh HUCIIOJIb30BaTh JAHHYIO CXEMY JUIsl aHaJIM3a aHAJIOTMYHBIX PacrajioB
JIPYTUX ME30HOB.

PaboTa BbImosiHEHa nipu noajaepxke benopycckoro PecnyOnukanckoro ¢onaa
OyHaaMeHTabHBIX MccnenoBanuid.

yT0 noBeaeHue hopm pakropa - ()= JUTSI pacmana ¢ —rne’e” 10CcTaTod-
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E.A. lerrapésa, C.A. TumomuH

YO «I'oMeJIbCKull TOCYyIapPCTBEHHBIH TEXHUYECKHI YHUBEPCUTET
umenn I1.0. Cyxoro», I'omenn, beaapych

HOJIYUHKJIIO3UBHOE I''IYBOKOHEYIIPYI'OE PACCEAHUE
HOJIAPU30BAHHBIX JIEIITOHOB
HA TIOJIAPU30OBAHHBIX JIJEUTPOHAX

Hccnenoanue CiMHOBOM CTPYKTYphI HYKJIOHA [1, 2] sBIIeTCS OAHOM U3 aKTy-
aMbHBIX 33724 GU3UKK YacTHIl. [10yUHKITI03UBHBIE MPOLIECCHI — ATO UCTOYHUK HO-
BBIX JJAHHBIX O CIIMHOBOM CTPYKType HykioHa [3]. C MOMOIIBIO JaHHBIX, KOTOPHIE
MOT'YT OBITh TOJIYYEHBI B IKCHEPUMEHTAX TAKOT'O THUIA, MOXKHO MOJYy4YUTh UHGOP-
MallMIO O BKJIaIaX KBAPKOB U @aHTUKBAPKOB B HYKJIOHHBIN CITUH.

PaccmoTpuM mpouecc MNOJYHMHKIIO3UBHOIO TIYOOKOHEYNPYIroro paccesHus
(T'HP) mossipr30BaHHBIX JICITOHOB Ha MOJISIPU30BAHHBIX JEHTPOHAX C 3apsSKCHHBIM

CJIa0BbIM TOKOM
*+d > v(v)+h+ X, (1)

3 _a 3 __pol

d’cjy d o7y
0e3 ydera moJIIpu3allii HadyaJlbHBIX YaCTHUIl U

dxdydz dxdydz -

JSpU3alUOHHAS YaCTh CEUYCHHS OTMPENETSIOTCS U3 COOTBETCTBYIOIIMX CEUCHHUM IS
npoToHa (P) 1 HeUTpoHa (N) CIACAYIOUTUM 00pPa30M:

CeueHue
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d3 a
Ao _1) €0, | d%op | 2)
dxdydz 2| dxdydz dxdydz

3 pol d3s P! 3 pol
d’o —1(1—§w)- op d (3)
dxdydz 2 2 dxdydz dxdydz
Ceuenus niponieccoB (1) mist poxaenus n-me3oHa [4], Bxoasmue B (2) u (3), mmo-
JYYCHBI B BH]IC

dxdédp pr{“(x QY)D; ™ (2,Q)+yAd(x.Q})DF T 2,QY)), ()

d3 poI

= 20x (Au(x,Q%)DF ™ (2,Q%) - y2Ad (x,Q})DF " (2,Q%)),

dxdyd
dSGa

dxdyd
d 3(5 pol

Tp nt-n" nt—n”
i - 2px{y2Ad (4, Q)] (2,0%) - AT(X.QIDF T (2,0))

CeueHus 1711 HEHTPOHA MOYKHO MOIY4YUTh U3 (4), (5) 3ameHoi «U <> d ».
N3mepsiemble TTONSpU3AIIMOHHBIE acUMMETpuM TporieccoB (1) ompenenum Kak
KOMOHWHAIINN CEYECHUH:

2px{ y2d(x,Q%)D; ™ (2,Q°)+ua(x QD T (2.QY)f, ()

l A N nt T
ATE —T (dcyf_d ) o (dGZ_d ) (6)
£—d (dG‘J’T )TC+—TE +(d0¢ )TC+—TC_ ,
¢~d r~d
2 nt _( £ )n+ -
Al -hT (dcswd) dGe*d (7)
ttd (dGT )n+—7'c_ _|_(dGT‘J’ )TC+—TC_ '
A t*d
d’c
rae do = :
dxdydz
IlepBasi CTpeNKa O3HAYACT HANPABICHHE CIIMHA HA4aibHOro JemrToHa (V) mimm
antunentona (T), a Bropas — Hampasnenme crmua uportoHa: 1 (Py =+1),
L(Py =-)).

[Moncrarss B (6), (7) cedenus (2)—(5) v yduTbIBasi COOTHOIICHUS TSI (PYHKITHIA

.
(dbparmMeHTau T-Me30Ha [5], A1 aCUMMETpUN A;i ] " moirydaem:
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e _ AU Q%) +Ad(x Q%) y7 (A (%, Q%) + AT(X, Q%)) , 3

e 0,09+ (07 2 (07 raQ?) 2 O
o i ylz(Ad(X,QZ)+AU(X,Q2))_AU(X,Q2)_AJ(X’QZ) _§
Ara” = 0(x,Q%) +d(x.Q%) + y2(d(x Q%) +u(x,Q?)) 0 O

PaccMOTpyM MONSPU3aIMOHHBIE aCHMMETPUH, TIOCTPOECHHBIE OJHOBPEMEHHO U3
ceyenuii / d—u /*d —THP

" )TC+—7'C ( )TE+—7I_ B ( 1 )n+—n_ ( M )n+—rc_
) (dcsfd idcfd dcg,d idcfd
Aly™ =¢ — — = — —=. (10)

5 )n -n ( o )ﬂ -n ( W )ﬂ - ( A )ﬂ -
(dcgd J_rdcsfd + de,d idcsfd

C nomoIpro (25 (3), (4), (5) MOJTy4aeM JIJIsi HUX cnez[y}omne BBIpa)KeHH}I
fd_n _Au(xQ )+ AU(x,Q%) + Ad(x,Q?) + Ad (x,Q? )(1 3@), (11)
| Uy (x,Q%) +dy (x,Q%)
- Auy (x,Q%) + Ad,, (x,Q%) 3
Arc T V V 1-= . 12
¢ T UxeD +uQ) + 10D +d D) 20

2
JIJisi manbHEWIero WMCCleOBaHUS CIHUHOBOW CTPYKTYPHI JIETITOHA OyneM HcC-
I10JIB30BAaTh JIONOJHUTEIBHYIO U3MEPSIEMYIO BEJINYMHY — aKCHAJIbHBIN 3aps d;, KO-
TOPBIM B KBapK-MAaPTOHHOW MOJEIN PABEH
a; = (Au+AT)—(Ad +Ad). (13)
Bxiiagel KBapKOBBIX apOMaToOB (Au +AU), (Ad +Ad ) MOJIYYUM B PE3yJIbTaTE COB-
MectHoro pemieHust (11) u (13)

Uy +dy AT ldx, Ad + Ad _—j ! +dV AT —ay [dX.
1-15w ‘

11
Au+AU:—j(a3+
20

0.8

0 0.2 0.4 0.6 0.8 1

+_ -
Pucynok 1 — AcummeTpus A;t_ ] "

(HYOKHSSI TUHUS TIpU Y = 01,
cpenusis —npu Y = 0,5, Bepxusist —pu Y = 0,9)

133



+ - + -
Acnmmerpust AT ] " (pucyHok 1) u A; ] " (pUCYHOK 2) SIBISIFOTCS 3HAYMMBIMH

B U3MEPSIEMON KMHEMaTUYECKON 00acTu (X, y) u MoryT pocturarb 70% B obsactu
OOJIBIINX X.

0.8 T

-
——— -
i

-0.2 | | | |
-0 0.2 0.4 0.6 0.8 1

PucyHok 2 — AcuMMeTpus AZ: d_nf (BepxHss munus mpu Y =01,

cpenuss —npu Y = 0,5, nuwknssa —mpu Y =0,9)

0.8 T T T T

0.6

0.4

-0.2 ] ] ] ]
-0 0.2 0.4 0.6 0.8 1

n-n n-n
Pucynok 3 — Acummerpuu A4 (crutomHas muus) B A~y (MyHKTUpHAs JIMHKS)

+ - + -
[oBenenue acummerpunt Al ° u A"y " (pUCYHOK 3) NMpaKTHYECKH OJUHAKO-

BOE, 32 UCKJIFOUEHUEM 00JIaCTH MaJIbIX X, IJIe UX pa3HHIla cocTaBiisaeT okoJio 10%.
[IpencraBpnsieT mHTEpec paccMoTpeHue obmactd Manblx (Y —0) m Oompmmx

(y > 1) 3nauenuii y. [Ipu y — 0 acummerpuu (8) u (9) npuHUMAIOT BU/
2 2
Aﬁ_+ - — An++ - 5 AuV (Xv QZ) + AdV (XéQ )_ e (1_ §(Dj
e 9 u(x, Q%) +u(x,Q%) +d(x,Q%) +d(x,Q%)

2
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OTcro/1a MOKHO TOJYYHUTh BKJIAJl BAJICHTHBIX KBAPKOB U AHTUKBAPKOB B CIIVH
HYKJIOHA

1
Au, +Ad, = 1_1’5w_([((u +U+d +d)- AL )dx_
B ciyuae, xorga Y — 1, BeIpakeHUs JjIs1 aCUMMETPUH CIEAYIOLIHUE:
2 2

A AU Q)+ Ad(x,Q )_(1_ §@j, an

h u(x,Q%)+d(x,Q%) 2

) o 2 T 2
AT T :AU(X,QZ)'Féd (X;? )(l_§wj (18)
h 0(x,Q%)+d(x,Q%) 2

C nomonipio (18) MOKHO MOAYUYHUTH CyMMapHBIN BKJIA]] JIETKMX KBAPKOB
1

xt-n”
| (w+d)-A7 Jax
0
Takum oOGpa3om, paccMOTpeH mpoliecc noayuHkIo3uBHOro ['HP nmonsipuzoBan-
HBIX JIEIITOHOB Ha IIPOJOJIBHO MOJISAPU30BAHHBIX ACHTPOHAX.

AT +Ad =

1-15w

[TonyueHb! MOJSPU3AIUOHHBIC ACUMMETPHU A" " s POXKICHHUS TT-ME30HOB,
KOTOpPBIE HE 3aBUCAT OT QyHKIUH dhparmeHTanuu. I10aydeHbl BRIpaKeHUs IS BKJIa-
108 (AU+AU) u (Ad +Ad) B cnue HykyI0Ha, a Takke (AU, +Ady ) u (AT +Ad )
nmpu Y —>0 u Y — 1 COOTBETCTBEHHO.

UucneHHble OLIEHKA aCUMMETPHUM MOKAa3bIBAIOT, YTO OHU SBJISIOTCS 3HAYUTEIb-
HBIMU B OOJIBIIIEH YaCTH KWHEMaTH4YecKou obsactu (X, Y ), U, CIeI0BaTEIbHO, MOTYT

OBITH HN3MCPCHBI B ITOJIAAPHU3ALNOHHBIX ITOJTYHWHKIIFO3UBHBIX SKCIICPUMCHTAX.
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YO «'omenbCkuil TOCY1apCTBEHHBIN YHUBEPCUTET
uMenn @pannucka Cxkopunb», ['omens, benapchb

PACUET CBOMCTB ME30HOB HA OCHOBE UM CJIEHHOT'O
PEIIEHUSI CUCTEMbI UHTETPAJIBHBIX YPABHEHU COJINTUTEPA

BBenenue

TeopeTnyeckn U YUCIEHHO CBOKMCTBA ME30HOB KaK CBSI3aHHBIX COCTOSIHUW KBap-
Ka M aHTHUKBapKa B HACTOSIIEE BPEMs HCCIEAYIOTCS B PAMKaX Pa3InYHbIX MOJICIIECH
[1-3]. Onaum u3 Haubosee 3 (HEKTUBHBIX ABJSCTCS MOIX0], OCHOBAHHBINA Ha MPU-
MeHeHun ypaBHeHur Connurepa [3,4], moay4aeMbIX BBIIOJIHEHHEM OIEpPALUU
MTHOBEHHOTO TpubmkeHus B ypaBHeHuU bere-Connutepa. B aTom ciydae onepa-
TOP B3aUMOJCKUCTBUS 3aBUCUT TOJBKO OT TPEXMEPHBIX HWMITYJIbCOB YaCTHII
V=V(p- |Z) :

B nanHo# paboTe peaqn3oBaHO YHCICHHOE PENIEHHUE CHUCTEMbI MHTETPaTbHBIX
ypaBHeHuii Coimmurepa Ui COCTOSIHHN KBapKOHHUS C KBAHTOBBIMH unciamu 0,
1"~ METOZOM KOHEUYHBIX DJIEMEHTOB, IPUYEM HHTETPajibl OT (YHKIMHA (HOPMBI BBI-
YUCIIAIOTCS AHATUTUYECKHU.

1. Cucrema uHTerpasbHbix ypapaenunii Cosanurepa

Jlist ommcaHusi KBapK-aHTHUKBAPKOBOTO B3aWMOJICHCTBHSI OOBIYHO HCIOJIB3YIOT
CYTNEPIIO3UIINI0 TOTEHI[MaNa OAHOTIIOOHHOTO OOMEHa, 3alUparoIero MOTEeHINAaa,
COOTBETCTBYIOLIETO JIMHEWHOMY MOBEICHUIO B KOOPJIMHATHOM MPEACTABICHUU, U
MOCTOSIHHOW COCTaBJIAIOIIEH [4]

70 i, O AT 1)

2 Vu 72 2 —\2
(ﬁ—k) e>0 Og (ﬁ—k) +82
31ech &, — KOHCTAHTa OJJHOTJIFOOHHOTO O0MEHA, A — HHTEHCUBHOCTh 3aIUPAIOIIETO

V(p-k)=

B3auMo/iericTBuUsA, U — MOCTOSIHHAS COCTaBIISIONIAs.

VYyer KBaHTOBBIX YMCEJ ME30HA BBIMOJHAETCS Pa3oKEHUEM OIeparopa B3au-
MOJICUCTBUSL MO MOJHOW CHCTEME MHBAPUAHTOB ainreOpbl J(upaka v BbIJEICHUEM B
MIOJTHOM BOJIHOBOM (DYHKITMU CKAJIIPHBIX aMIUTUTY U MHOXKHUTEJEH, OTIPEACIISTIOIINX
ee TpaHc(opmarmoHHbIe cBOMCTBA. [[s paccMaTpuBaeMBIX COCTOSHHM C KBaHTO-
BeiMd yrcaamMu 07, 177 COOTBETCTBEHHO B TPEXMEPHOM HMIIYJILCHOM IIPOCTPaH-
CTBE BBOJIATCS T10 JABE CKAIApHBbIE GyHKINHA [4]:

v (@) =we(Q)y° +w, (q)(7°75 +y° a—r;]q)Yoo(ﬁq ) (2a)
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v @=ve @7+ @ 7+ ), (2

B xaxaom cimydae mis CKaJdspHbIX (PYHKUMN B pe3yibTaTe MapUuaibHOTO pas-
JIO’KEHUS TI0JIy4aeTCs CUCTEMa UHTETPAIIBHBIX YPABHEHUN C CUMMETPUYHBIMU sipa-
MU, KOTOPYIO MOKHO 3allicaTh B OOLIEM BUJIE

AP (p) + [W,(p, Ky, (K)dk = My, (p);
] ] 3)
Az(p)')”2(p)+_[Wz(pak)Wz(k)dk =My, (p).

OyHKIMOHATBHBIE KOA(PPUIIMEHTHI cUCTEMBI (3) U YCIOBHE HOPMHUPOBKHU BOJI-

HOBBIX (yHKIUH 11t coctosaust 0 MMEOT BUJ

Al(p)=2”(p)+m(‘;)[1— pz]; A () = m(uij

m m (p)
W, (p, k) = —TPK [O ) - PXES (p, k) + 2R k}
(p)(z)() (p.k) - (p, k) +2Fy (p,k)
W, (p,k) = TP __ mp" [F (p,K)—4FY (p.K));
27)’w
— I @ )3pco(p)l//1(p)w2(p) 2M . (4a)
Koaddurmentsr ypaBaenuii cucremsl (3) mas coctosaust 17~ 3amaHbl COOTHO-
IMCHUsIMHA
_20°(p) MU (. p°). U
Alp)=—— +w(p)(1 mzj, A, (p) = m(2+ ()]
W, (p, k =m—k2{1 k k Zka K) + 2F k}
(p.k) 22 o) (p, > (p, k) +2F (p,k)
_ o mk® v 8 % 2 B
Wo(P.K) = 55 o )[F (p.k)—4F (p, k)] j 3p (P, (P, (p) =2M..

(4b)

I/IHTePpaJIBHBIe Aapa NPUBCACHHBIX CUCTCM ypaBHeHI/Iﬁ COACPIKAT KOMITOHCHTBI

87°4 [ p?+k? 81’a, 2 4 k2
Ff(p,k>=ﬁq(p2pk ]; R (py = QL(pzpk ] ©)

rae Q, (z) — dynkuuu Jlexxanapa BTOpOro poja, MTPUX 03HAYAET MPOU3BOAHYIO MO
aprymenty z = (p® +k?*)/(2pk).
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Hannuue cunrynsipabix QyHKIM (5) B UHTETPAIbHBIX YPABHEHUSX MPECTABIISET
co0oii mpobemMy A1 TIPUMEHEHHUS MeTo/a KBajpaTyp. B psjge paboT pa3Bura TexXHO-
JIOTUSI YCTPAHEHUSI OCOOEHHOCTEN C MOMOIIBIO PA3IMYHBIX BBIYUTATEIBHBIX MPOLEAYP
[5, 6], 0IHAKO TOYHOCTH PE3YJIBTATOB MPU 3TOM HE MOXXET OBIThb CYIIIECTBEHHO ITOBHI-
mieHa. OTMeTUM, 4To 00Jiee TOUHBIC PE3YJILTAThI IIPU PEIICHUU UHTETPAJIbHBIX YpaBHE-
HUIl B UMITYJIbCHOM IPEJICTABICHUU JaeT MPEJI0KEHHBIA B padoTe [7] crieKTpalibHBbIMI
METO/I, UCTIONIB3YIOIINI CBOMCTBA MOJMHOMOB YeOnbIieBa. BeruncaurensHas npoiey-
pa MeToja ObliIa CYIIIECTBEHHO YCOBEPIIICHCTBOBaHA B padoTe [8].

2. Onncanue YUCICHHOI0 METOA pelleHUs YPABHEH Uil

B MeToze KOHeUHBIX 31ieMeHTOB uckomble pyHkuuu v, (K), v, (K) BepaxkaroTcs
gyepe3 dynkmum Gpopmer N, (p), mpencrapisionme co00i MOIMHOMBI BEIOPAHHOTO
HOpsIKa, JUI KOTOPBIX M pealn3yeTcs nHTerpupoBanue B (3):

n n
Wl(p)ZZV/iNi(p); Wz(p)ZZWNHNi(p)’ (6)
i=1 i=1

Yurem, uto B (5) dynxiuu F’ (p,K) Bepaxarorcs uepes dynxuun Jlexanmpa BTo-
poro poma Q,(p,K) =In((p+Kk)/(p—K)) 1 umeror unTerpupyemyo orapupMUEecKyo
ocobennocTh, a Gynkmuu F°(P,K) BeIpakaroTcs uepes mepsyio IpOM3BOIHYH (BYHK-
mun Jlexanapa sroporo poma Q,'(p,K)=1/(p —Kk)?. Huterpansi, comepxaie Takoe

SIPO, OTHOCATCS K KJIACCY THIIEPCUHTYIISIPHBIX W BBIUMCIISIOTCS B CMBICJIC KOHEUHOW 4a-
ctu (finite-part) mo Axgamapy [9]

(H)T PO a4 = lim {Sf(FL)ZdHT(F(x) i 2F(s)}’ -

) e—>0 X—S) X S) -
HaHpI/IMep:
2 kj

'[kF ( "k)dk_&z;t piz( 1 1 j-i—klnﬂ :
Kt p; k—p, k+p k- p, .

k; 3 -

_[ kaOV(pi’k)dk:87Z'26_Zs k In I;_'_ pi + pi |n<k2_ pi2) . (8)

ki i

Kt

®opwmyibl (7), (8) U aHAIOTUYHBIE UM UCIIOJIB30BAIUCH B XOJE€ YHCICHHOTO pe-
meHus ypapHeHui (3). [Ipu aTom 061acTh U3MEHEHUSI ApTyMEHTOB OTPaHUYHUBAJIACh
JOCTATOYHO OoJibINM 3HaueHueM 0 < p < pmax u pazduBajiach Ha N PaBHBIX KOHEY-
HBIX DJIEMEHTOB. B COOTBETCTBUU C METOJOM KOJUIOKAIIWMA, B KOKJIOM Y3JI€ HEBSI3Ka
TOYHOTO M YHUCJIEHHOT'O PENIEHUs CUCTEMbl ypaBHeHUH (3) JOJDKHA 0OpamaTrhes B
HOJb. [Ipy UCTIOIB30BaHNN KYCOYHO-TIOCTOSTHHBIX KOHEYHBIX 3JIEMEHTOB B KaUECTBE
y3JI0B KOJUTOKAI[MU UCTIOJIb30BAIUCH LIEHTpabHbIe TOUKU. C yueToM BhIpakeHUH (6)
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IpU 3TOM MOJY4YaeM CTAaHJAPTHYIO 3a7ady Ha cOOCTBEHHbIE 3HaueHus M KBaJpat-
HOW CHUMMETPUYHON MATpHIIbI, JCUCTBYIOIMIEM Ha OOBEAMHEHHBIH BEKTOP
w=(w,w,)= (Wl,l""’l//l,N WoirenWoy ). QI pacyeTa DJJIEMEHTOB MAaTPHILBI HC-
N0JIB30BAJIMCh IPOrpaMMHbIE OJIOKHM, cocTaBiieHHble B cucteMe Mathcad. Co06-
CTBEHHbIEC 3HAUYEHUS U COOCTBEHHBIE BEKTOPHI BBHIYUCIISIIMCH C MOMOLIBIO BCTPOEH-
HBIX (DYHKIUH.

3. Pe3yJabTaThl BIYMCICHUH

Tabnuua 1 — CnexkTp Macc COCTOSIHUN KBapKOHUS

J PC(25+1|_J) [Tapametpsl | Ilomyuennsie | Pe3ynbTarhl | DKCIEPUMEHT
pacdeTa pPE3YIIBTATHI [3]

cc 0°('s,) 1| m =1616 | 29808 2 980,3 2 983,6
cc 0°(s,) 2| @703 3582,4 3576,4 3639,4
c o 4=0,2 3976,2 390488
cc O (SO) 3 U=-0.534 , ,
cc 0'(s,) 4 42848

cc 17('R) 1| m =1616 | 35252 3526,0 3525,38
cc 17(R) 2| @703 3938,1 3943,0

c 1t A=02 4 265,0 42424
cc 1 ( Pl) 3 U=02 ) )
cc 17('R) 4 45388
bb 07 *(*S,) 1| m, =4,96 9 390,2 9.390,2 9388,9
bb 0°*('s,) 2| #=023 9.940,1 9 950,0

b 0 A=0.28 77103257 | 103114
bb 0('Sy) 3| ;275704 , ,
bb 0 *('s,) 4 10 645,1

bb 1*°(*R) 1| m,=496 | 99000 9.900,2

bb 17('R) 2 | @=023 | 102337 10 280,4

b 1(1 A=0.28 [7710509,7 | 10562,

% & (R) 3 U=-0,576 ’ ’

bb 1+°(*R) 4 10 751,4

B nHacrosiee BpeMsi HU3BECTHO OJHO COCTOSTHUE CUCTEMbI CC C KBAaHTOBBIM UMC-
mamu 17~ — me3on h,. TTapamerpsl pacdyera mogOMPATUCH 0 SKCICPUMEHTATBHOM
macce cocrosiuag 1S M = 3525,38 MaB [10]. Beruucnennslie 3Ha4yeHuss Maccel 1o-

CIICAYIOIINX COCTOSIHMI CC M pe3ysbTaThl pacueToB Macchl bb -cucTembl mpu pmax
=8, n =200 npusenensl B Tabauiie 1. J{ns cpaBHeHus B TaOJIMIIE TPUBEACHBI U pe-
3yJbTAaThl BHIYUCICHUN U3 pabOThI [3], B KOTOPOU HCIOJIb30BaHA WHAS rnapa-
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MeTpHU3alys B3aUMOJICUCTBUA. B 11e710M MOXHO OTMETUThH XOPOIIIEE COTJIACHE TOTY-
YEHHBIX PE3yJIbTATOB C UMEIOITUMHUCS JaHHBIMHU.

3aKJII0YeHne

Takum 00pazoM, METOJI KOJUIOKALMKM IO CUCTEME KOHEUHBIX 3JIEMEHTOB C aHa-
JUTUYECKUM BBIYMCICHUEM HHTErpaioB OT (yHKUUNA (OPMBI SBISETCA YIOOHBIM
UHCTPYMEHTOM ISl YUCJIEHHOTO PEIICHUS CUCTEMbl HHTEIPAJIbHBIX YpPAaBHEHUU
Connurepa.

JlanbHeliiee TOBBIIIEHUE TOYHOCTH YUCICHHBIX PE3YyIbTATOB MOXET OBIThH J10-
CTUTHYTO KaK HMCIOJIb30BAHMEM KOHEYHBIX 3JIEMEHTOB BBICIIMX MOPAIKOB, TaK U
MPUMEHEHUEM SPMUTOBBIX KOHEYHBIX 3JEMEHTOB, OOECIEUMBAIOIIMX HEMPEPhIB-
HOCTh HE TOJIBKO BOJHOBOM ()YHKIIMH, HO U €€ TIEPBBIX MPOU3BOIHBIX.
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1. Yang, J.H. Analysis of X Particle Spectra in Quarkonium Model / J.H. Yang,
S.K. Lee, E.-J. Kim, J.B Choi // arXiv:1506.04481v1 [hep-ph] 15 Jun 2015.

2. Ebert, D. Spectroscopy and Regge trajectories of heavy quarkonia and B
mesons / D. Ebert, R.N. Faustov, V.O. Galkin // Eur. Phys. J. C. - 2011. -
Vol. 71. — P. 1825.

3. Chang, C.-H. Spectrum for Heavy Quankonia and Mixture of the Relevant
Wave Functions within the Framework of Bethe-Salpeter Equation / C.-H. Chang,
G.-L. Wang // Science China. Physics, Mechanics, Astronomy. — 2010. — Vol. 53. —
Ne 11. — P. 2005-2018.

4. Linde, J. Charmonium in the instantaneous approximation / J. Linde,
H. Snellman // Nuclear Physics. — 1977. — Vol. A 619. — P. 346.

5. Tang, A. Nystrom plus Correction Method for Solving Bound State Equations
in Momentum Space / A. Tang, J.W. Norbury // Pys. Rev. E. —2001. — Vol. 63. — P.
066703.

6. Chen, J.-K. Extended Simpson’s rule for the screened Cornell potential in
momentum space / J.-K. Chen // Pys. Rev. D. — 2012. — Vol. 86. — P. 036013.

7. Deloff, A. Quarkonium bound-state problem in momentum space revisited /
A. Deloff // Annals of Physics. — 2007. — Vol. 322. — P. 2315-2326.

8. Anapees, B.B. KBanToBsie u penstuBuctckue 3h(HEKThI sl IBYX9aCTUIHBIX
cucTeM c KopHenbckuM moteHruanioMm / B.B. Arapees, K.C. babuu // [Ipobrembr
¢bu3uku, MareMatuky U Texauku. — 2011, — No 3(8). — C. 7-14,

9. Wu, J. The superconvergence of the composite midpoint rule for the finite-
part integral / J. Wu, Z. Dai, X. Zhang // Journal of Computational and Applied
Mathematics. — 2010. — Vol. 233. — P. 1954-1968.
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E.A. e

YO «'omenbCKkuil TOCYJapCTBEHHBIN YHUBEPCUTET
nMmenn @pannucka Ckopune», ['omens, benapych

IODPEKTUBHOCTH METOJIA KOHEUYHBIX PASHOCTEM
HHPU PEIHEHUU IBYMEPHOI'O CTAIIMOHAPHOI'O
YPABHEHMUS INPEAUHI'EPA

BBenenue

Pa3Butne u uccnenoBanue >PGEKTUBHOCTH YUCICHHBIX METOJOB UIPAET BaXK-
HYIO POJIb P pacueTe mapaMeTpOB JBYMEPHBIX KBAHTOBBIX cucTeM [1-5].

B pabote [6] Oba uccienoBana BeUUCAUTENbHAS 3(DPEKTUBHOCTh METO/IA KO-
HEYHBIX PA3HOCTEH, OCHOBAHHOIO HA BBICHIMX MOPSAJKAX ANIpPOKCHUMAIMH BTOPOIl
IIPOM3BOJIHOM, MpU pEelIeHUH OAHOMepHoro ypaBHeHus Lllpeaunrepa m orMeueHa
€ro BhICOKasi TOYHOCTh U YJ00CTBO MPOrpaMMHOM pean3aluu.

B nmanHO# paboTe ncciaenyoTcss BEHIYMCIUTENbHBIE CBOMCTBA METOJa KOHEUHBIX
Pa3HOCTEN C BBICHIMMH MOPSAIKAMHU allMpOKCUMAIIMA YACTHBIX MPOU3BOJIHBIX TMPH-
MEHUTENIBHO K 3aJja4€ YHUCICHHOTO PEUICHUsS JBYMEPHOTO CTAallMOHAPHOTO ypaBHE-
nus peaunrepa. [lomydens! pacueTHbie (GOPMYJIIBI U BBITIOJHEHA UX TIPOrpaMMHast
peanu3anus B cuctemax Mathcad u Matlab. /Tist TecToBBIX 3a1a4 KBaHTOBOM Mexa-
HUKHA BBIYMCIIEHbI COOCTBEHHBIC 3HAUYEHHUS SHEPTUHU, BBHINOJHEHA OLIEHKa HMX IO-
TPEUTHOCTH, TOCTPOCHBI TPa(UKH IBYMEPHBIX BOJHOBBIX (YHKIIUH.

1. KoHe4Ho-pa3HOCTHAsI ANINMPOKCUMALIMS
asymepHoro ypasuenuss Llpeaunrepa

PaccmoTpuM 3amauy Ha HaxoKJI€HHE COOCTBEHHBIX 3HAYEHHI CTAllMOHAPHOIO
nBymepHoro ypasHeHus [lpeaunrepa [1-5]

) ;m(d v, j'jyg”}vu, D %Y) =Ew(xy) @

dx

JIJIss 9UCIACHHOTO PEIICHUs ypaBHEHHUs OyJeM paccCMaTpUBaTh OIPAHUYCHHYIO
001acTh M3MEHEHUS apryMeHTOB XMiN < X < Xmax; ymin <y < ymax, B KOTOpOu

10 K&)KJIOﬁ HepeMeHHOﬁ BBCIACM PABHOMCPHYIKO CCTKY C IHarom h, TaK 4YTO
X, =xmin+i-h, y;, =ymin+j-h, N, =(xmax—xmin) /h, N, =(ymax—ymin)/h,

wii =w(X,Y;), Vi;=V(X,Y;). Hcnonesyem nanee HEHTPAIbHBIE KOHEYHO-

Pa3HOCTHBIC aIIIIPOKCUMAIIUU JJIA BTOPBIX IIPOMU3BOJHBIX BOJIHOBOM (bYHKHI/II/I

o’y 1 82 o’y Rk
— C +0lh° — C +0(h?
8X2 - h2 k:;):/z kW|+kJ ( ) ayz - h2 k__zp/2 kWI j+k ( ) (2)
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rie C ,,, C 0y, Cy, G, Cp,.Cyypyy €y — HCKOMBIE  KOI(GOHIHMCHTHL.
BcnenctBue cummeTpun IEHTPaIbHBIX KOHEYHO-PA3HOCTHBIX BBIPKEHHUH CIIpaBei-
nuBbl pagencrtea C_,, =C,,,, ...,C, =C,.

Jia nony4yeHus: Ko3p(QULIUEHTOB PACCMOTPUM PA3JI0KEHUE CETOYHBIX 3HAYEHUI
BOJIHOBBIX (hyHKIM B psfg Teiniopa B popme Jlarpanka, Haripumep, o MEPEMEHHOU
X (IT0 TIEpEMEHHOH Y BhIpaKECHUS aHAIOIH4HbI) [6]:

1 g2 1 1 oy 1 o h &%
R e T PR a7l -
hp 83+2W hp+2 83+4l// p/2
+ |O-p+2 3+2 ‘ + |O-p+4 344 . Og = chks.
(p+2)! OX i (p+4)! OX S—_— ke—p/2

C yuerom (2) npuxoaum k cucreme (P+1) TMHEWHBIX YpaBHEHUN JJ1 BbIYHCIIE-
Hus Ko3ppuurentoB C,

0,=0; 0,=0; 0,=2; 0,=0; 0,=0; ... 0,=0. 4)

Pemrast cucrembl ypaBHeHuit (4) st pa3iuyHbIX 3HaYeHUU P, mojiydaeM Ko3(-

(UIMEHTHI IS HEHTPAIBHBIX KOHEYHO-PA3HOCTHBIX AlIIPOKCHUMAIIUA BTOPBIX MPO-
M3BOJIHBIX (Tabnmma 1).

Tabmuua 1 — KosdpuuueHnTsl KOHEUHO-PAa3HOCTHBIX aNMpPOKCUMAILMI BTOPBIX
IIPOU3BOJAHBIX

P C:0 Cil Ci2 Ci} Ci4 CiS Cié Cﬂ CiS

2 |2 1

4 | =52 4/3 —1/12

6 | —49/18 3/2 -3/20 | 1/90

8 | —205/72 8/5 =1/5 8/315 —1/560

10 | —5 269/1800 5/3 —5/21 | 5/126 —5/1008 | 1/3 150

12 | —5369/1800 12/7 | —15/56 | 10/189 | —1/112 | 2/1 925 —1/16 632

14 | —266 681/88 200 | 7/4 —7/24 | 7/108 —7/528 | 7/3 300 —7/30 888 | 1/84 084

16 |-1077749/352800 [16/9 |-14/45 |112/1485 |-7/396 112/32 175 |-2/3 861 16/315 315 11/411 840

3aMeHsie BTOpbIE NpPOU3BOJHBIE B YypaBHeHuu [llpeauHrepa Ha KOHEUHO-
Pa3HOCTHBIE BBIPAXKEHUS (2), MOJy4aeM CUCTEMY JIMHEHHBIX OJHOPOJIHBIX YpaBHE-
HUW OTHOCUTENBHO 3HAYCHUN BOJTHOBOM (DYHKIIMK B y3j7aX CETKH, O0Opa3yHIIyro
MaTpUYHYIO 3aJlayy Ha COOCTBEHHbIe 3HaueHus. B cucreme emunun 7 =1, m=1
ypaBHEHHS cHcTeMbl UMeIoT BUI (i=1.N, -1 | =1.N, -1)

1 I0/2C 1 p/2C v c
T AR? itki T~ o A o X, Vi)W = -
2h2 k:—zplz kl//H'k,J 2h2 k:—zplz kWI,j+k ( i yJ)l//,J l//,J. (5)

Ha ocHoBanmwm (7) HECIIOKHO 3aMKcaTh SBHBIA BUJ CHCTEMBI JTUHEHHBIX YpaBHE-
HUW 110 11000Tr0 3HaYeHus P.
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Tak kak 3a npejenaMmu 00JaCTH BOJIHOBYIO (DYHKIIMIO ISl CBSI3AHHBIX COCTOSIHUMN
MO>KHO TPH YHCJIEHHOM pacueTe cuuTaTh paBHOM 0, B Toukax BOJIM3U rpaHUIIbI 3HA-
yeHust (GYHKIMU C OTPUIIATEIbHBIMA HOMEPAMH Y3JIOB U C HOMEpaMH, MPEBbIIIaL0-
mumu N, He TaroT BKIIaJa B cucTeMy ypaBHenwit: v, =y, =0, k=0..P/2.

2. UccnienoBaHue BHIYUCIUTEIBHBIX CBOMCTB MeT0/1a KOHEYHBIX

pa3HocTeH NpHU pelieHUH ABYMepHOro ypaBHenus lllpennnrepa

B kauecTBe TeCTOBOI 3a/jauu pacCMOTpUM JByMepHOe ypaBHenue [lIpeaunrepa
C TOTeHHManoM rapMonmueckoro ocuumitropa V(X)=(x*+y*)/2 B obnactu
—L<Xx<L, -L<y<L.3Ora3anadya no3BoasieT NIPOTECTUPOBATHh METOJI JI CIay4das
[IaJIKOTO 3alUPAarolIer0 NOTEHIMANA U CPABHUTH PE3YJIbTAThl C TOUHBIMU 3HAYEHHU-
amu E" =n+1, n=n, +n,, n,,n,6 = 0,12,.... Ina ypoBua E_, cymecrByer

(n+1)-xpaTHOE BBIpOXKICHUE. 3HAYCHHS A0COFOTHOMN MOTPEIIHOCTH ‘E,f]’”c”” —E "

HepBBIX MocienoBareinbHbiX 1=1..50 BeraucIeHHBIX ypoBHEW E “““" mns 3HaveHwit
napametpoB L=6, h=0,2 u paznuunbix P npuBecHBI B Ta0IUIIE 2.

Tabnuiia 2 — TOTPEITHOCTh BBIYUCICHHBIX YPOBHEW DHEPTUH JIBYMEPHOTO
TapMOHHUYECKOTO OCIMUIATOPA I pa3nu4HbIX mopsakoB (L=6 h=0,2 N=3481)

[ nin |nj|E"™ P=2 P=4 P=8 P=12 P=16

1 0010 1 2,5063e-003 | 3,2928e-005 | 2,2835e-008 | 4,7322e-011 | 1,4810e-013
10 3,103 4 2,2640e-002 | 5,2344e-004 | 8,0743e-007 | 2,8491e-009 | 1,3281e-010
20 4 11 |5 6 4,7903e-002 | 1,4335e-003 | 3,2387e-006 | 1,4978e-008 | 1,7892e-008
30 116 |7 8 1,4531e-001 | 9,1870e-003 | 7,2066e-005 | 2,1428e-007 | 4,1909e-009
40 3|15 |8 9 1,5033e-001 | 9,2855e-003 | 7,2227e-005 | 1,4312e-007 | 1,8004e-008
50 4 1519 10 1,6042e-001 | 9,5806e-003 | 7,4292e-005 | 1,5562e-007 | 1,8681e-007

[To pe3ynbraraM Tpex MOCIIEI0BATCIILHBIX PacueToOB BeauduHbI mara h, h/2, h/4
MOYKHO OTIPEICITUTh MPAKTUYCCKHUH MOPSIOK CXOIUMOCTH YHCICHHOTO MeToa [ 7]

- E(h) _ E(h/Z)

P=log, E(E/Z)_En(hm) : (6)

n n

3HaYCHUS MPAKTUUECKOTO MOpsaka cxoauMmoct P s cioydas P=16 mpuBene-
HbI B Ta0suIe 3. Pe3ynbTaThl MOKA3bIBAIOT, YTO BHIYMCICHHBIA MPAKTUUECKUN MOPSI-
JIOK CXOJUMOCTH OJIM30K K TEOPETHICCKOMY 3HAUYCHHIO.
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Tabnuma 3

— pacyeT MPaKTHYECKOTO TMOpPSIKa CXOJUMOCTH
anmpokcumariuu P = 16 npu L = 5,76.

I h=0,64 h=0,32 h=0,16 P

1 0,99999589417533 | 0,99999999975167 | 1,00000000000213 | 14,00
10 3,99972097665498 | 3,99999997775903 | 4,00000000223164 | 13,48
20 5,99850624920467 | 5,99999986047893 | 6,00000019092883 | 12,14
30 7,92699287313520 | 7,99999568810675 | 7,99999996812922 | 14,06
40 8,92693945130686 | 8,99999704658610 | 9,00000019303501 | 14,50
50 9,92665837122424 | 9,99999758764318 | 10,00000169100347 | 14,12

N3noxxeHHBIM BapuaHT METOJIa KOHEYHBIX Pa3sHOCTEH OBbLI HCIIOJB30BaH Jajiee
IUI. YMCJIEHHOTO pelieHus AByMepHoro ypaBHeHus lllpegunrepa ¢ mnoreHuuaiom
XeHoHa-Xeitneca [2-5]

V 1/, 2 172 2 y’
(X, y)_E(x +y )+(0.0125) XY= (7)
u double-well nmorenmmana [4] mpu p=0,01.
V(xy)=x2 - y* + py*(2y? - ><2)+—81 - (8)
7

B tabnuie 4 npuBeaeHBI 3HAUCHUS SHEPTETUICCKUX YPOBHEH B CPaBHEHHH C pe-
3ysbTataMu padoThI [4].

Tabnuia 4 — BBIYKUCICHHBIC YPOBHU SHEPTUHU 715 TOTeHIMANOB (7) 1 (8)

[Torenmman XeHona-Xeineca Double-well nmorenrman

n | Pesynprarel MKP, P=16 n | Pesynbrarsl MKP, P=16

[4] L=7.5, h=0.25 [4] L=9, h=0.2
0 10,998594 772604 6 0,998594772597 0 2,262 959 796 444 3 2,262959796447
5 2,985326 428 064 3 2,985326427908 5 4,967 130 461753 8 4,967130461750
10 | 4,870 144005472 4 4,870143997903 10 7,469 353 731 555 3 7,469353731501
15 | 5,817 019099 710 6 5,817019072179 15 8,458 314 106 626 8 8,458314106669
20 | 5,991 326 955 714 6 5,991326941994 20 9,898 300 048 694 0 9,898300050863
25 | 6,853430627 3284 6,853430575254 25 ]10,9378958355131 10,937895834573
30 | 7,697 721 365531 4 7,697721273069 30 | 11,936 552 764 608 6 11,936552764313
35 | 8,009 424 7746314 8,009424683826 35 |12,6723021410218 12,672302138032
40 | 8,677928 8711353 8,677928880847
45 | 9,444 054 615 678 6 9,444055111210

Ha pucynke 1 npuBeneHsl rpad)MKu HOPMHUPOBAHHBIX BOJHOBBIX (PYHKIIUH CO-
cTosHUM N = 1 1 N = 8 ms ciryyas moreHnuana (8).
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Pucynok 1 — I'paguk HOpMUPOBaHHBIX BOJTHOBBIX (DYHKIIHIA
JUTst citydast moteHnuana (8) mpun=1un=38

HopmupoBka nBymMepHOW BOJHOBOW (DYHKIIMH BBIMOJHSAJIACH C TPUMEHEHUEM
kyOarypHoit hopMyibsl CUMIICOHA, KOTOPYIO, C YYETOM HYJIEBBIX I'PAHUYHBIX YCJIO-
BHUM, MOXHO IPEJICTABUTH B BUJIE

2 Nx—1Ny-1

[[w?(x, y)dxdy = % > Y (L4 mod(i,2)) 1+ mod( j, 22 (%, Y, ). (9)

i=1 j=1
3akjIrouyeHue

B pabotre BBINOIHEHO HCCIEIOBAHUE BBIYUCIUTEIHHOM A(H(PEKTUBHOCTH BBICIIMX
MOPSIIKOB METOAA KOHEYHBIX PA3HOCTEN MPHU PEUIEHUU ABYMEPHOro ypasHeHus Llpe-
nuHrepa. Ha mpaktuueckux mnpuMepax IMOKa3aHO CYIIECTBEHHOE YMEHBIICHHUE I10-
IPEIIHOCTY BBIYUCICHUSI SHEPTETUUECKUX YPOBHEH MPU YBEIUYCHUM IOPSIKA KOHEY-
HO-Pa3HOCTHOM alMpPOKCUMAIIMUA BTOPHIX MPOU3BOAHBIX BOJTHOBOU (DYHKIIHH.

Pe3ynpTarhl pacyeToB MOKa3bIBAKOT, YTO TOYHOCTh METOAA KOHEYHBIX Pa3HOCTEN
COITOCTaBUMa C BO3MOXKHOCTSIMH TaKHX METOJOB KakK CIeKTpaibHbId [4] u MeTon
KOHEUHBIX 3eMeHTOB [5]. Ilpn 3TOM MeETOa KOHEYHBIX Pa3HOCTEH B MaTPUYHOMN
dbopme, B OTJIMYKME OT METOJ1a KOHEYHBIX JIEMEHTOB, HE TPEOYET BHIYMCIICHUS UHTE-
TpaJioOB U MPUBOJUT K CTAaHAAPTHOM, a HE 000OIIEHHOH 3a/1aue Ha COOCTBEHHBIE 3HA-
YEHUS.
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YO «I'oMenbCckuil rocyapCTBEHHBIN YHUBEPCUTET
nMenn @panuucka Ckopunb», ['omens, benapyce

METO/bI CTATUCTUYECKOHN ®U3UKU
B COBPEMEHHOM KYPCE OBIIEA ®U3UKU

BBenenue

CraTtucTuyeckue METOAbl HapsAly C KBAaHTOBBIMU U PEISATUBUCTCKUMH COCTaB-
JSIOT OCHOBY coBpeMeHHOM (m3uku. [lociie Toro kak MOJEKYJISIpHBIC BO33PCHUS
MOJIYYUJIA TOCTOJICTBO B (pu3Mke, MosiBiecHHE B (PU3NUYECKUX TEOPUAX CTATUCTHUYE-
CKHX METOJIOB MCCIIEIOBAHUS CTAJIO HEU30CIKHBIM

[IpumeHeHre METOJIOB KJIACCUUECKOM CTAaTUCTUKK B TEOPUH U3TYUCHHS a0COIFOTHO
YEPHOTO Teja MPHUBEIIO K BEIMYAKNIICH PEBOIIONMN B 0071aCTH (PU3MKH — TOSIBICHUIO
KBaHTOB, CO3JaHUI0 KBAHTOBOW Teopuu. Ha ocHoBe mpexacraBnenuii Ilnanka o muc-
KPETHBIX 3HAYEHHUAX SHEPIUU OCHUJUITOPA Hadajla pa3BUBATHCS KBAHTOBASI CTATUCTH-
yeckas Teopusi. KBaHTOBasE TeOpUs ABJISIETCS] TPUHIUITMATIBHO CTAaTUCTUYECKOM. Eciu B
KJITACCMYECKON CTAaTHCTHUKE JBIDKEHUE KaXKJIOW YaCTHIIBI MOTJIO OBITh PAacCYMTAHO TIO
3akoHaM HpIOTOHA, a CTATUCTUYECKUE 3aKOHOMEPHOCTU MPUMEHSIIUCH K OTPOMHOMY
YUCJIy YacCTHUIl, TO B KBAHTOBOM T€OPUHU OJIHU U TE€ K€ CTATUCTUUECKUE 3aKOHOMEP-
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HOCTH ONMCHIBAIOT KaK MOBEACHUE OTAEIbHOW MUKPOYACTHUILIBI, TAK U COBOKYITHOCTH
uX.

Wnen, MeToapl CTAaTUCTUYECKON (DU3UKH JTOJKHBI HAUTH IIMPOKOE NPUMEHEHHE B
COBpEMEHHOM Kypce o01ien ¢pusuku. Ha npoTshkeHnn Bcero Kypea (pu3uku HeoOXoau-
MO (hOpMHPOBATH U PA3BUBATh CTATUCTUYECKUE IMPEACTABICHUSA. YKE NMPU U3yYECHUU
MEXaHUKA HEOOXOJAMMO TOBOPUTH O CYILECTBOBAHUU JIBYX BHUIOB 3aKOHOMEPHOCTEM:
JUHAMUYECKMX M craTtucthuueckux. [Ipmyem HambOosee riryOOKoe OmucaHue JH00ro
IpoIecca JaeTCsl ¢ TOMOIIBIO CTATUCTUYECKUX 3aKOHOMEPHOCTEH, a COOTBETCTBYIOIIAS
JMHAMUYECKasi TEOPHUsl, €CIIM OHA BOOOIIE BO3MOXHA, SBJISIETCS Oojiee TITyOOKUM MpU-
ONMMKEHHWEM K UCTHHE. Takue MOHSATHS CTaTUCTUYECKOW (PU3UKH, KaK BEPOSTHOCTH U
IUIOTHOCTh BEPOSITHOCTH, CTATUCTUYECKUE CPETHUE (PU3MUECKUX BEJTUYMH, (PITYKTyaluu
(U3NUECKUX BEIMYMH B COCTOSIHUM PABHOBECHS, (PYHKUMH paCIpPE/eICHHs TOJKHBI
paloTaTh Ha MPOTSHKEHUU BCETo Kypca (PU3MKH.

1. ®daykryanuu

Craructuueckas pusrka JOMYCKaeT BO3MOKHOCTh CAMOIPOU3BOJIBHOTO BbIX0/1a
3aMKHYTOM CHCTEMBI M3 PaBHOBECHOTO cocTosiHudA. [Ipu 3ToM cuctema nepexoaut
u3 0oJiee BEpOSITHOTO COCTOSIHUSI B MEHEE BEPOSITHOE M SHTPONUSA €€ YMEHbIIAETCS.
Takolt npouecc xapakrepuszyercs QIyKTyalusiMd — OTKJIOHEHUSIMU (DU3UYECKUX Be-
JUYMH OT CpeIHUX 3HaueHuil. [Ipu Manom umciie yactull (IyKTyaluu CTaHOBATCS
HACTOJIBKO 3HAYUTEIbHBIMH, YTO TUHAMUYECKOE OMKMCAHUE TEPSIET CMBICIL.

KonuyectBeHHO (uiyKTyaunn MOTYT ObITh M3Yy4E€HBI IPU PACCMOTPEHHH Opo-
YHOBCKOI'O JIBUJKEHUS. BpOyHOBCKOE IBHIKEHUE — ATO NEPBOE AETAIBHO HUCCIENO-
BaHHOE SBJIEHUE, BBbI3BaHHOE (IyKTyauusmMu. Teopuss OpOYHOBCKOIO ABUKEHUS
UMeeT MPUHLUUNHAIBHOE 3HAYEHHUE, MPOSCHSS CTaTUCTUYECKYIO MPUPOAY BTOPOIO
HayaJla TepMOAMHAMUKH M TIOKa3bIBasi TPaHULbI €r0 NPUMEHUMOCTH. BTopoe Havyano
TEPMOJAMHAMUKH, HECMOTPS Ha €ro OOLIHOCTh, HE UMEET a0COJIFOTHOTO XapaKkTepa, u
OTKJIOHEHHMSI OT Hero ((IyKTyaluu) sIBIASIOTCS BIIOJIHE 3aKOHOMEpHbIMU. [Ipumepom
TaKUX (IIyKTAIMOHHBIX MPOIIECCOB SIBIISIOTCS OPOYHOBCKOE JIBUXKEHHE TSKENBIX Ya-
CTHL], BOSHUKHOBEHHE 3apoJibliieid HOBOM (pa3bl mpu (a3oBbIX MPEBpaALICHUAX, Ca-
MOMIPOU3BOJIbHBIE (PIIYKTYyallud TEMIIEPATypPbl U JaBJICHUS B PABHOBECHOW CUCTEME U
T. I

[Ipu paccMoTpeHHH OPOYHOBCKOTO JABMKEHUS BBISBISIETCS BayKHASI OCOOCHHOCTH —
3/IECh CTAaTUCTUYECKUI 3aKOH B ONPEIEIEHHOM CMBICIIE TIPUCYIIL JIBUKEHUIO OJTHOU Ya-
cruuibl. [loguepkHyB 3TOT (akT B JaHHOM MECTE, Mbl OOJIErYMM B JajibHEHIIEM BOC-
NPUATHE TOTO, YTO B KBAHTOBOM TEOPUM OJIHU U T€ K€ CTATUCTUYECKHUE 3aKOHOMEPHO-
CTU OMNMCHIBAIOT KaK MOBEICHUE OTAEIbHOM MUKPOYACTHUIIBI, TAK U COBOKYIHOCTH HX.
Mertozpl cTaTucTU4YECKON (PM3UKH MOTYT MPUMEHSITHCSI HE TOJILKO K OTPOMHOMY YHCITY
YaCTUIl, HO Ha OTNPEJICIIEHHOM YPOBHE U3YYEHUS, U K OJTHOM YaCTHIIE.
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Teopust QuykTyaruii B TadbHEUIIEM UCTOJIB3YETCS IPU PACCMOTPEHUHU SIBICHUHN
IIEPEHOCAa B KHUAKOCTIX, KPUTUUECKOW OIAJIECIEHIINN, U3MEHCHUN KUHETUYECKHUX
MPOIECCOB BOJIU3U KPUTHUUYECKOTO COCTOSHUS, DIEKTpUYECKUX (IyKTyauui, (payk-
Tyaluil yucia (OTOHOB B CBETOBBIX MOTOKaX MaJOd MHTEHCUBHOCTH, PacCesHUs
BOJIH Ha (DIIYKTyaIUsAX MIOTHOCTH CPEJIbI.

Cucremarnueckoe yriayOjaeHue MOHATUS O (IIYKTyalHsX MOMOKET MPaBUIbHO-
MYy BOCHPHUSTHIO OUYE€HB CIIOKHOIO MOHATHUS (PU3UYECKOTO BaKyyMa U BCEX SIBJICHUI,
CBS3aHHBIX C HUM. BakyyMm sBisieTcsl cynepro3uiideld HyJEBBIX KOJeOaHUU MO
(bIYyKTAIIMOHHOTO XapakTepa, T. €. COCTOSIHUM ¢ BUPTYAJIbHO BO3HUKAIOIIUMU U UC-
ye3amuMu (HOTOHAMU, AJIEKTPOHHO-TIO3UTPOHHBIMU IMapaMHM YacTUIl M aHTU4Ya-
CTHUIl. DHEPTUS ITUX KOJeOaHU paBHA

o0

50 = 3 tha. M
k=12

Yucno creneHeil cBOOOIbI Mosi OECKOHEUHO BelMKOo. KBaHTOBBIE (uIyKTyaluu
10JIS1 HEYCTPAaHUMBI, U MPU B3aUMOJCHCTBUU 3JEKTPOMATHUTHOTO TMOJISI C 3apsiKeH-
HbIMH YaCTHULAMU OHU NMPUBOJAT K 3(dexraM, HaOII0JaeMbIM 3KCIEPUMEHTAIBHO.
COpacbiBaHHE aTOMOB C BO30YKAEHHBIX YPOBHEH B CTAllMOHAPHOE COCTOSIHHE IPO-
UCXOIUT MO/ IeHCTBUEM HYJIEBBIX KOJeOaHUW MOJIs (CTIOHTAaHHBIC U3TYyUYEHUsS B Ba-
kyyme). CaBur ypoBHei sHepruu atomoB (omnbIT JIamba-Pesepdopaa) oobscHsieTcs
HAJIMYUEM JIBYX SIBIICHUH: B3aUMOJCHCTBUEM 3JIEKTPOHA C BUPTYaJIbHO U3ITy4yaeMbl-
MU potoHamu (M3MeHsieTcs 3hPeKTUBHAS Macca DJIEKTPOHA) U TOJIIpU3aIlueii BaKy-
yMa (MCKa)KaeTcsl KyJIOHOBCKOE TOJIE siipa Ha MaJIbIX PACCTOSTHUSIX OT HETO).

2. DyHKIHA CTATHCTHYECKOT0 pacipeaeeHust

[lonsiTue o pyHKIMU pacnpeneieHus «paboTaeT» Ha MPOTHKEHUU BCETro Kypca Qu-
3UKH. BriepBble ¢ HUM 3HAKOMSTCS TPH M3YUYCHUH HICATbHBIX Ta30B. llemecoobpasHo
BBECTH OapoMeTpHIecKyto (hOpMyITy, 3aTeM 00O00IUTh €€ AJIs Caydasi MOTCHITHATbHBIX

noJieH BHEIIHUX CHJI, TOJTy4YuB (DYHKIIMIO pacnpesenenus boabimana.
U U

n= noe_E; w=ce k. (2)

®opwmyina bonbliMaHa B gaibHEHIIEM MOXKET ObITh MCIOB30BaHA MIPU PACCMOT-
peHUU:

mu2

- pacpeeeH s MOJIEKYII II0 CKOPOCTIM @ = ce k7

Uop
- 3aBUCHUMOCTHU OT TEMIIEPATYPbI JIaBJICHUS HACHILLIEHHOTO napa p = ATe kz
U

u qupdysun D = Ae *7;
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ETL

- pacripeieIeHHs aTOMOB 0 SHEPTeTHYEeCKUM YpoBHAM N, = Nye *7;

- U3JTy4YeHUs1 a0COJIIOTHO YEPHOTO TeJia M0 DUHILTEHHY.

B ¢opMupoBaHHM CTaTUCTHYECKUX MPEACTABICHUN OYEHb BAXKHBIM SIBIISIETCS
pas3zen «TBepoe TEJIO», TaK KaK 37€Ch MOSABISIETCS BO3MOXKHOCTh BBECTH KBAHTOBBIE
UJIeH, KBAaHTOBBIEC CTaTUCTUKU — bo3e-OunHiureiina u ®epmu-/{upaka. [Ipu paccmor-
PEHUU TEIUIOEMKOCTU TBEPABIX TEA HEOOXOAMMO OCTAHOBUTHCS HA MOJENU OilH-
mreitHa. CorjgacHO €ro T€OpUM TEIUIOBBIE CBOMCTBA pelIETKH, cocTosme u3 N ko-
JeOMIOMMXCA aTOMOB, MOKHO TPakTOBaTh Kak cBoiicTBa 3 N HE3aBUCHMBIX OJHO-
MEPHBIX TAPMOHUYECKUX OCHUUISITOPOB, UMEIOIINX OJIHY U Ty K€ COOCTBEHHYIO Ya-

1
CTHLY ®, C SHEPTHEH oy = NG| N+ 5

(&) = 2 )
hw[n+§j eE _

Ze_ kt

a o o
rae —— = &p — HYJICBas SHEPI'UA KoJIeOaHHus C JaHHOHU 4aCTOTOU,

2

(n) = % — ¢yHkuus pacnpenenenus [lnanka.

kr
ert —1

[TonyuuB ¢yHkiuo pacrnpeneneHus [lnaHka, cieayer MeperTH K CTaTUCTUKE
boze-OiHmTeiina

1
<n> = fiw—p ! (3)
e kv —1
r7e | — XUMHUYECKHUI MOTEHIMA, 3aBUCSIINIA OT MpUpo ikl yacTuilsl. s poTtoHOB W

= 0. Hanee HeoOxoauMo roBoputh o npunuumne [laynu u BBectu craructuky dep-
Mu-/[rpaka, IpUMEHHB €€ K 3JIEKTPOHAM B METaJUIaX:

(n) = ! . (¢) =&, + BT, (4)

ho-pp
e k41

B 3TOM paznene BBOAATCS MOHSATHUSL BBIPOKICHHOIO Ta3a, TEMIEPATYPhI BBIPOK-
nenus. ['a3, CBOMCTBAa KOTOPOTO CYIIECTBEHHO OTJIUYAETCS OT CBOWMCTB KJIAaCCHYE-
CKOT'0 MJICabHOTO Ta3a, BCICACTBUEC B3aUMHOT'0 KBAHTOBO-MEXaHUYECKOTO BIIMSIHUS
YaCTHIl, Ha3bIBACTCA BBIPOKIACHHBIM. Ero ocoOble CBONCTBA MOTYT MPOSIBISITHCS
TOJIBKO MPHU JIOCTATOYHO HU3KUX TEMIIEPATypaxX — HUKE TaK HA3bIBAEMOW TEMIIEpa-
TYPbI BBIPOKICHUS:
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3mk\V
B 00BIYHBIX aTOMHBIX WJIM MOJIEKYJIIPHBIX T'a3aX BBIPOXKICHHE, KaK MPAaBUIIO0, HE
HACTYIAET: MPU OXJIAKJICHUM ra3 MPEBPAIACTCS B KUJAKOCTh MPU 00Jiee BHICOKHUX

TeMIepaTypax, YeM TEMIEPATypa BBIPOKIACHHUS. SIBIICHHE BBIPOKICHUS KpalHE Cy-
4
IIIECTBEHHO MPH PACCMOTPEHUH 3IeKTpoHHOTO raza 1, = 10™ k. 3nech He06X0aAUMO

paccMOTPETh TPAHUIBI MPUMEHUMOCTH KIIACCUYECKOM CTAaTUCTUKH boJibiMaHa-
Makcgeiuia Kak npeaesibHOrO Clydasi KBAHTOBBIX CTaTUCTUK. B nanbHEWem craTu-
ctukon Pepmu-/Iupaka Moab3yr0TCsA IPU PACCMOTPEHUN TEPMODIIEKTPOHHOU dMUC-
CHH, KOHTAKTHBIX SIBJICHUM U T. JI.

[lepexoast Kk MarHeTU3My HEOOXOAUMO IMOJYEPKHYTh, YTO OMPEICIICHUE HaMar-
HUYEHHOCTA MArHETUKOB TNMPUHLIMIIHAIBHO HE BO3MOXXHO B PAMKax KJIACCUYECKOU
bU3MKHM, TaK KaK U3 OOLIMX TMOJOKEHUN KJIACCUYECKOM CTAaTUCTUKHU CIEAYET, UYTO
MarHuTHBIM MOMEHT JIFOOOTO MarHeTHKa B CTAIIMOHAPHOM COCTOSIHUHU BCETJa paBEH
HYJIIO, UTO IPOTUBOPEUYUT ONBITY. OOBICHEHUE MAarHUTHBIX CBOMCTB BEIIIECTBA BO3-
MOJKHO TOJIBKO HA OCHOBE KBAHTOBOW TEOPHH.

G(r) ¢+

1 Uﬂ“”

0 iy

B
L

Pucynok 1 — PanuansHas QyHKkius pacupeneneHus

Heo6x0oaumMo 0CTaHOBHUTHCSI HA CTATUCTUYCCKUX UACSIX B TEOPUHU KUIKOCTH.
[TonsaTre OIMXKHETO MOPSIIKA MOXKET ObITh 0OBSICHEHO TOJBLKO Ha OCHOBE CTAaTHUCTH-
YEeCKMX MPEACTABICHHUIA C BBEICHUEM paauanbHON (yHkimu pacnpenencaus G(r).
Ona ormpenensieT BEpOATHOCTh OOHAPY>KEHHS HEKOTOPOW YaCTHIIhI >KUJIKOCTH Ha
paccTossHUM OT I 10 r+dr oT HEKOTOPOM JIPYyro (GUKCHUPOBAHHOW YACTHIIBI (PHUCY-
mok 1). ITpum r<d,, G(r) =0 (da— 3¢ (PEeKTUBHBIA AMAMETP YacCTHUII). ITa 00-

JIaCTh B3aMMHOM CHCIIPOHHULIACMOCTH) YaCTHII. OO6mactu MAaKCHUMYMOB COOTBCT-
CTBYIOT Hauboiee BCPOATHBIM B3daUMHBIM PACCTOAHUAM MCKIY OJIM>KHUMHU 4YaCTH-

namu B xxuakoctu. [lpu I >> dg, G(r) =1, T. €. BCE B3aUMHbBIC PACTIOJIOXKEHUS J1a-
JIEKUX YaCTHUI[ OKa3bIBAKOTCS PABHOBEPOSTHBIMH.
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[lpn HM3KMX Temmeparypax U OOJNBIINX IUIOTHOCTSIX MAKCHMYMbBI CTaHOBSITCS
oosee peskumu. OgHAKO 00U X0 PYyHKIIMU G(r) OCTaETCSA HEU3MEHHBIM.

3aKJII0uYeHue

OnsIT npenoiaBaHus Kypca oOmeid GU3nKu JOKa3bIBaeT, UTO UIEU, METObI CTa-
TUCTUYECKOW (PU3MKHU JOJDKHBI HAaXOIUTh LIMPOKOE OTPAKEHHUE B COBPEMEHHOM
Kypce ¢puszuku. Ha npoTsokeHun u3ydeHus: BCero Kypca pu3nku Heooxoaumo ¢op-
MUPOBAaTh U Pa3BUBATh CTATUCTHUYECKUE MPEJCTABICHU. YKE PU U3YYECHUU MeXa-
HUKH HEOOXOJMMO FOBOPUTH O CYLIECTBOBAHHUH JBYX BHUJIOB 3aKOHOMEPHOCTEM: JTH-
HAMHUYECKUX U CTATUCTHYECKHUX.

Jluteparypa

1. CuByxun, J{.B. O6mmii kypc pusuku. Tom 2. TepmoguHaMuka U MOJIEKYJISAp-
Has ¢pusuka / [I.B. CuByxun. — Mocksa : Hayka, 1975. — 552 c.

2. CuByxun, J.B. OOmmii kypc ¢usukn. Tom 3. DnekrpudectBo /
J.B. CuByxuH. — Mocksa : Hayka, 1977. — 688 c.

3. MarBeeB, A.H. Monekynsipnas ¢usuka / A.H.MartBeeB. — Mocksa : Briciias
mkoja, 1981. — 400 c.

H. Kanmai, C.A. ®uanka

YO «'omenbCKkuil TOCYJapCTBEHHBIN YHUBEPCUTET
uMenu @panuucka Cxkopunb», ['omens, benapych

CYIIEPIIO3NIUSA o-ITIOTEHIIUAJIOB B 3AJTAYE
O PACCEAHUU PEJIATUBUCTCKUX YACTHUII CO CIIMHAMMU 0 U 72

BBenenue

KBazunorenuuanbubii moaxon [1, 2] naBHo 3apexkomMeHaoBas ce0s Kak GhU3u-
YECKA MPO3pPAYHbIM W MOCIEAOBATCIBLHBIA METOJ HW3YUYEHUS PETITHBUCTCKOMN
npoOsembl AByX Ten. OOHAKO HAXOXJICHUE PEISITUBUCTCKUX MOTEHIIMAIIOB B
paMKax KBAHTOBOW TE€OPHUM TMOJIS SIBIACTCSA JOCTATOYHO CJIOXHOW 3ajiayeul, Mmo-
ATOMY YacCTO MCIOJb3YIOTCS (DEHOMEHOJIOTHYECKHUE TOTEHIIMAIbI C TAaKOUW e KO-
OpPAMHATHOW 3aBUCUMOCTBIO KaK y MOTEHIMAJIOB KBAHTOBOW MeXaHUKHU. HecmMoT-
psl Ha 3TO, YHACJIO AaHAJMTUYECKU PEUIAEMbIX 3a7lad B KBA3UMOTEHIIMAIBLHOM 10 J-
X0JI€ HAMHOTO MEHBIIIE, YEM B HEPEIISITUBUCTCKOW TCOPUH.

Bonbmiolh nHTEpEC MpeacTaBisieT MOTEHIMAN B Buae o-GyHkiuu. B Hepens-
TUBUCTCKOW TEOPHUU JNAHHBIM MOTEHUMAI HMIMPOKO HCroyb3yercs [3]. B kBazumo-
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TEHIMAJILHOM IMOJXOJIE PEIICHbl ypaBHEHUSA ISl JIByX OECCIMHOBBIX YAaCTHII
c J-moteHuuaaoM [4]. B To ke Bpems, I ONMUCAHHUS B3aUMOJCUCTBHUS TaKHUX
JIBYXYaCTUYHBIX CHUCTEM KaK: 7-ME30H U y-JICNTOH; SAPO TeIus U DJIEKTPOH, 00-
JIe€ €CTECTBEHHBIMHU SIBJISIOTCS KBa3UIIOTEHLUUAJIbHBIE YPABHEHUS IJI YaCTHI] CO
cniuHamMu O 1 %2, TaKk KaK MPU UX PEIICHUM HCIOJIb3YETCd MUHUMAIbHOE YHUCIIO
JONYIICHUH.

B nanHOl paboTe W3II0)KEH METO]l MPUOIMKEHHOTO PEIICHUS 33Ja4 O PACCESTHUU
PENSATUBUCTCKUX YacCTHUI OJMHAKOBOW Macchl co cimHaMu 0 u 2. MeTon OCHOBaH Ha
anmnpoKCUMAIIUU TIAJKOro moTeHinuana cyneprosuied N J-QyHKimid 1 1mo3BossieT
peliaTh mapluuaibHble YpaBHEHUS ¢ KBa3UMOTEHIIMAJIAMH JJOCTaTOYHO OOIIETO BHUJIA U
OTJIMYHBIM OT HYJII OpOUTAIILHBIM MOMEHTOM YaCTHII.

1. IlapunanbHbie ypaBHEHUSA

KBasunoreHunaibHOE ypaBHEHME JUIsI ONIMCAHMS YACTHUIl MAacChl M CO CIIMHAMU
0 1 2 oTnuyaeTcd OT ypaBHEHUA IS IBYX CKAJSIPHBIX YaCTHUIl 3aBUCHUMOCTBIO BOJI-
HOBOW (pyHKIIMHU M KBa3UIIOTEHIMAJIa OT COHMHOBBIX MHAEKCOB. PaccMOTpUM Jl0Kab-
HBII B UMITYJILCHOM NpocTpaHcTBe JIO0aueBCKOro KBa3UMOTEHIMAN UCIIONIb3Ys pa3-
JOXKEHUE N0 OECCIMHOBBIM CKAISIPHBIM IUIOCKAM BOJIHAM JJIS Mepexoja B pemsiTu-
BHUCTCKO€ KOH(pUTypauuoHHOe npeacTaBiaeHue [5]. Torna uHTerpaibHoe ypaBHEHUE
B I-IIpe/ICTaBI€HUU OyJeT UMETh BU/I:

Vo (0,7)=E0.F)xoh2 + [Go(Eqit Iy, (Mw , (@, F)dF', (1)

r7i€ ¥ 5 — HOPMHUPOBAHHbIE COOCTBEHHBIE BEKTOPHI ONlepaTopa CIMHA.

PaccmoTpum He3aBUCSIMN OT SHEPIUU JIByXYACTUYHOW CUCTEMBI KBAa3WIOTCH-
I[MaJI, KOTOPBIM YYUTHIBACT CIMH-OPOUTAIILHOS B3auMo ieiicTBre [6]:

2 A
V. (E;r)=| I, +ﬁz(f§)w V(r). )

[Toacrasmnss B (1) pasnoxkenue mo 0a3uCy MIAPOBBIX CITMHOPOB JIJIsi BOJTHOBOM (yHK-
L[1MH, IJIOCKOM BOJHBI U PyHKUMU ['puHa, a TakKe y4uThIBas JCUCTBUE ONepaTopa

ES Ha I1apOBbIC CIIMHOPbBI, OATHOMCPHBIC ITAPIUAJIBHBIC YPABHCHUS !

WV, (g 1) =5,(g. 1)+
2 (3)

+ [ (i )| 1= —I— @+ w) V(1) ()
0
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rae
[+ 2)=—(+D), j=l+1/2
li+w2=e, j=0-1/2.
UucnoBoli mapameTp & npoOeraeT Bce LEIOYUCICHHbIE 3HAUeHUsI KpoMe HyJis (1o-
nosxkurensuble coorBercTByor | =/ —1/2, a orpunarensusre | = £ +1/2).

l .
B xauectBe QyHKIINHN G(g )(}( q' I') 6ymem paccmarpusats dyHkumo I'puna

ypaBHenus Jlorynosa-Tasxenunaze [7]

@) @¥*
e e

(ra:") &7 (e (2.7

1_e—m(r-r) 1—e™(")
_eél)(lq’r)eéz)*(;(q’r,) _eéz)(lq’r)eél)*(ZQ’r’) [(imsh2y,) X
1 g—m(r+r) 1-e™M(+1) s

2. MeToa npudJIHKEeHHOT 0 PelIeHust

PaccmoTpuM mMeTon npuOIMKEHHOTO PENICHUsT PEJISITUBUCTCKUX 3a7ad C TJiaji-
KUMH TTOTCHUMAJIAMH, aHAJOTUYHO TOMY, KaK 3TO CAEJIAHO B CIIy4ae ABYX CKaJIIp-
HbIX yacTull [4]. lnana3oH U3MEHEHUS NIEPEMEHHON I pa3AeanuM Ha JIBE 4acCTH: IO-

nybeckoHeunyo I 2 I\, rae MmoTeHIUanbHOEe IOJIE I0JIaraeTcsl paBHBIM HYJIO H
KOHECUHYIO 0<r«< '\ cynepnio3uiiysi d-OTEHIMAJIOB MCIOJIB3YETCSl BMECTO aHa-
JINTUYECKOTr0 OTEHIIHAJIA:

N
V(r)— > hy Vi o(r—ay). (5)
k=1

3necy My =r =g, Vi =V(ag), ax = (g +1ra)/2.
[Toncrasnsist (4) B (3), monyuum

N
(g ) =50 (2q: 1)+ 2687 (it i) v wo (g 1), 6)

I'71€ BBEJICHO 0003HAUYCHUE

g2
Ul{l— , .(1+w)}Vk'
mr +1

B npenene I' —> o0, ypaBHenue (6) npuMeT BUA
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vi(rgn)| . =Se(rqn)+

N — Sf (Zq ' rk)
km1Mshyq chyq

i(mryy—z /20 7
ukiw(;(q,rk)e( = )- (7)

AHaJIOTUYHO HEPEISITUBUCTCKON Teopuu, u3 (7) BbIpa3uM PEISITUBUCTCKYIO aM-
IUIATY1y PACCESTHUS

1 NS (xg ) s
Uy T ).
msh;(q kzlmSth Ch;(q k Ve (Zq ) (8)

JIsi HENOJISAPU30BAaHHOIO HAYaJIbHOI'O COCTOSIHUS CEYECHHME PACCESHUS MOXKET
OBITh MPEACTABICHO KaK CyMMa MapuuaibHbIX ceueHun [8]:

O'Iio'g =47Z'§|:(€+1)‘f€+(zq)‘2+f‘f€_(}(q)‘2:|. 9)
(=0 (=0

fﬁi (Zq'r) =

3. Ilpumep MoeILHOTO MOTEHIIMAJIA

PaccMOTpuM anroputM 4MCIEHHOTO aHaIN3a, BHIOMpPAas MOJEIbHBIM MOTEHLIUAT,
P KOTOPOM BO3MOYHBI PE30HAHCHBIE COCTOAHUA [9]:

V(r) = AL exp(l—Lj. (10)
7 7

IIepBbIM 3Tanom pemieHus SBJISETCA ampPOKCUMAIIMS TJIaAKOr0 MOTEHIMaa Cy-
neprosuierd u3 N J-notennuanoB. OT BeIOOpa METOMA aNMPOKCUMAIINK 3aBUCHT,
HACKOJIbKO OBICTPO YHCIICHHOE pelieHue OyaeT MmpulaumxkaTbes K TouyHoMy. Hamu
OBIJIO PACCMOTPEHO HECKOJIBKO METOJIOB M OMPEIENIEHO, KaK 0COOCHHOCTH MOTEHITH-
ajyia BIUSIOT Ha TO, KAaKOW M3 METOJIOB MPEANOUTUTEIbHEe. 3aTeM Oblja MOCTPOEHA
ceTKa noreHuuana. [lonydyeHHbIi MacCUB KOOpPJIMHAT W 3HAYCHUM IMOTEHIMAa Ha
ATOM I0JIe KOOPJIMHAT UCIIOJIB30BaH JIJIsl pacuera aMIuIuTya paccesHus (8), ¢ yué-
TOM KOTOPBIX OBLITM HalCHBI MapIIMaIbHbIE CeueHHs paccesHus (9).

Ha pucynke 1 npuBeneHa 3aBUCMMOCTh NAPUHUATBHOIO CEUEHUsT O] OT SHEPTUU

Eq B MPEIINOJI0KEHUU O Pa3HOM IO BEIWYMHE CIHH-OPOUTAIHLHOM B3aUMOJIEH-
creun (A=2, #=112) Kak MOXHO BHEET, IPH YCHICHHH CIIMH-OPOUTAIBHOTO

. 2
B3aUMOACUCTBUA (HpI/I YBCIIMYCHUH TIapaMCTpa g ) BKJIaJl aMINIUTYAblI PACCCAHUA

f / ( y4 q) B CCUCHHUE YBEIIMYMBACTCS. DTOT BKJIaJ CMEIIEH BBEPX IO IIKAJIE SHEPTUU

o +
II0 CPaBHCHHUIO C BKJIaAOM COCTABJIAIOIICH ff (Zq), h IIpyu CHIIBHOM CIIMH-

OpOUTAIBHOM B3aUMOJICUCTBUU MOXKET MEPEKPHITh MOCIECIHUMN.
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150}
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PI/ICYHOK 1 — 3aBHUCHUMOCTD ImaporuaJIbHOT'O CCUCHUA 61 OT DHCPI'MH Eq

Ecnu ydecTh, 4TO pe30HAHCHBIC COCTOSIHUSI — 3TO MOYTH CBSI3aHHbIC (KBa3UCTa-
[IUOHAPHBIE) COCTOSIHUS CUCTEMBI [9], TO MOKHO 3aMETUTh CXOJICTBO C TCOPUEH CBSI-
3aHHBIX COCTOSIHUM, TJIe TIOKA3aHO, YTO MPHU Y4ETE CIUH-OPOUTAIBHOTO B3aUMO/ICHi-
CTBHUSI UMEET MECTO pacIlEIUIEHHE dHepreTudeckux ypoHen [10].

3ak/jIrouyeHue

B pabote npencraBieHO aHATUTHYECKOE BRIPAKCHNE aMILTATY bl PACCESTHUS TTOITY-
YEHHOE Ha OCHOBE MOJIEIH, B KOTOPOH B KaYECTBE COCTABHOM YaCTH KBA3UIIOTCHIIMAIA,
KOTOpasl IMOTy9aeTCsl MOCIIe BhIICICHNS KHHEMaTHYECKOTO YeHa U CITIMHOBOUW CTPYKTY-
pbI, paccMatpuBaetcs cyneprnosuiiusa u3 N o-pynkimid. Onucad MeTo ] pUOTKEHHO-
'O PelIeHus 3a/1a4 O paccessHUH YacTull co cimHamu () 1 Y5 B TIOJSX C TIaIKUMU TIOTEH-
uasamMu. B ciydae HECHHTYISPHBIX OBICTPOYOBIBAIOIIMX TMOTEHIIUATIOB METOJ] TOKa-
3bIBACT BBICOKYIO A((EKTHBHOCTh M JaKe IPH HE3HAUYMTEIILHOM KOJIWYECTBE O-
(GYHKIHI TTO3BOJISIET MOJTyYNUTh KAYeCTBEHHO TOYHBIC PE3yJIbTaThI.
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H.B. Makcumenko, O.M. /lepro:xxkoBa, B.B. Auapeen

YO «I'oMeJIbCKUM IroCy1apCTBEeHHbI YHUBEPCUTET
uMeHu @pannucka Ckopunbby, 'omean, beaapycs

CIIMUHOBBIE ITOJIAPU3YEMOCTHU AAPOHOB CIIMHA 2
B KOBAPUAHTHOM TEOPETHUKO-ITOJIEBOM IIOAXOIE

B nactosiee BpeMs oqHUM U3 3(PPEKTUBHBIX METOJIOB MCCIEAOBAHUS AIIEKTPO-
JUHAMUYECKHUX MPOLIECCOB SIBJIAETCS MCIOIb30BaHKUE A()(PEKTUBHBIX JIATPAHKUAHOB,
IIOJIyYEHHBIX B PAMKaxX TEOPETHUKO-ITOJEBBIX MOAXOA0B U COTJIACYIOIIMNXCS C HU3KO-
sHepreTuyeckumu teopemamu [1, 2]. C pa3BuTHEM CTaHAAPTHOM MOJEIH DJIEKT-
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pOCIIa0bIX B3aMMOJICHCTBUN B TOCJIEIHEE BPEMsS BBEICHBI HOBBIE DJIEKTPOCIAOBIC
XapaKTEPUCTUKHU aApPOHOB, CBSI3aHHBIE C HEcoXpaHeHreM yeTHocTH [3—5]. TlocTpoe-
HUE (PPEKTUBHBIX PEIATUBUCTCKU-WHBAPUAHTHBIX JIATPAaH)KHMAHOB ITO3BOJIIET II0-
JYYUTh HE TOJIbKO (PU3MUECKYI0 WHTEPHPETALMIO JJIEKTPOMATHUTHBIX M DJIEKT-
poCalbIX XapaKTEPUCTHUK aJPOHOB, HO W MH(POPMAIIUI0O O MEXaHM3Max JJIEKTPO-
MarHuTHBIX M 3JIEKTPOCIa0bIX (POTOH-aAPOHHBIX B3auMojencTBuid. g Oonee mo-
CTOBEPHOTO OTpe/IEICHUS MOSIPU3YEMOCTEH M XapaKTEPUCTHK aIPOHOB, CBI3aHHBIX
C HapyIIEHHUEM YETHOCTH, MCHOJb3YETCS JOCTATOYHO MIUPOKUM KIIACC DIJIEKTPOIU-
HAMHUYECKHUX IMPOIECCOB, B KOTOPBIX PEATM3YeTCS PACCESHHE PEATbHBIX M BUPTY-
IbHBIX (POTOHOB, a TakKe IBYX(OTOHHOE POXKIEHHE B aIPOH-aIPOHHBIX B3aUMO-
nencTBusX. Pemenne mogoOHbBIX 3a/1ad4 BO3MOYKHO BBITIOJIHUTH B paMKax 3¢ (EeKTHB-
HOTO PEJIATUBUCTCKOTO TEOPETUKO-TOJIEBOTO MOAXOJa OMHCAHUS B3aMMOJCHCTBUS
AJIEKTPOMArHUTHOTO TIOJS C aAPOHAMH C YYETOM HX 3JIEKTPOMArHUTHBIX M JJIEKT-
pociIadbIX XapaKTepucTuK [6, 7].

AMIUTATYZ]a KOMITOHOBCKOTO pAacCesHUsI BIIeped MMEeT OOIIYI0 CIHHOBYIO
CTPYKTYpY BUAA (cM., Hapumep [8])

N NI SR INT) SINC
M=gw)e e |+ih(w)S]e e || (1)
L) 5(%)
rnc e wue — BCKTOPbI NOJIIPU3AHU ITaJal0mero U paCcCCAHHOT O @OTOHOB, @ —

sHeprus ¢poToHa. B 3TOM omnpeneneHun aMIIUTyIbl CKalsgpHas (QyHKIUs g(a)) AB-

JISI€TCSL YETHOH, a h(a)) — HEYETHOM OTHOCHUTENBHO MEPEKPECTHOM cuMMeTpun. Cre-
JOBATENbHO, IMMOCKOJBKY MOJSAPU3YEMOCTH BHOCAT BKJIAJ B aMIiuTyay (1) HaumHas
CO BTOPOTO MOPSIAKA MO @ M BbILIE [9], TO CIMHOBAsA CTPYKTYpa BTOPOTO CIIaraeMo-
ro B (1) ompenensgercst BkiIagaMu NOJISIPU3YEMOCTEM HAUMHAsL C TPETHETO MOPSAIKA
no @ .

Jlarpamxuas, B KOTOPOM, Kak Obu1o moka3aHo B [10], yuuTeiBaroTCS B HEPEIATH-
BUCTCKOM MPUOJMKEHUU BKJIJbl CIIMHOBBIX MOJSPU3YEMOCTEMN, CBA3AHHBIX C JJIEK-
TPUYECKUMU U MATHUTHBIMU JUIIOJIBHBIMA MOMEHTAMU aIPOHOB, UMEET BUJL:

L(751)+ L(]/Ml)=272' Ve, o EE + 7w, o ﬁl:i

) ()
- -
rae 0; — matpuisl [laynu, E u H — BexTOpbl HanmpsHyKEHHOCTH AIEKTPUIECKOTO U
. - . N
. E OE ﬁ oH
MartuTHOTo nojie, === =

157



B pabotax [11-14] B pamkax 3(p(PpeKTHBHOTO TEOPETUKO-IIOJIEBOr0 MOAX0/1a ObI-
Ja MmojiydeHa KoBapuaHTHas (opma rpeacrabieHus (2)

L(ye )+ Ly, )= :r;( “’”‘ﬂ{ﬁf 05 F oo+ 7. F 05 Fpo_}

_ A A < A A A4 (3)
X ‘PKWWIﬁWK 7VJ80+ (7“WK+WK y”jav}f’.
Hpp -

B stoM cooTHOmICHNN & — 4-x-mepHbiii Tenszop JleBu-Uusura, 0" =0"-0",

CTPEJIKU YKa3bIBAKOT HANPABJIEHHs JACHCTBHS NPOM3BOAHBIX, F,, — TeH30p dmeKkTpo-

1
marautaoro mons (F,,=0,4,-0,4,), a tensop F/, =5 Empt ", ¥* — MaTpHUBL,

YIOBJIETBOPSIOIINE MEPECTAHOBOYHBIM COOTHOIIeHusaM 7 y" +y"y* =29#". B cuy-

N

yae yacTuilsl cruHa 2 Bekrop W* umeer Bu:

)

rne P=7,P" pP* —4-Xx-MMIyJIbC YACTHIIBL.

YacTh aMIUATY 1Bl KOMITOHOBCKOT'O PACCESTHUS, BHIUMCICHHAS Ha OCHOBE 3TOTO
JarpamXuaHa, oNpeaessieTCs CICAYIONUM 00pa3oM:

M (ye )+ M7, )= %(gw’“s)(k1 k), e (FOFY —FRFO)
e R -FERIT 6, o o oo+

(677527, )P PU (”)(51)-

n _ (ﬂ-n ) (in )
B YPaBHEHUHU (4) BBC/ICHBI 0003HaueHUs F. = (k Y k; €. ),

(4) (4 )%

Ao Jx
FA = (kfe —knveu( ) ), N npuHUMaeT 3HaueHus 1 u 2, atakke €, u €, —

(4)

s 1
BEKTOPBI HOJPU3ALNY ANAOIIEr0 U PAcCEsTHHOTO (GOTOHOB, P ZE(pl + pz), K., p,

1 K,, P, — UMIIYJIGCHI MAJAKOLIET0 U PACCEIHHOrO (OTOHOB U (PEPMHOHOB, u

U
ot OMCITUHOPHI HAYaIbHBIX ¥ KOHEYHBIX (DepMHOHOB.

Bripaxkenne (4) CBHUIETENBCTBYET O TOM, UYTO aMIUIUTYJAa M(ﬂ/El )+|V|(7M1)
WHBapUaHTHA OTHOCHUTEJIIBHO  TEPEKPECTHOM CHUMMETpUHU. BKIaj CHHUHOBBIX

HOJ'ISIpHBYGMOCTGfI 751 n 7/M1 HaYMUHACTCA C TPCTHCT'O IMOPAAKA IO SHCPIUn (1)OTOHOB.
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Ecnu B (4) nmepeiiTu B cUCTEMY MOKOSI MUIIIEHU U MPEHEOpEeUb UMITYJILCOM OTJIauu
HYKJIOHA, TO TIOJy4YUM

S| o) 5()
M(yE1)+M(yM1)=4ni(m1+0)2)(031032) Ve, S{e e } +

BN ENUPY N S5M) 5
+Yw | SI[E Mlle N

Kak BugHO 13 ypaBHeHu# (3) u (5) marpaHxuaH, ¢ TOMOIIBIO KOTOPOTO YUYUTHI-

()

BacTCA BKJIaad CIIMHOBBIX HOHHpHSyeMOCTeﬁ 7/El u 7/M1 B aMIINIMTYY KOMIITOHOBCKO-

I'0 paccesHus SBJISIETCS YETHBIM OTHOCUTEIBHO NHBEPCHH ITPOCTPAHCTBA.
Wcnonw3yst merom pabor [11-14] ompenmenuM Tenepb PENSTUBUCTCKH-
WHBapUaHTHBIN JarpaH>XUaH, B KOTOPOM, Kak cienyeT u3 [10], yauTeiBatroTCsl B He-
PENSITUBUCTCKOM NPUOJIMKEHUU BKJIAAbl CIIMHOBBIX MOJIAPU3YEMOCTEN, CBSI3aHHBIX C
3JIEKTPUYECKUMHU U MAarHUTHBIMH KBaJIPYIOJIbHBIMU MOMEHTAMHU aIPOHOB:

i — o~ ~ — N\ A A Pas
L(]/Ez):%{lzvp Oy Fap +F7 ap Fok}‘f’(nwﬂwk 7vj50 V. (6)

B HepenaTUBUCTCKOM MPUOIMKCHHH 3TOT JIarpaH)KHaH COBIANACT C JIarPaHKHAHOM
paboTsI [10]

L(yE2)=—87z7/E2;(+EikHiSk}(, (7)
1 A
roe E, = E(ai E +0,.E) S*= %ak. AHAJIOTUYHBIM 00pa30M MOXKHO YOEIUThCS, YTO

_i7z7/|v|2
m

L(VMZ):

KOTOPBIN B HEPEIATUBUCTCKOM MPUOIMKeHnH puaumaet Buj [10]

[ﬁvpa: F +F”a, ﬁok}wﬁvauwk %]aa ¥, (9

+ g i 1
L(7M2)=87Z7/M2)( HkiSkEZ: rae Hkizz(akHi—i_ain)'

AMIUIUTY1a KOMIITOHOBCKOT'O PacCesiHUs, KOTOpas CleayeT U3 JiarpaHxuana (6),
UMEET BUJL;

M (YE2 ) = iTWEZ

m

|:8Vpoc[3 (éZk F," FlaB L anB ) +

N A (9)
+&"® (K, FAFly —k, FAFS ) [P0 (va CFWEy, JU ),

B HepensTuBucTcKOM npubImKeHnn u3 (9) cieayer, 4To:
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aa(ﬂ’i) 9(’12)* - o ~)~)(j’2)* a(ﬂ’l) - >
M(ye )=2imre zi{m|oe |e [kz kl} to,|ce | e [kz kl} -
IIRVAN WA VAN IR (10)
—a)l(aklj k,je e —coz(akzj kle e T

W3 sBHOTO BHJIa 3TOW aMIUIMTY/BI CJIEYET, YTO €€ CIIMHOBasI CTPYKTypa HE COB-
nagaer co cTpykrypoii M (7/52), npuBeneHHoN B paborax [10, 15]. Oxnako, ecnu
BOCIIOJIB30BATHCS TOKAECTBOM, KOTOpoe coaepxkurcs B [10]:

N —>—>(12)*_ —)—)(/11) ] 1 —)—)(/12)* N —)—)(’1’1) 1 RN —>(ﬂ’1) —>—>(/12)*

ol k,e k e =5 oe k,| k, e +E(lej e |k,e -
S oY o] 5 bk ] S o\ ol 5 Sa)

—-|oe k| K, —(akzj e |ke :

TO BeIpaxkeHue (10) B mpuONMKeHUH TPEThEro Mopsijaka mno 3Hepruu GOTOHOB MPHU-
met Bup [10, 15]:

—)—)(12)* —>(/1’1) -5 > —)—)(j’i) —)(12)* SN
My )=2izoy. | oe | e [kz kl} Hoe |e {kz kl} -
S o\ o s L) 5o\ of sl )k )
—(aklj k,je e —(akz) kle e :

AMIUTUTYy KOMIOTOHOBCKOTO paccesHuss B KOBApUAHTHOM (opManmusme, Hc-
noyb3y4 (8), MOXKHO MPEACTAaBUTH CJICIYIOIIUM 00pa3oM:

M(yMZ):——iTWMZ | &7 (Ky F AR — Ky FiF2 )+

2k" af" o 1k " af’ o
m B° op B" op

A vp— ap A vp — of
€ g (83, o "R + 8, R F, )]

N3 (11) cnenyer, 4TO B CUCTEME MOKOSI YACTUIBI U B MPUOJIMKEHUH UMITYJIbCA OT-

Jla4d MOJIYYHM:
NN —>(j“2 )* —>(’1’1) SN N —>(/12 )* _>(11)
M(}/Mz)z—ZiﬂyMZ;(; w{ak2 e e +a)2(0'k1j kje e —
IRIRCIS VAR RN IENVAAVER NV " (12)
—m,| K, € ol ke - K, ol k, e T

ITo Buxy BeIpaxenue (12) He coBmagaer co cTpykTypoii M (7|v|2 ), IIPUBEICHHOMN B

(11)

S
{

padotax [10, 15]. B cBoto ouepeib, BOCIIOIB30BABIINCH TOkAECTBOM [10]:
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2lole e :(akzj k,lje e +(ak1) ke e +
+ e k |oke -le k,|olk,e ,

B TPETHEM IMOPSJIKE 110 ® MOJyUYuM aMILIUTyay [15]:

i — —)(/12)* —>(ﬂi) — i} ﬁ) —>(}“2)* —)(2’1)
M(7M2)24'”0)37M2Z2+ ole e |—-|lok, |k|e e —

A - A 4
L
n "Ny — .

%
rae kl =
W, @,

Taxum o6pazom, amruutya (13) cormacyercs ¢ aMIUIMTYI0M, ipuBeAeHHOW B [15].
[To ananmoruu c ynarpaHvuaHom (3) OCTPOUM HOBBIN JlarpaHKuaH, C MOMOIIbIO
KOTOPOTro OyJieM ONpeeisaTh BKIaAbl TUpAIUi (XapaKTepUCTUK, CBA3aHHBIX C HECO-
XpaHEHHUEM YETHOCTH) B aMIIUTYly KOMIOTOHOBCKOTO paccestHusi. [{ns aToro pocra-

A >
To4HO B (3) cinenath 3ameny W, — Eﬁ,( . B pesynprare nomyuum:

L= %(gﬂplé{é‘lz Fvﬂ é_; Fpg + 5M I-fvy é_; Epg:‘?|:(7/" é—’: é_; 80'4- 7/0 é_’: é_:j:|\y, (14)

rae Og U Oy — DIEKTPUUECKAs U MArHMTHAs TUpALMU. AMIUIUTYIa KOMIITOHOBCKO-
ro paccestHus, KoTopas Mojy4yeHa Ha OCHOBaHUHU Jarpanxuana (14), B cucreme mno-
KOSl MUIIICHU U B IPEHEOPEIKEHUN UMIYJICOM OT/Iauy MUIIICHU, OTIPEACIISIETCS TaK:

M =4zw,m, )0 (k1+kz)- e e +5M((k1+kzj'{2221D}Zi, (15)

- 4(’12)* - - %(’1’1) i
rae 22 :[e n2:|’ 21 :{e n1:|' CootHomienue (15) cornacyercs ¢ HU3KOIHEPTeTH-

YECKUM OMPEACIICHUEM aMIUIUTY/IbI, €CJIM TEH30PhI MOJIIPU3yEMOCTEN MPEICTABUTD
yepes O¢ u Oy, [16]:

o = alé}j + |5Egijkak : ﬂij = 1815ij +16y, gijkak ,
e IpoM3BoAHas O, JIeHCTBYET Ha BEKTOPHI HAIPSIKEHHOCTH 3IICKTPOMArHUTHOTO
1OJIS.

Taxum oOpa3om, u3 ypasuenuii (10), (11) u (15) cnenyer:
1) B 00enx aMILIUTY1aX BBIIOJIHICTCS YCIOBHE IIEPEKPECTHON CUMMETPHH;
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2) eciii B cooTHomeHusx (10) u (11) BbIMONHSETCS YCIOBHE MHBAPUAHTHOCTHU
OTHOCHUTEIIbHO HMHBEPCUU NPOCTPAHCTBA, TO B cooTHomieHUH (15) 310 ycnoBue
HaPYIIAETCS;

3) BKJIaJIbl TUPALIMA W CIUHOBBIX JIUIIOJBHBIX IMOJSIPU3YEMOCTEH B aMILIUTYTy
KOMIITOHOBCKOT'O pacCessHHsI Ha HyKJIOHE HaYMHAETCS C TPEThEro MOopsiiKa 1Mo dHep-
ruu (OTOHOB.

3aK/jIrYeHue

B nanHO#l paboTe MmoiayyeH KBaHTOBO-TIOJEBOM PENSATUBHUCTCKU-WHBAPUAHTHBIN
3¢ (EKTUBHBIN JIarpaHKUaH, YUYUTHIBAIOIIMA BKJIAAbl CIIMHOBBIX MOJISPU3YEMOCTEM,
OOYCJIOBJIEHHBIX 3JIEKTPOMAarHUTHBIMH JUIIOIBHBIMU U KBaJAPYHOJIbHBIMH MOMEHTA-
MH aJIJpOHOB.

Ha ocHOBe penaTUBUCTCKHX CBOMCTB, P-mpeoOpa3zoBaHumii, a Takke HEpeKpecT-
HOM CUMMETpHUU U aire0pbl ONepaTopoB CIIMHA, ONPEeNIeHbl KOBApUAHTHBIE CITUHO-
BbIE€ CTPYKTYPBI aMIUIUTYbl KOMIITOHOBCKOI'O PACCEsHUs, COTIACYIOIIUECS C HUBKO-
OSHEPreTUYECKUMHU TEOPEMAMU.

[TokazaHo, 4TO B mpeasioxKeHHOM 3()(PEKTUBHOM TEOPETUKO-TIOJEBOM MOJIX0JIE
CIIMHOBBIEC MOJIIPU3YEMOCTH U T'MpalMU BHOCAT BKJIAJ B Pa3jIOKEHUE aMILIATYIbI
KOMIITOHOBCKOT'O pAacCestHUSI HAUMHAas C TPEThEro NOpsi/iKa Mo SHEPTUU (POTOHOB.
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E.M. OBcumok’, SI.A. Boiinosa®, B.M. PeapkoB’

VO «Mo3bIpckHii rocy1apCTBEHHBIH TIE1ArOrMYeCKNH YHIBEPCUTET
nMmenu M.11. Hlamsaxkuna», Mo3sipb, bemapych
I'VO «Kounmasckas cpeansis mkoa Eapckoro paitonay,
Enbckuii paiion, bemapych
*THY «MuctutyT dusuxu nmenn b.1. Cremanosa» HAH Bemapycu,
Munck, bemapych

PEJIATUBUCTCKAA YACTHULHA CO CIIMHOM 0
B DJIEKTPUYECKOM IOJIE. 1

Uccnenyem nuddepeHninaibHOe ypaBHEHHE, BO3HUKAIOIIEE MPU H3YUYCHUH
KBAHTOBOM MEXAHWKHU CKaJIPHOW PEJISITUBUCTCKOW YACTHUIBI B OJTHOPOJHOM 3JICK-

TPUYICCKOM II0JIC:
2

O|—2+(g+eEz)2 —u? |@(2) =0. 1)
dz
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B ypaBaenuu (1) mepeiinem k HOBOH niepeMeHHO# (mmonaraem eE > 0):
(& +eEz)’?
ek

Z=i =iZO) Zo>09

torjaa (1) mpumer Buj
2 -
d > +1/2 d —1+IE ®(Z)=0, o= K
dz Z dz 4 Z 4eE
JTO ypaBHEHHE ¢ ABYyMs 0cOObIMU Toukamu. Touka Z =0 — perynspHas, noBe-

JICHHE peIICHU OKOJIO HEe OIMCBIBACTCS (GYHKIHSIMU:
Z >0, ®(Z)=2", A=0, 1/2. B Touke Z =0 UMeeM HEperyIIpHYIO 0COOEHHOCT

2

panra 2. JleficTBUTENBHO, B TIEPEMEHHOH Y =7 ypaBHEHHUE 3alMIIETCS TaK:

2 .
d—2+%i—i4+|% ®=0.
dy> y dy 4y" vy

AcumnToTuku peuieHuid npu Y — 0 10JDKHBI UIMETh BU:
1 1. 1 1
y—>0, ®=y%"”, D1:+§’ C1:Z+IG; Dzz_za =

T. €. Ha OECKOHEUHOCTH BO3MO>KHBI JIBA MOBEJICHHUS PEILICHUI:
7 CgDZ _ 7 -Va-iog+2/2

Z 0 q) — Z—C Dz _{ .
— ? e Z—CZeDZZ — Z—l/4+IO'e—Z/2 !

UCIIOJIb3yEM TJIABHYIO BETBb JIOTapU(DMHUUECKON (PyHKIIUU.
OOpaTuMcsi K TOCTPOCHUIO PEIICHHIl BO BCed 00sacTu mepeMeHHoul. Bops

nopcraHoBky ®(Z)=e%? f(Z), monyuaeMm runepreoMeTpuuECcKOe YpaBHEHHE

2

2
Z d +(2A+1/2—Z)i—(A+1/4—ia) f(Z)=0,
dz dy

a=14—-ioc, c=+1/2, ®(Z)=e**1(2).
BBenem cHavana ciemyromnye 18a He3aBUCUMBIX PEIICHUS
Y,(Z)=F(a,c;Z)=e’F(c—a,c;-2),
Y,(Z)=Z"°F(a—-c+12-c;Z)=2"%’F(l-a,2—c;-Z).
OTH pelleHus JatoT JIBe cOoTBeTCTBYIoIME pyHKmu D :
®, =e**F(a,c;Z)=e"*?F(c—a,c;~Z),
O, =e??Z"°F(a-c+12-¢;Z)=Z2"¢"**F(1-a,2—¢;-Z).
YyuTteiBasg TOXKIECTBA:
c-a=a, Z2'=-7Z, a-c+1=(1-a),
3aKmo4aeM, 4to neppoe pemenne @, (Z) 3amaercs BemecTBeHHOH (yHKIUEH, BTO-
poe pemenne ®,(Z) obnamaer onpeaeIeHHON CUMMETPHEH:
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D, (Z2)=HD,(2)],  D,(2)=i[®,(2) .
OtmeuenHoe cBoicTBO (yHKIUMH D,(Z) MOXKHO NPEICTaBUTH KaK CBOWCTBO
BEIIIECTBEHHOCTH, €CJIM HCII0Jb30BaTh IPYTYI0 HOPMUPOBKY:

D,(2) = JE(D 2(£)= (ﬁfb (Z)j =(@,(2))" . (2)

Hast 6onpminx Z =iZ,, Z, —> +00 MOXHO BOCIIOJIb30BATHCSI ACUMITOTHYECKON
dbopmynoii [1, c. 266]

Fa.c.Z)= ( [©) (_zy= j ( ©) gzza ]

I'(c-a) I'(a)

I[aJ'II)HIC, quTBIBaﬂ COOTHOHICHU A
(_Z )—a _ (—iZO )—1/4+i0' — (eln Zy—in2 j

< _ (izo)—1/4—io _ (elnzo+i;zf2 jl/‘”f’ _ pt(U4io)in2 o(-Va-io)inZ

I'lcy  TI'@W2) I'lc)y T@2)
I'(c—a) T'(W4+ioc)" T(a) T'(Wi-io)’
yCTaHaBJIMBAEM, YTO Ha OCCKOHEYHOCTH PEIICHUE BeJIeT ceOs Tak:

~Va+io _ o (VHi0)iz2 o(-V/4+io)nZ,

b

b

Yl (Z) — {M e—(—1/4+icr)i7zf2 e(—1/4+i¢7)InZOe—iZo/2 +

(V4 +ic)

n 1_'(1/2? ot (V4-io)in2 e(—1/4—ia)InZOe+iZO/2 .
I'Vd-io)
Orcrona nocne nepexona k pyakunu @, (Z) Haxonum

d (Z) — 1_‘(1/2) e—(—1/4+ia)i7#2 e(71/4+icy)InZ()efiZO/2 +
T(V4+io)
n F(l/ 2.) pt ((U4-i0)in2 o(-Va-io)inZ, o +iZy/2 ; (3)
rV4-io)

perieHue BeaeT cedst Kak CyMMa JIBYX KOMITJIEKCHO COTPSDKEHHBIX ClIaraeMbIX.
AHaJIOTUYHO, UCTIOJIB3Ys OOIIYI0 aCHMIOTOTHYECKYIO hopmyiy [1, ¢c. 266]

_ N F(Z C) a+c-1 F(Z_C) Z—a-l
F(a-c+1L2-c,2)= EF(l— )( Z) +'"j+(—r(a—c+1)ez +]

H YUUTBIBAA PABCHCTBA

(_Z)—a+c—l _ (_izo)—3/4+io- :(elnzo—wzj —3/4+io _ o (34tio)im2 o(-3/4tic)inZ, ,

7a1_ (izo)—3/4—io- _ (e|nzo+iﬂ/2 j‘3/ 4-io _ pt(Baio)in2 o(-3/4-io)inZ,

b
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r2-c) TI(3/2) r2-c)  I(3/2)
I'l-a) I'(3/4+ic)’ T(a-c+l) T'B/4-ioc)
YCTaHaBJIWBACM ITOBCACHHUC BTOPOI'O PCIIICHMS HA 6€CKOHe‘1HOCTI/Ii
F(a—c+12-c,Z)=e“"?x
X{ F(S/Z) e—(—3/4+ia)i7zf2 e(—3/4+ia)|nZOe—iZO/2
I'(3/4+i0)

+

" F(3/2? (3402 o(-3/4-io)nZo o +iZy/2 |
r(3/4-ic)

Ortcrona nocJie nepexojia K GyHKIuH @,(Z) momydaem

T(3/4+io)

i F(3/2.) p(-3/4-i0)in2 e(l/4io-)InZOe+iZO/2]; (4)
I'(3/4-io)
ATOT Pe3yJIbTAT COTJIACYETCS CO CBOMCTBOM (2).
MoXHO B SIBHOM BUJIE BBIJICIUTH PEUIECHUS, KOTOpPhIE HA OECKOHEYHOCTH BEAYT
ce0s1 KaK KOMIUIEKCHO-3HAaYHble PyHKIMU. JJIs1 3TOr0 HY>KHO BOCIIOIb30BaThCA JAPY-
roil mapoul pelieHnii THIEPreOMETPUIECKOTO YpaBHEHU [ 1, c. 246]

Y.(2)=Y¥(a,c;Z), Y,(Z)=e’¥(c-a,c;—Z).
[Taper pemennii {Y,Y,} u {Y,,Y,} cBsa3ansl coorHomenusmu Kymmepa [1, c. 266]:
- I'l—c) Y, + I'(c-1) Y- I'l—c) Y, - I'(c-1) ey
I'(a—c+1) I'(a) I'(l-a) I'(c—a)
CootBetcTBytomnue @ -peiieHus 3a1at0TCss COOTHOIICHUSIMU
D, (2)=e""¥(a,cZ), D, (Z2)=e"?¥(c—-a,c;—-Z);
dynxn O (Z), O, (Z) ABIAIOTCS KOMIUIEKCHO-CONPSHKEHHBIMHU APYT APYTY.

[Tpu Gonbmmx Z cripaBeyIMBbI aCUMITOTUYECKUE (POPMYJIBI:
i -4+ o \~L/d+io
Y5 = ‘I’(a,c;Z) —72_ (IZO) Vatio _ [eh‘lZo-H;z/Zj ,

-14-ic

Y7 (Z) = eZ\P(C —a, C,—Z) — eZ (_izo)a—c — eiZO (_izo)—1/4—i0' — eiZO [eanO—iﬂ/Z)

DTH COOTHOIICHHUS TOCie MpeodpazoBanus K pyHkuusM P(Z) npumyT BU;

—izy/2( pInZgim2 V4O 1iZy/2( pInZg-im2 V4O
@5 == e 0 e 0 5 @7 = e 0 e 0

DTO KOMIUIEKCHO-COIPSDKEHHBIE JIPYT APYry (yHKIMU; UMEHHO OHHU IIPHUCYT-
CTBYIOT B cynepno3unusix (3) u (4).
Hccenenyem Ha acCHMIOTOTHKAX BBIPAKEHHS JJIS1 COXPAHSIONIETOCs TOKa |,
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: dCD /4 dd(z
i, = ( @200 )j
Heo6xoaumo nepecynTaTh 3T0 COOTHOIICHHUE K nepemeHHOﬁ Z:
i, = oieETZ| 0(2) 1P E) () 9P2) |
2m dz dz

Ucxogum u3 pyakunit O (Z) nu @,(2):
(D5 (Z) — e_Z/ZZ_1/4+iG, (I)7 (Z) — e+Z/2 (_Z)—1/4—i0'.
[Tocse mpoCTOro BEIYMCICHHS HAXOXHUM:

1 :—2|»\/ EJ—iZ x
1 -1/4+ioc -1/4-ic 1 H -1/4+ioc -1/4-ic -1
X EZ (-2) + Z+|a Z (-2) (-2)" -

_1 (_Z)—1/4—i0' Z -l4+ic 1 _ |G (_Z)—1/4—i0' Z —1/4+iUZ -1 .
2 4
Ocrapiss I7aBHbIA YWIEH B aCUMITOTHKE JIIA TOKA Ha OECKOHEYHOCTH, TIOJTy4aeM.
@5(2)’ jZ :—E ’eE ’_iZ (Z—l/4+i0'(_z)—l/4—io').
m
Jl71st CONPSKEHHOTO PEIICHUs HIMEEM PE3YNIBTAT C IMPOTHBOMOJIOKHBIM 3HAKOM:
. e _ _ _
D, (2), J; =+—x /eE . /—IZ (Z—l/4+la (_Z)—1/4_|0 J
m

Y4YuTteIBasg TOKIECTBO
7 = IZO — eIn|Z0 — eInZO+|7z/2,
JIJIS1 TOKA HaXOJUM

(D5(Z)a jz :—%\/e_E\/Z(Z—lMHG(_Z)_1/4_ig):
—%\/G_E JZo [e'”ZOH”’ 2 ]1/4(e'”z°+"" 2 jia x[comp. cong.].

OKOHYATENIBHO MOJyYaeM:

i e e e

D.(2), =——\/eE,,/Z — =——./eEe™”,
5( ) JZ m Oﬁo m
) e e e

D, (2), :+—x/eE4/Z N
7( ) JZ m 0\/20 m

Takum 00pazom, UCCIEOBaHbI CBOMCTBA PEIICHUM ISl PESIATUBUCTCKON YaCTHUIIbI
co cnuHOM () BO BHEIIHEM OJHOPOJHOM 3JIEKTpHUYECKOM moJie. [locTtpoensl n npoana-
JIM3UPOBAHBI JBE Mapbl JUHENHO HE3aBUCUMBIX pelieHud. C MCIoIb30BaHUEM aCUMII-
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TOTHK peHleHI/Iﬁ HaﬁI[CHBI BBIPAXKCHUSA AJIs1 KOMIIOHCHTEI _] ,  COXPaHsIOMICIOCA TOKA,

OHH 00pAaIlAOTCs B HOJIb JUISl PELICHUI U3 IEPBOM Naphl, U IPOTUBOMIOIOKHBI 10 3HAKY
IUIsl pELLIEHUI U3 BTOPOM Maphl.

Jlureparypa

1. beittmen, I'. Beiciue TpancueHnaentasie Gynkiuu / I'. belitmen, A. Dpaetin;
nep. ¢ aara. H.A. Bunenkuna. — 2-e¢ u3n., crep. — M. : Hayka, 1973 — T. 1: I'uniep-
reomerpuueckas pynkuus. Oynkuun Jlexxanapa. — 294 c.

E.M. OBCI/IIOKl, SLA. BOﬁHOBaZ, B.M. Peapkos®

VO «Mo3sIpcKnii rocy1apCTBEHHEIH MeIarornIecKri YHUBEPCHTET
umenu W.11. llamaxunay, Mo3sipb, bemapych
I'VO «Kounmasckas cpeausis mkoia Eapckoro paitonay,
Enbckuii paiton, bemapych
*THY «MHucTuTyT Qusukn umenn b.1. Crenanosa» HAH Benapycn,
MuHnck, benapych

PEJATUBUCTCKAA YACTHULHA CO CIIMHOM 0
B QJIEKTPUYECKOM MOJIE. II

YpaBHEHNE, BO3HUKAIOWIEE IPU PACCMOTPEHUU PEIIITUBUCTCKOW CKAJSIPHOU 4a-
CTULbI B OJHOPOIHOM 3JJIEKTPUUECKOM IIOJIE, MOXKHO HCCIEIOBATh, HE IEPEXOAs
K KBQJIPATUYHOU TIepeMeHHON Z BMeCcTO HUCXOaHOM Z. PaccmMoTpuMm ypaBHEeHUE

B TAKOM MIOAXOJC:
2

F+52—m2+25eEz +e2E222}CD(Z)=0. (1)
z

PaccmoTpuMm moBenenue pemieHuit okoyo Z =0 (oTMeuaeM, 4TO 3TO HE ocolas
TOYKA ypaBHEHUS):
2
2 2
— +&°—m
dz

D(2)~0, B(z)=e V2, )

PaccmoTpum ypaBHeHHE Ha OECKOHEUHOCTH:

1 d?2 2d &*-m? 2seE e%E?
- [ — 6)db(y):o. (3)

= R —~ + —
y (dy" ydy vy y y
Y a3TOro ypaBHEHHsS €CTh €IMHCTBEHHAs HEperyJsgpHas ocobas TodYKa
B OcckoHeuHOCTH [1], oHa mMmeet paHr 3.
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Wtem nokarsHblie pemenns @podernyca [1] okoso Touku Y =0 (Z =) B BUE:

D(y) = y"e® e f(y);

HaxouM ypaBHeHue it pyHknnn f (y):
, [2A+2 2B 4C)_,
f"+ — f'+

2 .3

y y |y
A(A-1D)+2A 2BA —&°+m*+2CA-B*+2C(A-3)+4C
+ 2 3 4 +
y y y
22 2
+zgeE+54(:B+e E +64c ]fzo. @
y y
Tpebyem obpareHns B HOMb Ko3bduImenToB mpu Yy °,y >,y
e’E2+4C*=0 = C,=+ 'ezE c, ——%. (5)
Janpine
gekE : :
2eeE+4CB = OB__T = B =+ig, B, =—l¢. (6)
Tperbe cOOTHOIIEHHE
—&”+m’ +2CA-B*+2C(A-3)+4C =0
naer
1 m? 1 . 1 m’
e ==—iy, “+iy (=—==-y). 7
> a0 #\27A227(2E 7) (7)

Takum 06pa3om, okanbHbIe pereHnss @podeHnyca B OKPECTHOCTH TOUKH Z = 00
UMEIOT B

D (Z) —7 AleBlZeClZ f (y) -1/2 +|7e+|gze+|(.5/2)z .I: (Z) (8)

D, (2) = 2 e fz(y) — 7 V27 e e DY (7). (©)

OOparumcsi K aHAIHU3y I[I/I(bq)epeHHHaHBHOFO ypaBHEHUs Uil  (PYHKIIUA
f(y), y=2" (6ynem cieauts oJHOBpeMeHHO 3a 06ouMu Bapuantamu f = f, f,):

co [2A+2 2B 4cjf, (A(A+1) ZBA]f_ (10)

2 2

y y |y y y
OGparaem BHUMaHKE Ha To, yTo Habops! mapamerpos {A,B,,C } u {A,,B,,C,}
CBSI3aHBI OIepaIeii KOMIUIEKCHOT'O COTIPSKEHUS:

{A.B,,C.}={A.B/,C[}; (11)

CIICJIOBATENIbHO, TaK Jke€ OyIyT CBS3aHbl W pelnieHus ypaBHeHwid Buupa (9):

f,(y)=1,"(y).

bynem crpouts pemieHus B BUJE€ CTENEHHOTO PAIa
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F=Ycy  '=Yncy™ f=3nmn-1cy". (12)
n=0 n=1

n=2
[ToxcraBiss 3TU paBEHCTBA B YPaBHEHUE
V2 "+ (2A+2)y* f'—2Byf ' —4ACf'+ A(A+1)y — 2BAf =0, (13)

MOJIyYUM

n(n-1)c y™ +
=2

n

+(2A+ 2)5: nc,y™ — ZBi nc,y" — 4Ci nc,y" +
n=1 n=1 n=1

+A(A+1)> c,y"™ -2ABY c y" =0.
n=0 n=0
[lociie n3smenenusa HHACKCOB CYMMHUPOBAHUA HMCCM:

o0

2. (n=1)(n-2)c,,y" +

n=3

+(2A+ 2)2 (n _1)Cn—1yn o ZBZ nc, yn o 4CZ (n +1)Cn+1yn +
n=2 n=1 n=0

+A(A+1)> c,,y"—2AB) cy"=0.
n=1 n=0

[TpupaBHUBaeM K HYJTIO KO3()(HUIIMEHTHI IPH BCEX CTEMEHAX X'
n=0, —-4Cc,—2ABc, =0,
n=1, -2Bc —8Cc,+ A(A+1)c,—2ABc, =0,
n=2, (2A+2)c, —-4Bc,-12Cc,+ A(A+1)c, —2ABc, =0,
n=3, (n-1)(n-2)c,+(2A+2)c,—6Bc,-16Cc, + A(A+1)c, —2ABc, =0,

(n-)(n-2)c, ,+(2A+2)(n-1c,,—2Bnc, —
—4C(n+1c, ., +A(A+1)c, , —2ABc, =0.
Takum o0pa3oM, NPUXOAUM K 3-4YJI€HHBIM PEKYPPEHTHBIM COOTHOIICHUSM

n=4,5,6....:

n+1

[(n-D)(n—-2+2A+2)+ A(A+D)]c,, —
—(2Bn+2AB)c, —4C(n+1)c, , =0. (14)

CTCIICHHOI'O psAaa MOHO BBIYHUCIINTH COTJIACHO (1)Op-

n+1

Pangnyc cxomumoctu R,

myiae JlanamOepa (mpeamnosiaraeM cyuiecTBoBaHue mpezaena C,/C..,, N—>00 U KO-
HEYHOCTh pajiiyca CXOIUMOCTH, BKITFOUAsi ¥ PaBHBINA HYJIIO)
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[(n—l)(n—2+2A+2)+A(A+1)]%C—” (n+1)=0;

n n+1 n+1
IIpHu 5TOM I10JIy4acM

conv (15)
n—o0 C

n+1
BTOT OTBCT HpI/I BOSBp&HIGHI/II/I K HCXOHHOﬁ HepeMeHHOﬁ Z JIOJIDKCH I/IHTepHpC-
THpOBaTBCH KaK 6€CKOH6‘IHBIIZ pam/lyc CXOOINMOCTH.

UYtoObl nydille MOHATH CMBICI MOCTPOSHHBIX PEIICHUN, HCCIEAYeM CTPYKTYpY
TOKA JUUISL 9TUX PEIICHUM:

'Z—ZmECD( ) ———

CD(Z) — (Dl(Z) — Z—1/2Z+i;/e+igze+i(g/2)z2 fl(Z) ,
D (2) =D, (z) = 2?2 e e ¥A2 1, (2),
HaXOJIUM BBIPAXKCHHUA IJIA IIPOU3BOAHBIX

do® (z)

-0 (z)

ch(z)] (16)

YuurteiBasa

do _ _E Z—S/ZZ—iye—igze—i(‘s/Z)z2 f,(z)— i72—1/2z—i7—1e—i82e—i(*72)22 f,(z)-
dz 2
—igz V2 et DT f (7) —igzz V27 Ve e DT £ (7) +
_|_Z—1/ZZ—|7/e |gz |(g/2)z 2(2)
o) 22D 2221, @) - @ L@ e @O L)
—ief(2)f,(2)+ 27 1,(2) a (Z)
C:;D 12_3/2Z+'7e+'52e+'(d2)z fl(z) n i}/z—l/ZZ+I}/—1e+l(€Ze+i(€/2)Z2 fl(z) +
YA

> ; ; ; 2 . _ ; ; ; 2
_ng ]JZZ+|ye+|gze+|(g/2)z f (Z)+|€ZZ 1/22+|7e+|gze+|(g/2)z f1(2)+
=12 +iy o+icz +|( /2) 22
+z 77 e™ e 11 (2);

dCD(Z) __%2—2 f.(2) f2(2)+i7/2_ f.(z) f,(2) +

df (z)

D*(2)-

+iez 1f (), (2) +ief(2)f,(2)+27f,(2)

Takum 006pazom, moyyaem BBIpEDKGHI/Ie

ch( )dCD (z)_q) 2 )ch(z)]
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- 2Iem (_Ziyz2 f,f, —2iez "1, f, - 2ief, 1, J{Z_l E (ilfzz -2t (;llle j:
=—| —— fif —2ig| =+ | fif7+— fi - 1
om| 22 ' g(z jll Z(ldz 1d2j

yLII/ITI)IBaGM, YTO Ha aCUMIITOTHUKEC fl—)l, OCTaBJISAS TJIaBHBIA YJIE€H aCHUMIITO-
THYCCKOI'0O Pa3JIOKCHUA IJI TOKA, IIOJIyJacM.

. [ - * ec *
O, )= +ﬂ(_2|5) fif; :E fify (17)

JIJ11 KOMITJIEKCHO-COTIPSKEHHOT0 pemeHus @, 0yaeM UMETh [T0X0Kee BbIpaXKe-

HUE JIJIs1 TOKA, HO C MPOTHUBOIIOJIOAKHBIM 3HAKOM:

) e i . g . ..
©,, = (F2e) i =—— 11" (18)
2m m

z

M3 nByx KOMIIIEKCHBIX perieHuid @, @, JerKo MOIYy4YUTh ABa BELIECTBEHHBIX

pEIICHUS C HYJIEBBIM TOKOM:
O, +D, =R, R*=+R; O, -0, =M, M*=-M;
9TH PEIICHUS MPECTABIISIOT CTOSYNE BOTHBI.

Takum o6pa3om, uccienoBano AuddepeHnnanTbHOe ypaBHEHUE, BO3HUKAIOIIEE
IIPU PAaCCMOTPEHUU PEIATUBUCTCKON YacTHIIBI CO CcTMHOM () BO BHEITHEM OJTHOPOJ-
HOM JJICKTPUYECKOM MOJie. Y paBHEHHUE MOXKET OBbITh KJIACCU(PUIIMPOBAHO KAK MMeE-
IOIEe B Z =00 €IMHCTBEHHYIO U HEPETYIsIpHYI0 0co0yto Touky panra 3. [TocTpoeHsr
JIBa JINHEWHO HE3aBUCHMBIX JIOKAJBLHBIX pemeHuss OpoOeHnyca OKOJI0 TOUYKH Z = 0]
MOKa3aHo, YTO BO3HUKAIOIINE MPH dTOM CTEIICHHBIE PSJIbI SBISIFOTCS 3-YJICHHBIMU U
OHH CXOZATCS BO BCEH 00JacCTH MepeMeHHON Z € (—o0,+00). [locTpoeHHBIE pelIeHus

SIBJISIIOTCST KOMIUIEKCHO-COIPSDKEHHBIMU APYT JAPYTy BO BCEMl 00JlacTH MpPOCTpaH-
ctBa. C UCMOJIB30BAHUEM ACUMIITOTHK PEUICHUM HAWJEHbI BBIPAXKEHUS I KOMIIO-
HEHTHI |, COXPAHSIONIETOCS TOKA; OHH MPOTUBOIIOJIIOKHBI IO 3HAKY JUISI HAIEHHBIX

PELICHUM.

Jluteparypa
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singularities / S.Yu. Slavyanov, W. Lay. — New York : Oxford University Press,
2000. — 312 p.
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PROBING AND IDENTIFYING NEW PHYSICS SCENARIOS
AT ILC WITH POLARIZED BEAMS

Introduction

Numerous new physics (NP) scenarios, candidates as solutions of Standard
Model (SM) conceptual problems, are characterized by novel interactions mediated
by exchanges of very heavy states with mass scales significantly greater than the
electroweak scale. In many cases, theoretical considerations as well as current
experimental constraints indicate that the new objects may be too heavy to be
directly produced even at the highest energies of the CERN Large Hadron Collider
(LHC) and at foreseen future colliders, such as the efe™ International Linear
Collider (ILC). In this situation the new, non-standard, interactions would only be
revealed by indirect, virtual, effects manifesting themselves as deviations from the
predictions of the SM. In the case of indirect discovery the effects may be subtle
since many different NP scenarios may lead to very similar experimental signatures
and they may easily be confused in certain regions of the parameter space for each
class of models.

There are many very different NP scenarios that predict new particle exchanges
which can lead to contact interactions (CI) which may show up below direct production
thresholds. These are compositeness, a Z' boson from models with an extended gauge
sector, scalar or vector leptoquarks, R-parity violating sneutrino (¥7) exchange, bi-lepton
boson exchanges, anomalous gauge boson couplings (AGC), virtual Kaluza-Klein (KK)
graviton exchange in the context of gravity propagating in large extra dimensions,
exchange of KK gauge boson towers or string excitations, etc. For details of the
analysis and original references, see [1, 2]. Of course, this list is not exhaustive, because
other kinds of contact interactions may be at play.

If R-parity is violated it is possible that the exchange of sparticles can contribute
significantly to SM processes and may even produce peaks or bumps in cross
sections if they are kinematically accessible. Below threshold, these new spin-0
exchanges may make their manifestation known via indirect effects on observables
(cross sections and asymmetries), including spectacular decays. Here we will
address the question of whether the effects of the exchange of scalar (spin-0)
sparticles can be differentiated at linear colliders in process:

et+e  >ut+u= (or T +717), (1)
from those associated with the wide class of other contact interactions mentioned
above.
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1. Observables and NP parametrization in lepton pair production

For a sneutrino in an R-parity-violating theory, we take the basic couplings to
leptons and quarks to be given by

Ajie LiLiEy + 2353 L;Q; Dy (2)

Here, L (Q) are the left-handed lepton (quark) doublet superfields, and E (D) are
the corresponding left-handed singlet fields. If just the R-parity violating ALLE
terms of the superpotential are present it is clear that observables associated with
leptonic process (1) will be affected by the exchange of ¥'s in the ¢- or s-channels.
For instance, in the case only one nonzero Yukawa coupling is present, ¥'s may
contribute to, e. g. efe” — utu~ via t-channel exchange. In particular, if
A121, Aq22, Aq3z, OF Ay3; are nonzero, the p*u~ pair production proceeds via
additional t-channel sneutrino exchange mechanism. However, if only the product
of Yukawa, e.9. 1,3;4535, IS nonzero the s-channel v, exchange would contribute to
the ut 1~ pair final state. Below we denote by A the relevant Yukawa coupling from
the superpotential (2) omitting the subscripts.

With P~ and P* denoting the longitudinal polarizations of the electrons and
positrons, respectively, and 8 the angle between the incoming electron and the
outgoing muon in the c.m. frame, the differential cross section of process (1) in the
presence of contact interactions can be expressed as (z = cos#):

d;’_j _3 [(1 +z)?c$t 4+ (1 — 2)%cf]. 3

In terms of the helicity cross sections a5 (W|th a,f3 = L,R), directly related to the
individual CI couplings A,z (see Eq. (7)).

gf! = —[(1 PHYA+PHof+(A+P)HA-PHaEl], (@)
g\ = —[(1 PHYQ+PHe+ (1 +PHA-PHaf]l, (B

where the first (second) subscript refers to the chirality of the electron (muon)
current. Moreover, in Egs. (4) and (5)'

Oap = OptlMap® (6)
where o, =c(efe” »y" - pu"u™) = (4maly)/(3s). The helicity amplitudes
Mg can be written as

Mg af — = M ap Thapg = QeQy ‘|‘.§§§E Xz + Bap, (7)

where ¥z =5/(s — Mz + iMzTy) represents the 4 propagator,
E. = (IéL - QIS'[?V);SIVCIV and .Q';q = _QIS'[?V;SI-VCI-V are the SM Ieft' and
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right-handed lepton (I = e, i) couplings of the Z with si, = 1 — ¢, = sin?6y, and
Q; the leptonic electric charge. The A,g functions represent the contact interaction
contributions coming from TeV-scale physics.

The structure of the differential cross section (3) is particularly interesting in that
it is equally valid for a wide variety of NP models such as composite fermions, extra
gauge boson Z', AGC, TeV-scale extra dimensions and ADD model.
Parametrization of the A,g functions in different NP models (a,f = L,R) can be
found in [1, 2].

The doubly polarized total cross section can be obtained from Eq. (3) after
integration over z within the interval —1 <z < 1. In the limit of s, t small
compared to the CI mass scales, the result takes the form:

ol = ofl+0 =2 (AP A +P) (0 +0fD)+
+ (@ +P)A—PY) (0fz + 051))-

It is clear that the formula in the SM has the same form where one should
replace the superscript CI — SM in (8).
Taking into account sneutrino contribution, the total cross section can be written

(8)

as
o" = Z(@A-P)A+P) (@ +of)+: A +P)HA-P) X

3 1+p—pt ~ =~ (9)
X (ozg +07L) +3 —5— (orL + o1r).

it i L o i 1
Here, o3, (= 0)g) = ope IME, %, Mg, = M = E Cix3, and C and y3 denote

the product of the R-parity violating couplings and the propagator of the exchanged
sneutrino. For the s-channel v. sneutrino exchange they read

C

A1314232 3 (10)
dmaem S—ME_+iMy Ty

5 __

=it

We will use the abbreviation 22 = A;314,32. It is possible to uniquely identify
the effect of the s-channel sneutrino exchange exploiting the double beam

polarization asymmetry defined as
_ O(Py,—Py)+0(—Py.Py)—0(Py.Ps)—0(—P1.—P3)

Adourte = G (Py.—P3)+0(—Py.Py)+0(Py.Py)+a(—Py.—Py ) (11)
where P, = |P~|, P, = |P*|. From (8) and (11) one finds
Agﬁjubie — Agfouhie — PIPE = 0,48, (12)

where the numerical value corresponds to electron and positron degrees of
polarization: P, = 0,8, P, =0,6. This is because these contact interactions
contribute to the same amplitudes as shown in (7). Eq. (12) demonstrates that
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AN ... and ASL ... are indistinguishable for any values of the contact interaction
parameters, Ayg, .. AAgoupie = AGoupie — Agmupte = 0-

In the numerical analysis, cross sections are evaluated including initial- and
final-state radiation by means of the program ZFITTER, together with ZEFIT, with
Myop = 175 GeV and my = 125 GeV.

As numerical inputs, we shall assume the identification efficiencies of £ = 95%
for u*u~ final states, integrated luminosity of L.,; = 0,5ab™! with uncertainty
O Line/Lins = 0,5%, and a fiducial experimental angular range |cosf| = 0,99. Also,
regarding electron and positron degrees of polarization, we shall consider the
following values: P~ = +0,8; Pt = 40,6, with 6P~ /P~ = 6P /P = 0,5%.

Discovery and identification reaches on the sneutrino mass My (95% C.L.)
plotted in Figure 1 are obtained from conventional 2 analysis.

ILC (0.5 TeV), Ly =0.5ab~ L ILC (1 TeV), Ly = 0.5 ab™L,

10 10
8 SF ’l
/s
p
/
o 6F ) < ‘
E E 6 0\" Q/
= = nd
E 156 ~ E
) i 7
. /KD 4 . /
- v
- / / ’
P
2 —° Curt-H = Pl .
& ~mT 2f Curr- 1M =1
- 5 = -’ g
F~_ emil EXCLUDED & o EXCLUDED
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

A A
Figure 1 — Discovery and identification reaches on sneutrino mass Mz (95% C.L.) as a

function of A for the process e¥e™ — u*u~ at the ILC with v/s = 0,5 TeV (left panel)

and v/s = 1,0 TeV (right panel), L,z = 0,5 ab™1. For comparison, current limits from
low energy data are also displayed

For comparison, current limits from low-energy data are also shown. From
Figure 1 one can see that identification of sneutrino exchange effects in the s-
channel with A,,,.. 1S feasible in the region of parameter and mass space far
beyond the current limits.
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Concluding remarks

We have studied how uniquely identify the indirect (propagator) effects of spin-
0 sneutrino predicted by supersymmetric theories with R-parity violation, against
other new physics scenarios in high energy e*e™ annihilation into lepton-pairs at
the ILC in process (1).

To evaluate the identification reach on the sneutrino exchange signature, we
develop a technique based on a double polarization asymmetry formed by polarizing
both beams in the initial state, that is particularly suitable to directly test for such s-
channel sneutrino exchange effects in the data analysis.

This research has been supported by the Abdus Salam ICTP Affiliated Center
(AC-88) and the Belarusian Republican Foundation for Fundamental Research.
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MOJAEJIBHBIE ®YHKIIUUA IVIOTHOCTH
JUIA TIVNTAHET 3EMHOM I'PYIIIIbBI

BBenenue

Jlo HacTosIIIero BpeMeHH MpoodiieMa BHYTPEHHETO CTPOSHHUSI 3B€3 U TUTAHET SIB-
JSIETCSI JIOCTOBEPHO HEPEIICHHOW M, CIIeJI0BATENIbHO, KpaiHe akTyaimbHo# [1-3].
Cy11ecTBEHHEHIITYIO POJIb B €€ pelIeHnH UrpaeT GyHKIUS TUIOTHOCTH, KOTOpast JIs
IJIAHET 3€MHOU TpyNIbl B XOPOIIEM MNPUOIUKEHUH MOXKET CUUTATHCS pagralibHO-
cuMMeTpuuHoi o(r), MOTOMY YTO HauOOJIIbIIIEE MMOJIIPHOE CKATHE XAPAKTEPHOE IS
Mapca cocrapnset Bcero qumb 0,00589. Ota pyHKIHS onpeaenseT MacCy IUIaHEThI,
B 3TOM CJIy4ae 3a/1aBaeMyt0 HHTErPajIoM:
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M, :47z.?p(r)r2dr, (1)

TakK ke, OHa (PUTYPUPYET B YpaBHEHUU PABHOBECHSI:
1d( r* dP
—— — |=—472Gp(r)
redr\ p(r) dr
U B psijie IPYyTUX BaXKHBIX YPABHEHUI TEOpPUU BHYTpeHHEro cTtpoeHus. [loaromy mo-
nenupoBanue GpyHKIuHU mwiotHoctu P(I) sABiISETCS BaXKHOM 3ajavyeil B paMKax yKa-
3aHHOM MPOOJIEMATUKHU.
JlanHast paboTa SBJISETCS MPSAMBIM MPOIOJDKEHHEM padoThl [4], B KOTOpOM peau-

3y€TCsl YCOBEPIICHCTBOBAHUE PaHEE MPEJIOKEHHBIX MOJICIbHBIX (DYHKIMIA TIIOTHOCTH
B PaMKaxX YaCTUYHOIO WJIM MOJIHOTO yIOBJIETBOPEHUS YCIOBUIO BBITHYTOCTH

d?p
ar’ 0 (2)

cieayloiemMy U3 ypaBHeHUs: AnaMmca-Buiabsamcona [2, 3], U i 4ero npeiioxKeHo
UCIIOJIB30BaTh MPOCTYI0 Napadonndeckyro 100aBKy. HopMHupoBKU HOBBIX (pyHKUHMIA
IJIOTHOCTH OCTAIOTCS MPEXKHUMH M OCHOBBIBAIOTCA HA 3HAHUM MOBEPXHOCTHOMU
mwiotHoctd P(R) M MIOTHOCTH B LIEHTPE IUIAHETEHI O. YUET CIOUCTOM CTPYKTYPEI

UMeeT Tak ke dopmupyercsa ¢ nomoinplo G-pynkiuu Xspucaitna. KoagduimeHTs
CIIMBAHUS TIOJIAaTal0TCA SAMHUIHBIMY, YTOOBI HE TIEPEHOPMHUPOBATh (PYHKITUN TUIOT-
HOCTH. VMcrionb30BaHne HECAMHUYHBIX KOIPPUIIMEHTOB CIIMBAHUSA TPEOYET OTACIIb-
HOTO M3YYCHUS, YTO MPEATOIIAracTCs CACIATh B TaIbHCHUIIIEM.

1. MoaenbHble PyHKINH IVIOTHOCTH

I Ilpubnusicenue nuneiinoil hynkyueil ¢ napadoiuydeckoii 000aeKoil

K ¢byHKIMM MII0THOCTU ¢ TMHEHHOW paaraibHON 3aBUCUMOCTBIO T0OABIIsIEM Ta-
paboJIMYECKYI0 YacTh, TAKKe yOBIBAIOIIYIO C POCTOM aprymeHTa. B atom ciyuae
Gynxusa o(r) 3amaercs BeIpaKeHHEM

1) p=pP(R) [ .1
==:p,————>-| r+—|t.
p(r) 2 Po R R 3)
Ha ocHoBe 3Toro mMacca manetsl (1) okasbsiBaeTCs paBHOM
13 9
M(R)=7zR?}| = p. +— p(R) |.

Il Ilpubnuscenue uucmoit napabonuueckou pynxkyueit
NutepecHo paccMoTpeTh M QYHKIIUIO TUIOTHOCTU MapaOOIUYecKoro BUJA, TaK

KaK OHa MOJHOCTHIO YJIOBJIETBOPSIET ycIoBHIO (2). B aTOM ciiyuae:
Po— P ( R) 2

P(r):Po—T°r (5)
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" COOTBCTCTBYIOIIAA Macca

M (R) =

3

dl Epﬁp(R)}- (6)

Takum oOpa3zoM, BbIpaKeHUs ISl MAacC B JBYX INEPBBIX MPUOIMKEHUSIX UMEIOT
OYCHb YJIOOHBIN MTOTMHOMUAIBHBIN BUJ (4), (6).

I Ilpubnusicenue cmenenHoul hynKyueil ¢ napadoauyueckoii 000a8Kou

Jannast monenbHast (PyHKIMS TOJydaeTcsi, €CIM B paHee MpeanokeHHoi p(r)
C DKCTMOHEHIIMAIbHBIM MOBEJCHUEM [4] yUecTh yCIIOBUE HOPMUPOBKHU U CJENaTh CO-
OTBETCTBYIOLIYIO J0OaBKY

Py ]R po-p(R) ,

1
p(r)=§ Py 1+(p(R) Rz p (7)

IIPY ATOM Macca MPUMET BU/JT
Po (= R°[2
M(R) =275y (3 BR)+—| Z o +p,(R) |1, (8)
o4 513
rJe BBEACH HapaMeTp

_1 Po
PR Ry

a 7(3; BR) — nuwxnssa nenonnas ramvma—dynxous [5].

IV Ipuébnusicenue oopamnuoit pynkyueil c napadoauueckoil 000aKoil
W, nakonert, nmocienusst Mmoaudukanus o(r) Buaa

1 po_p(R) 2 Rpop(R)
p(r)==1p — e+ ’ 9
2{ §F Rp(R)+[ oo —p(R)]r ©
NPHUBOIAIIAA K MACCE TUIAHETHI PABHOM
M (R) = 2zR? {% F(1;3;4;—;/R)+%[%po+p(R)}}. (10)

3nece F(L3;4;,—yR) — runepreomerpuueckas GpyHkums [5], paanaabHO-3aBHCHMAs
C mapaMeTpoM
P —P(R)

Ro(R)

B nocnennux aByx ciydasix BelpakeHust ajsi macc (8), (10) comepxkar cnenu-
anbHble (DYHKIMH, OJHAKO, 3TO HE 3aTPYyIHSIET pacueTa Macc, eClId HMCIOJb30BaTh
JUISL 3TOTO BO3MOXKHOCTH aHAIUTUYECKOTO WIJIM YHCICHHOTO WHTETPUPOBAHHMS C T10-
MOIIBIO TIPOTPAaMMHBIX MTakeToB, Harpumep, WolframMathematica.

7/:
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2. ODyHKIUA IVIOTHOCTH JIJISl IIAPA €O CJIOUCTOM CTPYKTYpPOM

Metoa ucniofib30BaHus BBEACHHBIX (DYHKIMI TUIOTHOCTH B CiIydyae ydera CIOH-
CTOM CTPYKTYPHI IUIAHETHI 3aKITI0YACTCS] B UX CYMMHPOBAHUH IO CJIOSIM C UCIIOJIBb30-
BaHMEM 0Ope3arolieil Ha rpaHulle cios ¢pyHkiuu XaBucaiaa. [Ipu s3Ttom 0000111eH-
Has PyHKIMS TUIOTHOCTH IPUOOpETaeT BU/I:

po(r) = i—@)(r —r): Pk (r)-O(,,—r)- A(j)k+11 (11)

rae Py (M) — GyHKIMS WIOTHOCTH, NPHUCYTCTBUE y KOTOPOM MHJEKCA j TOBOPHT O
NPUBSI3KE K |-My MPUOIIKEHUIO, B TO BpEMs Kak WHACKC K HOMepyeT CIIOH; Takke
nonaraem I, =0; O(r) — pynxius XsBucaiina.

Crnenyer 3aMeTUTh, YTO MPSIMOE UHTErpUpOBaHUE PyHKIMU MIOTHOCTH (11) He-
00s13aTeNbHO, TAK KaK €ro Pe3yJIbTaT MOXKET ObITh MPEACTABIIEH B BUJIE CYMMBI Macc
IIaPOBBIX CJIOEB, MOJYYaeMbIX MpPH Hcmojib3oBanuu (popmyn (4), (6), (8) u (10).
[ToaTomMy, Maccy MiaHeThl, COCTOSIIIEN U3 N CIIOEB, 3aIIUCHIBAEM B BUJIE

M=im, (12)

rae A, — mMacca k-ro apoBOIro CJ10si, KOTOPpasa BbIPAKACTCA KaK pa3HOCTb MACC IIa-

POB Pa3JIMYHBIX PATNYCOB.
He =M (11) =M (). (13)

3. MoaeabHbIi pacyeT Mace IVIaHeT 3¢eMHOM IPyNIbI

Hcnonp3zyeM Hamy MoaudHUIIMpOBaHHBIE MOJETbHbIE (DYHKIIUU TJIOTHOCTH IS
pacuera Macc IJIaHET 3eMHOM I'PYIIIbI HA OCHOBE MX M3BECTHBIX XapaKTEPUCTHK [6,
7]. [lony4deHHbIi pe3yibTaT CPABHUM C AEHCTBUTEIbHBIMUA MACCaMU.

Takke Kak IEeHHbIM UCTOYHUK JIOCTOBEPHBIX aCTPOPU3NUECKUX JAHHBIX CIEAYET
ormeTuTh Internet-pecypc [8].

Bynem y4uThiBaTh NPU3HAHHYH) BHYTPEHHIOI CTPYKTYPY paccMaTpUBaeMBbIX
aHer [7, 8], COCTOSUIYIO U3 MSATH KOMIIOHEHTOB Y 3eMiIM (KOpa, BEpXHSISI MaHTH,
MaHTHSI, BHEIIIHEE SJIPO, BHYTPEHHEE SJIPO) U TPEeX KOMIOHEHTOB y Mepkypusi, Be-
Hepbl U1 Mapca (Kopa, MaHTHsl, SIAPO).

Pacuetsl mpous3BoauM, Bapbupysh KOMOMHAIMK (YHKIIMNA TUIOTHOCTH JJIS YKa-
3aHHBIX YHCEN CJIOEB, YTO JAaeT 0Koyuo 150 xoMOMHAIHIA.

B tabnuie 1 npuBeneHbl TpU Jy4YIIMX pe3yJbTaTa pacueTa MacC B paMKax yKa-
3aHHOTO MOJX0/1A.

Tenepp nyunve pe3yabTaThl 00J1e€ TOYHBI U OTKJIOHSIIOTCSI OT ACHCTBUTEIBHBIX
Macc CIeAYIOINM 00pa3oM:

— na 0,060% Beime y Mepkypus (I-11-111);
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—Ha 0,185% nwmwxke y Benepsr (11-1-1V);
—na 0,033% nwxke y 3emiu (H-11-1-1-111);
—na 0,187% Berme y Mapca (I-11-111).

Tabnuua 1 — PacueTrHast Macca ¢ y4€TOM CIIOMCTOM CTPYKTYPBI

Pacuetrnast Mmacca (Kr)
lnanera Macca (kr) I-11-111 1-1-1V I-111-11
Mepkypuii 3,330-10% 3,332-10% 3,339-10% 3,253-10%
Benepa 4,869-10** 4,955-10* 4,860-10°" 4,766-10**
Mapc 6,419-10% 6,431-10% 6,620-10% 6,277-10%
H-1H-1-1V-I 1-H-1-1V-111 H-11-1-1-111
Semrs 5,973-10% 6,041-10° 5,985-10% 5,971-10°

JlaHHBIE pE3yNbTaThl MOKHO PACCMAaTPUBATh KaK BIIOJIHE YJOBIETBOPUTEIIBHBIE,
a COOTBETCTBYIOIINE MOJIEIbHbIE (PYHKIIMM IJIOTHOCTH KaK JOCTATOYHO OJIM3KHE K
pEAIbHBIM PACIPEACIICHUSAM MaCC, JOMYCKAOUIKUE UCIOJIb30BAHUE IIPU PELIEHUHU CO-
OTBETCTBYIOIIUX 3a/1a4. OTKJIOHEHHUE B CTOPOHY YMEHBIIICHUS MacCC IIJIAHET 3eMIIS U
Benepa, roBoput Ham 0 HEOOXOJAMMOCTH y4yeTa pacipeaesieHuss Macchl B UX aTMO-

chepax.
3akJaoueHue

Takum obOpazom, B paboTe€ MPOBEACHO BUIAOM3MEHECHHE MOJEIBHBIX (DYHKITHI
TUIOTHOCTH JJIS TJIAHET 3€MHOM TPYMIBI MyTeM Mapaboindeckon 1006aBku. Pacuersr
MOKa3aJid, YTO HOBOE MOJIETIbHOE TOBeJeHNE (DYHKIMI TUIOTHOCTH MOKHO CUMTATh
JOCTaTOYHO JOCTOBEPHBIM. OHO MOKET OBITh UCTOJB30BAHO MPHU PEIICHUN YpaBHeE-
HUW TUHAMHUYECKOTO PAaBHOBECHUS M MPOUYUX 3a7ad TEOPUU BHYTPEHHETO CTPOCHUS
rtaneT. Takke HECOMHEHHO, UTO K YJIYYIIIEHUIO PE3YJIbTATOB MOXKET MIPUBECTH YUET
pacmpezenennsi Macchl B atMoc(epax, a Takxke nedopmarinii, CBI3aHHBIX C IEHTPO-
0exxHbIM 3 PexToM.
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M.C. Porxuii
YO «I'oMenbCckuil rocyJapCTBEHHBIN YHUBEPCUTET
nMenn @pannucka Ckopunby, ['omens, benapyce

I'PABUTAIIMOHHO-PE3OHAHCHAS KOOPANHALUA (AJAIITALIAA)
®YHJIAMEHTAJbHBIX B3AUMOJENCTBUA U NIOJIYYEHUE
CUCTEMHOTI O D®PEKTA HA IITOBEPXHOCTH 3EMJIN

Bsenenne

[IpaBunsuo numet W.JI. Po3entans [1]: «[locne moGensr yuenus Konepuuka B
MOJIEMUYECKOM TIbUTY YIYCTUIIM OJHO OOCTOSITENbCTBO. Jla, AeiiCTBUTENbHO, 3eMIls
Kak (u3myeckoe Teso HUYeM He BblaesneHa. OIHAKO 3Ta IJIaHeTa €AMHCTBEHHAas
oOUTEeNb UMBUIN3AUU. A BOBHUKHOBEHHE HOCUTENS IIMBWIM3AIMU — YEJIOBEKA BO-
BCE HE TPUBUAJIBHO, a TPEOYET COUETaHUs OMpPENEICHHBIX KOHKPETHBIX (PU3NYECKUX
yCIIOBHM. DTO TpeOOBaHUE IMOJO0KEHO B OCHOBY aHTpOINHOro npunHuuna». K coxa-
JICHHIO, MPAKTUYECKU BCE MCCIEN0BATENM MPU ITOM MEPEXOAAT K U3yUeHHUI0 (pu3u-
YECKHUX 3aKOHOMEPHOCTEH, ompeaensionmx cyas0y Bcenennoit. Mbl paccMoTpum
dbyHnaMeHTanbHble (PU3MUECKHE U aCTPOHOMUYECKHE KOHCTAHTHI M MX paboTy Ha
MIOBEPXHOCTU 3EMJIU U B €€ OKPECTHOCTH.

1. D1eKTPUYECTBO U IPABUTAIUA

Yacruma, Haxojsiascsa Ha moBepxHocTu 3emin, ComnHia (B CoJIHEYHOM CHUCTe-
Mme, B ['anakTuke), Bcerja B3aMMOJICUCTBYET CO BCEW OTPOMHOM Maccoil HeOECHBIX
ten (~10% kr — Tanaktrka) U ¢ KaxasM B oTaeabHocTH (~10% kr — 3emis, ~10% kr
— Counre)! UToObl CKOMIIEHCHPOBATH Takoe '"ciiaboe" BHEIIHEE T'PaBUTAIIMOHHOE
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BO3/ICVICTBHE — YHEPTUIO

—_ * *
EI‘paBI/ITaHI/II/I _G MHG6€CH. TClIa m‘IaCT /RpaCCT A0 LICHTPA TAXK. (l)

SJICKTPHYCCKHU 3apsAKCHHBIC YaCTHUIbI

2
EBJ'ICKTpI/I‘I. nonst . € / r (2)

JOJIKHBI HAXOJUTHCS HA pacCTOSHUU I YT OT IpYyTa (Erpasuramm = Esnexrpua. nons)
a) Ha noBepxHoctu Comuua (pacct. 1o nentpa Coxnmna 695990000 M, nepBas
KocMudeckasi ckopocTh 436800 m/cek)

re=1,33*10°M, 1P Muscmugen = Moexmpona |
r,=7,23*10 13 M,  TPHA Mygemuyn = Mupomona ;

0) Ha ramakTudeckoit opoure Connia (ckopocTs aBmwkeHus 230000 m/cek)
r=48*10"M, TP Muaomue = Moewmpona ;
re=2,6* 1012 M, IPU Muygenmug = Mupomona -

CpenHereoMeTpu4eckoe YHEPreTUIECKH CKOMIIEHCHPOBAHHOE PACCTOSIHHE MEX-
ny dactuiamu (IpU JBIDKSHHH 1O Tanakthdeckoit opbure) r = 1,1 * 10™ m mpu-
OJIMDKEHHO paBHSETCS MEPBOMY OOPOBCKOMY JIHAMETpy aroMa Bojgopoaa — 1,06%10
% M. CBsI3b MEKIy MOTCHIHATOM Ha TATaKTHIECKOH opOuTe COMHIA §.gmmmuu A TIO-
TEHIMAJIOM Ha MOBEpPXHOCTU COJHLIA Poouy, OOECIIEUMBACTCS CpEIHEreoMeTpuye-
CKUM Kod(¢unreHToMm nepexona ot Junuu (opobuta ConHia) Kk 00bémy (4m/3) u
KpyroBoi opourte Ha noBepxHocTH ConHia(m):

(PleﬂaKmuKu*zn/\/éz (pCOJZHZ/!a . (3)

OueBHIHO, CYILIECTBYET OINpEAEICHHAas KOOPAWHALIMS MEXIy NapaMeTpaMu
MUKPO- U MAaKpOMHUPA.

2. CBeT 1 3peHue

CymiecTBylOT W OCOOCHHOCTH 3pEHHUS, Yepe3 KOTOpPhIe-TO MPOUCXOAUT U
HACTpOiiKa Bcex cucteM (pukcauuu Quanyeckux npoueccoB. be3 GoxkycupoBku Mbl
HE YBUJUM KOHTYPBI MPEAMETOB — CIIEJIOB 3JIEMEHTAPHBIX YACTHUI, CHEKTPAIbHBIX
auHuK. .. be3 nmanodek u kojaboyek — yepHo-0eI0i U LIBETHOW MaluTphl Mupa... [lpu
M3MEHEHUU ILBETOBOTO (poHa (I[BeTOBas ajmanTaius — Kosblla HhloTOHA) MeHseTcs
pacIoyioKeHUEe TEMHOH 1 CBETJION moJioc. ..[2].

Cset, crabunusupoBansbiidi B cucteme Comare u 3emis [3] (pacuersl (3) mo3-
BOJISIFOT TOBOPUTH O CTAOMIM3UPYIONIEH posik U ["aJlakTUKK), ONpeAesIeT U Xapak-
tepuctuku Cosznanus (LlenTpansnoro Ilponeccopa — IIII). M3BecTHO: «BpeMs pac-
no3Hanus» [4] (pabota mosra, 3penus) cocrabisieT 0,265 cek (CBET 3a 3TO BpeMs
JIBaX]Ibl orudaet 3emiito) u «Bpems 3anedarsienus» — 0,040cek (25 kaapoB B CEKyH-
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Jy — CBET 3a ATO BpPEMsl MPOXOJUT PACCTOSHHE PABHOE JBYM pajuycaM 3€MIIH).
MakcumyM criekTpaiabHOi uyBcTBUTEIBbHOCTH (MCUY) T71a3a COOTBETCTBYET JIJIMHE
-7 o

BOJHEI 5,55% 10 'Mm. [Ipu nmepecuere sneprun MCU Ha anekTpoHHBIH Mapkep (OM)

E/mBHeKTpOHa (4)

MoJIy4aeM CKOpOCTh OJIM3KYI0 TepBOM KocMudecko Ha moBepxHocTH ComHIa
(436800 m/cex).

3. CBeT M rpaBUTALIUSA

['paBUTalIMOHHO-pE30HAHCHAS (POPMyJIa CKOPOCTH CBETA BBIBOAUTCS U3 3aKOHA
COXpaHEHUs YTII0OBOTO MOMEHTA M PE30HAHCHBIX OTHOIICHUH [3]:

CZZ*E*VIC*RC /R3 , (5)

rae C — CKOPOCTh CBETA;

2*1 — OTHOILIEHUE JIJIMHBI OKPYKHOCTHU K paauycy (KOHCTaHTa HHTEIPUPO-
BAaHUS YCKOPEHUS MO MEPHUOJIY — KBAHTOBAHHBIM ACUMIITOTUYECKUIA PE30HAHC);

V;c — nepBasi KOCMUYECKasi CKOPOCTh Ha nmoBepXHocTH COMHIA;

Rc— cpennuii paguyc ConHua;

R;— cpennuii panuyc 3emun (6371030 m).

[TonsitHO, uTto y ConHila HET MOBEpXHOCTU. [LOTHOCTH BepxHero ciosi ¢hoTo-
chepnl (BCD) cocrarnsier 1/1000 oT mI0THOCTH 3€MHOT0 BO3/1yxa. Mbl HaOI01aeM
onmuueckuil 3¢gexm ¢homocgepsvi NOCTATOUHO (PYHIAMEHTAIBHOW TIPUPOIBI.
®opmyiia (4), BO BCIKOM Cilydae, IO3BOJISIET TONYUYUTh pacuemuulti paauyc ComHia
Rc= 696 288 687 M u Tommuay BC® ~ 300 kM (696 288,687 — 695 990,000). Pac-
cTosiHue Mexay 1eHTpoM CostHila U o01uM HeHTpoM TspkecTr CofiHia 1 3eMJIu Co-
craBisier ~ 450 kM, T. €. 3/2 Tonuuuel BCO (mpocTpaHCTBEHHO-BPEMEHHAsI CHH-
XpOHM3ALMS ABMKEHUS 3eMIIM ¢ TpeTbuM 3akoHOoM Keruepa st ctpykTypsl ColiH-

1a).
4. CBeT 1 3eMus

Crabunu3npoBaHHAs HA MOBEPXHOCTH 3€MJIM CKOPOCTh CBETA ¢ 00ECIIEUNBAETCS
MOTEHIUANOM ¢. B IepBOM NpHOTIKEHNN TOTEHIHAT ¢© 06ECIeHBACTCS MOTCHIIH-
aJloM 3JIEKTpUYecKoro 3apsaa 3emun Q, 4TO MO3BOJIAET, IPU HAJTUYHUM JIEMEHTap-
HOTO 3apsija e, NPOU3BECTU MOCTPOEHUE CUCTEMbI KOOPIUHALMU (ITapaMeTPU3ALIH)
KOHCTaHT MUKpoMHupa. BaxkHO yka3aTh: 3eMJsl SIBISICTCSI TPOBOIHUKOM, TTOTCHIIUAI
KOTOPOTO, KaK M3BECTHO, HE 3aBUCUT OT (OpMbI Tena (3eMisi — 3TO «KKOHCTAHTa»).
«KoHcTaHTay MIIIOC CTPYKTypa 3peHus («Ipoleccop»), CO3HaHUS («BUHUECTEP))
o0ecneunBaroT eIMHO00pa3re BOCHpUATHA (U3MYECKUX MPOLIECCOB Ha 3emiie, a
TaK)Ke CXOJHBIX (KOH(OPMHO-PE30HAHCHBIX) MO CTPOCHUIO 00iacTeil (OCTPOBOB)
Bcenennon.
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5. TepmoaHaMuKa U rpaBUTAIMA

Tepmonunamuueckuit pacuetr — DM npu pe3oHaHCHOU >Heprun (dPpdexkTrBHAsA
temrepatypa mnoBepxHoctu Comuna 5778 K, namboiiee BeposiTHasi CKOPOCTH
418 500 m/cex) maet BenuuuHy Onu3kyro 436800 m/cek. [lpu nobGasnenuu k 3pdek-
TUBHOMU (pe3oHaHcHOM) sHeprun ComHna s3gdexktuBnoit 3Hepruu (T~249 K) 3emnu
(Mo cxeme PHeprus-uMiyiabc win 249*2 — ¢ k0dPHUIMEHTOM KMHETHYECKON PHEP-
ruM) HanboJiee BEposiTHAsI CKOPOCTh MpakTuyecku paBHa 436800 M/cex U, HaKOHeIl,
npu go6asienuu (pezonancHoi) sHeprun Jlynsl (T~220 K) — cooTBeTcTBYET 2HED-
run MCUY.

[Tpu coortHomenun 3Hepruit 5 778/2,72 548=2 120 (2,72 548 K temmeparypa
PEIIMKTOBOrO HM3JIy4eHHs) IONy4aeM mpoToHHBI Mapkep (IIM): 2120%V0,75 =
=1 836 (1 836 — oTHOIIIEHHE MaCcChl POTOHA K MAcCe JICKTPOHA).

Ipu menennu 2 120/n° = 214,8 momy4aeM OTHOLICHHE aCTPOHOMHYCCKON €IH-
HUullbl K panuycy ConHila, a Takke s Hauboyiee BEPOATHOW CKOPOCTH IMPHU
T=2,72 548 Ku OM (v = 9 090 m/cex) — Mmapkep adeppaliii peIMKTOBOTO H3IIyde-
amst (MAPH) —v/c*1 296 000" = 39,3" wiu mpocTo SIEKTPOHHBIH MapKep abeppa-
uun (OMA). C apdpexrom GAMOW",

6. Kocmosiornyeckoe KpacHoe CMelleHue

Ecnu xocmMuyeckoe MUKPOBOJIHOBOE (DOHOBOE M3IMyUeHHE (PEITHKTOBOE U3ITyde-
HUE) SIBJSETCS CIEICTBUEM ABMKECHHS 3eMiu 1o opoute Bokpyr Comnia (OMA), To
aHAJIOTUYHO OOBSICHSIETCS U KocMmoliorndeckoe kpacHoe cmemenue (KKC).

Pabora [5] mpeamonaraer KBaHTOBBIN (TPOMOPIIMOHAIBHEIN) miepexoa GoToHa U3
OJTHOTO (HYJIEBOTO) COCTOSIHUSL B Apyroe (KpacHOE CMEILECHUE) MPU yBEIUYEHUU pac-
CTOSIHAS 1O WMCTOYHMKA W3JIydeHHUs. Mbl mpernoiaraéM CylleCTBOBAHUE CMEILECHUS
(mperieccuu) B J1IOOOM MEPUOAMUYECKOM Tiporiecce. [10CKombKy CKOpOCTh CBETa pe3o-
HaHcHO [3] oOycrnoBiena n maccoir Comaila, u dakropoM I'amaktukm (1.), BBeaem oT-
HOCHUTEJIbHBIN KBAa3UMIEPHUO/] (COTHEUHO-3IEKTPOHHBIN Mapkep COM)

S(MCOHHHa/mBHeKTPOHa)O’S =T. (6)
[Ipu nepecuere Ha MCU:
TA/c=260 000 000. (7)

[Tonygaem Bpems Bparienus CoHia BOKpyT neHTpa ["amaktuku ~250 MiH. J1eT.
3ak/jIrouYeHue

JlaHHasi KOHIICIIUS MPAKTUYECKU MMOATBEPKACHA B SKCIEPUMEHTAIbHBIX pado-
Tax poccuiickoro omodusmnka C.D. IlIHoas [6]. Pacuersl aBTOpa Tak»e MOATBEp-
’KIAI0T KOHIEIIIMIO JIOKAIIBHOTO (OKPECTHO-KOOPAHMHAIIMOHHOTO, OCTPOBHOI'0) KOH-
(hopMHU3Ma CHCTEM M MOT'YT OBITh IPEICTABIICHBI B IPUJIOKCHUH.
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M.A. CepaokoBa

YO «'omenbCKkuil TOCYJapCTBEHHBIN YHUBEPCUTET
uMenn @pannucka Cxkopunb», ['omens, benapych

BJIUSIHUE ®OHOBOTI'O MOJISI TEMHOM DHEPT MU
HA XAPAKTEP PACIIAJIA JOJITOKUBYIIAX
N30TOMNOB U-238 M Th-232

B ocHOoBe oHON M3 HamOoJiee MPOCTHIX MOJENEH MPOCTPAHCTBEHHO IJIOCKOM
pacIIUpPSIOLIEHCS BCEIEHHOM ¢ MpeanoiaraéMbIM JIOIJIEPOBCKUM MEXaHHU3MOM KOC-
MOJIOTUYECKOTO KPacHOro CMeIIeHus JeKUuT ¢poHoBast MeTpuka dpuamana, B KOTO-
poil KBagpar MHTEpBaiga dS MEXIy IByMs OECKOHEYHO OJU3KMMHU COOBITHUSIMHU B Jie-
KapTOBBIX KoopauHatax I' = (X, X,,X;) 3amaercs BepakeHueM [1]:

ds® = ¢’dt® —o*(t)dx?, (1)

ronc v — a0COJIIOTHOE MUPOBOC BpEM:, OTCUUTBIBACMOC dTOMHBIMHU YaCaMU. N3mene-
HHUC BpeMeHHOﬁ MmKaJIbl COIJIaCHO COOTHOIICHUIO

dt= T du
c(1)

no3BoOJISIET epeiTH B (1) K KOH(OOPMHO-TIIOCKOI METPUKE, B KOTOPOI

ds® =—¢*(t)n,, dx"dx", (2)
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rae ,, =diag{-1, 1, 1, 1} u, xax oGeraro, X° =ct. Jlms MacmrabHoro dakropa o,

IPEACTABICHHOrO KaK (PyHKIUsI KOHGOPMHOro BpeMeHu t, B (2) mpumeM 0003Haue-
HUE |

G(’C(t)) =p°(t) .

JIist MUpOBOM JIMHUM YaCTHIIbI, 33JaBa€MOU B KoopAuHaTax X" 3((heKTUBHOIO
MIPOCTPaHCTBAa-BpeMeHH MUHKOBCKOTO, U3 (2) cieayer

ds = @*(t)v1-v® /c* -cdt

rae v’ =v?, v; =dx /dt. Otciona crenyer, uro aeiicreue A=—cm, [ds s dacTu-

IIbI MOZKHO 3aIIiCaTh B BUJIC
A =—c?[myo® (t)V1-v?/cdt, (3)

YTO COOTBETCTBYET JACUCTBUIO JIJISl YACTUIIBI B CKAISIPHOM IPaBUTALIMOHHOM TTouie [2]. B
TAKOM NPEACTABICHUN peajbHas MHEPTHAs Macca M, ONpPEACIIAIOIas SHEPTETUIECKOE
COZEpKaHKUE YaCTULIBI B COCTOSIHUU IIOKOSI, B OTVINYKME OT €€ HOMMHAJIBHOM Maccel My,

OKAa3bIBACTCA JTMHAMUYECKON MEPEMEHHOM 3aBUCAIIICH OT ITOJIS:
2
m(t) = mye”(t) . (4)

Jljist onvcanusi camoro moJis 00paTumMcs aajiee CKaISIpPHONW MaciiTaOHO MHBapH-
aHTHOUW Mozenu TaroreHus [3]. IloTennuan nosis, co3gaBaeMoro Maccom, pacmpese-
JIECHHOU B IIPOCTPAHCTBE C IUNIOTHOCTBIO i, B 3TOM MOJEIH YAOBJIECTBOPSET ypaBHE-

Huto tTuna Kneitna-I'opaona

D—ZTCZG Ll\ll—UZ/CZ ([):O

C

B sTom ciiydyae nmoreHuuan ¢GoHOBOTO MoJisi B 0AHOpoAHOU Bceenennoit 6e3 pac-
IIMPEHUS, IOPOKIAEMOTO MACCOU HEPEIATUBUCTCKON MATEPUEH, pACTIPEACIICHHOMN B
HEH C TUIOTHOCTBIO i, IPUHUMAET BUJT

3necb Q=,/2nGu, G — HBPIOTOHOBCKasl TpaBUTallMOHHAas. [Ipueminemoe pelieHue
3TOr0 YpaBHEHHs, yIOBJIECTBOpsIOIIee KanOpoBouHoMy ycioButo ¢(t,) =1 st Te-
KYIIETo BpEMEHHU 1, sIBIIsIETCSI rapMOHUYECKOM (PYHKIMEN BpeMeHU

sin Qt

t)y=—"—.
o) sin Qt,
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B cooTBeTCTBHY C A TUM PCIICHUECM, SHCPI'UA IIOKOA YaCTUIl MATCPHUKU BO BCCIICH-
HOM OUKIIMYCCKU N3MCHACTCA BMCCTC C (1)OHOBBIM IIOJICM IIO 3aKOHY

, Sin?Qt

E(t) =m,C :
=m sin % Qt,

()
IIpencka3piBacMoe yBEIMYEHHUE MACChl aTOMOB B IpeabAylue 24 Muwuiapaa
JeT (M OpOoJOJIKAIOIIEEeCs] B HACTOSAIIEE BPEMS) HAXOAMTCS B XOPOIIEM KOJIMYE-
CTBEHHOM COTJIACHM TEOPUHU C HOBEHIIMMM HAOII0OJIaTeIbHBIMU JAHHBIMU MO Kpac-
HOMY CMEIICHHUIO aTOMHBIX CIIEKTPOB JaJICKUX CBEPXHOBBIX THIIA la [4—6].
OIHOBPEMEHHO C POCTOM DHEPIUHU MOKOA AIEp U ATOMOB B OCHOBHOM WJIM BO3-
OYy>XIEHHOM COCTOSIHUSIX TMPOUCXOJUT B PABHOM MPOMOPLMH PACTKEHUE €CTe-
CTBEHHOW MIUPUHBI UX DHEPreTUUYECKUX YPOBHEH, UTO M OOBSCHSET HabrOgaecMoe
KOCMOJIOTHYECKOE KpacHoe cMmelnieHue. BMmecre ¢ teM, u3 GopmyIbl A SBOIIONUN
sHEpruu (5) W U3 KBAHTOBO-MEXAHWYECKOTO COOTHOIICHUS HEONpeaeIeHHOCTEN
At ~ AhE MEXKly IIMPUHON ypoBHEHN 3HEeprun AE U X BpeMEHEM KU3HU CIEAYET, UTO

nepuoJ nosypacnana I, HeCTaOMJIBHBIX SIEp 3aBUCUT OT Bo3pacTra Iukia t cie-

JTYIOIIAM 00pa3oM:

o SinZQt,

Tllz(t) =Ty — 2 ’
sin“ Qt

rae Tlc,)2 — MEepUOJ Hoaypacnaaa B TEKYLLyHO 310Xy, T.e. npu t =t,. Mmes B Buny,

(6)

4TO TIIOCTOSIHHAs pacraaa oOpaTHO NpONMOpIHOHAIbHA MEpHOAY TNOJypacraja
(A=In2/T,,), ans xonmuuectsa spep dN , pacnapimxcs 3a Bpems dt, 3amuimem

o2
AN _ ity
N sin“ Qt,
HNuTerpupys 310 ypaBHEHUE, HAUJEM
N(t') ~In2 sin 2Q(t, +1)—sin 20t
— = eXP = t— : (7)
N, 2T,,,sIn“ Qt, 2Q)

3/1ech BpeMeHHasi IEpEMEHHAasi CABUHYTA, U BpeMsl t OTCUMTHIBAETCS HE OT Haydasa
LIMKJIa, KaK B MPeAbIAYLIIMX (popMysiax, a OT TEKYIIEro BpeMeHH .

Ha pucynke 1 mpencraBiena oOmasi KapTMHA PaguOaKTUBHOIO pacnaja J10Jro-
KUBYIUX sinep ~-°U Takoil, Kakoil OHa BBIIVISLINT B COBPEMEHHYIO 3II0XY, KOT/Ia IIe-
pHOJI MOJIypaciaaa 3TOro u30Tormna oreHusaercs B 4,468 mupa. ser [7].
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E.C. Tumomun, C.A. TumoiuuH

YO «'oMenbCKuil TOCYAaPCTBEHHBIN TEXHUYECKUN YHUBEPCUTET
umenu I1.0. Cyxoro», I'omens, benapych

KBAPKOBBIE BKJIA/IbI B CIITMH HYKJIOHA U3 COBMECTHOTI' O
AHAJIM3A I'/TYBOKOHEYIIPYT'OI'O JIEIITOH-HYKJIOHHOI'O
PACCESIHUSI C 3APSI)KEHHBIM U HEUTPAJIBHBIM TOKAMU

I[loHnMaHue Kak CIMH HYKJIOHA CTPOWTCS U3 CHMHOB KBapKOB, TIIFOOHOB M HX
OpOUTAJIBHBIX YTJIOBBIX MOMEHTOB SIBJISIETCSI OJTHOM U3 aKTyaJdbHBIX MpoOsaeM du3u-
ku gactuil. [lo mpaBuny cymm [xadde-Manoxapa criuH MPOTOHA MOKET OBITH pas-
JIO’KEH TI0 BKJIaJaM KBAapKOB U aHTHUKBApKOB ( AX), riooHOB (AG) U BX YIJIOBBIX

momenToB (L, Ly ): % = %Z +AG + L, + L. Ksapku u anrukBapku HecyT He Oosee

1/3 cnmura nyknoHa [1-5]. HegaBaue nsmepenus RHIC [6-9] mokaspiBaroT, 4To 10-
nsipusanus riooHoB coctaBisieT 20-30%. /laHHble O moNsIpU3alii KBApKOB MOPS
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UMEIOT HEeOAHO3HAYHBI XapakTep. Dkcnepumentsl HERMES 1 COMPASS mnoka-
3bIBAIOT, YTO MOJSPU3ALIMS CTPAHHBIX KBAPKOB AS SIBJISETCS MaJOW, KaK U MOJSPH-
3a1Ms Ierkoro kBapkosoro mops AU,Ad [3-5, 10].

JlambHEWIIME HUCCIEN0BAaHNS CIIMHOBOM CTPYKTYPhl HYKJIOHA TUIAHUPYIOTCA KakK
Ha neictByrommx ycraHoBkax COMPASS, JLab, RHIC, tak u B skciepuMeHTax Ha
Oynmyiiem anekTpoH-uoHHoM kosutaitnepe (EIC) [9, 11, 12]. Dxcnepuments! Ha EIC
GyLyT 3HAUYNTEIHHO YBEINUYMBATH KMHEMAaTHYecKnid oxsar mo X u Q2 no x <107
[9]. D10 Oyaner obecnieunBaTh TouHyt0 HHPOopMarmio o AG(x) u Ag( X) mo apoma-
tam [11, 12].

B Hacrosiieit paboTe paccMaTpuBarOTCs CIOCOOBI MOTYYEHUsI KBapKOBBIX BKJIa-
0B B cniuH HykjioHa B ['HP monsipu3oBaHHBIX JENTOHOB HA MOJISIPU30BAHHBIX HYK-
JIOHAaX C 3apsHKEHHBIM W HEUTPaJbHBIM TOKaMH NMPUMEHUTEIHHO K IKCIEPUMEHTaM
Ha KOJUIaiaepax.

[Iponecchl rmyookoneynpyroro paccessnus (I'HP) mossipu3zoBaHHBIX JIENTOHOB

Ha IIOJIIPHU30BAHHBIX HYKJIOHAX C 3aps’KCHHbBIM U HCfITpaJII)HI)IM TOKaMHn
- -
|+ N > v+ X, (1)

- -

[+N 1+ X, I=eu (2)

B OOpPHOBCKOM IPUOJIMKEHNUN ONMUCKHIBAIOTCS IUarpaMMaMiy Ha pUCYHKe 1.

a 0
[ 1 ] ]
k cif k' %
7S <
2, “\Fp \ C >
N /X N o Y

Pucynox 1 — IIpoueccst IN-ITHP ¢ 3apspkeHHbIM (2) ¥ HEHTpaibHBIM (0) TOKaMH
B OOPHOBCKOM MPUOTMHKECHUN

Nudopmanust o cimHe HYKJIOHA COJAEPIKUTCS B MOJSPU3AIMOHHBIX CTPYKTYPHBIX
Gynkumsx (CO) mywrona g ' (xQ%), g5 ' (xQ?) 1 g(xQ%), gs(x.Q?)
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2
zgq’ Q2 :_qZ :(k—k,)z.

B cBow ouepenpy 3t CO H3BIEKAIOTCS W3 WU3MEPSAEMBIX IOJSPU3ALMOHHBIX
acummeTtpuii [13, 14]. Bkiaabl KBapkOB M aHTUKBAPKOB B HYKJIOHHBIM CITMH CBSI3aHBI
C IIEpBBIMU MOMEHTaMH oJIsApu30BaHHbIX CD ¢, O

nporieccoB (1) u (2) COOTBETCTBEHHO, TAC X =

1
Fl,e(Qz )= _[91,6( x,Q%)dx.
0

B ciydae paccesnust Ha nporonax (N=p) I} u Iy mns npoueccos 'HP c 3aps-
YKEHHBIM TOKOM (1) paBHBI

I} P=Au+Ad +As, T!P=Ad+As+AU,

: drs, T @

1
3nece Ag(Q? )(A(T(Q2 )): IAq( x,Q? )(Aq( x,Q? ))dx — BKJaa KBapka ( (aHTH-
0

KBapka { ) B CIIMH HYKJIOHA.

g 'HP ¢ HelTpanbHBIM TOKOM (2) epBbIe MOMEHTHI [} ¢ IPOTOHA MOJIy4EHbI

B Buie [14]
TP = a,(Au + A0) +a, (Ad + Ad )+ a, (As + AS) (4)
I =b,Au, +byAd, . (5)
31ech
8y =2+ 20, 10y 202 (02 + 02) s == — 21, 2Ov(as) + 2712 (0% + 02)
uT g 37772 vu T 2 vV Al Hds = 18 37772 V(d,s) 2772 vV Aldse
2 1
b, :éﬂy,ng,u + 777 (gng)U’ by :_ény,ZgA,d + 717 (gng)d’
1 4 1 1 2, 1
Ovu =53 Ay Gau =5 Gv(as) =5+ 3SIN Ay Oncds) = =5

n :Gmg(gv+9A) Q?
74 22z Q%+m

2
2 y Mz =1, 7, G — xoHcranta depmu, M, — macca Z-

1 : 1
0030Ha; 0y =§+28|n Ay, 9a ==3 - BEKTOpHAasl U aKCHaJIbHO-BEKTOPHAasl KOH-

CTaHTHI CBS3H.
Jliist onpeiesICHUS BKJIAJ0B OTJCIBHBIX KBApKOBBIX apomaToB (U, d, S) u3 (4) mo-
HaIOOUTCS eI, MO0 MEHBIIEH Mepe, IBa COOTHOIICHUS, COASPKAIIUX U3MEPSICMbIC
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BEJIMYMHBL.
Nsmepsiembie acummerpun IN-I'HP ¢ 3apspkeHHBIM TOKOM BBIPaKalOTCsS 4epes
JIB€ HE3aBUCHUMBIE NoJsipu3auoHHble CO ¢, U Jg CIEOYIOIHUM 00pa3oM:

A (xQ1)= Y% L OxQM)Ey ol T (xQ%) ©)
—,|+ ’ . _ . '
v (@)= R (xQ7)
p.
p.
B o6mactn mambix Y (Q?<10°9B?) y <<y" u B (6) momuampyer C®
0s( x,Q?). Mostomy

o]

rae y© =1+ (1— Y)Z, y= , Fa( X,Q2 ) — ycpenneHHble 110 ciuHy CO.

=~

g5 ' (x,Q%)
Fll_’|+(X'Q2 )’

T. €. CO g5 MOXKHO MOJYYUTh U3 JAHHBIX I aCUMMETPUU A\_ ;+ TIpH M3BECTHOMU

(7)

A- - (xQ%)=

CO F,. U3Bneuenne obeux CO Q; u (g ABIAETCS HETPUBHAIBHOW MPOLEAYPOU U

st AToro pazpadoransl [13, 15] cooTBercTBytomue crnocoObl. [loaToMy ¢ TOUKH
3peHus AOCTYIHOCTH JaHHBIX BBIMIPbIBAET CD (4, XOTA HMpHU €€ ONpENeICHUN HUC-

noJib3yercs: npuoimkenne. OIHAKO CIEIyeT OTMETUTh, YTO B ATOM KHHEMaTh4e-
. 2

ckoit obmactu (Mansie Y, QF <10° I'B?) crarrcTiKa, HampUMep, B SKCIEPHMEH-

tax Ha HERA kax pa3 nau6onee xopomras. [ToaTtomy Oynem UCTOIB30BaTh MEPBHIC

-+
MOMEHTBI Fé 3 3) nojy4yaem

I P—T) P =(Au+AU)—(Ad + Ad )— (As + AS). (8)

B ananuzax cnvHOBOW CTPYKTYPhl HYKJIOHA UCIOJIB3YIOT U3MEPSEMYIO BEIUYU-
HY — aKCHalbHBIH 3apsn az (a3 = F+D = 1.2670 + 0.0035, roe F, D — KOHCTaHTHI
CBSI3U f-pacnaja runepona), kotopsiii B KIIM npeacrasisercs: kak

a; = (Au+AT)—(Ad + Ad). 9)

- +
Cosmectnoe npumenenune 1" (4), (Fé P_T} p) (8) u az (9) nosBosgeT onpee-
JIUTH OTAENBHO BKJIA bl KBAPKOBBIX ADOMATOB B HYKJIOHHBIN CITHH:
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- +
I +asa, +as(1“g P_T} p—a3)

AU+ AU = ,
a, +ay
B p_ ( I"p _plI'p _ )
Ad+Ad:F1 as;a, +a.\ls Is ag | (10)
a, + a4

As+As=a;—T) P+T1P.

. 3
Ha xomnaitnepax EIC 6ynyt coznaBaThcst myuku nosisipuzoBanHbix ~“He. [1oato-
My TMPEACTaBIsIeT UHTEPEC MOJyuYeHUE KBAPKOBBIX BKJIAJOB MPH PACCESIHUU HA TO-

JSIPU30BAHHBIX HEUTpOHAX. B ananoruunom noaxoje noiaydaem ais | i -I'HP

n I™n I*n

AU+ AU = :
a, +ay

_ I"_a.a +a(1“'_“—1“'+”+a)

Ad+Ad — -1 3%d s\* 6 6 3 ’
a, +ay

As+AS=T}"-T} "—a,.

Omnpenenenue MOIAPU3allii BaJEHTHBIX KBAPKOB CBA3aHO C MEPBEIM MOMEHTOM
Hapymatomeit yetHocts CO gg (cm.(5))

TP =b,Au, +byAd, .

F
N3 (3) nisa I'HP ¢ 3apsokeHHBIM TOKOM JIJIs TIEPBBIX MOMEHTOB Fé IUIsL pacces-
HHS HA IPOTOHAX UMEEM:

I P+T3 P =Au, +Ad,.
N3 31X IBYX BBIPAXKEHUU NIOITYyYAEM:

P b, P -7

Al = :
N bu_bd
1~ I*

Ad, :bu(re P+ T, p)—rg’_
bu_bd

AHaJIOTUYHO 1l paCCCiaHUsA Ha HeﬁTpOHaX:

0=,

Au, = ,
Uv bd _bu

T AT
Y by — b,

Takum 06pa30M, MMPpECAJIONKCHBI CIIOCOOBI ONPCACIICHUA BKJIIAAOB KBAPKOBLIX
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apomatoB (U, d, S) 1 BaneHTHBIX KBapKoB (AU, , Ad, ) c MOMOIIBIO EPBBIX MOMEH-

=
toB [}, Ty u I", usmepsiembix B nporieccax (1) u (2) COOTBETCTBEHHO.
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E.C. Tumomnn, C. 1. Tumomun

YO «'oMenbCKkHil TOCYJapCTBEHHBIN TEXHUYECKUN YHUBEPCUTET
nmenu [1.0. Cyxoro», ['omens, benapych

IIYBOKOHEYIHPYT'OE JIEIITOH-HYK/JIOHHOE PACCESITHUE
C HEUTPAJIbHBIM TOKOM IPU NOJIAPU3ALIMA OJJHOM U JIBYX
HAYAJIBHBIX YACTHUI]

OKCIEPUMEHTHI MOCIECIHUX ABYX JIECSITUIETUN MOKA3bIBAIOT, UTO CIIMH KBApPKOB
Y AHTUKBAPKOB COCTABIIIET TOJBKO ~30% HYKIIOHHOTO CIIMHA.

HenaBuue pesynpraThl skcniepumenToB Ha RHIC ykasbiBaroT, 9To BKiIaa Tiito-
OHHOTO CIIMHA B JIOCTUTHYTOH KUHEMAaTUYECKOW OOJIaCTU SIBJISIETCS HEHYJIEBBIM
[1-3], HO emie HemOCTATOYHBIM M 00BsIcHeHus Hemoctaromux 70%. Heompene-
JIEHHOCTb B 00JIaCTH MaJIbIX X €Ille CYIIECTBEHHA U HEOOXOIUMO YJIy4IlIaTh U3Mepe-
HusA. C OONBIIMMH HEOMPEACICHHOCTAMHI U3MEpPEHa B HACTOSIIIIEE BpEeMsl U TOJISIPH-
3a1isi KBApKOB MOPS, B TOM YHCJI€ CTPaHHBIX KBapKOB, U3-3a OTPAHUYCHHOCTH KH-
HeMaTudeckor oOmact. [loaToMy nmanmpHEHIUii mporpecc B M3YYEHUH CIIMHOBOU
CTPYKTYpPhl HYKJIOHA CBSI3aH C MPOJIBUAKEHUEM B 00JIaCTh MaJIbIX X. DTO OyAET BO3-
MOJKHO B 9KCIIEPUMEHTAaX Ha 3JIeKTpoH-noHHOM Kosuaiiaepe (EIC) [4-6], 6narogaps
JOCTIKEHH0 06macT X 10 ~107*,

B nacrosmeit paboTe KBapKOBBIE BKJIAJbl B CIIMH HYKJIOHA PACCMaTPUBAIOTCS B
riryookoneyrnpyrom paccessuuu (I'HP) (He)nomnsipr30BaHHBIX JIENTOHOB Ha MOJISPH-
30BaHHBIX HYKJIOHAX C HEUTPaAIbHBIM TOKOM.

N
|+ N > 1+ X, (1)
BN

|+ N —>1+ X, (2)
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B pa6oTe [7] monydeHs! BKIaIbI KBAPKOBBIX apoMatoB (AU + AU ), (Ad + Ad ) u
(As+ AS) B pamkax mporiecca (1) ¢ mpuMeHEHHEM H3MEPSAEMBIX BEJIMUHWH — aKCHU-

aJIbHBIX 3aPS/IOB a; U a.
a, = (Au+AD)—(Ad +Ad),
ag = (AU+AT)+ (Ad + Ad )— 2(As + AS).
Hcnonbp3oBaHue OKTETHOI'O aKCHUAJIbHOI'O 3apsia a8 B KaUC€CTBE OOIIOJIHUTCIIb-

HOW HM3MEpsSIEeMOI BEIMYMHBI HEXKEJATeIbHO M3-3a OOJIBIITUX HEOIPEICICHHOCTEH B
ero onpeaenenuu [8]. Iloatomy 3xech npeanaraercst A UCKIIOYEHHs 8g IpHUMe-

HUTh COBMECTHBIA aHalU3 HaOMI0JaeMbIX BEIWYMH B mporeccax (1) m (2) ¢
HEUTPaJIbHBIM TOKOM.
[lepBbiii MoMeHT cTpykTypHOU ¢yHKnu (CD) g, s npomecca (1) ¢ Henods-

PU30BAHHBIM JIENTOHOM M MPOAOJBHO MOJSPU30BAHHBIM MPOTOHOM IOJYyYeH [/] B
BU]JIC.

TP = —as(Au+Al)+as (Ad + Ad )+ ad(As + As), ©)
rac

S 2 S S
a, :ggAﬂyz Ov.u —9v9a”; (g\f,u + gi,u )’

as _E S nY s( 2 2 )
d —39A77yzgv,d OvOa72\Qv.a T 9pq )

S 1 S S
a, = égAﬂyz Ovs —9v a7z (g\f,s + gi,s )1

;  Gm; Q7 e (s )
7772_2\E7z2Q2+m§’ 72—(7/y2)-

1 4 . 1
gv,u=§—53'n26bv, Jau =

1 1 2 .,
5 gV(d,s):_§+§S|n Ay » gA(d,s):_E'

G — koncranta ®epmu, M, — macca Z-0030Ha; @, = % +2sin° 8y, g, = —% — BEK-

TOPHAsl U aKCUAJIbHO-BEKTOPHAst KOHCTAHTHI CBSI3H.
ITepabiii moment ;" CO g nng mponecca (2) ¢ MONIAPH30BaHHBIME JIENTOHOM M
HYKJIOHOM ToJTy4eH B [9].

P =a,(Au+AT)+ag, (Ad + Ad )+ a (As + AS), (4)

rne a,, 8y, ag ompeneneHs B [9].
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Jlnst onpesiesienus KBapKoBbIX BKIanoB (AQ+AQ) u3z I}° (4) u Tf (3) mocra-
TOYHO NPUBJICYb TOJIBKO U30BEKTOPHBIA aKCHAJIbHBIN 3apsy 8;. Toraa Juist BKIaa0B
KBapKOBBIX apomaToB (U,d,S) B HyKJIOHHBIN CIIMH Ha OCHOBE M3MEPSEMbIX BEININH
MIPOIIECCOB ¢ HEUTpaIbHBIM TOKOM (1) u (2) momygaem

agly” —ag Ik

AU+ AU = 5 -
dqa, +4,4a4
ST P p S S
Ad +Ad_= a'dl_‘l _adrls _a3(auad +adau)

aga; +a,ag

p s s \—p s s
AS + AS = (au +ad )Fls _(ad _au )Fl +a3(adau +auad)
aqa; +a,ag

IlepBeiit MoMeHT apyroii CD (g cBA3aH C MOJIAPU3ALUCH BAJICHTHBIX KBApPKOB.
Jiis iporieccoB (1) ¢ moasspu30BaHHBIM IPOTOHOM [ 7]

T2 =bSAu, +bSAd,, (5)

rae

2
by = ggvnjng,u + (95 + gi)ﬂé Ov u9au:

1
0§ = =3 0v720na + (02 + 92 )5 0v 4 One-
Jlns Ip-THP (2) TP [9] ects
Fp = buAUV + bdAdV y
rae b, by onpenenens: B pabore [9].

CoBMeCTHOE NpUMeHeHHe TepBbix MOMeHTOB [y u I nust |p-u Ip-THP ¢
HEUTpPaJbHBIM TOKOM JA€T BO3MOXXHOCTh U3BJIEKATh BKJIA/Ibl BAJICHTHBIX KBAPKOB
P _hSTP
— bd FBS . bd FG
S S
bu bd o bu bd
STp p
— bu FG - bul_‘65
s s
bu bd o bu bd
Ha xonmaiinepe EIC OyayT mpoBOAUTHCS SKCIIEPUMEHTHI C MOJISPU30BAHHBIMU

IIy4Kamu *He u neutpoHoB. Ilostomy paccmorpum I'HP Ha mnossipuzoBaHHBIX
HEUTPOHAX U JECUTPOHAX.
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ITepsbie momenThl CO B nponieccax ['HP (1) u (2), eciu N =N, paBHBI COOTBET-

CTBCHHO.
I = a5 (Au+AD)—as(Ad + Ad )+ as(As + AS), ©

I = bSAw, +hbSAd,

I = a, (Au+ AD) +a, (Ad + Ad )+ a (As + AS),
I =byAu, +b,Ad,

[pumensis (6) ¢ nepeivu Momentamu I3, Ty |A-T'HP u a3, momyuum Beipa-
YKEHUS JJIS MOJIAPU3AIMY KBAPKOB U AaHTUKBAPKOB:
SN n
agly —aylis

aja, +a4a;

AU+ AU = + as,

agly —ayly
aja, +aga’

n S S n
(au + ad )Fls + (au B ad )Fl _ 8.3
aja, +a,a;

Ad +Ad =

AS + AS =

Y BaJICHTHBIX KBapKOB:
_ T — b, T
~ bybS —byb
Adv — bdrf?s — bgr(? .
byb; —b,b3
ITepBbie MoMeHTHI CD neiTpoHa ONpeeTuM CIETYIONIUM 00pa3oM:

L+ 17
= (1-20) @

rie @=0,05 — BepositHocTH D-coctosiHus B BOJIHOBOM (PyHKuMHM nedTpoHa. Jlms
NEePBLIX MOMEHTOB (/) B clly4ae Id-THP u Id -THP I10JIy4aeM COOTBETCTBEHHO

rd - (a, +ay AU+ AT + Ad + Ad )+ 2a,(As + A§)(1_§w)

2 H

2
ra - (b +by )(Azuv +AdV)[1—gQ’j-

(8)
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[ _ (a5 — a3 fAu+ A+ Ac; +Ad )+ 2a8(As + Ag)[l_gw}

(b3 + b5 Jau, +Ad,)(, 3 ©)
re = b0 JAty ¥ A8y (1——(0).

2 2

BuaHo, 4TO BKJIaIBI KBAPKOBBIX apoMaToB (U,d,S) B HYKJIOHHBIH CITUH CBSI3aHBI

C MOMEHTaMH Fld u Flds. [Toatomy u3 (8), (9) n a; morygaem

d
AU+ AU = aily — [, 3 +%,
(a aj +aya [1— j
2
d d
Ad +AJ _ agrl _adrls A as

(a ag +ag4a (1—350) 2
2
AS + AS = (au +3y )Flds _(ag _aj)rld .

i 10
a,ag +a,4a 1—§a)

BaXHO OTMETHUTH, YTO BBIpAXKCHHE IS OJISIPU3AIMA CTPAHHOTO MOPS ( AS + AS)

HE 3aBHCHT OT 85, @ TOBKO OT MOMEHTOB I3, T}, H3MepsieMbIX B SKCIIEPHMEHTAX

|d-THP ¢ neiitpanbuabiM ToKOM. [IepBbiec MOMEHTBI Fg : ng OIPEAEIISIIOT CyMMap-

HBIN BKJIa/Jl BAJICHTHBIX KBAPKOB
d
2T

(b, +b, )(1_ ;’wj

Ag, = Auy, +Ady, =

Wi
d
215,

Ag, = B
(bj+b§{1—2wj

[Tocneguuit UMEET MPEUMYILECTBO B SKCIIEPUMEHTAIIBHOM aCIEKTE, MOCKOJIbKY
MOJISIPU30BaTh HEOOXOAMMO TOJIBKO ACHTPOHHBIN MyYOK.

Takum 00pa3oM, BBHINIOJHEH COBMECTHBIM aHAIM3 TMEPBBIX MOMEHTOB Fl, I's
nosisipu3auoHHelx CO ¢;, ¢; B I'HP Henossipu3oBaHHBIX M MOJISAPU30BAHHBIX
JIEITOHOB HA MPOJOJBHO TOJSPU30BAHHBIX MPOTOHAX, HEUTPOHAX M JAECUTPOHAX C
HEUTpAJIbHBIM TOKOM. [loiy4yeHbl BbIpaXEHUs Uil BKJIAQJOB KBApKOBBIX apOMAaTOB
(u,d,s) u BaJIeHTHBIX KBApPKOB B HYKJIOHHBIN CITHH.
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O HOBBIX ITEPHOIMYECKNX OPEUTAX TPOMHBIX CUCTEM
C HBIOTOHOBCKHWM I'PABUTAIIMOHHBIM B3AMMOJEVMCTBUEM

BBenenue

O6mas 3aga4a TpEX TeJI HEOECHOM MEXaHUKH JI0 HACTOSIIETO BPEMEHHU HE UMEET
TOYHBIX AHAIUTUYECKUX PEHICHUN, MO3TOMY 4YaCTO M3Yy4alTcsi €€ YacTHhIC
ciyuyand. OcoOblii HHTEpEC B pamMKax OOIIel 3aga4u MPeACTaBIsIeT MOUCK MEePUOIU-
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yeckux opout (I10), To ecTh 3aMKHYTBIX TPAECKTOPHUIA, IO KOTOPHIM MEPEMEIIAIOTCS
KOMITOHEHTBI CHUCTEMbI MPH YCJIOBHHM PABEHCTBA IMEPUOJOB OOpaIEHUS KaxkIOW.
[lepBble TOUHBIC MEPUOAUYECKUE PEIICHUS JIJIsl TEJI paBHOM MacChl ObLIIM HaWICHBI B
cBo€ BpeMms JusiepoM u Jlarpamwxkem. [locnenyromume npoayKTUBHBIE UCCIIETOBAHUS
B JJAaHHOM HAaNpPaBJICHUU CTaJIM BO3MOKHBIMU C PA3BUTUEM BBIYUCIUTEIBHBIX TEXHO-
JIOTHH.

[lyankape mJisi HAXOXJEHUSI MEPUOJIUUYECKUX OPOUT MPEIIIONKHUI UCHOJIb30BAThH
OPUHIMIT HAUMEHBIIETO NelcTBUs. B panbHeiimem »Ta uaes Obula MpOTyKTUBHO
pazButa MypoMm [l], KOTOpbIiI MOAPOOHO paccMOTpen OOOOUIEHHBIM MOTEHIMAT
B3aMMO/ICUCTBUS MOJMHOMUANILHOTO BUAa V ocr“, mpu oo = —1 COOTBETCTBYIOUIUN
rpaBUTallMOHHOMY noTeHuunany Hptotona. beuio nokazano, yto 1O neiicTBUTENBHO
COOTBETCTBYIOT MUHUMYMY (GyHKIMOHama aAeiicTBus (O/I)

S :j(E +V)dr 1)

rae K — kuHetnueckast sHeprus u V — MOTeHIMAIbHASI SHEPTHS CUCTEMBI B CHCTEME
OTCYETa, CBSI3aHHOM C LEHTPOM Macc, | — oO1muid nepro oOpalleHuss KOMIIOHEHTOB,
nepemeHHas unrerpupoBanus € (0, T). [ns ynpoinenus: aHanu3a B QyHKIIMOHAIE
(1) yacto HCHONB3YIOT YIIOBYIO MepeMeHHyto t = (27/T)t, u3MEeHsIoUyIocs B Mpe-
nenax: t € (0, 2x). to ynobHO, HAapUMeEp, MPU UCTOIB30BaHUU AJ1eMEHTOB Dypbe-
aHaJIM3a, YTO XapaKTepHO IS TaHHOM paOOoThl, M 4TO O€3 MOTEepU KauecTBa MPUBO-
IUT K nepeonpeaesienuto suaa O/1.

1. Munumnsanusa ®J1 u yuciaennoe pemenue Y

B mannoit pabote B pamkax oOiei 3agaun TpEX Tea HeOECHOW MEeXaHUKH Ha OC-
HOBE KCITOJIb30BAHMSI MIPUHIIMIIA HAUMEHBIIETO JIeHCTBUSA, dNieMeHTOB Dypbe — aHa-
JAu3a U BO3MOXHOCTEH KOMIIBIOTEPHON CHUMYJSLMU C HCIOJIb30BaHHE IaKeTa
Mathematica, pematoTcss AuHamuyeckue ypaBHeHus (1Y) s HepensaTUBUCTCKOU
CUCTEMBI TPEX TEJl C HBIOTOHOBCKUM MOTEHIIMAJIOM U MOJAEIUPYIOTCSI HOBBIE ITEPUO-
audeckue opOuThl. i TpOBEpKH JOCTOBEPHOCTH HCIOJB3YEMOTO alropuTMa
IpEeIBAPUTENHHO HA €r0 OCHOBE MOJIETUPYIOTCs yke u3BectHoie 110.

B o6mem cimywae ans cucteMsl N Ted ¢ MaccaMu Mj 0003HAYUM Zj KOOPIUHATBI
TIOJIOKEHHSI J-TO TeJla B MOMEHT BPEMEHHU T C COOTBETCTBYIOIIUM 3HAYCHHEM apry-

menTa t. Torma mas N ten ¢ tpaektopusamu Z3(t), zx(2), ..., zn(t) @/ 3anuiiercs B BU-
ne [2,3]:
2
m. 2 m.m
S=|| >z - > —=|dt 2
'([ j 2 ‘ J‘ j k< ZJ_Zk‘ ' ()

Jlaniee ncnosb3yeM pasiioKeHUE TPaeKTopuil B psijibl Oypbe
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z,(t) = anei“, e 3)

3amayy TpEX TeJ palMOHAIBHO IOJIaraTh IUIOCKOM, IMMOATOMY TPACKTOPUU IS
Tako# 3amaun OynyT aByxkommoHeHTHbIMHU Zj(t)={X;(t),yj()} ¢ w={o« ,fi}, mpencra-
BUMBIMHU, ciieays (3), B BUJE PsIIOB

X(t) = a, + > (af cos(kt) +a: sin(kt))

. | (@)
y(t) =by + " (b¢ cos(kt) + b sin(kt)),

rae
8 =g, & = oy +ay, & =y fi
o = o b = By + B, b =t~

Bravane paccMOTpuUM IUIOCKOE IBMKEHHE TPEX TEJI PAaBHOM Macchl. Tak Kak
(QyHKIMOHAN AEHCTBHSA B MPOCTPAHCTBE MApaMETPOB Ao, Ay, Ak, Do, by, b’ mmeer
MHOKECTBO JIOKAJIbHBIX MUHUMYMOB, TO JTOJKHO CYIIECTBOBAaTh MHOKECTBO IIEPUO-
JTUYECKUX OPOUT, CPEIU KOTOPBIX MPUCYTCTBYIOT KaK U3BECTHHIE, TAK U HOBBIE.

MopaenupoBanue 110 ocyiecTBisieTcss myTemM YuciaeHHoro pemenus 1Y s cu-
cTeMbl TpExX Tei [3-5]

‘3’ ]=1,2,3, a=1,2; (5)

mek

k] ‘z -7,

C y4eToM MUHUMMU3AIUU (PyHKImoHana (2) u paznoxenui B psan (4), a3¢pdhekTuBHO
UCIIOJIb30BaHHEIX B [6].

2. HoBble nepuoanyeckue OpoOUTHI

Haxoxnenne mMuanMymMoB D] OyaeT OCYIIECTBISTH BCTPOSHHBIH B Cpemy
Mathematica nactpyment Findminimum, KoTopslif HAXOIUT JIOKATBHBIE MHHUMYMBI
B 3aBUCHUMOCTH OT HA4YaJIbHBIX 3HAYCHUW MapaMETPOB, KOTOPHIE 3aa€T TE€HEPATOP
ciyuyaidHbIx yucesna. CTaHIapTHOM TOYHOCTH BBIYMCIICHUS JJIS HAIIETO CiIy4as ObLIO
HEJ0CTaTOYHO, IMo3TOMY Imapamerp Maxlterations 6su1 yBenuuen no 3HaueHus 100.
DTOT YPOBEHb TOYHOCTH MOTPEOOBA yu€Ta ceMu ciaraeMbix psigoB dypee, 4To 110-
BEJIO YKCIIO TTapamMeTpoB 10 90. [anpHeinee ke yBeIUYeHUE TOYHOCTH TPUBOJIUT K
pPE3KOMY POCTY pacxojia ONEpaTUBHOW MaMmsiTU KommbioTepa. llocie HaxoxaeHus
JIOKaJIbHOTO MUHUMYMa Mbl HMEEM MAaCCUB JaHHBIX, KOTOPBIN 3aMKChIBACTCS B (pailn
JUISl JaTbHENIIero UCIIOIb30BaHuUs MPU MOCTPOSHUH OPOUT.
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Pucynok 1 — Op6uta «BocbMepkay (cieBa) u opouta Xuuia (crpana)

JJ1s TeCTUpOBaHMS METOIUKH JIJIsl CUCTEMBbI TPEX TeJl OJIMHAKOBOW MACChl OBLIU T10-
CTpoeHHI JiBe paHee n3BecTHbIe [10 — «BocbMepka» u opOuTa Xusia (pucyHok 1).

DTO MOATBEPANIO KOPPEKTHOCTh MCHOJIB3YEMOTO METOJa MoaenupoBanusi. Ot-
METHUM 37€Ch, YTO OPOUTA «BOCHMEPKa» OTHOCHUTCS K HHTEPECHOMY KJIacCy, Ha3bIBa-
eMOMYy «xopeorpaguu». ITOT KJIacc NperonaraeT cCopnajeHue opoOUT BCeX KOMIIO-
HEHTOB CUCTEMBI U aKTUBHO HCCIIEIYETCS MO HAacTosIIee BpeMms [7].

B pamMkax npoBepeHHOW METOOUMKM Hamu cMmojenupoBaHa HoBas [1O (nmanee
«HoBas I») nist Tp€X Tenm paBHOW MaccChl, MPECTaBIeHHAs HAa pucyHke 2. /[Ba Tena
JBUTAIOTCS. MO CHMMETPUYHBIM 3aMKHYTBIM KPHUBBIM, & TPEThE TEJIO COBEPIIACT
JBIKEHUE BJOJbH BBITSHYTOM BOCBMEPKH OYEHB OJIM3KOW K TOPU3OHTAILHON OCH.
B HavaibHBII MOMEHT BPEMEHHM BCE TPHU Tejla PACIIOJIOKEHBbI HA OJHOM IPSIMOMU,
MIPAYEM CKOPOCTh TPETHETO TEJA PaBHA HYJIO, @ BTOPOE U MEPBOE TEIO UMEKT O H-
HAKOBBIC MO MOJYJII0, HO IPOTUBOMOJIOKHBIE IO HAMPABICHUIO CKOPOCTH, MEPIECH-
TUKYJISIpHBIE 3TOM TpsiMoii. Yepe3 MpomMeKyTOK BpeMeHu 7 = 1/4 Tena CHOBA BHI-
CTPaMBaIOTCA B JIMHHIO, IPUYEM TPETHE TEJIO B 3TOT MOMEHT BPEMEHHU MPOXOAUT
LIEHTP MAacC CUCTEMBI.

Jlanee ObLT MCCIEOBAaH MHTEPECHBIN YaCTHBIN Ciydall CUCTEMBbI, COCTOSIICH U3
TPEX TEN C Pa3IUYHBIMU MACCAMH, OTHOIICHUE MEXAY KOTOPBIMU OINPEICIACTCS TaK
HA3bIBAEMBIM «30JIOTHIM ceueHue». [locnennee ObLIO CAENaHO U3 ICTETUYECKUX CO-
oOpaXeHUH C TEIbI0 TOJYYCHHUS KPAcHBBIX OpOMT. Takme Macchl ONMpenessitoTCs
CJIETyIOIIUM 00pa3oMm:

m;=1,5(5"~1)m ~ 1,851m; m,=0,5(5"°-1)[3-1,5(5"°~1)]m =~ 0,710m;
ms=3-1,5(5"°-1) — 0,5(5°°-1) [3-1,5(5"°~1)]m = 0,439m.
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V=0 | Vi=Vs

(&)
*——

Pucynok 2 — I10 «HoBas I» u nonoxenus ten Ha opoute npu t = 0 u v = 7/4

BBeneHne paznuyHbIX Macc TEJl MPUBOAUT K ITOSBIIEHUIO IBYX JTOMOJHUTEIBHBIX
[IapaMeTpPOB 3a7a4M, UYTO CYILICCTBEHHO €€ YCJIOXKHAET U 3HAYUTEIIbHO YBEIMYMBACT
BpeMsi MonenupoBanus 110, HO TEM cambIM yBEJIIMUHMBAET €€ TEOPETUUYECKYIO NPHU-
BJIeKaTeNbHOCTh. OIHAKO, TEM HE MEHEe, HaMUu ObUIa YCIELIHO MOJy4YyeHa COOTBET-
cTBytolas nepuoanyeckas opoura «Hosas 1I», npeacraBieHHas Ha pucyHke 3, rie
OTMEYEHBI HaYaJIbHBIEC TIOJIOKEHUS TEN:

Pucynok 3 — I1O «Hosas II» ny1st yacTHOTO ciy4asi HEpaBHBIX Macc

Ha HeM nepBoMy Temy COOTBETCTBYET CUHSSI METKa B LIECHTPE, BTOPOMY — Kpac-
Hasl CJIEBA U TPEThEMY — KOPUYHEBAs CIpaBa.
Bo Bcex ciydasx mpu MOJIETMPOBAHUM 33 €AMHUILY H3MEPEHHUS MacChl Tena Oblia
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npuHsata Macca ComHIa, mKajgsl Ha rpadukax opoOUT MacIITaAOMPOBAaHBI ACTPOHOMH-
YECKUMU €IMHULIAMH, & €IMHULEC U3MEPEHUSI BPEMEHU, TO €CTh CEKYHJE, COOTBET-
CTBYET 3€MHOU CUACPUUECKUN TONI.

3aK/JIruYeHue

Takum oOpazom, B paboTe Ha OCHOBE HCIOJIb30BAHMS BO3MOXKHOCTEU IMaKeTa
Mathematica, pynnameHTanbHBIX (U3HMYECKUX TMPUHITUIIOB U YPAaBHEHUI MOTyYCHBI
JIB€ HOBBIC MEPHOJMYECKHE OPOMTHI B paMKax oOIIei 3amaun TpEX Tesl HeOeCHOU
MEXAHHUKH JJI5l CIIy4aeB OJMHAKOBBIX U PA3IMYHBIX MACC KOMIIOHEHTOB.

AKTHUBHO€E Pa3BUTHE KOMIBIOTEPHBIX TEXHOJOTHUN YK€ J1aJi0 Pe3yJIbTaThl [7] U B
TPEXMEPHOM MOJEIUPOBAHUMN MEPUOJUYECKUX OpPOUT, YTO JIE€JAET JAHHOE HAy4YHOE
HaIpaBJeHUE BeChbMa NMEPCIEKTUBHOM 00IaCThIO UCCIEOBAHUMN B TJI00aTbHOM MHPE
U3Y4YECHUS KOCMUYECKUX OOBEKTOB.
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